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a b s t r a c t

The Trichomonas vaginalis genome encodes up to 60000 genes, many of which stem from genome
duplication events. Paralogous copies thus accompany most T. vaginalis genes, a phenomenon that
limits genetic manipulation. We characterized one of the parasite’s most abundant hydrogenosomal
membrane proteins, TvHMP23, which is phylogenetically distinct from canonical metabolite carri-
ers, and which localizes to the inner hydrogenosomal membrane as shown through sub-organellar
fractionation and protease protection assays. Knockout of Tvhmp23 through insertion of the select-
able neomycin marker led to a size increase of hydrogenosomes, the first knockout-induced pheno-
types reported for Trichomonas, but no growth impairment. The transcriptional response of its four
paralogous copies then analyzed revealed that they are not up-regulated, and hence do not compen-
sate for the Tvhmp23 knockout.
! 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Trichomonas vaginalis is an anaerobic protist and the causative
agent of trichomoniasis, a widespread sexually transmitted infec-
tion of the urogenital tract of humans, causing symptoms particu-
larly in women where the parasite feeds on vaginal epithelial cells
[13,15] in a low oxygen environment [12,17,44]. Like all trichomo-
nads, T. vaginalis possesses hydrogenosomes, anaerobic relatives of
mitochondria, that generate ATP via substrate level phosphoryla-
tion through the fermentative breakdown of pyruvate to acetate,
CO2, and H2 [25,27]. Like oxygen-respiring mitochondria, hydro-
genosomes are surrounded by two membranes. Their matrix is
granular and electron-dense [3], and because they lack a genome
and translation machinery, trichomonad hydrogenosomes must
import all their proteins from the cytosol [5,37].

Reports investigating the molecular machineries behind protein
import and metabolite exchange across hydrogenosomal

membranes are scarce. Bioinformatic analyses identified homologs
of Tom40, Sam50, Tim17/22/23, Tim44 and Pam18 in T. vaginalis
[8,36]. Some of these components have since been localized to
the hydrogenosomal membranes [9,20] and proteomic analysis
focusing on hydrogenosomal membrane proteins (HMPs) have
identified additional components of the translocases of the outer
and inner mitochondrial membrane (TOMs and TIMs, respectively;
[36]). Multiple paralogs of the core component TOM40 and un-
iquely modified small TIM chaperones were detected. Other HMPs
characterized include HMP35, a potential pore forming protein of
the porin family, whose exact function remains unknown [11].
The only other identified metabolite carriers of Trichomonas are
five genes belonging to the otherwise much larger family of mito-
chondrial carrier proteins (MCF; [36]). One MCF protein, HMP31,
was characterized in detail and phylogenetic analysis and heterol-
ogous studies in yeast mitochondria demonstrated the protein to
be an ATP/ADP carrier [10,41].

Information about protein and substrate transporters in
Trichomonas is still limited. Functional analysis of novel
components is often hampered by the many paralogous copies of
a gene that can be present due to genome duplication events [6].
The lack of tools to genetically manipulate Trichomonas further
complicates matters. The knockout of a gene through homologous
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recombination has only been reported once, for a hydrogenosomal
ferredoxin [22]. The knockout produced no detectable phenotype,
most likely because at least six potentially redundant copies of fer-
redoxin were later found encoded when the genome was se-
quenced [6]. The knockdown technique using antisense RNA
generally seems feasible in Trichomonas, as indicated by two sepa-
rate reports [28,30]. These however also remain isolated, suggest-
ing this technique, too, has its limits.

To revisit the possibility of insertional gene deletion in T. vagi-
nalis and in particular to determine whether the knockout of a gene
results in the transcriptional up-regulation of its paralogous copies,
we focused on TvHMP23 (TVAG_455090). This protein was found
to be among the most abundant proteins of the hydrogenosomal
membranes [36], its function however remains unknown. Through
homologous recombination we successfully knocked out Tvhmp23
and characterize the first knockout-induced phenotype reported
for the parasite.

2. Materials and methods

2.1. Culturing and cloning

T. vaginalis strain T1 (JH Tai, Institute of Biomedical Sciences, Tai-
pei, Taiwan) was cultivated in TYM medium at 37 "C as described
previously [14]. TvHMP23 (TVAG_455090) was tagged with a di-
hemagglutinin-tag (HA-tag) at the amino- and at the carboxy-ter-
minus independently into pTagVag2 [18]. The knockout of the gene
was based on homologous recombination. We generated a con-
struct, in which the resistance cassette (NeoR, with KpnI and BamHI
restriction sites) was flanked by 1182 base pairs of the 50 upstream
(containing SacII and KpnI restriction sites) and 974 base pairs of the
30 downstream sequence of the hmp23 encoding locus (containing
BamHI and ApaI restriction sites). The construct was ligated into
the SacII/ApaI restricted plasmid pa-SCSB-NEO [7]. All constructs
were verified through sequencing before transfecting T. vaginalis
T1 as described previously [7,22] with 50 lg plasmid DNA for local-
ization studies and with 100 lg of SacII and ApaI digested plasmid
pTvHMP23-NEO. The restriction of the latter plasmid was verified
through gel analysis prior to transfection. A list of all primers used
is found in the supplementarymaterial (Table S1). Positive transfor-
mants were selected for two weeks before further analysis with
100 lg/ml G418 (Roth) in TYM medium for pTagVag2 transfected
cells and with 80 lg/ml G418 for pTvHMP23-NEO transfected cells.
Cell density was determined using a hemocytometer Thoma New
(Superior-Marienfeld). Counts were made of quadruple samples
from each strain, and 12 ml of TYM medium (w/o G418) were ini-
tially inoculated with 20000 cells.

2.2. Localization analysis

Hydrogenosomes of T. vaginalis were isolated as described by
Bradley and colleagues [4] with slight modifications [23,34]. All
centrifugations were performed at 4 "C. T. vaginalis cells were lysed
by grinding them in a mortar for 20 min on ice with glass beads (£
4–6 lm). Cell lysis was verified through microscopic examination.
Glass beads were removed through centrifugation at 755!g for
10 min and crude cell lysate obtained from the supernatant. A
cytosolic fraction was collected from the supernatant after subse-
quent centrifugation at 7500!g for 10 min of the initial lysate.
Hydrogenosomes were separated from the remaining cell compo-
nents by isopycnic centrifugation with 45% (v/v) Percoll. To sepa-
rate hydrogenosomal membranes from the matrix, 2 mg of
hydrogenosomes (wet paste) were incubated with 30 ml 0.1 M
Na2CO3 pH 11.5 for 45 min on ice, including a 10 s shake every
10 min. The membrane fraction was then pelleted by ultracentrifu-
gation at 208000!g for 1 h at 4 "C. To reduce cross contaminations

the procedure was repeated for the two individual fractions. 10 ml
of the resulting supernatant was precipitated with acetone/TCA
(7.5:1) and resuspended in 70 ll resuspension buffer [7 M urea,
2 M thiourea, 4% (w/v) CHAPS] and 10 ll concentrated Tris solution
to neutralize the pH. The membrane pellet was washed with 100 ll
ddH2O and resuspended in 40 ll ddH2O.

100 lg of each fraction collected were separated by a 12% SDS–
PAGE and blotted onto nitrocellulose membranes (Hybond™-C Ex-
tra, GE Healthcare). Membranes were blocked for 1 h in TBS
[20 mM Tris–HCl pH 7.4, 150 mM NaCl] containing 5% (w/v) dried
milk powder and then incubated for 1 h at RT, or over night at 4 "C
with mouse anti-HA monoclonal antibody (Sigma) diluted 1:5000
in blocking solution. After three TBS washes the membrane was
incubated for 1 h at RT, or over night at 4 "C with goat anti-mouse
horseradish peroxidase-conjugated antibody (ImmunoPure,
Pierce) diluted 1:10000 in blocking solution. After three TBS
washes signals were detected using 3 ml solution A [1.25 mM
luminol (Sigma) in 0.1 M Tris–HCl pH 8.6], 300 ll solution B
[6 mM para-hydroxycoumaric acid (Sigma) in DMSO], 0.9 ll 30%
(v/v) H2O2 and Lumi-Film chemiluminescent detection films
(Roche). Original blots were stripped as described previously [47]
and reprobed with anti-ASCT [42] and treated as above, but using
a goat anti-rabbit horseradish peroxidase-conjugated as secondary
antibody. Stripping was performed with two 10 min incubations
with mild stripping buffer [1.5% glycine, 0.1% (w/v) SDS, 1% (v/v)
Tween 20; pH 2.2], 2 ! 10 min washes with PBS [0.8% (w/v) NaCl,
0.02% (w/v) KCl, 0.144% Na2HPO4, 0.024% (w/v) KH2PO4; pH 7.4]
and 2 ! 5 min washes with TBST (20 mM Tris–HCl pH 7.5,
150 mM NaCl, 0.1% (v/v) Tween 20). Protease protection assays
were performed with freshly isolated hydrogenosomes following
a previously established protocol [47].

Immunofluorescent images of the expressed HA-tagged pro-
teins and ASCT (hydrogenosomal matrix marker) were performed
using fixed T. vaginalis cells and mouse anti-hemagglutinin mono-
clonal antibody (Sigma–Aldrich) and rabbit anti-ASCT polyclonal
antibody [42] as primary antibodies and secondary Alexa Fluor-
488 donkey anti-mouse and Alexa Fluor-633 donkey anti-rabbit
antibodies (Invitrogen) as described previously [47]. Images were
obtained using a LSM 510 Meta confocal laser scanning microscope
(Zeiss). For determination of potential transmembrane-spanning
regions using TMHMM, HMMTOP and TMPred, the default settings
were used.

2.3. Isoelectric focusing (IEF) and SDS–PAGE electrophoresis

IEF, equilibration and SDS–PAGE electrophoresis were per-
formed as described by Pütz and colleagues [35]. IEF was run on
the Ettan IPGphor 3 system (GE Healthcare) using an 18 cm immo-
bilized pH gradient (IPG) (Immobiline DryStrip, GE Healthcare)
with a linear gradient pH 6–11, followed by a standard 2nd dimen-
sion SDS–PAGE using a 12% gel. Protein spots were picked from
gels and tryptic digested in-gel. Eluted protein spots were digested
in-gel with trypsin (Promega) as described previously [19]. Pep-
tides were sequenced through mass spectrometry at the BMFZ
(HHU Düsseldorf) and a MASCOT search used to identify the pro-
teins [33].

2.4. Transmission electron microscopy

T. vaginalis cells were pelleted at 1000!g for 10 min and washed
three times with PBS [0.8% (w/v) NaCl, 0.02% (w/v) KCl, 0.144% Na2-
HPO4, 0.024% (w/v) KH2PO4; pH 7.4]. After fixation over night at 4 "C
in fixation buffer [2.5% (v/v) glutaraldehyde in 0.1 M Na-cacodylate
buffer pH 7.3] the cells were washed four times for 10 min with
0.1 M Na-cacodylate buffer pH 7.3. Post fixation was done within
two hours incubation with 2% (w/v) osmiumtetroxide diluted in
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0.1 M Na-cacodylate buffer pH 7.3 containing 0.8% (w/v) potassium
ferricyanide III. The cells were washed again four times like before
and were then dehydrated by incubation with 50% (v/v), 70% (v/v),
80% (v/v), 90% (v/v) and absolute acetone (15 min each). Impregna-
tionwas done over night in 1:1 acetone–eponmixture. The samples
were polymerized in pure epon within 48 h at 60 "C. Ultra thin sec-
tions of embedded sampleswere collected on formvar coated nickel
grids (400 squaremesh) and contrastedwith subsequent incubation
with saturated uranyl acetate solution and with 1% lead citrate for
5 min. Pictures were obtained using either the electron microscope
JEOL 2100 TEM operated at 80 kV in combination with a fast-scan
2K ! 2K CCD camera F214 (TVIPS, Gauting) or a Zeiss CEM902 oper-
ated at 80 kV equipped with a wide-angle Dual Speed 2K CCD cam-
era (TRS, Moorenweis Germany).

2.5. qPCR

Total RNA was isolated from T. vaginalis T1 wild type cells and
DTvHMP23 using TRIzol# (Invitrogen) and and DNA using DNA-
zol#, in both cases following the manufacture’s protocol. Isolated
RNA was additionally DNase-treated (Fermentas) and cDNA syn-
thesized using the iScript™ cDNA Synthesis Kit (Bio-Rad) and each
time using exactly 1 lg of total RNA. Primer functionality was
tested using genomic DNA from T. vaginalis as a template. Each
qPCR reaction had a volume of 10 ll, containing 1 ll cDNA, 5 ll
2 !Mastermix Power SYBR# Green (Applied Biosystems) and
100 nm of each primer (Table S1). We normalized against the
expression of 40S ribosomal protein S5 (TVAG_163210) from wild
type and DTvHMP23 cells and used biological, as well as technical
triplicates.

3. Results

3.1. The TvHMP23 gene family

The hydrogenosomal membrane protein TvHMP23
(TVAG_455090) is predicted to have a molecular mass of
22.6 kDa and depending on the prediction program used, to con-
tain a minimum of two membrane spanning regions (Table 1). Four
paralogous copies are listed for the gene at TrichDB (orthologous
group OG5_174446) and, like TvHMP23, all are annotated as con-
served hypothetical proteins without a known function. Their
identities to TvHMP23 vary from 24% to 39% (Table 1). Albeit the
amount of predicted a-helical transmembrane domains varies be-
tween one and six for all members, only two potential membrane-
spanning regions continuously receive high scores among all
TvHMP23 paralogs. One of these two transmembrane domains also
represents the region with the highest sequence similarity
(Fig. S1). A simple BLAST-based search retrieved no homologous
proteins from the databases. A more detailed comparison with
yeast proteins of the mitochondrial carrier family for example,
and the known ATP/ADP carrier TvHMP31 of T. vaginalis, demon-
strates the paralogous group of TvHMP23 clusters separately with-
out any significant similarity to the proteins analyzed (Fig. S2).

3.2. TvHMP23 localizes to the inner hydrogenosomal membrane

TvHMP23 does not harbor the characteristic hydrogenosomal
targeting signal found at the N-terminus of approximately 250
hydrogenosomal proteins [5,6,47]. Two independent proteomic
surveys of the hydrogenosome did however identify the protein
to be hydrogenosomal [36,37]. To verify and furthermore deter-
mine the sub-organellar localization, we tagged the protein at both
termini with a di-hemagglutinin (HA–) tag. The C-terminal tagged
protein (TvHMP23C) located exclusively to the hydrogenosomal
membrane fraction, while the N-terminal tagged construct
(TvHMP23N) was found equally distributed between the mem-
brane and matrix fraction (Fig. 1A). These results were confirmed
through immunofluorescent localization, in which we observed
TvHMP23C to form a fluorescent ring around the matrix marker
ASCT (acetate:succinate CoA-transferase), whereas TvHMP23N
was found to co-localize with ASCT also in a punctuate pattern typ-
ical for hydrogenosomal matrix proteins (Fig. 1B). Protease protec-
tion assays furthermore demonstrated that both TvHMP23N and
TvHMP23C were not only associated with the hydrogenosomal
organelle, but to have passed the outer hydrogenosomal mem-
brane, as proteinase K added to the isolated organelle did not lead
to degradation unless Triton X-100 was added (Fig. 1A).

3.3. Knockout of Tvhmp23 increases the size of hydrogenosomes

The knockout of Tvhmp23 was based on classic homologous
recombination, for which a neomycin resistance cassette was
flanked with 1182 base pairs of the 50 upstream and 974 base
pairs of the 30 downstream sequence of the Tvhmp23 encoding lo-
cus. Only after reducing the amount of the selective drug G418
from the usually used 100 lg/ml down to 80 lg/ml for initial
selection, resistant clones that expressed the NeoR resistance gene
under the control of the Tvhmp23 promoter were obtained. To
verify the knockout of Tvhmp23 and correct genomic integration
of the NeoR resistance cassette, we performed a set of PCR-based
controls. The forward primer to check for 50 integration (HK5F)
and the reverse primer to check for 30 integration (HK3R) bind
to areas adjacent to the affected locus and will not amplify a
product unless the resistance cassette was integrated into the
genome. The PCRs confirmed that the Tvhmp23 gene had been
correctly replaced by NeoR resistance cassette and that the con-
struct had integrated into the genomic background as planned
(Fig. 2A). Hydrogenosomes from both the wild type and the
knockout line were then isolated to screen for potential differ-
ences among the protein contents of the two samples, using
two-dimensional gel electrophoresis. As expected the spot for
TvHMP23 – as determined by protein sequencing – was missing
(Fig. 2B). However apart from this difference, we did not notice
any other significant and reproducible change.

Ultrastructural analysis using transmission electron microscopy
did reveal a change. Fromcross-sections ofDTvHMP23 itwas appar-
ent that the hydrogenosomes had a larger diameterwhen compared
to wild type cells (Fig. 3A). With an average cross-sectional area of

Table 1
TvHMP23 and its paralogs. For TvHMP23 (TVAG_455090) four paralogous copies are listed at TrichDB (orthologous group OG5_174446). Shown are the predicted masses (in
kilodaltons), the isoelectric focusing points (pI, pH), sequence identities and E-values of the paralogs. Three transmembrane prediction programs (TMHMM, HMMTOP and
TMPred) all predict a different amount of transmembrane domains for the individual genes.

TrichDB ID Mass (kDa) pI Sequence E-value TMHMM HMMTOP TMPred

TVAG_455090 22.6 10.2 – – 2 6 5
TVAG_485120 23.6 9.3 39% 1.00E-37 3 5 4
TVAG_077910 23.6 10.4 29% 1.30E-21 4 5 4
TVAG_423530 23.2 6.9 29% 3.10E-20 1 2 6
TVAG_087280 24.5 8.8 24% 2.00E-16 2 3 6
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Fig. 1. TvHMP23 localizes to the inner hydrogenosomal membrane. Both the N-terminal and C-terminal tagged TvHMP23 (TvHMP23N and TvHMP23C, respectively) localize
to the hydrogenosome, but whereas TvHMP23C localized almost exclusively to the membrane fraction, TvHMP23N was also found enriched in the matrix. As a control the
blots were stripped and reprobed with an antibody against the hydrogenosomal marker protein acetate:succinate CoA transferase (ASCT). TvHMP23N and TvHMP23C are
protected against Proteinase K (Prot K) and proteolysis only occurred, if Triton X-100 (TX 100) was additionally added. (B) Immunofluorescent co-localization of ASCT with
TvHMP23N and TvHMP23C confirms the western blot result and shows only TvHMP23C to form a ring around the matrix localized ASCT. Scale: 1 lm.
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Fig. 2. Gene knockout of Tvhmp23. (A) Through PCR the Tvhmp23 gene was only detectable in the wild type genomic DNA (gDNA), while the resistance cassette (NeoR) was
only present in the knockout line. To further verify the insertion of the resistance construct into the correct genomic locus we amplified the upstream and downstream region
of the Tvhmp23 gene using a specific set of primers, which demonstrated the correct replacement of the Tvhmp23 gene locus through the NeoR cassette. Expected fragment
sizes in parentheses. (B) Details of two-dimensional gel electrophoresis using protein extract of hydrogenosomes purified from wild type and knockout cells. A spot identified
through protein sequencing to be TvHMP23 (dotted square) was only detected in the wild type.
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0.50 lm2, the hydrogenosomes ofDTvHMP23 were 72% larger than
hydrogenosomes of the wild type cells, which had an average
cross-sectional area of 0.29 lm2 (Fig. 3B, Table S2). Assuming the
organelle is a perfect round sphere that means the average volume
of a hydrogenosome in DTvHMP23 is 2.3 times that of a wild type
hydrogenosome (0.266 vs. 0.117 lm3). To exclude that the observed
phenotype was induced through the selective drug G418 alone, as
drug-induced size shifts were previously observed to occur [2], we
culturedDTvHMP23 in the absence ofG418. As an additional control
we analyzed the hydrogenosomes of cells resistant to G418 due to
the transfectionwith a plasmid conveying resistance.We found that
G418 does increase hydrogenosomal size in the controls by
approximately 20–40%, but the further increase in size due to the
knockout of Tvhmp23 in the wild type strain remains significant
(Fig. 3B). Apart from the size differencewe did not observe any obvi-
ous ultrastructural difference (Fig. 3A), and the knockout of
Tvhmp23 had no effect on the duplication rate of the parasite
(Fig. S3).

3.4. Expression of TvHMP23 paralogs is not up regulated inDTvHMP23

As mentioned above the orthologous group of TvHMP23 con-
tains four additional members. To test whether the knockout of
Tvhmp23 might be compensated by the transcriptional up-regula-
tion of the paralogous genes we performed reverse-transcriptase
PCR (RT-PCR) and quantitative real-time PCR (qPCR). RT-PCR
showed that only two of the paralogous copies (TVAG_423530
and TVAG_087280) were transcribed, while for the other two
(TVAG_485120 and TVAG_077910) no transcript was detected,
neither among RNA of wild type cells, nor among RNA isolated
from DTvHMP23 (Fig. 4A). The qPCR on the two paralogous copies
TVAG_423530 and TVAG_087280 then revealed that their tran-
scription level was only marginally, but not significantly (which
is generally considered to be at least twofold), up-regulated in
the DTvHMP23 strain (Fig. 4B). The DDCt values were 1.09 ± 0.13
for TVAG_423530 and 1.29 ± 0.24 for TVAG_087280. These results
support the two-dimensional gel electrophoresis results men-
tioned above (Fig. 2B), in which we did not observe a noticeable

change in protein content among the DTvHMP23 sample, also
not within the area where TVAG_423530 and TVAG_087280 would
be expected to migrate based on their predicted mass and isoelec-
tric focusing point (Table 1).

4. Discussion

The genome of T. vaginalis is characterized by the majority of
genes being present in multiple copies, with some gene families
consisting of hundreds of members [6]. The potentially main pro-
tein translocator of the outer hydrogenosomal membrane TOM40
for example, a homolog of the yeast TOM40, is encoded by at least
six paralogous copies, all of which are expressed and localize to the
hydrogenosomal membranes [20,36,47]. The presence of many
paralogs is why the only report that documents the knockout of
a gene (ferredoxin) in Trichomonas so far, did not lead to a pheno-
typic effect [22]. Either the knockout of the hydrogenosomal ferre-
doxin had no effect, because the gene was not essential for viability
– which appears unlikely considering its core function in energy
metabolism – or its function was compensated by the minimum
of six redundant ferredoxin copies present in the genome.

In comparison to the better-studied mitochondria of yeast for
example, the biochemical complexity of hydrogenosomes is re-
duced [40]. Yet many hundred proteins, ions and metabolites still
need to be exchanged between the Trichomonas cytosol and the
hydrogenosomal matrix. Pyruvate, end product of the cytosolic
glycolysis [26], and malate are imported into the hydrogenosomes
as a source for the fermentative ATP-production. Exported end
products of hydrogenosomal metabolism include H2, CO2, acetate
and one mol of ATP per mol of pyruvate turned over. In addition
to ATP synthesis, the assembly of FeS-clusters [38,39] and an ami-
no acid and polyamine metabolism [6,24,46] are localized within
the hydrogenosomal organelle. Little remains known about the
membrane composition of the two hydrogenosomal membranes
of T. vaginalis. Although a proteomic survey of the hydrogenosomal
membrane fraction uncovered many new proteins [36], the func-
tion of the majority of hydrogenosomal membrane proteins re-
mains unknown. Empirical evidence for the molecular function of
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Fig. 3. Knockout of Tvhmp23 causes hydrogenosomal swelling. (A) Transmission electron micrograph of wild type T. vaginalis and DTvHMP23 cross-sections. Regions of
interest (indicated by a white frame) are shown as blow-ups below the original images of whole cells. (B) Scatter plot of cross-sectional areas (lm2) from hydrogenosomes of
the different T. vaginalis strains. Each circle represents one measured hydrogenosome. The deletion of Tvhmp23 results in a significant increase of the hydrogenosomal cross-
sectional area [Kruskal–Wallis test [21] P < 0,0001; ⁄⁄⁄], although growth under G418 also causes an increase in size, but not significantly when comparing the knockout line
grown in the absence and presence of G418 [Kruskal–Wallis test [21] P < 0,01; ⁄].
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a hydrogenosomal membrane protein has only been obtained for a
single ATP/ADP carrier protein (HMP31; [10,41]), while for a hand-
ful of others – mainly components of the protein import machinery
– their predicted function is based on homology only.

TvHMP23 might represent an extremely distant relative of the
MCF family, which serves to translocate an unknown substrate.
Protease protection assays suggest the protein to be located in
the inner hydrogenosomal membrane as both tagged termini were
protected from proteolysis (Fig. 1A). This is consistent with the
prediction of a-helical and not b-sheet based transmembrane do-
mains. Although a-helical-based transmembrane containing pro-
teins were identified in both the inner and in the outer
mitochondrial membrane [31], outer mitochondrial membrane
proteins are usually embedded into the membrane through barrel
forming b-sheets [45] and the aid of the SAM50 complex [1], which
is encoded by T. vaginalis. However, significant sequence similarity
to any known translocators of mitochondria could not be identi-
fied, and hence the function of TvHMP23 remains unknown.

2The targeting of TvHMP23 is intriguing, too. TvHMP23 does not
contain a canonical N-terminal targeting sequence as previously
defined for more than 200 putative hydrogenosomal proteins
[5,6,47]. This indicates TvHMP23 contains an internal targeting
motif, and which is in line with what is known for yeast metabolite
carriers of the inner mitochondrial membrane [1]. Further, while
the C-terminal tag did not disturb the integration into the inner
membrane, N-terminal tagging of TvHMP23 hampered correct tar-
geting. The majority of TvHMP23N was found to remain in the
hydrogenosomal matrix (Fig. 1), which suggests N-terminal tag-
ging in this case likely disturbs the correct recognition by the
TIM, but not TOM complex.

We were able to knockout Tvhmp23 through homologous
recombination, only the second time an insertional knockout has
been reported for T. vaginalis. Successful gene replacement of
Tvhmp23 through the resistance cassette was verified by PCR
(Fig. 2A) and neither Tvhmp23 transcript (Fig. 4A) nor TvHMP23
protein (Fig. 2B) was detected in the knockout strain. Knockout
of one of the most highly abundant hydrogenosomal membrane
proteins had no significant effect on the parasite’s viability under
the culture conditions tested, but led to a significant increase in
hydrogenosomal size. Hydrogenosomes, which usually range be-
tween 200 to 500 nm in diameter, can reach up to 2 lm under
stress conditions [3,29]. Albeit the loss of TvHMP23 induces stress
resulting in larger hydrogenosomes, it does not result in a growth
deficit under the conditions tested (Fig. S3). This demonstrates an

unknown mechanism must compensate for the loss of one of the
most abundant hydrogenosomal membrane proteins.

The knockout of TvHMP23 did not result in a significant up-reg-
ulation of the paralogous genes TVAG_087280 and TVAG_423530,
forwhich expression evidence exists, and thatwould help to explain
why a hydrogenosomal phenotype, but no growth deficit was ob-
served. TVAG_087280 and TVAG_423530might fulfill a similar role
as TvHMP23, albeit less efficiently. If then there is a fixed depen-
dency in hydrogenosomes between the surface area and the amount
of a certain membrane protein that can be present, the inability to
up-regulate paralogous copies might require more membrane area
to allow for more TVAG_087280 and TVAG_423530 to be present.
Alternatively, metabolic reactions that increase the size of the
hydrogenosomes could also compensate the knockout, something
that in yeast was shown to occur [16,32,43]. Still, hydrogenosomal
swelling could simply be the effect of accumulated metabolites or
a change in osmotic pressure. As hydrogenosomal swelling was ob-
served to occur as to compensate stress conditions induced through
a variety of different drug treatments [2,3], this kind of phenotype
does however suggest that it is linked to an altered metabolic pro-
cess. In the present case,DTvHMP23 hydrogenosomes were signifi-
cantly larger than wild type hydrogenosomes (Fig 3).

Genome biology of Trichomonas is characterized by the several
duplications of at least parts of the genome, with some gene fam-
ilies reaching many hundred paralogs per group [6]. Although the
knockout of one gene within a paralogous group does not necessar-
ily result in the transcriptional up-regulation of the paralogous
copies, their basic transcription might suffice to, at least in parts,
compensate the loss of a gene. This reflects the complex situation
present in Trichomonas and shows that albeit reverse genetics re-
mains a substantial challenge in this parasite, knockouts are gener-
ally feasible and can aid in the analysis of the molecular function of
a protein in T. vaginalis.
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[18] Hrdý, I., Hirt, R., Dolezal, P., Bardonová, L., Foster, P., Tachezy, J. and Embley, T.
(2004) Trichomonas hydrogenosomes contain the NADH dehydrogenase
module of mitochondrial complex I. Nature 432, 618–622.

[19] Jensen, O.N., Larsen, M.R. and Roepstorff, P. (1998) Mass spectrometric
identification and microcharacterization of proteins from electrophoretic
gels: strategies and applications. Proteins (Suppl. 2), 74–89.

[20] Kay, C., Lawler, K., Self, T.J., Dyall, S.D. and Kerr, I.D. (2012) Localisation of a
family of complex-forming beta-barrels in the T. vaginalis hydrogenosomal
membrane. FEBS Lett. 586, 4038–4045.

[21] Kruskal, W.H. and Wallis, W.A. (1952) Use of ranks in one-criterion variance
analysis. J. Am. Stat. Assoc. 47, 583–621.

[22] Land, K.M., Delgadillo-Correa, M.G., Tachezy, J., Vanacova, S., Hsieh, C.L., Sutak,
R. and Johnson, P.J. (2004) Targeted gene replacement of a ferredoxin gene in
Trichomonas vaginalis does not lead to metronidazole resistance. Mol.
Microbiol. 51, 115–122.

[23] Mentel, M., Zimorski, V., Haferkamp, P., Martin, W. and Henze, K. (2008)
Protein import into hydrogenosomes of Trichomonas vaginalis involves both N-

terminal and internal targeting signals: a case study of thioredoxin reductases.
Eukaryot. Cell 7, 1750–1757.

[24] Mukherjee, M., Sievers, S.A., Brown, M.T. and Johnson, P.J. (2006) Identification
and biochemical characterization of serine hydroxymethyl transferase in the
hydrogenosome of Trichomonas vaginalis. Eukaryot. Cell 5, 2072–2078.

[25] Müller, M. (1988) Energy metabolism of protozoa without mitochondria.
Annu. Rev. Microbiol. 42, 465–488.

[26] Müller, M. (2003) Energy metabolism. Part I: Anaerbic protozoa in: Molecular
Medical Parasitology (Marr, J., Ed.), pp. 125–139, Academic Press, London.

[27] Müller, M., Mentel, M., van Hellemond, J.J., Henze, K., Woehle, C., Gould, S.B.,
Yu, R.Y., van der Giezen, M., Tielens, A.G. and Martin, W.F. (2012) Biochemistry
and evolution of anaerobic energy metabolism in eukaryotes. Microbiol. Mol.
Biol. Rev. 76, 444–495.

[28] Mundodi, V., Kucknoor, A. and Alderete, J. (2007) Antisense RNA decreases
AP33 gene expression and cytoadherence by T. vaginalis. BMC Microbiol. 7, 64.

[29] Nielsen, M.H. and Diemer, N.H. (1976) The size, density, and relative area of
chromatic granules (‘‘hydrogenosomes’’) in Trichomonas vaginalis Donne from
cultures in logarithmic and stationary growth. Cell Tissue Res. 167, 461–465.

[30] Ong, S.J., Hsu, H.M., Liu, H.W., Chu, C.H. and Tai, J.H. (2006) Activation of
multifarious transcription of an adhesion protein ap65-1 gene by a novel
Myb2 protein in the protozoan parasite Trichomonas vaginalis. J. Biol. Chem.
282, 6716–6725.

[31] Otera, H., Taira, Y., Horie, C., Suzuki, Y., Suzuki, H., Setoguchi, K., Kato, H., Oka,
T. and Mihara, K. (2007) A novel insertion pathway of mitochondrial outer
membrane proteins with multiple transmembrane segments. J. Cell Biol. 179,
1355–1363.

[32] Papp, B., Pal, C. and Hurst, L.D. (2004) Metabolic network analysis of the causes
and evolution of enzyme dispensability in yeast. Nature 429, 661–664.

[33] Perkins, D.N., Pappin, D.J.C., Creasy, D.M. and Cottrell, J.S. (1999) Probability-
based protein identification by searching sequence databases using mass
spectrometry data. Electrophoresis 20, 3551–3567.

[34] Pütz, S., Dolezal, P., Gelius-Dietrich, G., Bohacova, L., Tachezy, J. and Henze, K.
(2006) Fe-hydrogenase maturases in the hydrogenosomes of Trichomonas
vaginalis. Eukaryot. Cell 5, 579–586.

[35] Pütz, S., Gelius-Dietrich, G., Piotrowski, M. and Henze, K. (2005) Rubrerythrin
and peroxiredoxin: two novel putative peroxidases in the hydrogenosomes of
the microaerophilic protozoon Trichomonas vaginalis. Mol. Biochem. Parasitol.
142, 212–223.
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