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(Background: Letm1 is a mitochondrial protein attributed disparate roles, including cation/proton antiport and translation.
Results: Letm1 RNAI silencing in Trypanosoma brucei triggers swelling mitochondria and translation arrest that is ameliorated

Conclusion: The ancestral function of Letml, to maintain mitochondrial potassium homeostasis, shows remarkable

Significance: Results from diverged T. brucei provide a better understanding of Letm1 function throughout eukaryotes.

J

Letm1 is a conserved protein in eukaryotes bearing energized
mitochondria. Hemizygous deletion of its gene has been impli-
cated in symptoms of the human disease Wolf-Hirschhorn syn-
drome. Studies almost exclusively performed in opisthokonts
have attributed several roles to Letm1, including maintaining
mitochondrial morphology, mediating either calcium or potas-
sium/proton antiport, and facilitating mitochondrial transla-
tion. We address the ancestral function of Letm1 in the highly
diverged protist and significant pathogen, Trypanosoma brucei.
We demonstrate that Letm]1 is involved in maintaining mito-
chondrial volume via potassium/proton exchange across the
inner membrane. This role is essential in the vector-dwelling
procyclic and mammal-infecting bloodstream stages as well as
in Trypanosoma brucei evansi, a form of the latter stage lacking
an organellar genome. In the pathogenic bloodstream stage, the
mitochondrion consumes ATP to maintain an energized state,
whereas that of T. brucei evansi also lacks a conventional pro-
ton-driven membrane potential. Thus, Letm1 performs its func-
tion in different physiological states, suggesting that ion home-
ostasis is among the few characterized essential pathways of the
mitochondrion at this 7. brucei life stage. Interestingly, Letm1
depletion in the procyclic stage can be complemented by exog-
enous expression of its human counterpart, highlighting the
conservation of protein function between highly divergent
species. Furthermore, although mitochondrial translation is
affected upon Letm]1 ablation, it is an indirect consequence of
K* accumulation in the matrix.
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Letm1 (leucine zipper EF hand-containing transmembrane
protein 1) is evolutionarily conserved in diverse eukaryotic lin-
eages bearing energized mitochondria, ranging from opistho-
konts, comprising metazoa and fungi, to plastid-containing
plants and apicomplexans (1, 2). Letm]1, a protein predicted to
be embedded into the mitochondrial (mt)* inner membrane
(IM) via a predicted transmembrane domain (1, 3, 4), came into
prominence because its gene locus is often within a deletion,
occurring to different extents, on the short arm of human chro-
mosome 4, causing Wolf-Hirschhorn syndrome (5). Symptoms
of this disease, affecting 1 in 20,000 —50,000 births, are multi-
farious but often include facial abnormalities, various degrees
of mental retardation, and seizures (6). The loss of Letm1 has
been implicated in the development of the final symptom
because patients with deletions that exclude this locus do not
exhibit seizures (7, 8).

The first hint of the role of Letml on the cellular level
emerged from a deletion mutant screen for mt defects per-
formed in Saccharomyces cerevisiae (9). The swollen appear-
ance of the organelle in the LetmI knock-out yeast strains
prompted the authors to dub it MDM38, representing another
alias for the protein, to reflect its effect on mitochondrial dis-
tribution and morphology. RNAi silencing of LetmI in other
opisthokont models like human cell cultures, Drosophila mela-
nogaster, and Caenorhabditis elegans also resulted in swollen
and fragmented mitochondria (3, 10-12), suggesting a conser-
vation of function at least within this clade. This notion is fur-
ther supported by the successful complementation of yeast
Letm1 knockout by expression of the human ortholog (1).

However, how Letm1 operates on the cellular level remains
debated. Given its dramatic effect on mt morphology, it has
been proposed to play an undefined structural role in the
human organelle, particularly in maintaining the cristae that
form inner membrane invaginations into the matrix (12). This
morphological function was determined to operate indepen-

“The abbreviations used are: mt, mitochondrial; IM, inner membrane; KHE,
potassium/proton exchange; PS, procyclic stage; BS, bloodstream stage;
SMP, submitochondrial particle; mHSP70, mitochondrial heat shock pro-
tein 70; HsLetm1 and TbLetm1, human and T. brucei Letm1, respectively.
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dently of the fission and fusion machineries that maintain the
mt network in these cells (3, 12).

Letm1 has also been hypothesized to take part in maintaining
matrix volume as a cation/proton (H") antiporter. This func-
tion would also be consistent with the observed swollen mito-
chondria phenotype upon depletion of Letml because this
treatment would negatively impact ion homeostasis and cause
organellar osmotic stress. However, the identity of the cation
that is translocated by Letm1l remains controversial. Several
compelling studies in yeast, Drosophila, and human cell culture
have shown that it has a central part in potassium/proton
exchange (KHE), which maintains matrix volume by regulating
potassium (K™*) extrusion (1, 3, 10, 13). In all of these model
systems, treatment with the chemical K*/H™ exchanger nige-
ricin compensates for the loss of Letm1-mediated KHE. How-
ever, Letm1 was also identified as a calcium (Ca**)/H™" anti-
porter in the genome-wide RNAi screen in Drosophila S2 cells
(14), a finding corroborated in a later report (15).

Yet another role that has been attributed to Letml in
S. cerevisiae is the anchoring of mt ribosomes to the inner
membrane, into which it facilitates the incorporation of hydro-
phobic de novo translated subunits of the respiratory chain (4,
16, 17). This path of inquiry began with an observed reduction
of the steady-state levels of a subset of mitochondrially encoded
proteins in Letm1 knockouts (4). A similar phenomenon was
also reported in Arabidopsis thaliana bearing simultaneous
homozygous and hemizygous knockouts of its two Letm I para-
logs (18). Further support for this role, albeit indirect, was the
report that Letm1 silencing in HeLa cells resulted in the disas-
sembly of some respiratory chain complexes (12), which was
nevertheless contradicted by another similar study on the same
cell type (3).

To date, our understanding of Letm1 is rather convoluted.
To shed light on this situation, we have undertaken functional
analysis of Letml (TriTrypDB genome database accession
number Tb927.3.4920 (19)) in the protozoan flagellate Trypa-
nosoma brucei. As a member of the Kinetoplastea, it has a long
and independent evolutionary history, perhaps due to its early
branching from other eukaryotic lineages (20, 21). Kinetoplas-
tids contain a single mitochondrion, with its organellar genome
located in a discrete place as the giant kinetoplast DNA (kDNA)
network (22). Most of the kDNA-encoded transcripts undergo
elaborate post-transcriptional processing called RNA editing.

Research on kinetoplastids has proven to be invaluable to the
field of mt comparative biochemistry. Notably, seminal work
described Ca®" influx into the trypanosome mitochondrion in
a ruthenium red-sensitive fashion (23, 24). These data became
critical for the algorithm to identify conserved proteins respon-
sible for Ca>" uptake, by testing a pool of mt proteins shared by
kinetoplastids and vertebrates but absent in yeast, which lack
this activity. Thus, after half a century of characterizing this
activity, some of the responsible proteins have been identified
(25-28).

T. brucei subspecies are the causative agents of a human dis-
ease with the familiar name sleeping sickness as well as the
veterinarian disease nagana (29). These diseases are spread by
the tsetse fly vector in sub-Saharan Africa. The parasite under-
goes several morphological and physiological changes as it
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cycles between the mammalian host and insect vector (30),
notably within its mitochondrion (22). In the procyclic stage
(PS) that resides in the midgut of the vector, the organelle
engages in oxidative phosphorylation to generate ATP, as in
canonical mitochondria. The proliferative long slender blood-
stream stage (BS) that is pathogenic for the mammalian host
generates energy exclusively by glycolysis. In this milieu, the
mitochondrion is not only reduced, as exemplified by its pau-
city of cristae and lack of cytochrome-containing respiratory
complexes, but also becomes an energy consumer. Membrane
potential is maintained by the remaining F,F,-ATP synthase,
which hydrolyzes ATP to pump H out of the matrix (31, 32).
However, the BS mitochondrion is not dormant because organ-
ellar gene expression is still needed for cell viability (33-36),
and a handful of essential mt biochemical pathways have been
revealed (31, 32, 37-39).

Interestingly, a subspecies called T. brucei evansi is a natu-
rally occurring form of T. brucei without kDNA and the causa-
tive agent of the ungulate disease surra (31, 40). This parasite is
the equivalent of petite mutant (p°) yeast, viable only in the
fermentable medium of the bloodstream. As a consequence, it
has lost the capacity to transform to the PS, which requires an
energy-producing organelle and is instead spread mechanically
by biting insects. T. brucei evansi bears compensatory muta-
tions to the y-subunit in the stalk of F_F,-ATP synthase, most
likely facilitating the complex’s competence for ATP hydrolysis
in the absence of the mitochondrially encoded subunit A6 (31,
40). This activity in concert with that of the mt ATP/ADP car-
rier protein maintains the electrogenic component of the mem-
brane potential by the antipodal exchange of ATP*~ and
ADP?",

In this study, we take advantage of RNAi permissibility and
ease of transgenesis of PS, BS, and T. brucei evansi in in vitro
cultures to generate conditional knockdown cell lines to test the
effect of Letm1 silencing in three different physiological states
of the mitochondrion. We also compare our results in this
highly diverged organism with the previously enumerated
results from opisthokont model systems in order to elucidate
the basal function of the evolutionarily conserved Letml.
Although this study does not represent the first one performed
outside of the opisthokont clade, as the aforementioned report
in Plantae can attest (18), this is for the first time when almost
complete silencing of Letm1 has been achieved, yielding a clear
and robust phenotype. This study also reveals yet another
essential function of the 7. brucei BS mitochondrion: the main-
tenance of ion homeostasis.

EXPERIMENTAL PROCEDURES

Cloning, Cultivation, Transfection, Growth Curves, and
5'-End Mapping of Letm1 mRNA—PS and BS T. brucei as well
as T. brucei evansi were cultured, transfected, and selected for
the relevant drug resistance for each of the given constructs and
counted as described elsewhere (31, 34). A Letml gene frag-
ment amplified using forward primer GGATCCGGTCAAGC-
CTACCCGATACA (introduced BamHI site underlined) and
reverse primer AGGCCTTCGGTAATTGCCTTCACTCC
(HindIII site underlined) was cloned into the p2T7-177 vector,
bearing opposing T7 polymerase promoters/tetracycline oper-
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ators and targeted to a transcriptionally silent part of the 7. bru-
cei genome (41), via the indicated restriction sites. For in situ
C-terminal tagging of Letm1 with YFP, the full open reading
frame (ORF) excluding the stop codon was PCR-amplified
with the forward primer GGTACCATGTTGG CAGCAA-
CGGGGTT (Acc65I restriction site underlined) and reverse
primer GGATCCATTT TTTGCAATCACCTCTGAAGGCT
(BamHI site underlined) and cloned into the p2937 vector,
derived from the p2710 vector bearing the blasticidin resistance
marker (42). The construct was linearized using the unique
Ncol restriction site within the Letm1 ORF to yield homology
flanks for integration into the endogenous locus. The full
ORF of HsLetml was PCR-amplified from c¢cDNA (clone
FLJ81927AAAF) supplied by the National Institute of Technol-
ogy and Evaluation Biological Resource Center (Japan) using
the forward primer TCAGATCTGCTCTTCACCTCTGCGA
and reverse primer TCAGATCTTTGCTTCATGGC GTTGA
and cloned into the pABPURO vector (43) via the underlined
BglII restriction sites. We took advantage of every mRNA bear-
ing a spliced leader RNA sequence by amplifying the 5'-end of
Letm1 with the canonical spliced leader RNA forward primer
and the reverse primer AGACATTAAACGGCCCTTCC, as
described previously (44).

Indirect Immunofluorescence and Confocal and Electron
Microscopy—Indirect immunofluorescence was performed as
described elsewhere (34) except that the fixed samples were
permeabilized with 0.15% Triton X-100 in PBS (v/v). Samples
were decorated with primary rabbit antibodies against either
GFP or HA;, depending on the epitope and then subsequently
with Alexa-488-conjugated anti-rabbit secondary antibody.
Prior to this procedure, 2 X 10° live PS cells were incubated for
20 min at 27 °C with 100 nm MitoTracker Red CMXRos. All
antibodies and dyes were from Molecular Probes. Transmis-
sion electron microscopy was performed as before (40).

Digitonin Fractionation, Western Blot Analysis, and Triton
X-114 Separation of Membrane Proteins—Digitonin fraction-
ation of cells into cytosolic and mitochondrial compartments
and Western blots were performed as described previously (36).
Antibodies against the 7. brucei mitochondrial heat shock pro-
tein, cytochrome ¢, TrCOIV, and the B-subunit of F,-ATPase
(31, 45) were used at 1:1000 dilutions, whereas enolase was used
at 1:10,000 dilutions. The Triton X-114 isolation of membrane
and soluble proteins was performed as described previously
(46) on mitochondria hypotonically isolated from PS T. brucei
by an established method (47). Acetone-precipitated proteins
from the fractions were resuspended in equal volumes of ultra-
pure water.

Isolation of Submitochondrial Particles and Proteinase K Pro-
tection Assay—Hypotonically isolated mitochondria were fur-
ther processed to generate submitochondrial particles (SMPs)
by adapting procedures described previously (13, 45). Briefly, a
mitochondria suspension corresponding to 2.4 mg/ml protein
was sonicated with three 10-s pulses (50% amplitude, 1 Hz)
followed by 1-min pauses in ice water using a UP200S Ultra-
sonic Processor (Hielscher Ultrasound Technology). The SMPs
were sedimented at 31,000 X gfor 5hat4 °C. For the proteinase
K protection assay, the SMPs were resuspended at a concentra-
tion of 1 mg/ml protein and incubated with or without 200
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pg/ml proteinase K for 15 min on ice and then treated with 1
mwm PMSF for another 15 min on ice.

Treatment of PS T. brucei with Nigericin, Monensin, and
Valinomycin—For the nigericin (all ionophores used were from
Sigma-Aldrich) rescue experiment described in the legend of
Fig. 4A, PS T. brucei were grown for 2 days in SDM-79 medium
supplemented with tetracycline. Cells were subsequently
diluted to 2 X 10° cells/ml into various media with a stepwise
doubling of nigericin concentrations in the 0—100 nMm range.
The 0 nM medium was mock-treated with the nigericin solvent
ethanol. This procedure was done in order to ensure that all
cells had the same initial degree of Letm1l down-regulation
before ionophore exposure. Cell density was then measured at
each nigericin concentration every 24 h over a 3-day time
course. The procedure for monensin treatment (Fig. 4B) was
the same, except there was a stepwise 10-fold increase in this
ionophore concentration at the 0—1000 ng/ml range. For the
valinomycin treatment of PS cells described in the legend to Fig.
5, the PS cells were incubated with a 1 uMm concentration of the
compound for 2 h. A subset of the cells was pretreated with 2
M of nigericin prior to valinomycin application.

Flow Cytometry for Membrane Potential—PS T. brucei incu-
bated with MitoTracker Red CMXRos, as described above,
were diluted 1:5 in PBS and placed into a FACSCanto II flow
cytometer (BD Biosciences) for measurement of fluorescence.
Twenty thousand cells were counted in each measurement.
Controls in which membrane potential was collapsed by the
simultaneous addition of 20 uMm carbonyl cyanide p-trifluoro-
methoxyphenylhydrazone to cells were also measured. Data
were analyzed using the Flowing Software program (Turku
Centre for Biotechnology, Finland).

Quantitative Real-time PCR and Northern Blot Analysis—
Quantitative real-time PCR was performed as described previ-
ously (34), using primers homologous to mt mRNAs as
designed by Carnes et al. (48). Letm1 mRNA was measured
using specific primers CGGAATACCTGTCGTCCACT and
AGACATTAAACGGCCCTTCC. The relative abundance of
the assayed mRNA in the induced RNAi knockdowns, as com-
pared with the non-induced controls and normalized to either
18 S rRNA or B-tubulin levels, was determined by standard
protocols (34, 48). Northern blots were done as described pre-
viously (44), using an antisense probe generated via the afore-
mentioned Letml quantitative PCR primers. Both primers
were used to amplify a product from T. brucei genomic DNA,
which was subsequently used as a template for a 45-cycle PCR
with the 3?P-end-labeled reverse primer in the presence of
[@-**P]dATP (6000 wCi/ml).

Mitochondrial Translation Assay—The mitochondrial trans-
lation assay is discussed in detail elsewhere (49). Briefly, 4 X 10°
cells were incubated with [**S]methionine for 1 h (Easy Tag
Express Protein Labeling Kit, PerkinElmer Life Sciences) in the
presence of 10 mg/ml cyclohexamide to suppress cytoplasmic
translation. The cells were lysed at 37 °C for 20 min in the load-
ing buffer (2% SDS, 125 mm Tris-HCI, pH 6.8, 2% [3-mercapto-
ethanol, 27% glycerol (v/v)) and then run on a 9% acrylamide
SDS gel in the first dimension. Each lane was cut out and placed
in a denaturing solution (1% SDS, 125 mm Tris-HCI, pH 6.8, 1%
B-mercaptoethanol) at 37 °C for 1 h before being run in the
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FIGURE 1. Localization of C-terminally YFP-tagged Letm1 to T. brucei
mitochondrial inner membrane. A, indirect immunofluorescence of fixed
PS T. brucei labeled with MitoTracker Red, which visualizes the single reticu-
lated organelle. Labels above pictures indicate signal from YFP antibody (YFP),
MitoTracker (Mito), and both (Merge) and signals overlaid with a differential
contrast image (Merge-DIC). DAPI-stained nucleus (n) and kDNA (k) are indi-
cated by an arrowhead and arrow, respectively. Scale bar, 2 um. B, Western
blot analysis of digitonin fractionation of cytoplasm (Cyto) and mitochondrial
(Mito) compartments in comparison with an equivalent amount of lysate
from whole cells (Total). The 75 kDa marker is indicated on the right. C, West-
ern blot analysis of Triton X-114 fractionation of mitochondrial proteins into
membrane and soluble fractions, which reside in the detergent (Det.) or aque-
ous (Aq.) phases, respectively. D, Western blot analysis of SMPs treated with
proteinase K (+) or untreated controls (—). Antibodies used are indicated on
the left.

second dimension on a 14% acrylamide-SDS gel. The gels were
Coomassie-stained, incubated for 1 h in 1 M salicylate (Sigma-
Aldrich), and then dried before exposure to BioMax Film (East-
man Kodak Co.).

RESULTS

Letm1 Is a Mitochondrial Inner Membrane Protein—In order
to confirm that the annotated T. brucei Letm1 ortholog is tar-
geted to the mitochondrion, cell lines were generated in which
one of the gene loci was in situ tagged with sequence encoding
a C-terminal YFP extension. Indirect immunofluorescence
confocal microscopy revealed that Letm1 is indeed localized
throughout the organelle because its signal overlaps with the
specific marker MitoTracker Red CMXRos dye (Fig. 1A). This
result was confirmed by digitonin permeabilization of cells into
cytosolic and mitochondrial fractions, using antibodies immu-
nodecorating mitochondrial heat shock protein 70 (mHSP70)
and enolase as markers of these compartments, respectively
(Fig. 1B). To verify that Letm1 is a membrane protein, isolated
mitochondria from the YFP-tagged cell line were partitioned by
Triton X-114 phase separation into membrane and soluble pro-
teins, the former of which was retained in the detergent phase
(Fig. 1C). The YFP antibody signal appeared in the detergent
phase with the trypanosomatid-specific subunit of respiratory
complex IV (trCOIV) (50), whereas the matrix marker mHSP70
remained in the aqueous phase (Fig. 1C). To determine the
protein’s IM localization, SMPs from the cell line where sub-
jected to a proteinase K protection assay. In most SMPs, the
inner leaflet of the IM faces outward, exposed to the protease.
Indeed, trCOIV and matrix-facing F,-ATPase are susceptible
to enzyme degradation, in contrast to cytochrome c, located in
the intermembrane space, which is protected by the IM (Fig.
1D). The C-terminal YFP tagis also degraded by this treatment,
indicating that this portion of the protein extrudes into the
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matrix from the IM (Fig. 1D), a topology kept by the human
ortholog (3).

Because the in situ tagged protein is bigger than the predicted
size of the tagged Letm1 protein (Fig. 14), about 80 versus 68
kDa, respectively, we decided to map the 5'-end of the mature
Letml mRNA to define its ORF. The start codon is actually
further upstream than predicted (supplemental Fig. 1A),
encoding a protein with the observed size and of a length com-
parable with that of the ortholog from the related Trypanosoma
cruzi (supplemental Fig. 1B). The revised ORF contains the
transmembrane domain that defines all Letm1 orthologs and
other well conserved features, such as a putative protein kinase
C phosphorylation site and C-terminal coiled-coil regions, but
lacks the two Ca®"-binding EF-hand domains present in
orthologs of some other eukaryotes.

RNAi Silencing of Letm1 in Procyclic Stage Results in Mito-
chondrial Swelling and Inhibited Growth—To test whether
Letm1 is an essential protein for the PS cells, a conditional
RNAI cell line was generated using an established system in
which dsRNA overexpression is induced by the addition of tet-
racycline, as described elsewhere (34). To test whether the
dsRNA successfully targets Letmnl mRNA for degradation,
RNA was harvested from cells grown in the presence and
absence of the antibiotic for 48 h for subsequent Northern anal-
ysis using a radioactively labeled antisense probe that anneals to
the Letml sequence. The transcript is undetectable in the
RNAi-induced cells as compared with the non-induced con-
trols (Fig. 24). Ethidium bromide-stained rRNA was used as a
control for equal loading. Next, we measured the growth of
RNAi-induced and uninduced PS cells every 24 h over a 10-day
course. Fig. 2B depicts a representative line graph showing
absolute cell density at each time point, including the dilution
of cultures every other day to 2 X 10° cells/ml. Reproducible
growth inhibition is apparent 3 days after RNAi induction.

The impairment of Letm1-depleted cells is most likely due
to the appearance of a swollen mitochondrion, as revealed
by transmission electron microscopy (Fig. 2C, I). The identity
of this massive, electron-lucent organelle, as compared with the
unaltered mt electrodensity in the untreated controls (Fig. 2C,
3), is supported by the surrounding double membranes (Fig. 2C,
2, arrowheads). The discoidal cristae, which are characteristic
for T. brucei and other members of the phylum Euglenozoa
(21), remain upon Letm1 down-regulation in the periphery of
the swollen organelle (Fig. 2C, I and 2, arrows).

Human Letml Complements the Endogenous Trypanosome
Ortholog—To exclude the possibility that the Letm1-silencing
phenotype is due to off target effects and also to determine the
protein’s functional homology across the enormous evolution-
ary distance separating kinetoplastids from opisthokonts, we
examined whether a constitutively expressed human Letm1l
(HsLetm1) could complement the depletion of its T. brucei
ortholog (TbLetm1). First, we confirmed that the exogenous
HsLetm1, bearing a 3X hemagglutinin (HA;) epitope tag on its
Cterminus, is targeted to the flagellate mitochondrion. Indirect
immunofluorescence shows that HsLetm1 indeed co-localizes
with the MitoTracker Red dye (Fig. 3A). This result was con-
firmed by digitonin subfractionation of cells into the cytosolic
and mitochondrial compartments, in which the a-HA antibody
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FIGURE 2. Knockdown of Letm1 in PS T. bruceiresults in growth inhibition
and mitochondrial swelling. A, Northern blot analysis showing that Letm1
mRNA is depleted in cells grown with the RNAi-inducing tetracycline (+) as
compared with the untreated controls (—) in the upper image (Letm1). The
ethidium bromide-stained rRNA from the corresponding lanes is shown
below as a loading control. B, PS T. brucei grown in the presence (RNAi+) or
absence (RNAi—) of tetracycline. The x axis shows days post-RNAi induction;
the y axis shows cell density in 10% cells/ml plotted on a logarithmic scale. C,
transmission electron micrographs of cells grown in the presence (+; pictures
1and 2) or absence (—; picture 3) of tetracycline for 3 days. Cristae and double
membranes are indicated by arrows and double arrowheads, respectively.
Scale bars, 1 wm, 100 nm, and 500 nm for pictures 1, 2, and 3, respectively.

signal associates with that of the mitochondrial marker
mHSP70 (Fig. 3B). The abundant upper band migrated at the
expected ~90 kDa size with a less intense one just below, a
pattern also observed when the protein was expressed in Esch-
erichia coli (14).

After verifying that the endogenous ThLetm1 is still silenced
in cells expressing HsLetm1 (Fig. 3C), the growth of cell lines
with and without TbLetm1 down-regulation was compared. As
shown in the line graph in Fig. 3D, both samples grew at the
same rate. This result indicates that HsLetm1 can fully comple-
ment the ablation of TbLetml in T. brucei, suggesting func-
tional homology of the two orthologs. Indeed, the two
orthologs share sequence homology in the region of the pre-
dicted transmembrane domain (Fig. 3E).

The Nigericin Ionophore Restores Cell Viability and Mito-
chondrial Function in Letml Knockdowns—The manifested
swollen mitochondria upon Letm1 ablation may be due to a
consequent accumulation of ions. To test whether K™ is the
cation in question, we attempted to treat RNAi-induced T. bru-
cei with varying doses of nigericin, an ionophore that acts as an
antiporter of K* and H" across membranes, as described under
“Experimental Procedures.” Fig. 44 depicts a line graph in
which average cell density among quadruplicates is plotted
against nigericin concentration. Each line presents measure-
ments made 1-3 days after ionophore treatment. Growth rates
at each nigericin concentration are inferred from the difference
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FIGURE 3.Expression of human Letm1 rescues knockdown of the T. brucei
ortholog. A and B, indirect immunofluorescence and digitonin subfraction-
ation of PS T. brucei confirm mitochondrial localization of the C-terminal HA,-
tagged human Letm1 (HA). Other labels and the scale barin A are as described
for Fig. 1, A and B. C, Northern blot analysis confirms the ablation of the
endogenous T. brucei Letm1 mRNA in cells constitutively overexpressing
exogenous human Letm1. Labeling is as in Fig. 2A. D, growth of PS T. brucei
constitutively overexpressing human Letm1 grown in the presence (RNAi+)
or absence (RNAi—) of tetracycline. Labeling is as in Fig. 2B. E, alignment of the
predicted transmembrane domain of the human and T. brucei orthologs. *,
conserved predicted protein kinase C phosphorylation site; red line, trans-
membrane domain. The E-value of BLAST alignment of the two sequences is
shown at the bottom.

between points relative to the y axis and also depicted in sup-
plemental Fig. 2A.

In the cells depleted for Letm1 (RNAi+), there is a dose-de-
pendent increase in growth from 0 to 50 nM nigericin, after
which there is a decrease in growth. This latter trend is probably
due to the intrinsic toxicity of the ionophore to T. brucei, as
demonstrated by a line graph showing the dose-dependent
decrease in growth of cells grown in the absence of tetracycline
(RNAi—) throughout the whole concentration range. However,
it should be mentioned that the Letm1-depleted cells grown in
100 nM nigericin still exhibit more rapid growth than those
grown without the drug, indicating that this ionophore is able
to partially restore cell viability upon loss of Letm1. The cells
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FIGURE 4. Treatment with the ionophore nigericin rescues the Letm1 knockdown in PS T. brucei. A, cell growth in a 0-100 nm range of nigericin
concentrations (x axis), as measured by density (10* cells/ml, along the y axis) of cells grown in the presence (RNAi+) or absence of tetracycline (RNAi—). Each
shaded line represents 1-3 days after treatment. n = 4; error bars indicate S.D. B, cell growth in a 0-100 ng/ml range of monensin concentrations (x axis);
otherwise as in A. C, light micrographs showing cells after 3 days of RNAi induction either treated with 25 nm nigericin (+) or mock-treated with ethanol ().
Scale bar, 10 um. D, flow cytometry histogram following membrane potential in MitoTracker-labeled PC T. brucei grown in the presence (RNAi+) or absence of
tetracycline (RNAi—) and either mock-treated with ethanol (top plot; —) or treated with 25 nm nigericin (bottom plot; +). An increase in fluorescence is depicted
on the x axis from left to right on a logarithmic scale plotted against a cell count on the y axis. Unfilled curves are measurements of cells also treated with 20 um

carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), an uncoupler of mitochondrial membrane potential.

ablated for Letm1 exhibited comparable growth rates as com-
pared with their RNAi-uninduced counterparts when treated
with 25, 50, and 100 nm nigericin (supplemental Fig. 24).

We next looked to see whether nigericin treatment restores
mt morphology and physiology. Cells grown for 2 days in the
presence of tetracycline to induce Letm1 silencing were subse-
quently diluted into media with or without 25 nm nigericin and
grown for 24 h before being subjected to assays comparing
RNAij-treated and untreated samples. Light microscopy reveals
that about half of the cells grown in the absence of the iono-
phore (Fig. 4C, —) exhibit a rounded shape with lucent center,
representing the swollen mitochondrion (arrows), whereas all
of the treated cells exhibit normal gross morphology (Fig. 4C,
+). The physiological state of the organelle in both samples was
also determined using the MitoTracker Red dye, whose inter-
calation into the matrix correlates with membrane potential.
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According to the flow cytometry histogram (Fig. 4D, —), the
membrane potential of Letml-depleted cells (RNAi+) not
treated with nigericin exhibits various degrees of membrane
potential reduction compared with their non-induced counter-
parts (RNAi—), as represented by two broad fluorescence
peaks. The broad range of membrane potential reduction also
reflects the various morphological effects 3 days after Letm1
down-regulation. However, nigericin-treated cells with
reduced or endogenous Letm1 levels exhibited the same mem-
brane potential (Fig. 4D, +), suggesting that the ionophore
mediates restoration of the physiological state of the organelle.

These results were further confirmed by treatment with
monensin, a less specific ionophore that exchanges H* and
monovalent cations, such as K*. Using the same previously
described scheme, 100 ng/ml was determined to restore growth
in the Letm1-depleted cells compared with the uninduced cells
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FIGURE 5. Treatment of PS T. brucei with the K* ionophore valinomycin
results in mitochondrial swelling. A, transmission electron micrographs of
PS T. brucei treated with a 1 um concentration of the K* ionophore valinomy-
cin. Double membranes are indicated by opposing arrowheads. Scale bars, 2
um and 200 nm for pictures 1 and 2, respectively. Note the peripherally
located kinetoplast DNA disk. B, light micrographs showing cells treated with
either 2 um nigericin or 1 um valinomycin alone or pretreated with the former
and then treated with the latter, as indicated at the top of the images from left
to right. Scale bar, 10 um.

treated with the same dose (Fig. 4B and supplemental Fig. 2B).
Taken together, these results suggest that upon Letm1 silenc-
ing, K™ cations accumulate in the mt matrix, which cause
subsequent osmotic stress and swelling mitochondria. The
chemical action of the ionophores nigericin and monensin
compensates for the ablation of Letml by mediating KHE
across the inner membrane. Consequently, these cells exhibit
normal mt morphology and physiology.

Depletion of Letml Phenocopies the K* Ionophore Valino-
mycin—As further support for the notion that matrix K™ accu-
mulation is behind the swelling of the PS T. brucei mitochon-
drion upon Letm1 silencing, the parental cell line used in the
generation of the conditional RNAi knockdown was treated
with the ionophore valinomycin. In contrast to nigericin, vali-
nomycin acts in a Nerstian fashion by transporting K™ across
lipid membranes down an electrochemical gradient. Thus, this
compound is often used in other systems to dissipate mt mem-
brane potential (3, 51). Valinomycin supplementation (1 um) to
SDM-79 medium was fatal to 7. brucei after 2 h of exposure. As
seen by subsequent observation by transmission electron
microscopy, these cells exhibit a swollen mitochondrion in a
manner reminiscent of the Letm1 knockdown (Fig. 54).

We next asked whether nigericin pretreatment can prevent
valinomycin-mediated swelling mitochondria. Cells were incu-
bated with 2 um nigericin for 15 min and then split into those
exposed to or lacking valinomycin treatment as described
above; cells without nigericin pretreatment prior to valinomy-
cin exposure were included in this experiment. As visualized by
light microscopy, T. brucei incubated only with this concentra-
tion of nigericin exhibit a shrunken appearance, possibly due to
unspecified cell-wide effects (Fig. 5, BI). Nigericin pretreat-
ment prevents the visible swelling of mitochondria caused by
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FIGURE 6. Knockdown of Letm1 in BS T. brucei and T. brucei evansi results
in growth inhibition and mitochondrial swelling. A-D, Northern blot anal-
ysis confirming ablation of Letm1 mRNA in RNAi-induced cells versus non-
induced controls plus growth analysis comparing these two samples in BS
T. brucei (A and B) and T. brucei evansi (C and D). Labeling is as in Fig. 2, A and
B. E, transmission electron micrographs of T. brucei evansi grown in the pres-
ence (+; pictures 1 and 2) or absence (—; picture 3) of tetracycline for 3 days.
Double membranes are indicated by opposing arrowheads. Scale bars, 1 um,
100 nm, and 1 um for pictures 1,2, and 3, respectively.

valinomycin (Fig. 5B, 2 and 3). It appears that Letm1 knock-
down in PS phenocopies the swelling mitochondria effect of the
K™ ionophore valinomycin in the parental cell line, including
the susceptibility of this swelling to the K™/H™ antiporter
nigericin.

Letm1 Is Essential for T. brucei evansi and the Bloodstream
Stage of T. brucei—To gain insight into the role of Letml in
mitochondria bearing different physiological states, we gener-
ated conditional RNAi knockdowns in T. brucei BS and T. bru-
cei evansi, a petite mutant of T. brucei lacking any kDNA and
hence a canonical proton gradient across the inner mt mem-
brane (31, 52). Efficient degradation of the LetmI transcript in
either cell line was verified by Northern blot analysis (Fig. 6, A
and C). Growth in the presence and absence of the RNAi induc-
tion agent was subsequently assayed as in PS, with a lower start-
ing concentration of 5 X 10° cells/ml. As seen in the line graph
in Fig. 6B, Letm1 depletion in BS resulted in growth inhibition
already 2 days after RNAi induction, after the first daily dilu-
tion. A recovery of growth often occurring when essential pro-
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teins are down-regulated (34) is also observed to begin at day 4
of the time course. Obvious growth inhibition is also observed
on day 3 after the first cell passage in T. brucei evansi (Fig. 6D),
which is performed every other day due to the slower growth
rate of these trypanosomes as compared with BS. Both cell
types exhibited swelling mitochondria at these time points, as
shown in a representative picture from T. brucei evansi (Fig. 6E,
1 and 2), a very dramatic contrast to the thin morphology of the
organelle in the untreated controls (Fig. 6E, 3). Thus, Letm1
plays the same role in mediating KHE in the mitochondrion of
trypanosome stages that lack a respiratory chain and cristae, as
exemplified by the results in BS T. brucei. Furthermore, this ion
exchange functions even in the absence of a canonical proton
gradient across the inner membrane, which is not a component
of the mitochondrial membrane potential in 7. brucei evansi
(31).

Letml Is Dispensable for Mitochondrial Translation—Be-
cause T. brucei evansi has lost its mt genome, components
responsible for gene expression in the organelle have been ren-
dered redundant (31, 36). Thus, the essential nature of Letm1 in
these p° trypanosomes argues ostensibly against a primary
function in mt translation via its interaction with ribosomes. To
further investigate, we decided to assay de novo translated apo-
cytochrome b (CytB) and cytochrome ¢ oxidase subunit 1
(Cox1) in PS (49), the T. brucei life cycle stage that assembles
the respiratory complexes into which these proteins are incor-
porated (22).

Letm1 RNAi knockdowns grown in the presence of tetracy-
cline for 2—4 days plus a non-induced control were subjected to
the [**S]methionine labeling of de novo synthesized mt pro-
teins, which were subsequently resolved on a 9%/14% acrylam-
ide two-dimensional denaturing gel. A steady decrease in the
labeled Cox1 and CytB, as well as still unidentified products,
was observed over the time course (Fig. 7A). This decrease in
%S signal is compared with the Coomassie-stained cytosolic
proteins (Fig. 7A, insets), which remain at a constant level in all
samples. To ensure that this decrease was due to translational
rather than transcriptional defects, steady-state levels of these
transcripts were also determined by real-time quantitative
PCR. CoxI mRNA, which does not undergo RNA editing, and
CytB mRNA, which is processed by moderate RNA editing,
complemented by the massively edited Cox3 transcript, were
virtually unaffected 3 days after RNAi induction (Fig. 7B).
Therefore, it appears that mt translation is indeed compro-
mised in Letm1-depleted 7. brucei.

To resolve whether this phenomenon is directly due to the
depletion of Letm1 or a downstream effect, mt translation was
assayed in RNAI cell lines induced by tetracycline for 4 days
with or without 25 nM nigericin treatment for the last 2 days
plus the non-induced controls. As shown in Fig. 84, translation
proceeds in the Letm1-silenced cells, in which KHE is restored
by nigericin. LetmI mRNA was measured in the nigericin-
treated cells to confirm that it was degraded upon RNAi
induction (Fig. 8B). We conclude from these experiments that
the observed hindering of mt translation in Letm1-depleted
T. brucei is a secondary consequence of the disrupted ion
homeostasis.
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FIGURE 7. Knockdown of Letm1 has an effect on mitochondrial transla-
tion in PS T. brucei. A, resolution of de novo [>*S]methionine-labeled mito-
chondrial proteins by two-dimensional SDS-PAGE. Acrylamide composition
and the direction of each dimension are indicated at the top left. Insets show
the same gels in which the cytoplasmic proteins are Coomassie-stained. Gels
are RNAi— and RNA+ 2, 3, and 4 days postinduction (P/) by tetracycline. The
identified spots corresponding to apocytochrome b (CytB) and cytochrome ¢
oxidase subunit 1 (Cox1) are indicated along with hitherto unidentified mito-
chondrial proteins (*). B, quantitative real-time PCR assaying steady state lev-
els of selected mitochondrial (Mito) and nucleus-encoded Letm1 mRNAs
(Nuc). Transcripts undergoing RNA editing are indicated, and the pre-edited
(P) and edited (E) forms were individually assayed. Boxed transcripts are those
whose protein products were followed in A. The mean relative levels of the
assayed amplicons in the RNAi-induced cells relative to the levels in the unin-
duced control are plotted logarithmically and normalized to the same calcu-
lation performed for the nucleus-encoded B-tubulin (gray bars) and 18 SrRNA
cDNAs (white bars), which were unaffected by the Letm1 RNAi silencing. Error
bars, range of obtained relative abundances; n = 3.

DISCUSSION

Mitochondria are ancient organelles of an endosymbiotic
origin that are, in one form or another, maintained in all extant
eukaryotes living in very different ecological niches. As such,
although mitochondria have undergone divergent evolution in
these various organisms, they still retain basal characters that
are common to them, such as being bound by double mem-
branes (53). Using the highly diverged T. brucei as a study
model, we have exploited its amenabilities and its evolutionary
divergence to determine the ancestral function of the ubiqui-
tous Letm1 protein, which exhibits remarkable conservation of
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FIGURE 8. Mitochondrial translation persists in nigericin-treated PS
T. brucei Letm1 knockdowns. A, resolution of de novo [**Slmethionine-la-
beled mitochondrial proteins by two-dimensional SDS-PAGE. Acrylamide
composition and the direction of each dimension are indicated at the top
right. Other labels and features are as described for Fig. 7A. Gels correspond-
ing to protein products from RNAi-induced cells (RNAi+) and uninduced con-
trols (RNAi—) are indicated at the top, and those treated with 25 um nigericin
(Nigericin+) and untreated (Nigericin—) are designated on the left. B, North-
ern blot analysis showing that Letm1 mRNA is down-regulated in cells grown
in the presence of tetracycline (+) as compared with the untreated controls
(=), both grown in the presence of nigericin. Labeling is as in Fig. 2A.

function in different organellar contexts and across large evo-
lutionary distances.

The T. brucei organelle is present in a single copy and carries
discoidal cristae (21), and its energy metabolism undergoes dra-
matic alterations during the life cycle (22). However, despite
such differences, our studies reproduced a phenotype seen in
some of those previously carried out in other eukaryotes,
namely that ablation of the Letm1 protein results in swelling
mitochondria (1, 3, 10-12). This condition is alleviated by
treatment with chemical monovalent cation/proton exchang-
ers, such as nigericin or monensin. These results strongly sug-
gest that Letm1 mediates KHE, the coupling of K* extrusion
from the mt matrix against its natural concentration gradient
with the downhill movement of H™ into this space. In a Letm1-
depleted background, K* accumulates in the organelle, causing
the osmotic stress that leads to the striking effect on organellar
morphology. This RNAi phenotype is akin to the mt swelling
observed when T. brucei is treated with a large dose of valino-
mycin, an ionophore that allows K* to penetrate polarized
membranes and accumulate in the enclosed space.

Peter Mitchell (54) originally recognized the hazard of cation
sequestering within the negatively charged matrix of energized
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mitochondria as a consequence of membrane potential and
predicted the existence of H*-driven mechanisms to mitigate
this possibility as one of the postulates of his chemiosmotic
hypothesis. The trypanosomatid organelle has a proven K"
uptake activity with pharmacological properties that are remi-
niscent of those possessed by an ATP-sensitive K™ channel
embedded in the IM of other eukaryotes (55-57). Thus, the
need for K™ efflux from the matrix via KHE is a logical require-
ment for the organelle in trypanosomes, and our results suggest
that Letm1 has a role in this process.

Another study has implicated Letm1 in Ca®>" translocation
across the IM (14, 15). Our results suggest otherwise, agreeing
with those that have postulated a role in KHE (1, 3, 10). The
reason for this disparity is unclear. Jiang and colleagues
described Ca®" translocation function in HeLa cell cultures and
used liposome reconstitution of the recombinant protein (14),
although it should be noted that this study described a signifi-
cantly more limited effect on mt morphology than previous
reports. However, in our study, the aforementioned ability of
the K*/H™*-exchanging ionophores nigericin and monensin to
rescue the Letm1-depleted T. brucei presents convincing evi-
dence that it isindeed K™ homeostasis that is disrupted. Also, in
contrast to K, which represents the most concentrated intra-
cellular cation (58, 59), Ca®>" is a carefully regulated secondary
messenger whose intracellular concentration is in the micro-
molar range (60), making its accumulation in the matrix a less
likely cause of the swelling mitochondria phenotype. Finally,
yeast still retain an ortholog of the Letm1 gene despite lacking
an active Ca®>" uptake mechanism (25-27, 60), presumably
removing the evolutionary pressure to maintain the protein in
this organellar context.

In T. brucei, Letm1 does not appear to play a direct role in
mitochondrial translation as has been suggested for the yeast
ortholog (4, 16, 17). Although this process is indeed compro-
mised in the Letm1 knockdowns, it persists when these cells are
treated with nigericin. Because mitochondrial ribosomes disas-
sociate in high K* concentration environments (61, 62), we
propose that the apparent effect on mitochondrial translation
represents an epiphenomenon to the accumulation of the cat-
ion in the matrix upon Letm1 ablation. Furthermore, the simi-
lar growth rates of the Letm1-depleted and uninduced controls
in the optimal doses of the ionophores nigericin and monensin
suggest that additional processes are not affected besides mt
K*/H™" antiport.

Taking all into account, we conclude that the ancestral func-
tion of Letm1 is KHE to maintain and/or regulate K™ homeo-
stasis and consequently mt volume. This conservation of func-
tion throughout eukaryotes is underscored by the ability of the
human Letm]1 ortholog to complement the down-regulation of
the T. brucei ortholog. This evidence of common function in
trypanosomes and humans is also interesting, given the wide
structural variation between the two orthologs; although they
share sequence homology in the defining trans-membrane
domain, only human Letm1 bears two EF hands, indicating that
they are superfluous to Letml function in the parasite. This
result suggests that the motif does not directly contribute to
cation extrusion from the organelle but perhaps serves a regu-
latory role for the human protein.
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Our model system provided additional insight into con-
served Letm1 function in different mt physiological states, as
represented by the BS T. brucei and the p° T. brucei evansi, both
of which we show require function of this protein. In the BS
stage, mt membrane potential is exclusively generated by the
F F,-ATP synthase via ATP hydrolysis, whereas T. brucei
evansi is quite extreme in that only the electrogenic component
of mt membrane potential is responsible for maintaining the
energized mitochondrion of the parasite. Interestingly, this
component of the proton motive force appears to be sufficient
to drive Letm1-mediated KHE.

The essentiality of Letm1 offers new insight into the func-
tions of the BS mitochondrion, known to be massively reduced
in function and morphology (22) yet still indispensable. Among
the few active pathways in the BS organelle requiring the pres-
ervation of mt membrane potential are the maintenance of the
glycosomal redox balance via the glycerol-3-phosphatase/dihy-
droxyacetone phosphate shuttle, fatty acid synthesis, and thy-
midylate production for DNA synthesis (31, 32, 37-39).
Although Ca®" uptake activity has previously been described in
the BS mitochondrion, the essentiality of this pathway was not
explored, and we are now therefore able to add ion homeostasis
to the list of indispensable functions of the BS organelle. The
requirement for Letm1 is perhaps more surprising still in the
even further reduced mitochondrion of T. brucei evansi,
because it suggests that one reason why this petite mutant
undergoes extraordinary lengths to maintain an energized
mitochondrion (31, 40) is to maintain mt matrix K*, an irony,
considering that it is this very feature that predisposes the
organelle to cation accumulation.

This study exploited many features of the T. brucei subspe-
cies complex that makes it a suitable model for studying mito-
chondrial function that extends from its role in this neglected
pathogen to other eukaryotes. Its high evolutionary divergence
allows it to serve as a valuable outgroup for establishing
whether pathways described in opisthokont models are well
conserved and serve as a foundation for organelle function and
biogenesis. The availability of genetically tractable in vitro cul-
tures bearing very different mitochondrial states allows one to
easily address the potential persistence or modulation of pro-
tein function in these milieus. Thus, we show that Letm1 serves
an essential and extremely conserved function in 7. brucei to
maintain mitochondrial volume by KHE.
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