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ARTICLE INFO ABSTRACT

Keywords: The mitochondrial protein import machinery of trypanosomatids is highly divergent from that of the well-studied
Trypanosomg models such as baker’s yeast. A notable example is that the central catalyst of the mitochondrial intermembrane
xi?élswndnon space import and assembly pathway (MIA), named Mia40, is missing in trypanosomatids. Mia40 works in a two-

step process. First it recognizes by direct binding reduced MIA substrate proteins and then catalyzes their
oxidative folding to produce intramolecular disulfide bridges. It was recently proposed that a thioredoxin-like
subunit of the trypanosomal mitochondrial contact site and cristae organizing system (MICOS) called
TbMic20 may be the Mia40 replacement. Our study performed on procyclic stage of the parasite revealed that
each of the two cysteines in TbMic20's active site is essential for the stability of MIA substrate proteins although
they do not form a disulfide bridge in vivo. The two cysteines of Mia40's active site form an intramolecular di-
sulfide bridge at steady state, which is a prerequisite for its oxidative folding of MIA substrates. Thus, we
conclude that TbMic20 is unlikely to represent a bona fide Mia40 replacement and plays a still unresolved role in
the stability and/or import of MIA substrates in trypanosomatids. Despite this, the effect of TbMic20 depletion
and mutation indicates that the trypanosomal MICOS complex still plays a vital role in the maturation and/or
stability of proteins imported by the MIA pathway.

Protein import
Intermembrane space
Oxidative folding

1. Introduction A significant portion of intermembrane space (IMS) proteins goes

through the mitochondrial intermembrane space import and assembly

Mitochondria are protein-rich organelles. Nevertheless, only a small
portion of mitochondrial proteins are synthesized within the organelle
from a handful of genes encoded in reduced mitochondrial genomes.
The majority is translated in the cytosol and imported into the mito-
chondrion [1]. Thus, protein import into mitochondria is essential.
Proteins mostly enter mitochondria through translocase of the outer
membrane complex. Further distribution between different mitochon-
drial compartments is defined by a combination of targeting sequences
and is performed by several sorting and import machineries.

(MIA) pathway [2-4]. MIA substrates are usually small proteins less
than 20 kDa, containing cysteine residues, typically organized in twin C
(X3)C or C(X9)C motifs. C(X3)C motifs are common for small translocase
of the inner membrane (TIM) proteins [5]. IMS protein folding starts by
recognition of the substrate by the core MIA enzyme Mia40 [6,7]. The
IMS-targeting signal (ITS) or mitochondria IMS-sorting signal (MISS)
sequence on the freshly imported protein binds to the receptor, a hy-
drophobic cleft formed by Mia40’s own twin C(X9)C motif [8]. This
allows proper positioning of the substrate so that covalent
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intermolecular bridge between Mia40’s CPC motif and the substrate can
be formed. During subsequent steps the substrate is oxidatively folded
and released [9,10]. The folded IMS protein now cannot pass outer
membrane pores and therefore becomes trapped in the IMS. Reduced
Mia40 is reoxidized by the other core protein of MIA pathway, sulfhy-
dryl oxidase Ervl [11]. Electrons are further transferred from Ervl to
cytochrome ¢ [12]. This system introducing disulfide bonds and shut-
tling electrons is named a disulfide relay. An analogous pathway exists
in alphaproteobacteria such as Escherichia coli, in which protein oxida-
tive folding in the bacterial periplasm is performed by the oxidoreduc-
tase DsbA [13]. In contrast to Mia40, DsbA belongs to the thioredoxin
family of oxidoreductases.

Respiring mitochondria produce different reactive oxygen species
(ROS) [14]. They can have a signalling function in the cell, but can also
be toxic metabolites capable of oxidation of proteins and peroxidation of
lipids, threatening cell viability. Thus intracellular ROS have to be
carefully controlled by protective systems, the thioredoxin and gluta-
thione redox buffer systems [15,16]. In the latter, the intracellular redox
state is defined as the ratio of reduced glutathione (GSH) and oxidized
glutathione disulfide (GSSG). GSSG is reduced by glutathione reductase.
The proofreading activity of glutathione in the MIA disulfide relay was
shown [12]. Thus, disulfide relay and the maintenance of the redox
homeostasis in the IMS are tightly connected [17].

Mia40 has a spotty distribution in eukaryotes, being found in the
Opsithokonta (a supergroup containing animals and fungi), amoebo-
zoans and land plants and jakobid protists [18-20]. It is conspicuously
absent from trypanosomatids and related euglenozoans, even though its
genome encodes twin C(X3)C and C(X9)C motif proteins with
high-confidence ITSs [5,21]. In contrast, Ervl is found in virtually all
aerobic eukaryotes, including trypanosomatids [18,22]. Indeed, char-
acterization of Ervl from Trypanosoma brucei [14] and Leishmania tar-
entoloe [15] demonstrated that they have oxidoreductase activity and
reduce cytochrome c. Also, RNAi-mediated depletion of T. brucei Ervl
leads to downregulation of twin C(X3)C or C(X9)C motif-bearing pro-
teins that undergo oxidative folding in the IMS [24]. Further evidence of
trypanosomal Ervl’s conserved function is that a single cysteine
replacement in L. tarentolae Ervl (LtErvl) renders the oxidoreductase
adequately compatible with the yeast MIA pathway, as demonstrated by
its capacity to complement the Aervl mutant in baker’s yeast [25]. Thus,
while Ervl has been established as the final oxidoreductase in MIA di-
sulfide relay, the presence of an enzyme that initiates oxidative folding
of twin C(X3)C or C(X9)C motif-bearing IMS proteins remains
mysterious.

The lack of a Mia40 homolog is consistent with the mitochondrial
protein import machinery of trypanosomatids having many highly
divergent properties relative to those of well-studied opisthokont model
organisms [26]. Another factor that may contribute to the divergence of
the MIA pathway is that trypanosomatids utilize trypanothione instead
of glutathione as its redox buffering system [27-29]. Trypanothione is a
kinetically-favoured dithiol reductant, making it much more reactive
than glutathione. Thus, it is possible that this unique redox buffering
system may have led to adaptations in the MIA system, such as a
Mia40-replacement.

The trypanosomal MICOS complex is involved in the morphogenesis
of cristae, the hallmark invaginations of the mitochondrial inner mem-
brane, a conserved function common to opisthokont MICOS [30-32].
Unlike laterally organized yeast MICOS, trypanosomal MICOS consists
of integral, membrane-anchored and peripheral, intermembrane space
localized subcomplexes [30]. Unexpectedly, trypanosomal MICOS ap-
pears to be involved in the import of twin C(X3)C or C(X9)C
motif-bearing IMS proteins [31]. This observation may be correlated
with MICOS containing a subunit with a thioredoxin-fold and a poten-
tially catalytic CIPC motif [33]. We hypothesized that this subunit,
named TbMic20, may have replaced Mia40 in trypanosomatids by cat-
alysing the oxidative folding of twin C(X3)C or C(X9)C motif-bearing
proteins in the IMS. Here, we set about validating or refuting this
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hypothesis.
2. Results

2.1. TbMic20 depletion affects the abundance of IMS proteins but does
not affect TbErv1 dimerization or redox state

We used previously established procyclic T. brucei TbMic20 doxy-
cycline (Dox)-inducible RNAi cell line [31]. Proteins obtained from this
cell line were resolved by SDS PAGE gel and subsequently subjected to
immunoblotting with antibodies recognizing various mitochondrial
proteins (Fig. 1 A). This analysis reveals high efficiency of RNAi: 2 days
after RNAi-induction TbMic20 was already undetectable. A certain de-
gree of depletion in TbTim9 and TbErv1, representative IMS proteins
becomes prominent on day 4 after TbMic20 silencing. A noticeable
depletion of the matrix-targeted protein TbCoxIV, and simultaneous
accumulation of its unprocessed form retaining its pre-sequence, ap-
pears on day 6, and is a secondary effect on protein import [30]. Matrix
protein TbHSP70 was not significantly affected. Enolase, a cytosolic
protein, was used as a loading control. The results here are consistent
with prior results indicating the TbMic20 and other subunits of the pe-
ripheral MICOS subcomplex play a role in IMS protein import and/or
processing [30,31].

The working hypothesis at the beginning of our study was that
TbMic20 is functionally analogous to opisthokont Mia40. If so, TbMic20
depletion may influence the redox state of TbErv1, that normally exists
as a covalent dimer in yeast and Leishmania tarentolae [23,34]. Probing
with polyclonal antibodies recognizing TbErvl revealed a band of
double the TbErvl molecular weight that disappeared when treated
with reducing agent tris(2-carboxyethyl)phosphine (TCEP) (Fig. 1B),
thus verifying it is indeed the TbErv1 dimer. Analyzing samples of intact
cells and TbMic20 depleted cells, we found that, though the abundance
of TbErv1 is decreased after 3 days of TbMic20 depletion, the apparent
ratio of TbErv1l dimers to monomers remains the same. The stability of
TbErvl dimers indicates that TbMic20 is not responsible for dimeriza-
tion of TbErv1.

Furthermore, we addressed whether TbMic20 depletion affects the
redox state of TbErv1, since the enzyme has 3 dicysteine motifs that are
engaged in several inter- and intramolecular disulfides [22,23]. For that
purpose, cells were treated with N-ethylmaleimide (NEM), which at-
taches to free thiols and prevents their reshuffling. Cells not treated by
NEM were subjected to a thiol trapping assay, in which proteins
immediately precipitated with trichloroacetic acid (TCA) were incu-
bated with 4-acetamido-4-maleimidylstilbene-2,2-disulfonic acid
(AMS), a compound that attaches to free thiols and increases molecular
weight of the protein by 0.5 kDa per moiety. Already existing disulfide
bonds remain intact and thus their constituent cysteines are not labelled
with AMS. Samples preliminarily reduced with DL-Dithiothreitol (DTT)
were also treated with AMS to show how a fully reduced TbErv1 appears
in this assay (Fig. 1 C). All these variations from TbMic20 RNAI cell lines
grown for three days in presence and absence of Dox were resolved by
SDS PAGE (Fig. 1D). TbErv1 from AMS-treated samples (lanes 3 and 4 in
Fig. 1D) appear slightly larger than from the NEM-treated cells (lanes 1
and 2). Given that NEM does not add enough mass to proteins to shift
their SDS PAGE mobility, we interpret this to mean that the AMS likely
binds to a thiol present on a single cysteine near the N-terminus of Erv1
from trypanosomatids [25], indicating the AMS trapping assay works.
Samples were also pre-treated with DTT prior to AMS-conjugation to
reveal how fully reduced TbErv1 appears in this assay (lanes 5 and 6).
TbErvl has seven cysteine residues. Therefore, the fully reduced form
after treatment with DTT is expected to have 7 AMS molecules attached
to each TbErv1l monomer, which would increase its size by 3.5 kDa. The
shift of the band in fully reduced samples (lanes 5 and 6) in relation to
samples untreated with IMS (lanes 1 and 2) corresponds to the expected
value. However, the lack of any differences in TbErvl between
TbMic20-depleted samples and untreated controls excluding DTT
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Fig. 1. (A) Effects of TbMic20 RNAi depletion on the abundance of selected mitochondrial proteins (indicated on left) over a 6-day time course (top). Arrow indicates
specific TbMic32 band; P, precursor TbCoxIV form, M, mature TbCoxIV after cleavage of presequence. (B) TbErvl dimerization and the effect of TbMic20 depletion
on dimers. TbMic20 RNAI cell line was induced during three days. A representative image from 3 replicates of a polyclonal anti-TbErv1 antibody signal is shown
here. D, dimer; M, monomer. (C) Schematic representation of the experiment to determine the redox state of the protein. Free thiols are blocked with NEM to prevent
their reshuffling; disulfide bonds are reduced with DTT; AMS adds 0.5 kDa to every free thiol, which retards protein migration through gel during SDS-PAGE. (D)
Redox state of Ervl in TbMic20 RNAI -induced and non-induced cells. The band corresponding to the monomer is shown. Lanes are numbered below. DPI, days post
induction; Dox, doxycycline; NEM, N-ethylmaleimide; TCEP, tris(2-carboxyethyl)phosphine; IAA, Iodoacetamide.

treatment indicates that the redox state of TbErv1 is not influenced by
TbMic20 (Fig. 1D, c.f. lanes 3 and 4).

2.2. Point mutations in TbMic20 CIPC motif affect cell viability and the
abundance of IMS proteins

Next, we assessed the importance of the hypothesized catalytic CIPC
motif of TbMic20, one feature that led to its annotation as a thioredoxin-
like protein [31]. To this end, we transformed a cell line capable of
Dox-inducible expression of long-hairpin RNA [35], which eventually
depletes endogenous and HA-tagged Mic20 protein, with three con-
structs that facilitate Dox-inducible expression of recoded His-tagged
Mic20 (Fig. 2A). Recoding of Mic20 ORFs within this construct allows
for expression of a RNAi-refractory form of Mic20. One of three Mic20
forms were electroporated: WT, which bears the unchanged CIPC motif,
C80A mutant that mutates the first cysteine at position 80 of the motif to
alanine, and C83A that mutates the second active site cysteine.

The depletion of endogenous and HA-tagged TbMic20 and expres-
sion of recoded TbMic20 isoforms in all three cell lines upon Dox in-
duction were verified by Western blot (Fig. 2B). Noticeable difference in
the abundance of the expressed recoded proteins relative to WT was
consistent through two attempts of establishing these cell lines, each
resulting in 4-5 clones. However, it should be noted that while the

mutant forms are less abundant than the recoded-WT, they are expressed
at an equivalent to higher level than the endogenous and HA-tagged
TbMic20 in the non-induced samples (Fig. 2B, c.f. lane 1 with lanes 3
and 4; also see Table 1). Western analysis demonstrated that the
recoded-WT TbMic20 replenishes the levels of IMS proteins TbErv1l and
TbTim9, plus the matrix-imported TbCOIV in RNAI cells during a 6-day
time course (Fig. 2C); enolase was used as a loading control. This result
confirms that recoded-WT Mic20 successfully complements RNAi-
depletion of Mic20. To verify that expressed recoded TbMic20 iso-
forms are targeted to the mitochondrion, digitonin fractionation was
performed after Dox-induction. All recoded TbMic20 isoforms were
detected in crude mitochondria fraction and absent from cytosolic
fraction, that indicates their successful import (Fig. 2D).

Growth rates of recoded cell lines and RNAi were followed for six
days after induction and compared with the growth of non-induced cell
lines. Expression of WT isoform combined with simultaneous RNAi
depletion of endogenous TbMic20 did not affect cell growth (Fig. 2E),
demonstrating this form complemented the depletion of RNA-silenced
TbMic20. C80A expression under the same conditions slightly reduced
the growth rate, and expression of C83A resulted in pronounced growth
phenotype, comparable with that of TbMic20 RNAI cell line (Fig. 2E).

To further investigate the effect of cysteine mutations, we set out to
determine the depletomes (i.e. inventory of downregulated proteins) of
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Fig. 2. Effects of recoded TbMic20 WT and CIPC mutants on proteins imported into the IMS via oxidative folding. (A) Simultaneous induced expression of His-tagged
recoded TbMic20 isoforms and long hairpin RNAi (IhRNAi) targeting TbMic20 mRNA for degradation upon doxycycline (Dox) induction, which leads to depletion of
endogenous TbMic20. (B) comparison of recoded TbMic20 WT and CIPC mutants expression. HA, TbMic20 with C-terminal HA tag; en, endogenous TbMic20; His,
overexpressed TbMic20 with C-terminal His and Myc tag; * , non-specific band, which also serves as a loading control. Lanes are numbered below. A representative
image from five replicates is shown. (C) Effects of TbMic20 WT expression on the abundance of selected mitochondrial proteins (indicated on the left) over a 6-day
time course (top). DPI, days post induction; other labels as in B. (D) Subcellular distribution of recoded Mic20 WT and CIPC mutants after 3 days of induction with
doxycycline (Dox). W, whole cell lysate; C, cytosolic fraction; M, mitochondrial fraction; * , non-specific band. Right panel: subcellular fractionation verified with
cytosolic and mitochondrial markers, enolase and HSP70, respectively. (E) Growth rates of Dox-induced cells expressing indicated TbMic20 isoforms and of TMic20
RNAi compared to non-induced cells. Data points plot the mean of biological triplicates with error bars indicating standard deviation. (F): The relative abundance of
proteins affected in the combined TbMic20 and TbErv1 depletomes according to [24], [31] (upper panel). The abundance of matrix proteins was used as a control
(panel below). Dashed line highlights the absence of changes in relative protein abundance. Related to Dataset S1.
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Table 1
Relative expression levels of recoded TbMic20 isoforms compared to endoge-
nous TbMic20. Related to Dataset 1.

Relative abundance Log, (Dox+/Dox-)"

TbMic20 isoform Replicate 1 Replicate 2 Ave.£SD"

WT 1.84 2.39 2.11 +£0.28
C80A 3.19 3.54 3.37£0.18
C83A 0.18 2.88 1.53+1.35

? Log2 value equal to 0 means no difference in expression of TbMic20 in
presence and absence of doxycycline (Dox) (i.e. recoded TbMic20 isoform
expressed at same level endogenous TbMic20).

b 8D, standard deviation.

each Dox-induced cell line compared to their downregulated counter-
parts as we had performed previously [31]. WT, C80A and C83A cell
lines were Dox-induced in duplicates for 3 days. Subsequently, induced
and non-induced cells were collected, fractionated by digitonin treat-
ment and enriched mitochondrial fractions were submitted for mass
spectrometry (LC-MS/MS) analysis. The relative abundancies of the
proteins belonging to the TbMic20 [31] and TbErvl [24] depletomes
were reduced in C80A and C83A cell lines in comparison with WT
(Fig. 2F), thus phenocopying TbMic20 RNAi with high statistical sig-
nificance. To be sure that the observed changes in IMS protein abun-
dancies are specific, we also addressed the abundance of matrix proteins
as defined in our previous study [31]. Expression of any isoform did not
significantly affect the abundance of this group (Fig. 2F). Thus, cysteine
mutations in the CIPC motif of TbMic20 specifically affect the import
and/or processing of IMS proteins without interference of protein
import to other mitochondrial compartments 3 days after
Dox-induction. We therefore conclude that the TbMic20 CIPC motif
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cysteines are essential for the apparent involvement of the trypanosomal
MICOS complex in IMS import.

2.3. Recombinant TbMic20 exhibits a redox potential similar to other
thioredoxins and oxidoreductases

Recombinant TbMic20 (rTbMic20) with a C-terminal His-tag was
expressed in Escherichia coli and affinity purified. The His-tag was
cleaved from the eluted protein with AcTEV protease, which is visible
when the products of this reaction are resolved by SDS-PAGE and
stained with Coomassie Brilliant Blue (Fig. 3A). The resulting recombi-
nant protein was then used to determine TbMic20’s midpoint voltage
following as established pipeline used for Mia40 [8] and other
thioredoxin-like proteins [36,37]. Prior to redox potential measurement
an emission scan at 280 nm excitation wavelength was performed to
determine the wavelength with maximal difference in fluorescence in-
tensity for fully reduced and oxidized TbMic20, which was determined
to be 333 nm (Fig. 3B). Next, we determined the redox equilibrium of
rTbMic20 at different ratios of GSH and GSSG by measuring the fluo-
rescence intensity of emitted 333 nm light, which allowed us to infer the
fraction of reduced protein [8,36,37]. The equilibrium constant (Keq) of
TbMic20 was estimated by linear transformation of the data in Fig. 3C as
described in Materials and Methods. This Kq allowed us to ultimately
estimate the standard redox potential of rTbMic20, — 187,97 mV
(Fig. 3D), which is in the range of midpoint voltage for other
thioredoxin-like proteins, such as ScErv1, PDI, ScMia40 (Fig. 3E). Thus,
we conclude that redox potential of TbMic20 indeed is close to Mia40
and other thioredoxin-like proteins.
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Fig. 3. The estimated redox potential of TbMic20 is similar to other thioredoxins and oxidoreductases. (A): Purification and cleavage of recombinant His-TbMic20.
+ His, affinity purified recombinant TbMic20, with C-terminal His tag; TEV, TbMic20 with His-tag cleaved; -His, affinity purified TbMic20. Arrow indicates the band
of AcTEV protease (27 kDa). (B): Emission spectra of reduced and oxidized TbMic20 after excitation at 280 nm. Maximum difference in the fluorescence intensity
(333 nm) is indicated with dashed line. (C): The redox equilibrium of rTbMic20 at different ratios of [GSH] 2/[GSSG]. (D): Estimation of the redox equilibrium Keq by
linear transformation of data in C. Inset shows data points from lower GSH concentrations not visible in the main graph that was used for trendline fitting. R?, slope
and y-intercept of trendline shown in large graph. (E): comparison of TbMic20 redox potential with that of several IMS/periplasm proteins: ScTim10 [60], human
thioredoxin-related transmembrane protein 3 (HsTMX3) [37], PDI [58], Mia40 [8], [61], ScErvl [61], bacterial thioredoxin-like protein (BjTlpA) [36].
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2.4. The CIPC motif of TbMic20 is reduced in vivo

After determining redox potential of recombinant TbMic20, we next
addressed what is the redox state of the CIPC motif in vivo. According to
the model of opisthokont MIA pathway, cysteines of the CPC motif in
Mia40 are oxidized at steady state, i.e. they form a intramolecular di-
sulfide bridge, in order to be able to accept electrons from reduced
substrate proteins to facilitate their oxidative folding and ultimate
retention in the IMS [2,3]. Hypothesizing about functional analogy be-
tween Mia40 and TbMic20, we decided to address the redox state of
TbMic20 in vivo. Against our expectations, the experiment revealed the
presence of reduced thiols in TbMic20 (Fig. 4 A), forcing us to reject the
hypothesis that TbMic20 can be a Mia40 replacement.

In addressing the function of TbMic20, we attempted to complement
Escherichia coli dsbA deletion mutants with TbMic20. This gene encodes
DsbA, a thioredoxin that is the main catalyst of oxidative folding of
proteins in the periplasm [38]. To test the hypothesis that TbMic20 can
perform oxidative folding in the periplasm, we expressed TbMic20
appended with the 11 amino acid N-terminal periplasm-targeting
sequence of DsbA in AdsbA E. coli. One of DsbA substrates is the
flagellar P-ring component FlgI [39], which is not properly folded in
AdsbA E. coli, thus having impaired flagellar assembly and a consequent
lack of motility. The difference between wild type and AdsbA cells is
easily detected when bacteria are seeded on semisolid agar plates. When
a drop of bacterial culture is put in the center of the plate, motile bac-
teria spread all over the plate after overnight incubation. Non-motile
cells stay in the center. The expression of DsbA or another protein
capable of oxidative folding of FIgI in AdsbA cells restores the motility
(Fig. 4B). rTbMic20, expressed in AdsbA E. coli cells, did not restore cell
motility (Fig. 4 C). Hence, in E. coli TbMic20 is not able to perform
oxidative folding, at least under the experimental conditions used here.

3. Discussion
MIA substrates enter the IMS in reduced state, where they undergo

oxidative folding for their maturation and retention in this compartment
[3]. The central MIA oxidoreductase introduces disulfide bonds into the

A B Non-motile
Dox + - - - }
AMS - - 4 +
DTT- .-+ Kba Motile

C TbMic20 DsbA

Flagella
AdsbA
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MIA substrate for this purpose. Such an enzyme needs to have its active
site dicysteines oxidized, i.e. linked by a disulfide bridge, to accept
electrons from the reduced thiols present on the freshly imported MIA
substrate. This is indeed observed on the CPC motif of Mia40 [40]. In the
periplasm of bacteria, which is analogous to the IMS, oxidoreductases
are also present and the oxidative folding pathway analogous to MIA
exists [41]. The active CPHC motif of the central catalyst DsbA, the
bacterial oxidoreductase analogous to Mia40 [13], is also oxidized [42].
Thus, we would expect the same for any functional analog of Mia40.
Nevertheless, our study demonstrated that TbMic20 is reduced in vivo.
That goes against our initial hypothesis and casts doubt on functional
analogy between Mia40 and TbMic20. Also, there is no obvious motif on
TbMic20 for recognizing the ITS of MIA substrates, which is a hydro-
phobic cleft formed by two a-helices joined by twin disulfide bridges [6,
8], also arguing against TbMic20 completely replacing Mia40. In addi-
tion, TbMic20 could not complement DsbA function in E. coli. However,
it should be noted that the failure of TbMic20 to complement AdshA may
be due to its failure to recognize periplasmic substrates instead of the
reduced state of its CIPC motif.

On the other hand, cysteine mutations in CIPC motif of TbMic20
result in significant reduction of IMS proteins and phenocopy depletion
effect of TbMic20 and TbErvl RNAi. Thus, TbMic20 and its CIPC motif
in particular appears to play significant, but still undefined role in IMS
protein import and/or processing. We should note that although
cysteine to alanine mutations we employed here have been used previ-
ously in the functional analysis of thioredoxins [43], we acknowledge
that this conversion to a non-polar amino acid may have affected protein
folding in addition to disrupting the disulfide bridge of the motif.
Indeed, the lower expression of the mutants in comparison with the
recoded-WT TbMic20 may be a consequence of this. However, we favor
the interpretation that the observed lower expression of the mutants is
due to a downstream effect on IMS protein import observed in these
mutants. Indeed, we show that the mutant forms of TbMic20 are suc-
cessfully imported into the mitochondrion and exhibit steady-state
levels equivalent to endogenous and in situ tagged TbMic20. Given
that IMS import defects due to TbErv1 also affects TbMic20 levels [24],
it is possible that the cysteine mutants may impact Mic20 in a similar

Fig. 4. (A): Redox state of TbMic20 in vivo, with cells un-
dergoing 3 days of TbMic20 RNAI to show band specificity.
A representative image from 4 replicates is shown here.
Dox, doxycycline; AMS, 4-acetamido-4-maleimidylstilbene-
2,2-disulfonic acid; DTT, DL-Dithiothreitol. (B): Schematic
representation of DsbA deletion effect on cell motility:
AdsbA mutant is non-motile because FIgI protein oxidative
folding is impaired, resulting in improper flagellar assem-
bly and loss of motility. (C): Swarming motility in E. coli
expressing TbMic20 and DsbA in the AdsbA mutant in
comparison with AdsbA mutant alone. (D): Hypothetical
role to TbMic20 as an isomerase in case TbErvl is the
central catalyst of MIA pathway in trypanosomatids.

TbMic20

D —X)q TbErv1?
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way. Nevertheless, our results show that each cysteine in CIPC motif is
important for TbMic20.

Taking into consideration both the fact that TbMic20 is most likely
not the central catalyst of the MIA pathway, but nevertheless appears to
be involved to some extent in IMS import via its CIPC motif, we now offer
alternate hypotheses on what possible roles it can play in this process.
One is that TbMic20 acts as an isomerase, reshaping mispaired disulfide
isomers of IMS substrates (Fig. 4D). This function is similar to that of the
protein disulfide isomerase (PDI), a multifunctional protein localized in
the lumen of endoplasmic reticulum [44,45]. One of the main PDI
functions is rearranging disulfide bonds in misfolded protein substrates
[46]. In T.brucei, such an isomerase activity may be essential in the case
that TbErvl directly oxidizes MIA substrates, as has been proposed in
Arabidopsis thaliana [47]. In this scenario, we propose that direct
oxidative folding by TbErvl may result in aberrant folding of MIA
substrates, which are ultimately repaired by a putative chaperone ac-
tivity of TbMic20 (Fig. 4D). Alternatively, such misfolding may be more
predominant in the presence of trypanothione, which is a kinetically
faster dithiol reductant than the more universal glutathione redox buffer
that is present in Mia40 containing eukaryotes [19,27,28].

Another possibility is that TbMic20 has auxiliary role in the IMS such
as maintaining the redox state of yet unidentified functional analog of
Mia40. Some examples of such proteins are known from other model
organisms. For instance, in S. cerevisiae thiol peroxidase Gpx3, localized
in the IMS, promotes Mia40 dependent protein folding [48]. Candidates
for the Mia40 replacement in kinetoplastids were recently identified in
the TbErv1 interactome of a related trypanosomatid species, Leishmania
tarentolae [49].

In conclusion, we have demonstrated that the CIPC motif of TbMic20
is necessary for a still unidentified role in IMS import in trypanosoma-
tids. While our study was performed in procyclic stage T. brucei, a high-
throughput RNAi-screen of T. brucei proteins suggests that TbMic20 is
essential in the bloodstream stage as well [50], implying its importance
in the biogenesis of mitochondria that exhibit both reduced cristae and
role in energy metabolism [51,52]. Nevertheless, direct oxidative
folding by TbMic20 is highly unlikely due to the reduced state of the
enzyme in vivo. Thus, we offer alternate hypotheses to explain why
TbMic20 depletion and mutation impacts the levels of IMS proteins
bearing twin C(X3)C or C(X9)C motifs. In one, we speculate that the
oxidoreductase activity of TbMic20 facilitates the isomerization of
misfolded MIA substrate proteins (Fig. 4D). The other is that TbMic20
has an auxiliary function in maintaining the activity of a putative Mia40
replacement in trypanosomatids. However, while the results presented
here force us to question our initial hypothesis that TbMic20 is a bona
fide Mia40 replacement, the effect of TbMic20 depletion or mutation on
the levels of proteins imported into the IMS via the MIA pathway allows
us to maintain our original notion: trypanosomal MICOS is involved in
the maturation and/or stability of these proteins [30-32].

4. Materials and methods
4.1. TbMic20 mutant cell lines

Procyclic T. brucei cultivation, generation of transgenic cell lines, and
growth measurements were performed as previously described [31].
TbMic20 open reading frames (ORFs), partly recoded and containing
mutations were commercially synthetized by General Biosystems (USA)
and cloned into pcDNA3.1(+) myc-His A vector. The sequences of the
isoforms are listed below. Each isoform was PCR-amplified and cloned in
pT7-3xV5 destination vector [53]. They were used to transfect a pre-
viously obtained T. brucei cell line with TbMic20 C-terminally
HA-tagged and incorporated inducible TbMic20 RNAI construct [31].

TbMic20 isoforms. Recoded part is underlined, the codon where
cysteine is substituted to alanine, is in bold and lowercase.

TbMic20-RNAi refactory (WT):
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GGTACCATGGGTTCTCATCATCATCATCATCATGGTTCTGG-
TAGTGGTTCCGGTTCCGGTTCTAAGCTTATGACCCAAAACATTATTCGT
CGCATCTTTGGCAATCGTGAACTGCCGGAGAACCTTAGTGGTAGCGA
GTATGAGCGCTATATGCAGGAAAATTTTCCCAAATGGATTGA
TGAATTTGAAAAGGGTGGGTTTCTTGAAGCAACAAAACTTCCAGCCA-
TAAAAAGTGAGAGGGACTTCTTGAGCAAGCTCATTGAACATAAA-
GACGAAATCATGGTGGTTAAATACTGGAAGCATGGATGCATCCCAT
GCCTCTCACTTGCGGAAATGTATAAACAGGTATCAGAGCAATGCAA-
GAAAGAAAACCGTCGTATTGCATGGTACAGTGTTAATACAAAAGAC
GTTAGCGCGCGTTCGTTAGTTGATTACCAACTCGTGAACGGAACCC-
CAACAGTCCAGACGTTCAGTCGTATGAAACAGGTTGGTAAAGAAAT
CCGAGCAATAAGCGCGGAGGAGCTTATGAGGGAGCTTTCTTTA
CGCGAGGCTGCTCTGAATACAGAGAGTTCTAGA.

C80AMutant-RNAi refactory:

GGTACCATGGGTTCTCATCATCATCATCATCATGGTTCTGGTAGT
GGTTCCGGTTCCGGTTCTAAGCTTATGACCCAAAACATTATTCG
TCGCATCTTTGGCAATCGTGAACTGCCGGAGAACCTTAGTGGTAGCG
AGTATGAGCGCTATATGCAGGAAAATTTTCCCAAATGGATTGATGAAT
TTGAAAAGGGTGGGTTTCTTGAAGCAACAAAACTTCCAGCCATAAAA
AGTGAGAGGGACTTCTTGAGCAAGCTCATTGAACATAAAGACGAA
ATCATGGTGGTTAAATACTGGAAGCATGGAgcaATCCCATGCCTCTCAC
TTGCGGAAATGTATAAACAGGTATCAGAGCAATGCAAGAAAGAAAA
CCGTCGTATTGCATGGTACAGTGTTAATACAAAAGACGTTAGCGC
GCGTTCGTTAGTTGATTACCAACTCGTGAACGGAACCCCAACAGTCCA-
GACGTTCAGTCGTATGAAACAGGTTGGTAAAGAAATCCGAGCAA-
TAAGCGCGGAGGAGCTTATGAGGGAGCTTTCTTTACGCGAGGCTGC
TCTGAATACAGAGAGTTCTAGA.

C83AMutant-RNAi refactory:

GGTACCATGGGTTCTCATCATCATCATCATCATGGTTCTGGTAGT
GGTTCCGGTTCCGGTTCTAAGCTTATGACCCAAAACATTATTCGTCG
CATCTTTGGCAATCGTGAACTGCCGGAGAACCTTAGTGGTAGCGAGTA
TGAGCGCTATATGCAGGAAAATTTTCCCAAATGGATTGATGAAT
TTGAAAAGGGTGGGTTTCTTGAAGCAACAAAACTTCCAGCCATAAAAA
GTGAGAGGGACTTCTTGAGCAAGCTCATTGAACATAAAGACGAAATC
ATGGTGGTTAAATACTGGAAGCATGGATGCATCCCAgcaCTCTCAC
TTGCGGAAATGTATAAACAGGTATCAGAGCAATGCAAGAAAGAAAAC
CGTCGTATTGCATGGTACAGTGTTAATACAAAAGACGTTAGCGCGC
GTTCGTTAGTTGATTACCAACTCGTGAACGGAACCCCAACAGTCCA-
GACGTTCAGTCGTATGAAACAGGTTGGTAAAGAAATCCGAGCAA-
TAAGCGCGGAGGAGCTTATGAGGGAGCTTTCTTTACGCGAGGCTGC
TCTGAATACAGAGAGTTCTAGA.

Primers for isoform PCR amplification. Lower case indicates the part
of the sequence complementary to pT7-3X-V5 destination vector this
construct will be cloned into by Gibson assembly [54].

F: ccaaaaagtaaaattcacaagctcctaggaagcttATGACCCAAAACATTATTC
GTCG.

R: taccttcgaaccgegggcecectctagggatccTCAATGGTGATGGTGATGATG
AC.

4.2. Samples preparation for LC-MS analyses

Crude mitochondria were prepared by digitonin fractionation on
Dox-induced TbMic20 cell lines and non-induced negative controls as
previously described [31]. Individual protein solutions were processed
by filter-aided sample preparation (FASP) method [55] with some
modifications. The samples were mixed with 8 M UA buffer (8 M urea in
100 mM Tris-HCl, pH 8.5), loaded onto the Microcon device with
MWCO 30 kDa (Merck Millipore) and centrifuged at 7,000g for 30 min
at 20 °C. The retained proteins were washed (all centrifugation steps
after sample loading done at 14,000g) with 200 pL UA buffer. The final
protein concentrates kept in the Microcon device were mixed with
100 pL of UA buffer containing 50 mM iodoacetamide and incubated in
the dark for 20 min. After the next centrifugation step, the samples were
washed three times with 100 pL UA buffer and three times with 100 pL
of 50 mM NaHCO3. Trypsin (1 pg, sequencing grade, Promega) was
added onto the filter and the mixture was incubated for 18 h at 37 °C.
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The tryptic peptides were finally eluted by centrifugation followed by
two additional elutions with 50 pL of 50 mM NaHCO3. Peptides were
then cleaned by liquid-liquid extraction (3 iterations) using water
saturated ethyl acetate [56]. Peptides were further transferred into
LC-MS vials using 50 pL of 2.5% FA in 50% ACN and 100 pL of pure ACN
and with addition of polyethylene glycol (final concentration 0.001%)
and concentrated in a SpeedVac concentrator.

4.3. LC-MS analysis of peptides

LC-MS/MS analyses of all peptide mixtures were done using
RSLCnano system connected to Orbitrap Fusion Lumos mass spectrom-
eter (Thermo Fisher Scientific). Prior to LC separation, tryptic digests
were online concentrated and desalted using trapping column (100 ym
x 30 mm, column compartment temperature of 40°C) filled with 3.5-pym
X-Bridge BEH 130 C18 sorbent (Waters). After washing of trapping
column with 0.1% FA, the peptides were eluted (flow rate - 300 nl/min)
from the trapping column onto an analytical column (Acclaim Pep-
mapl00C18, 3 ym particles, 75 ym x 500 mm; column compartment
temperature of 40°C, Thermo Fisher Scientific) by using 50 or 100 min
long nonlinear gradient program (1-56% of mobile phase B; mobile
phase A: 0.1% FA in water; mobile phase B: 0.1% FA in 80% ACN) for
analysis of phosphopeptides enriched fraction or not enriched peptide
mixture, respectively. Equilibration of the trapping column and the
analytical column was done prior to sample injection to sample loop.
The analytical column outlet was directly connected to the Digital
PicoView 550 (New Objective) ion source with sheath gas option and
SilicaTip emitter (New Objective; FS360-20-15-N-20-C12) utilization.
ABIRD (Active Background Ion Reduction Device, ESI Source Solutions)
was installed.

MS data were acquired in a data-dependent strategy selecting top 20
precursors based on the survey scan (350-2000 m/z). The resolution of
the survey scan was 120,000 (200 m/z) with a target value of
4 x 105 ions and maximum injection time of 50 ms. HCD MS/MS (30%
relative fragmentation energy, normal mass range) spectra were ac-
quired with a target value of 5.0 x 104. The MS/MS spectra were
recorded in Orbitrap at resolving power of 15 000 (200 m/z) and the
maximum injection time for MS/MS was 22 ms. Dynamic exclusion was
enabled for 60 s after one MS/MS spectra acquisition. The isolation
window for MS/MS fragmentation was set to 1.2 m/z.

The analysis of the mass spectrometric RAW data files was carried
out using the MaxQuant software (version 1.6.2.10) using default set-
tings unless otherwise noted. MS/MS ion searches were done against
modified cRAP database (based on http://www.thegpm.org/crap, 112
protein sequences) containing protein contaminants like keratin, trypsin
etc., and TriTrypDB protein database (http://tritrypdb.org/common/
downloads/release-9.0/TbruceiTREU927 /fasta/data/TriTrypDB-
9.0_TbruceiTREU927_AnnotatedProteins.fasta; downloaded 8.12.2015,
number of protein sequences: 11,567). Oxidation of methionine and
proline, deamidation (N, Q) and acetylation (protein N-terminus) as
optional modification, and trypsin/P enzyme with 2 allowed miss
cleavages and minimal peptide length 6 amino acids were set. Peptides
and proteins with FDR threshold < 0.01 and proteins having at least one
unique or razor peptide were considered only. Match between runs was
set for all sample replicates analyses. Protein intensities reported in
proteinGroups.txt file (output of MaxQuant program) were further
processed using the software container environment (https://github.
com/OmicsWorkflows), version 3.7.1a. Processing workflow is avail-
able upon request. Briefly, it covered: a) removal of decoy hits and
contaminant protein groups, b) protein group intensities log2 trans-
formation, ¢) quantile normalization using limma R package and d)
differential expression analysis (qualitative changes were considered
using imputation on the sample minimum).
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4.4. Redox state of TbMic20

Cells were lysed with SDS buffer containing reducing agent (50 mM
DTT or 15 mM TCEP), 10 mM AMS or blocking agents, such as IAA
(50 mM) or NEM (20 mM). The lysates were precipitated with tri-
chloroacetic acid (TCA) solution in water to a final concentration 10%
w/v on ice for one hour. Precipitated proteins were sedimentated for
15 min at 4 °C at 16,000 x g. Pellets were washed two times with 1 ml
ice-cold acetone, dried on air and then resuspended with 1.5X SDS
buffer. The DTT-treated samples were precipitated once again after
treatment prior to AMS-conjugation. Four independent replicates were
performed.

4.5. Expression and purification of rTbMic20

pSKB-3 plasmid [57], containing TbMic20 ORF and His-tag, was
constructed and Escherichia coli BL21 strain transformed. To induce the
expression of rTbMic20, Isopropyl-p-D-thiogalactopyranosid (IPTG) was
added to a final concentration of 1 mM. Induction was performed at
optical density at 600 nm (ODggp) of 0.6. Induced cells (200 ml) were
incubated on a shaker at 200 RPM for 1 h at 37 C or overnight at 20 C.
Cells were harvested for 10 min at 3000 g 4 C. The pellet was resus-
pended in 10 ml of lysis buffer, containing 50 mM NaH2PO4x2H20,
300 mM NaCl and 10 mM of imidazole (pH 8.0) and sonicated with an
ultrasonic homogenizer (BioLogic Inc. Ultrasonic Homogenizer Model
3000) six times for 10 s with 10 s pause at 50% power and 50% pulse.
Homogenate was centrifuged as above to separate soluble fraction.
rTbMic20 was purified utilizing BioRad Poly Prep Chromatography
Column with 750 pL of Novex™ Ni-NTA Agarose (Invitrogen™) beads
according to manufacturer’s recommendations. Eluted fractions were
analyzed on SDS-page gel. His tag was cleaved from rTbMic20 with
ACcTEV™  Protease (Invitrogen) following the manufacturer’s
instructions.

4.6. Determination of redox equilibrium

To determine the redox equilibrium between rTbMic20 and gluta-
thione the former, purified and diluted to 5 pM in 50 pM degassed
phosphate buffer (2X stock solution contains 20.701 g/1 of NapH-
PO4e12 Hy0 and 6.584 g/1 of NaH,PO4 2 Hy0; pH 7.0), was mixed
with 0.1 mM GSSG and GSH in a range of concentrations from 0.01 mM
to 20 mM. The mixtures in 500 pL aliquots were incubated for 16 h in an
anaerobic chamber (Oxoid™ AnaeroJar™, ThermoFisher Scientific) and
then loaded on a Nunc™ Micro Well™ 96-Well flat-bottom microplate.
TECAN Spark® multimode-microplate-reader and the SparkControl
application were used. After the wavelength with the maximal differ-
ence in fluorescence intensity of oxidized and reduced protein was
determined (Fig. 3B), measurements were performed at following pa-
rameters: Mode: Fluorescence Intensity Scan Top Reading; Excitation:
Monochromatic; Excitation Wavelength: 280 nm; Excitation bandwidth:
20 nm; Emission wavelength: 333 nm; Gain: 40; Temperature: 25 °C.

The redox equilibrium of TbMic20 with glutathione is given by Eq.
(1). The relative amount of reduced TbMic20 (R) at equilibrium was
calculated using Eq. (2) and plotted against the [GSH]2/[GSSG] ratio.
The combination of Egs. (2) and (3) to leads to Eq. (4). Linear trans-
formation of this graph and fitting the data to Eq. (3), were used to
determine the equilibrium constant Keq [58]. The estimated Keq was then
used in the Nernst equation (Eq. 5), using the glutathione standard po-
tential Eo(gst,/gssg) of — 0.240 V at pH 7.0 and 25 °C (ref 35), to estimate
the midpoint voltage.

K.q = [TbMic205~5]  [GSH]* / [T6Mic20]  [GSSG] (€]

R = [TbMic20"]  /[TbMic20°5] + [TbMic20*"]
= (F_ an)/(Frez[ - Fux) (2)
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R = [GSH]’ /|[GSSG] /K., + [GSH]’ /[GSSG] 3)
2
P [GSH]* /[GSSG] 2>< (Frea — Fox) F. @
K., + [GSH]" /[GSSG]
RT
Ey = Eo(Gsn/csse) — PR In(K.,) %)

F.... measured fluorescence intensity
Fred.... Fluorescence intensity of reduced protein
Fluorescence intensity of oxidized protein

4.7. Swarming motility assay

E. coli strains JFC207 (AdsbA) and JFC209 (dshbA™) were obtained
from the laboratory of Jean-Francois Collet at Institut de Duve, Uni-
versité catholique de Louvain. Professor Collet also kindly provided
pBad33::dsbA (PL81) vector bearing the dsbA ORF. This vector was also
used for cloning the TbMic20 open reading frame downstream of the
DsbA periplasm targeting sequence (the part encoding first 19 amino
acids). The cells were maintained in LB medium supplied with 35 pg/ml
chloramphenicol and, for JFC207, 50 pg/ml Kanamycin. TbMic20 ORF
was amplified and cloned into pBad33 vectors by Gibson assembly [54].
E. coli cells were transformed with obtained constructs. The assay was
performed as described before [59]: 100 pL of E. coli cell suspension,
grown to ODggg of 0.4, were put in the centre of a semisolid agar plate
and incubated overnight at 37 °C. Arabinose, which was present in the
agar, induced plasmid expression.
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