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SUMMARY

We have generated a high-confidence mitochondrial proteome (MitoTag) of the Trypanosoma brucei procy-
clic stage containing 1,239 proteins. For 337 of these, a mitochondrial localization had not been described
before. We use the TrypTag dataset as a foundation and take advantage of the properties of the fluorescent
protein tag that causes aberrant but fortuitous accumulation of tagged matrix and inner membrane proteins
near the kinetoplast (mitochondrial DNA). Combined with transmembrane domain predictions, this charac-
teristic allowed categorization of 1,053 proteins into mitochondrial sub-compartments, the detection of
unique matrix-localized fucose and methionine synthesis, and the identification of new kinetoplast proteins,
which showed kinetoplast-linked pyrimidine synthesis. Moreover, disruption of targeting signals by tagging
allowed mapping of the mode of protein targeting to these sub-compartments, identifying a set of C-tail
anchored outer mitochondrial membrane proteins and mitochondrial carriers likely employing multiple target

peptides. This dataset represents a comprehensive, updated mapping of the mitochondrion.

INTRODUCTION

The single mitochondrion of trypanosomes has long been at the
forefront of revolutionary cell and molecular biology discoveries.
Its mitochondrial genome, organized into an extremely complex
network of catenated circular molecules termed the kinetoplast,1
was the first extranuclear DNA ever observed.? Transcripts of
kinetoplast-encoded protein-coding genes were shown to be
post-transcriptionally altered by RNA editing.” Initially assumed
to be a trypanosome-specific feature, various forms of RNA edit-
ing are now known to be widespread in eukaryotes.”

Similarly, investigations of respiratory complexes in the mito-
chondrion of Trypanosoma brucei allowed the identification of
several novel subunits of the human complex I.°> Many features
of the T. brucei mitochondrion facilitate comparative approaches
with other systems to address a broad set of questions in evolu-
tionary molecular cell biology. These features include its pres-
ence as a single organelle in the cell with dynamic morphology®
and metabolic changes throughout its life cycle,” its protein and
tRNA import machineries,® ribosome biochemistry,® a highly
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complex respiratory chain,'® as well as a capacity to modulate
its biochemistry on the loss of kinetoplast,'' and the mechanism
of its segregation.'?

Early studies of the purified mitochondrial proteome (mitopro-
teome) of T. brucei'®'* were complemented later by an elegant
alternative approach, in which the depletion of the outer mito-
chondrial membrane translocase ATOMA40 allowed identification
of mitochondrial proteins (mitoproteins) by their decreasing
abundance using stable isotope labeling (SILAC) and quantita-
tive proteomics.'® Unfortunately, all such purification strategies
are hindered by varying sets of copurifying or associated non-
mitochondrial proteins that cannot be definitively distinguished
from genuine organelle components. All proteomics surveys
also face intrinsic limitations, such as detection limits of low ex-
pressed, short, modified, and/or hydrophobic proteins. Hence,
experimental evidence based on the microscopic localization
of individual mitoproteins in cellulo provides a vital additional
route least burdened by false positives.

The mitochondrion has complex sub-compartments due to its
double membrane, and proteins may localize to the inner
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mitochondrial membrane (IMM), outer mitochondrial membrane
(OMM), the intermembrane space (IMS), or the matrix (within the
IMM). Mitoproteomes usually lack the detailed resolution of pro-
teins into mitochondrial sub-compartments, as separating IMM,
OMM, genomic/transcription locations, and matrix through the
cellular fractionation is highly challenging.

Using the mNeonGreen fluorescent protein (mNG),'® the
TrypTag project determined the subcellular localization of the
vast majority of proteins encoded in the T. brucei genome,'” being
only the fourth such effort in eukaryotes after Saccharomyces cer-
evisiae, Schizosaccharomyces pombe, and human cells.'®2° By
analyzing the TrypTag dataset, we have generated a high-confi-
dence mitoproteome of the T. brucei procyclic stage, composed
of 1,239 proteins. We validated and extended the available mito-
proteomes to predict that the complete mitoproteome of
T. brucei comprises 1,650 proteins.

Furthermore, we characterize an artifact of mMNG when in the
mitochondrion, which facilitated its use as a tool to distinguish
between proteins localized in the matrix and the IMM, as
opposed to those in the IMS and the OMM. We categorize
1,053 mitoproteins into these sub-compartments, an unprece-
dented mapping. Moreover, independent tagging of proteins
on both termini allowed us to map the mode of protein targeting
into mitochondrial sub-compartments. For example, we identi-
fied a specific set of proteins that are either C-tail anchored
OMM proteins or are matrix targeted only when their N terminus
is fused with mNG. We have also reconstructed poorly defined
pathways, such as one-carbon (1C) metabolism operating exclu-
sively in the mitochondrion, and identified new protein compo-
nents of the tripartite attachment complex (TAC) and the kineto-
plast that enabled us to extend the proposed role of TAC to
encompass pyrimidine synthesis. Finally, novel functions have
been assigned to the mitochondrial sub-compartments, such
as the synthesis of fucose and methionine. We believe that our
effort represents the deepest analysis of any mitoproteome so
far and will be instrumental in further dissections of the evolu-
tionary molecular cell biology of this key organelle.

RESULTS

TrypTag enables the compilation of the most
comprehensive T. brucei mitoproteome

We identified 1,239 proteins that localized to the mitochondrion
when tagged on their N and/or C terminus, which we refer to as
MitoTag (Table S1A). On the assumption that there are no false
positives, a comparison to other mitoproteomes shows high
levels of purity for Panigrahi organelle-purification proteome
and Peikert ATOMA40 depletome datasets,'®'® while the Acestor
purified mitochondrial proteome' possessed a majority of non-
mitochondrial proteins and was therefore excluded from further
analysis (Figure 1A; Table S1B). The overlap of MitoTag and the
mitoproteomes of Panigrahi and Peikert was 546 proteins (Fig-
ure 1B; Tables S1B and S1C), with MitoTag identifying 337 novel
mitoproteins (Table S1C) while also not containing 411 mitopro-
teins detected previously."®'® Due to the necessity of mitochon-
drial targeting sequences for a mitochondrial localization,
tagging is unlikely to give false positives. The 337 novel mitopro-
teins were therefore likely refractory to detection by mass spec-
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trometry using the equipment and experimental settings of the
aforementioned studies, especially as mass spectrometry sensi-
tivity has increased. As tagged cell lines are generated individu-
ally, the latter group (411 mitoproteins) is predominantly a conse-
quence of a failure to generate tagged cell lines or low signal
intensity in the tagged cell line (Figure 1B), with a limited number
of genuine mitoproteins that were mis-localized. This is consis-
tent with the concept of endogenous in situ tagging in TrypTag
where gene expression was observed as similar to an endoge-
nous level.'” We interpret the cell lines with low signal intensity
as representatives of weakly expressed mitoproteins. We there-
fore consider all proteins present in MitoTag, Panigrahi, and Pei-
kert proteomes as true mitoproteins. This yields 1,650 proteins
as our best estimate for the total number of proteins in the
T. brucei procyclic stage mitochondrion.

Enrichment of tagged proteins around the kinetoplast
represents an artifact allowing sensitive and specific
mapping of mitochondrial sub-compartments

Upon careful examination of MitoTag localizations, we noted that
most mitoproteins (903) exhibited an enrichment in the vicinity of
the kinetoplast (Figures 2A and S1) that appears similar to previ-
ously described kinetoplast antipodal sites.**'~2° To investigate
this enrichment further, we co-expressed a tagged protein ex-
hibiting this localization (IscU:mNG) with tagged mitochondrial
ligase KB (KB:tdTomato), a marker for the kinetoplast antipodal
sites. While the ligase KB produced its expected localization,?**°
IscU only had partial antipodal site overlap, with additional signal
along the basal body face of the kinetoplast (Figure 2B), repre-
senting a localization not observed previously. We called
this distinct localization pattern kinetoplast proximal enrichment
(KPE).

As MitoTag exhibited a large cohort of proteins with KPE, we
suspected it may represent a tagging-associated artifact, and
thus we endeavored to dissect this phenomenon in more detail
and ascertain if this cohort contained specific types of proteins.
The well-characterized matrix mitoprotein IscU produced KPE
when tagged with either mNG (Figure 2C) or an mNG::V5 fusion
construct (Iscu:mNG::V5) but not when tagged with only the
short, linear V5 epitope tag (IscU::V5), which solely produced a
reticulated mitochondrial signal (Figure 2D). A similar result
was seen for another five matrix mitoproteins (Figure S2). The
KPE was also seen when IscU was tagged with other globular
protein tags, such as eGFP, and HaloTag, as well as when
mNG was fused directly to the IscU leader sequence
(Figures 2C and S3; see Figure S4 for a summary of the different
methods used to investigate KPE). The KPE therefore represents
an artifact associated with the tagging of a mitoprotein with a
globular protein tag.

In addition to the previously mentioned “whole” mitoproteomes
that naturally span multiple organelle subdomains, a selection of
specific mass spectrometry extractions and analyses have been
conducted on specific functional proteins of T. brucei, which typi-
cally correspond to a single subdomain of the mitochondrion. To
understand which mitoproteins exhibited KPE, we mapped its
presence or absence onto the mitoribosome (matrix), RNA pro-
cessing proteins (matrix), respiratory complex machinery (IMM),
and the OMM proteome (Figure 3A; Table S1B).%1%2629
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Figure 1. Composition of the T. brucei mito-
proteome

(A) Previously established mitoproteomes data-
sets were assessed for purity against TrypTag-
defined mitoproteome (MitoTag), with non-mito-
chondrial proteins further disseminated into top
contaminant categories.

(B) Euler diagram of MitoTag against high-purity
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KPE, while all IMM and matrix proteins
except TIM42 and TIM17 proteins dis-
played KPE (Figures 3B and 3C;
Table S1D). Overall, the presence of KPE
strongly correlated with a matrix or IMM
localization and represents a useful predic-
tive tool.
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Components of both large and small mitoribosomal subunits, RNA
processing proteins, and subunits of the respiratory complexes
very often had KPE (specificities 100%, 100%, 100%, and 86%,
respectively), while the OMM proteins often had noKPE (specificity
82%) (Figure 3A; Table S1B).%'%?52° Combined, this demon-
strates that the KPE phenomenon is strongly associated with the
matrix and integral IMM proteins (selectivity 96%), while proteins
without KPE localize to the OMM and IMS (selectivity 77%) (Fig-
ure 3A). Finally, we analyzed the presence or absence of KPE for
tagged import and translocation proteins,° finding that no OMM

protein localization in mitochondrial sub-
compartments, we performed a split-
GFP experiment, targeting the first 10 B
sheets of GFP (GFP1-10) to the matrix
via the IscU target peptide while fusing
the final B sheet (GFP11) to mitoproteins
with or without KPE (Figure 3D). A fluores-
cent signal is only expected when GFP1-
10 is in the same compartment as GFP11
(the matrix). As a positive control, we
measured the fluorescent signal for five
selected mitoproteins known to localize
to the matrix, IMM, IMS, and OMM. As
expected, fluorescence above the back-
ground was observed for the matrix and
IMM proteins but not for the IMS and
OMM proteins (Figure 3E). Screening of
26 additional mitoproteins showed
low fluorescence signal (similar to the
parental cell line) for proteins whose
TrypTag localization lacked KPE. By
contrast, fluorescence was significantly
higher for the majority of KPE mitopro-
teins (16/24) (Table S1E; Figure 3E). This
further supports the observed correlation
between the presence or absence of KPE
and the localization of proteins to specific mitochondrial sub-
compartments.

We then combined the presence/absence of KPE in combina-
tion with the TM domain prediction to determine the mitochon-
drial sub-compartment of each tagged mitoprotein from
TrypTag, termed the “KPE/TM mitochondrial sub-compartment
classification strategy” (Figure 3F; Table S1F). Proteins with KPE
and predicted TM domains were classified as integral IMM pro-
teins (159 proteins), while those without a TM domain were clas-
sified as matrix proteins (either as soluble components or as
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Figure 2. Characterization of kinetoplast proximal enrichment recorded from MitoTag

The scale bar represents 10 um, with a 2-fold magpnification of the kinetoplast insets.

(A) Comparison of cell lines with and without kinetoplast proximal enrichment (KPE). Unless indicated otherwise, from left to right, microscope image panels show
phase contrast merged with fluorescence overlay, mNeonGreen (mNG) fluorescence, and Hoechst-stained DNA. Insets zoom in on the kinetoplast region.

(B) Dual tagging of IscU with mNG and ligase Kp (Tb.927.7.600) with dTomato, demonstrating KPE (tagged with mNG) association with the antipodal sites (tagged

with dTomato).

(C) Live cell imaging of tagging approaches against full-size IscU (Th927.9.11720) with mNG, and mNG fused only to the target peptide of IscU.
(D) Immunofluorescence of fixed cells expressing IscU tagged with either mNG and/or V5 tag.

peripheral IMM proteins facing the matrix) (757 proteins) (Fig-
ure 3F). NoKPE proteins that possess a predicted TM domain
were classified as integral OMM components (89 proteins), while
those lacking a TM domain localize to either the IMS (as soluble
proteins or as components of either membrane facing the IMS) or
as the cytosol-facing proteins attached to the OMM (48 proteins)
(Figure 3F). This high-coverage mapping represents the first time
it has been possible to comprehensively map the sub-compart-
mental composition of the majority of proteins in this organelle.

Matrix-localized 1C metabolism, methionine, and

fucose synthesis

While the T. brucei mitochondrion represents a highly studied
organelle, we wondered whether the newly discovered mitopro-
teins together with our KPE/TM mitochondrial sub-compartment
classification strategy would provide new insights into metabolic
pathways (Figure 4A). One such pathway, 1C metabolism, typi-
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cally converts and exchanges folate intermediates between the
mitochondria and the cytosol, playing an essential role in DNA
biosynthesis, mitochondrial protein translation, and amino acid
homeostasis and redox defense.®’*>** Contrasting with other
eukaryotes, including the closely related Leishmania spp.,>'**
our reconstruction of 1C metabolism showed it is confined to
the mitochondrial matrix, lacking equivalent metabolic steps in
the cytosol (Figure 4; Table S1G).

We identified additional pathways linked to 1C metabolism. For
the first time, we localized 5-methyltetrahydropteroyltriglutamate-
homocysteine S-methyltransferase (Tb927.8.2610) within the ma-
trix (Figure 4). This raises the possibility that this enzyme is
involved in methionine synthesis coupled with direct recycling of
homocysteine. This is further supported by our localization of thi-
opurine S-methyltransferase (Tb927.5.3000) in the matrix, as
well as the presence of homocysteine-recycling cystathionine
B-synthase (Tb11.02.5400) in the ATOM40 importome.’® The
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Figure 3. Use of KPE and NoKPE categories to sort mitoproteins into sub-compartments

The scale bar represents 2.5 um.

(A) Number of proteins from each sub-mitochondrial proteome that display KPE or noKPE signal in MitoTag. Proteins with no data, no expression signal, or with
only background mitochondrial signal are not displayed.

(B) Kinetoplast-focused cell lines showing mitochondrial import machinery that displays either KPE or NoKPE; established localization is displayed next to protein
name. Red font indicates mitoproteins with TrypTag localization conflicting with previous studies (Tim42 and Tim17 lack KPE seen in other integral IMM proteins).
Unless indicated otherwise, from left to right, microscope image panels show phase contrast merged with fluorescence overlay, mNG fluorescence, and
Hoechst-stained DNA. Full information and Gl numbers of proteins are in Table S1D.

(C) Model of mitochondrial protein import machinery in T. brucei, colored to indicate KPE correlation with matrix and integral inner membrane proteins. Dark gray
coloring indicates proteins assigned as non-mitochondrial (Tim50 is localized to the basal bodies, while three other proteins—rhomboid protein I, Tim10, and
Tim8-13—localize in the cytosol).

(D) Scheme of split-GFP verification experiment. GFP1-10, first 10 p-sheets of GFP; GFP11, 11" B sheet of GFP. The intensity of measured GFP fluorescence
correlates with KPE.

(E) Split-GFP experiment tested against marker proteins with known mitochondrial sub-compartment and parental cell lines. Green and blue texts indicate
proteins exhibiting KPE and noKPE, respectively (left panel). Fluorescence values of proteins with unknown localization exhibiting noKPE or KPE (right panel). List
of proteins surveyed in Table S1D. Mean values and standard deviation are visualized in the graph.

(F) Sorting strategy for predicting the sub-compartments for proteins exhibiting either KPE or noKPE in MitoTag along with the number of proteins belonging to
each category.

generated methionine is likely needed for folate-dependent
N-formylmethionine tRNA synthesis in the 1C metabolism cycle,

nucleus.®® In contrast to what was predicted, the mitochondrion
appears capable of dUTP and dUDP synthesis through deoxyur-

which would represent a mitochondrial adaptation not reported
previously. It was hypothesized recently thatin T. brucei, 1C meta-
bolism-dependent dUTP synthesis was orchestrated via an inter-
play of enzymes distributed in the mitochondrion, cytosol, and

idine 5'-triphosphate nucleotidohydrolase (dUTPase) present in
both mitochondrial matrix and nucleus (Figure 4).

In mammals, fucose is synthesized in the cytoplasm,*® while
in T. brucei, homologs of three key synthesis enzymes

Cell Reports 42, 113083, September 26, 2023 5
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(GDP-mannose pyrophosphorylase, GDP-L-fucose synthetase,
and GDP-mannose 4,6 dehydratase) localize to the glyco-
somes,*®®” and the fucose synthesis pathway is largely
expected to be glycosomal.’” However, we observed
evidence for mitochondrial localization of at least parts of the
late fucose synthesis pathway. GDP-L-fucose synthetase
(Th927.11.13990) localized to the matrix (Figure 4) in a character-
istic manner. GDP-mannose pyrophosphorylase (Tb927.8.2050)
was present in the cytoplasm and mitochondrial matrix (see mi-
toproteins with dual localizations below; Figure 4; Table S1G).
Along with other data interpretations, this suggests that the
fucose used by the recently identified mitochondrial fucosyl-
transferase (FUT1)*?*° is possibly also synthesized within the
mitochondrion.

Identification of six novel kinetoplast-associated
proteins
The kinetoplast is a fascinating mitochondrial structure typical of
kinetoplastid protists. To our knowledge, 57 proteins have been
identified localizing to complex kinetoplast-associated struc-
tures by a range of approaches (Table S1D)."'?*" The similarity
of KPE to the antipodal sites and kinetoflagellar centers pre-
vented unambiguous assignment of proteins to these structures.
Therefore, we considered all “two-dotted” signals in the prox-
imity of the kinetoplast as KPE, which correlated well with the
presence of 10 previously characterized components of the
antipodal sites in this category (Table S1D). To extend our knowl-
edge of the kinetoplast biology, we thoroughly analyzed the
MitoTag for the presence of fluorescent signal near the kineto-
plast that does not exhibit a two-dotted pattern, which could
reflect the association of tagged proteins with the TAC and kinet-
oplast disk (Figure 5A; Table S1D). We identified 24 such pro-
teins, out of which 18 were previously localized to the TAC or
kinetoplast disk, with six reported for the first time (Figure 5B).
While the majority of the newly identified kinetoplast/TAC candi-
dates have no predicted function, one protein, HD52
(Th927.7.4810), was recently linked with both kinetoplast segre-
gation and dUMP synthesis.*? Our identification of this protein in
the kinetoplast/TAC region validates our experimental approach
and additionally links the kinetoplast region directly with dUMP
synthesis and 1C metabolism for the first time (Figure 4).

The distance between the Hoechst-stained kinetoplast and
fluorescent signal of a tagged protein has been used previously
to define the intramitochondrial distribution of TAC proteins.****
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We used a semiautomatic algorithm to determine the distance
between the fluorescent protein signal and the kinetoplast.
Based on the measured distance, proteins were classified as
(1) flagellar proximal TAC, (2) middle TAC, and (3) kinetoplast
proximal TAC and/or kinetoplast (Figure 5C). The predicted po-
sitions of known TAC and kinetoplast components were consis-
tent with previous literature®® (Figure 5C). We observed that the
majority of newly identified components are proximal to the
kinetoplast.

Insights into modes of mitochondrial import

Although the majority of mitoproteins employ N-terminal target
peptides, there is an expanding subset of proteins known to
use C-terminal signals, which primarily direct proteins into the
OMM.** Trypanosome protein targeting machinery comprises
both highly divergent homologs of eukaryotic proteins and pro-
teins that appear unique to kinetoplastid protists. Some of those
proteins were proposed to functionally replace original eukary-
otic proteins that are absent.® Therefore, we decided to study
this mitochondrial import in greater detail. The tagging of many
T. brucei mitoproteins at both termini allowed us to investigate
at which terminus the target peptide likely resides, based on
the assumption that the mNG tag would disrupt the targeting
signal present at the tagged terminus. Equally, successful mito-
chondrial targeting on both termini would suggest the presence
of an internal target peptide.

To avoid ambiguous cases where proteins localize to the mito-
chondrion when tagged at one terminus and a different organelle
when tagged at the other, i.e., cases where multiple competing
targeting sequences to different organelles may be present, we
only analyzed proteins where both N- and C-terminal tagging
gave either mitochondrial, cytoplasmic, or no signal. We identi-
fied 781 proteins satisfying these criteria (Table S1H), and our
data predict that, of these, 632 have an N-terminal targeting
sequence (81%), 37 have a C-terminal one (4.7%), and 112
employ targeting sequences that appear to be functional in a
non-terminal position (14.3%).

We then further categorized each terminus individually using
our KPE/TM mitochondrial sub-compartment classification
strategy (Figures 6A and 6B). A large majority of matrix mitopro-
teins (445; 89.3%) are predicted to possess N-terminal targeting
signal, with only six proteins entering the matrix via a C-terminal
target peptide (Figures 6A and 6B). A further 47 matrix proteins
localized to the matrix when tagged on either terminus. These

Figure 4. One-carbon metabolism and fucose synthesis metabolic pathways

The scale bar represents 10 um, with a 2-fold magnification of the kinetoplast insets. Gold labeling indicates proteins localized in the mitochondrion for the first
time, which are additionally not documented in mitochondria of other organisms. Scheme for one-carbon (1C) metabolism is based on Ducker and Rabinowitz.*"
Four proteins (indicated in peach) localized to the mitochondrion based on previously published data, but they are not visualized in TrypTag: (6) GCS-t, glycine
cleavage system protein T (Tb927.11.9670);'>'® (15) CDA, cytidine deaminase (Tb927.9.3000);*° and (19) GMD, GDP-mannose 4,6 dehydratase
(Tb927.10.15490)."° For (12) MetRS, methionyl-tRNA synthetase (Tb927.10.1500: MetRS), TrypTag data visualized a cytosolic location, but it was previously
shown to be dually localized in the mitochondrion and the cytosol.'® Additionally, the question mark next to the fucose synthesis proteins represents the former
identified location in glycosomes.*®*” MetE, 5-methyltetrahydropteroyltriglutamate-homocysteine S-methyltransferase; (22) MTHFD1L, NADP+-dependent
methylenetetrahydrofolate dehydrogenase 1-like protein; (23) ALDH1L2, mitochondrial 10-formyltetrahydrofolate dehydrogenase; (24) MTHFD1, methylenete-
trahydrofolate dehydrogenase 1; (25) FPGS, folylpolyglutamate synthase; (26) ALDH1L1, aldehyde dehydrogenase 1 family member L1; (27) GART, phos-
phoribosylglycinamide formyltransferase/ATIC, 5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase; (28) MTHFR, methyl-
enetetrahydrofolate reductase; (29) MTR, methionine synthase; (30) SHMT1, cytosolic serine hydroxymethyltransferase; (31) TS, thymidylate synthase; (32)
DHFR, dihydrofolate reductase; (33) SHMT2, mitochondrial serine hydroxymethyltransferase. From left to right, microscope image panels show phase contrast
merged with fluorescence overlay, mNeonGreen fluorescence, and Hoechst-stained DNA.
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observations demonstrate the predominance of N-terminal
target peptides for matrix localization. Of the six C-terminal
target peptide dependent matrix proteins, three are associated
with the kinetoplast, including the antipodal site component
topoisomerase |l (Tb927.9.5590), RNA-editing 3’ terminal
uridylyl transferase 1 (Tb927.7.3950), and a hypothetical protein
(Tb927.7.5320) localized to the kinetoplast in this study (Figure 5),
implying a putative C-terminal-dependent targeting mechanism
for a subset of kinetoplast-associated proteins (Figure 6C).
Interestingly, based on presence/absence of KPE, seven pro-
teins localize to different mitochondrial sub-compartments de-
pending on the tagged terminus (OMM upon N- and IMM upon
C-terminal tagging) (Figure 6D; Table ST1H). We suggest this is
due to the presence of two target peptides, one internal, target-
ing the OMM, and another N-terminal, subsequently targeting

8 Cell Reports 42, 113083, September 26, 2023

the IMM. Upon N-terminal tagging, the protein is immobilized
in the OMM (Figure 6D). Such behavior was previously described
for certain mitochondrial carrier proteins in yeast,*”*® and
indeed, three out of these seven proteins are mitochondrial car-
riers (Table S1H). We identified a further seven candidate pro-
teins where N- and C-terminal tagging results gave noKPE and
KPE signals, respectively, therefore suggesting a similar target-
ing mechanism. Although these proteins were not predicted to
possess a TM domain, this most likely represents false negatives
of the TM prediction algorithms, as two are annotated as mito-
chondrial carriers, and one is an integral subunit of complex |
(Table STH).

We identified six OMM proteins whose mitochondrial localiza-
tion was disrupted by only C- terminal tagging. As expected,
these proteins had a single C-terminal TM domain that could
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potentially act as an OMM anchor (Figure 6E). One is a homolog
of threonylcarbamoyladenosine tRNA methylthiotransferase
(CDKALT; Th927.6.3510), and it was also detected in the impor-
tome and OMM proteomes.'*?” In most eukaryotes, CDKALT
is anchored to the endoplasmic reticulum membrane*®=>"
and hence represents a notable retargeting event. Ultimately,
tracking the modes of mitochondrial import through combining
KPE/TM mitochondrial sub-compartment classification strategy
with tagging terminus information produced specific subsets of
mitoproteins that are informative to understanding the evolution
of mitochondrial import machinery.

Mitoproteins with dual localization

A small subset of mitoproteins simultaneously localized to an
additional cellular compartment: two to the nucleus and nine
(including GDP-mannose pyrophosphorylase) to the cytoplasm,
all in addition to the mitochondrial matrix. Seven of these have
not been previously reported to have such localization (Figure 7;
Table S1A). Trypanosomes employ trypanothione and trypano-
thione reductase for the breakdown of hydrogen peroxide
through the action of tryparedoxin-dependent peroxidases.®?
We found trypanothione reductase (Tb927.10.10390) and one
trypanoredoxin peroxidase (Tb927.7.1140) in both the mitochon-
drial matrix and the cytoplasm (Figure 7C; Tables S1 and S7),
opening the possibility that they act upon not only cytosolic
but also mitochondrial trypanoredoxins, contrary to claims by
Ebersoll et al.>® Two core tricarboxylic acid (TCA) enzymes (aco-
nitase, isocitrate dehydrogenase) and two additional proteins
linked to this cycle (alanine aminotransferase and aspartate
aminotransferase) localized to both the cytosol and the mito-
chondrial matrix (Figure 7C). Apart from aconitase,’ dual local-
ization of the TCA cycle enzymes has not been reported for
T. brucei.®>" These dually localized TCA and redox enzymes
shed light on where these pathways may additionally operate.

DISCUSSION

T. brucei arguably possesses the most well-investigated protist
mitochondrion, yet despite multiple previous proteomics sur-
veys, our genome-wide protein tagging analysis identified 337
novel mitoproteins, in addition to a strong agreement with previ-
ous proteomic analyses. We were able to assemble the most
comprehensive T. brucei mitoproteome to date. Given the re-
quirements of mitoproteins for proper import primarily via target
peptides, tagging of non-mitochondrial proteins is unlikely to
produce entry to the organelle—a false positive. However, the
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disruption of targeting signals via adjacent epitope tags more
likely poses the risk of preventing proper mitochondrial import
(false negatives). Awareness of such issues is fundamental to
appreciating such global genomic surveys. We note that mito-
chondrial localization of several well-characterized mitoproteins,
including cytochrome ¢ oxidase assembly factor 6 and mito-
chondrial Hsp70, was not observed. This was generally either
due to the failure to generate a cell line, no signal being detected
in the cells, or (in the case of these two examples) a non-mito-
chondrial location being recorded for the N-terminal tagged
version. Varied complementary methodologies are therefore
important for interrogating the mitoproteome of any eukaryote.
The total mitoproteomic complexity estimated from this study
is comparable to the largest known mitoproteomes of the closely
related flagellate Euglena gracilis (1,756)°® and the distantly
related Homo sapiens (1,626).°°

Tagging aberrations can, however, be informative in an organ-
elle context: differences between N- and C-terminal tagging al-
lowed mapping of the position of targeting sequences, and
the KPE artifact stemming from a globular tag allowed global
and highly accurate mapping of mitochondrial sub-compart-
ments. We mapped target peptides across the mitoproteome,
identifying canonical N-terminal targeting, C-terminal OMM
anchoring, and putative internal targeting sequences. Moreover,
we mapped cases where tagging led to a probable arrest of
several typical IMM proteins in the OMM upon N-terminal
tagging (Figure 6D). In yeast, internal non-cleavable sequences
of mitochondrial carriers are recognized by Tom70 of the TOM
complex,*”“® allowing them to pass through the OMM by em-
ploying their N-terminal signals.*® In T. brucei, Tom70 is absent,
but the lineage-specific non-homologous ATOM69, copurifying
with the TOM complex, was proposed to mimic its function.® Ar-
rested import may reflect proteins binding to ATOM69, followed
by arrested relocation to the IMS, and subsequently IMM, due to
the presence of an N-terminal mNG.

The molecular mechanism that causes KPE remains elusive
and requires further study to be completely elucidated. Never-
theless, we were able to demonstrate that accumulation of
hundreds of mitoproteins near the kinetoplast is most likely not
their genuine localization, which raises concerns about previ-
ously identified proteins in kinetoplast-associated structures,
particularly in the antipodal sites, based on fluorescent protein
tagging,®'2>%%61 warranting their revalidation by different tags
or monoclonal antibodies in the future. A similar ambiguity
potentially applies for antipodal and kinetoflagellar center pro-
teins in Crithidia fasciculata® and Leishmania tarentolae.®®

Figure 6. Scheme of N- and C-terminal tagging strategies resulting in inferences on mitoprotein localization

The scale bar represents 10 pm, with a 2-fold magnification of the kinetoplast insets.

(A) Proposed mode of protein targeting based on mNeonGreen interference with mitochondrial protein targeting machinery. Matrix, IMM, and OMM categories
were assigned based on KPE and noKPE categories, as well as predicted transmembrane domains (see Figure 3F).

(B) Examples of localization patterns present in each mitochondrial sub-compartment.

(C) Representative matrix protein sub-localized to the kinetoplast with C-terminal-dependent targeting isdisplayed.

(D) Representative cell line for N-terminally tagged IMM proteins displayed only partial mitochondrial delivery, as they likely become immobilized in the OMM.
Schematics shows mode of proposed OMM immobilization of aforementioned N-terminally tagged proteins versus delivery to the IMM upon C-terminal tagging.
We propose that the internal targeting peptide first docks the entire protein on the OMM receptor protein, and then the N-terminal targeting peptide facilitates the

insertion into the membrane.

(E) Representative cell line for C-terminal import-dependent protein that localizes to the OMM. From left to right, microscope image panels show phase contrast
merged with fluorescence overlay, mNG fluorescence, and Hoechst-stained DNA.
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(C) Proteins shared between the mitochondrial matrix and the cytosol. Gold text indicates proteins with novel dual localization established by TrypTag. From left
to right, microscope image panels show phase contrast merged with fluorescence overlay, mNG fluorescence, and Hoechst-stained DNA.

Interestingly, the vast majority of IMM proteins, irrespective
of expected orientation in the membrane, displayed KPE. This
suggests that even IMM proteins in transit with the tag tran-
siently exposed to the matrix become enriched near the kinet-
oplast, which in turn, informs the likely mechanism of targeting.
Yeast mitochondria use two pathways to incorporate integral
proteins into their IMM: either the stop-transfer mechanism, in-
serting proteins directly from the IMS, or the conservative
mechanism, which passes proteins through the IMM into the
matrix and mediates insertion via Oxal (Figure 6D).** The
observation of near-universal KPE for IMM proteins in
T. brucei (Table S1D) suggests that the conservative mecha-
nism predominates, perhaps associated with adaptations of
its inner membrane translocation machinery, such as the lack
of a typical TIM22 complex,8 and the presence of three rather
than one ortholog of Oxal (Table S1D).

The identification of six new kinetoplast-associated proteins is
significant for such an intensely studied structure of the trypano-
some mitochondrion. One such protein, HD52, links de novo
synthesis of pyrimidines with the kinetoplast, which may
contribute toward its more efficient replication and transcription.
We also identified a possible metabolic connection between the
mitochondrion and the cytoplasm via the TCA cycle and its asso-
ciated enzymes aspartate and alanine aminotransferases. Previ-
ously considered non-functional, instead we can suggest that
aspartate and alanine aminotransferases short circuit the TCA
cycle by using pyruvate and glutamate as substrates to synthe-
size a-ketoglutarate directly from oxalacetate, reminiscent of
some bacteria and mammalian cancer cells.®*°°

Our data show that 1C metabolism operates exclusively in the
mitochondrial matrix, raising the possibility of its linkage with mito-
chondrial methionine synthesis/recycling from homocysteine via
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5-methyltetrahydropteroyltriglutamate-homocysteine  S-methyl-
transferase. This represents a candidate for lateral gene transfer
from bacteria not previously identified as mitochondrial.®¢”
Moreover, we propose that the conversion of tetrahydrofolate to
5,10-methylenetetrahydrofolate occurs without serine hydroxy-
methyltransferase, being mediated only by the glycine cleavage
system (Figure 4). The glycine needed for this step is likely being
synthesized from threonine through L-threonine dehydrogenase
and glycine C-acetyltransferase, similar to human stem cells.*'

Interestingly, the localization of fucose synthesis pathway
extends beyond the glycosomes and likely includes the mito-
chondrion, which is a notable observation as this compart-
ment’s involvement has not been previously identified in any
other species. A mitochondrial fucosyltransferase (FUT1)
was recently identified using antibodies against recombinant
protein,®® and it now seems likely that its fucose substrate is
synthesized in situ. The final steps of fucose biosynthesis
involve three enzymes (Figure 4): GDP-mannose pyrophos-
phorylase, GDP-mannose 4,6-dehydratase, and GDP-L-
fucose synthetase. The tagging of GDP-mannose pyrophos-
phorylase and GDP-L-fucose synthetase produced a pattern
highly indicative of a mitochondrial localization, and presence
of the latter protein in the mitochondrion is further supported
by previous proteomic work.'® While GDP-mannose 4,6-dehy-
dratase was not localized in TrypTag analysis and earlier
studies have indicated its glycosomal location,®® it was also
identified in the mitoproteome previously.'® Given the mito-
chondrial prediction from our screen and other work, further
direct investigations might usefully determine whether the
fucose synthesis pathway indeed exhibits dual localization
and assist understanding the functional connection between
cytoplasm and organelles.

Localization of 11 proteins to the mitochondrion matrix in addi-
tion to the cytoplasm or nucleus is intriguing. Although dual-
localization conclusions based on protein tagging should be
treated with caution (see above), four of our examples are vali-
dated from either existing literature or functional annotation, sug-
gesting such moonlighting proteins are genuine.®®°° Perhaps
the best example is aconitase, dually present in the cytoplasm
and mitochondrion in T. brucei and several unrelated species.”
In yeast, aconitase has a specific targeting signal close to its C
terminus that facilitates efficient post-translational targeting
from the cytosol to the mitochondrion, which is sufficient and
necessary for dual targeting. How dual localization is achieved
in T. brucei is currently unknown.

In conclusion, we have used our in-depth characterization of
tagging data to determine the comprehensive T. brucei mitopro-
teome, including mitochondrial sub-compartments as well as
unique mitochondrial structures like the kinetoplast and the
TAC, thus representing the largest high-confidence mitochon-
drial dissection to date. We additionally mapped an organelle-
wide screening for which protein terminus is necessary for pro-
tein targeting. The data generated from this study enable diverse
new discoveries about this well-studied organelle (Figure S5).
Such findings have implications beyond kinetoplastid flagellates,
providing a foundational resource for mitoproteins across eu-
karyotes and will inform future hypothesis-driven studies in
diverse organisms.
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Limitations of the study

Endogenous tagging carries concerns of altered gene expres-
sion levels when compared to untagged cell lines. While different
expression can, in certain instances, induce altered localization
patterns, we note the extreme correlation of organelle marker
proteins throughout the TrypTag study, which in turn suggests
that expression-induced mislocalizations are unlikely to be
encountered in MitoTag. Furthermore, TrypTag analysis per-
formed by Billington et al.'” suggested that genes tagged in
TrypTag display expression levels that correlated with the wild-
type cell line despite UTR replacement. As noted above,
comprehensive tagging is limited by applicability in that not all
proteins are amenable to the attachment of foreign epitopes.
While we have endeavored to employ this phenomenon produc-
tively, several canonical mitoproteins could not be verified in this
manner due to failed cell line generation.
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ThermoScientific (LifeTechnologies)
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New England Biolabs

Catalog #: M7512
Catalog #: M7514
Catalog #: G8252
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Critical commercial assays

Direct-zol RNA MiniPrep w/Zymo-Spin IIC
Columns

Human T cell Nucleofector Kit, 100
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Lonza

ThermoScientific (LifeTechnologies)

Catalog #: R2050

Catalog #: VVPA-1002

Catalog #: NW04120BOX

Deposited data

Source images for Figures 3, 4, 5, 6, and 7
Raw data from Figure 2, S2, and S3

Source images for MitoTag proteome
analysis

TrypTag database, Billington et al.'”

Mendeley data

TrypTag database, Billington et al."”

http://tryptag.org/
https://doi.org/10.17632/4f7mbvdc6b.1
http://tryptag.org/

Experimental models: Cell lines

For cell lines used in this study, see
Table S1l

Experimental models: Organisms/strains

SMOXP9 T. brucei cell line Poon et al.”’ RRID: SCR_004786
Oligonucleotides

For oligonucleotides used in this study, see N/A

Table S1l

Recombinant DNA

pPOT-V5-HygR Kaurov et al.”” N/A

pPOT7 mNG

pPOT6 mNG, eGFP, eYFP, TagRFPt,
HaloTag, tdTomato

pPOT6 mMNGV5
pPOTv7-G418-spGFP11
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REAGENT or RESOURCE SOURCE IDENTIFIER

pJ1313 Alves et al.”* N/A

pJ1358 This study N/A

Software and algorithms

Microsoft Excel Microsoft https://www.microsoft.com

Imaged 1.5x, Micro-Manager plugin 1.4.23 ImageJ https://imagej.nih.gov/ij/index.html
FlowJo_v10.8.0 FlowJo https://www.flowjo.com/

Phobius Kall et al.”® http://phobius.sbc.su.se/

TMHMM Krogh et al.”® https://services.healthtech.dtu.dk/service.

php? TMHMM-2.0

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jan Pyrih
(jlan.pyrih@gmail.com).

Materials availability
Plasmid pPOT6 mNGV5 and novel cell lines generated in this study are available from the lead contact upon request. All unique/sta-
ble reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability

® This paper analyzes existing, publicly available data. These datasets are listed in the Key resources table. All additional data
needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Raw image
data from Figure 2, S2, and S3 have been deposited at Mendeley data and are publicly available as of the date of publication.
DOls are listed in the Key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The procyclic T. brucei (RRID: SCR_004786) 927 strain SmOXxP cell line served as the parental cell line for all experiments. It was
grown at 27°C in SDM79 medium supplemented with 10% fetal bovine serum.

METHOD DETAILS

Mitochondrial protein identification

The TrypTag mitoproteome (MitoTag) was defined as the set of proteins where TrypTag showed a mitochondrial localization by
N- and/or C-terminal tagging'”""” (Figure S1). For comparison to existing mitoproteomes, other proteins were classified as either:
“Non-mitochondrial” or “No evidence/Unknown”. “Non-mitochondrial” refers to a convincing fluorescent signal in the cytoplasm
or at a non-mitochondrial organelle or structure, based on the majority of cells in the population. “No evidence/Unknown” was
applied to proteins where tagging was not attempted, generation of tagging data was unsuccessful or where the tagged cell line
had only background fluorescence signal intensity (i.e., a faint punctate or reticulated signal similar to parental cell line) as determined
by automated signal measurement employed by TrypTag.'”

Cell culturing and in situ tagging

For generation of additional tagged cell lines, procyclic stage T. brucei SmOx 9277" was grown at 27°C in SDM79 medium supple-
mented with 10% fetal bovine serum. Genes of interest were tagged as described previously’® using pPOTV5, pPOTv6 or pPOTV7
plasmids (see Table S11).”>"® One additional version of pPOTv6 tagging plasmid (pPOTv6_mNG::V5_BLAST) was created by the
insertion of sequence corresponding to three V5 tag repetitions into BamHI/Sacl restricted pPOTv6_mNG_BLAST plasmid’® using
primers described in Table S11. An IscU target peptide was identified according to a former study,?® and one genomic copy of the
IscU gene was targeted for truncation using mNeonGreen pPOTVv7 plasmid as PCR-tagging template.
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Kinetoplast proximity enrichment analysis (KPE)

Images of cell lines were inspected for the presence of enrichment of fluorescence signal close to the kinetoplast (for characterization
of KPE, see Results). At least two fields per cell line were inspected, and if KPE signal was detected in more than 5% of cells then it
was classified as KPE. This allows for sensitive detection of KPE even in cell lines with low fluorescent signal intensity and allowing for
imperfectly focused kinetoplasts. Cell lines with weak mitochondrial signal (mitochondrial annotation labeled “faint” by Billington
et al."”) prevented confident detection of KPE and were therefore excluded from analysis (Figure S1).

We independently confirmed the identification of KPE signal using automated analysis. For each cell in cell lines with mitochondrial
signal in the TrypTag dataset (typically ~250 cells per cell line), we measured the ratio of the brightest pixel within 7 pixels (0.7 uM) of
the kinetoplast and the brightest pixel elsewhere in the cell in the mNG fluorescence image. For each cell line, if the 90™ percentile of
this list of ratios was >1.05, it was classified as possessing the KPE, i.e., if in at least 10% of the cells the brightest signal in the cell was
within 0.7 um of the kinetoplast. This was 94.1% specific and 90.9% sensitive on the test set of proteins in Figure 3B. Overall agree-
ment with manual KPE classifications was 95.2% for the entire dataset, therefore all analyses used the manual classifications.

When KPE was identified, the protein was categorized as localizing to either the matrix or within the IMM. When no KPE was
evident (“noKPE”; Figure S1), the protein was categorized as localizing either in the IMS, as an integral part of the OMM or proteins
associated with the OMM, or in the outer side of the IMM. The proteins were subsequently classified as an IMM or OMM integral
component when a transmembrane (TM) domain was predicted by either Phobius’® or TMHMM.®

Kinetoplast distance measurement

Distances between the kinetoplast and kinetoplast-associated structures were measured for every cell in the relevant TrypTag im-
ages when the kinetoplast was identified as in-focus. The center point of the kinetoplast (blue fluorescence channel, Hoechst 33342
DNA stain) and point-like kinetoplast-associated structures (green fluorescence channel, mNG-tagged protein) were identified by
fitting a Gaussian in X and Y in the blue and green channels.”® Distance from the structure in which the tagged protein was present
and the kinetoplast was taken as the Euclidean distance between these center points. This setup gives us a resolution of <50 nm,
similar to previous analyses.®°

Split GFP and flow cytometry
A constitutive expression plasmid (pJ1313) was generated from p3605 by replacing the eYFP open reading frame (ORF) with a 3Ty-
mNG-3Ty ORF and with the removal of additional Spel sites to enable simple generation of N- and C-terminally tagged proteins using
the same strategy as for the pDEX577 plasmid.®' The GFP1-10 construct was amplified with the forward primer, including the IscU
target peptide and cloned into pJ13137“ using the Hindlll/BamHI restriction sites to generate pJ1358. Pacl was used to linearise this
plasmid, which was subsequently transfected into SmOxP9 cells and selected with blasticidin at a concentration of 5 ug/mL.
GFP11 was cloned between the Hindlll/BamH| sites of pPOTv7- G418-mNG using GFP11-encoding primers, generating a
pPOTv7-G418-spGFP11. The resulting plasmid was used as a template for long primer PCR. Live cells were analyzed using the
BD Accuri C6 flow cytometer with the 533/30 nm filter, with 50,000 events collected for each sample and the results analyzed
with FlowdJo. The whole cell population was measured. No gating for different cell types was applied. The measurement data are pre-
sented in Table S1E.

QUANTIFICATION AND STATISTICAL ANALYSIS
Microsoft Excel was used to calculate mean values and standard deviation. Information about its presence is included in the figure

legends. In the graphs either individual values are displayed or the number of individual cells measured is indicated. Detailed infor-
mation about how KPE enrichment was defined in our automated analysis is included in the method detail section above.
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