Mgr2 regulates mitochondrial preprotein
import by associating with channel-forming
Tim23 subunit
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ABSTRACT Mgr2, a newly identified subunit of the TIM23 complex, functions as a gate-
keeper of presequence translocase and thereby maintains quality control of inner membrane
preproteins sorting. However, precise recruitment of the Mgr2 subunit to the core channel
and how it influences the assembly of the TIM23 complex during lateral sorting of preprot-
eins are poorly understood. Present findings provide insights into a direct association of
Mgr2 with the channel-forming Tim23 subunit. Furthermore, the mutational analysis uncovers
the TM1 region of Mgr2 critically required for association with Tim23 and Tim21. On the
other hand, the TM2 region of Mgr2 is involved in bridging respiratory complexes to the
TIM23 complex via Tim21. Importantly, both TM regions of Mgr2 are essential for lateral sort-
ing of preprotein into the inner membrane, as well as maintaining mitochondrial morphology.
Together, our findings provide mechanistic insights into the role of Mgr2 in regulating the
dynamicity of the TIM23 complex assembly required for preprotein import and coupling of
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respiratory pathways.

INTRODUCTION

The majority of the mitochondrial proteome is nuclear encoded
and synthesized on cytosolic ribosomes as preproteins. The TOM
complex (translocase of the outer membrane) acts as a general
entry gate for all the incoming preproteins (Truscott et al., 2003;
Baker et al., 2007; Chacinska et al., 2009; Schmidt et al., 2010; van
der Laan et al., 2010; Schulz et al., 2015; Wiedemann and Pfanner,
2017; Kang et al., 2018; Araiso et al., 2019; Pfanner et al., 2019).
Once emerged from the TOM complex, precursor proteins with
N-terminal presequence are imported by the TIM23 complex
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(translocase of the inner membrane) attributing to ~70% of the mi-
tochondrial proteome (Baker et al., 2007; Neupert and Herrmann,
2007; Chacinska et al., 2009; van der Laan et al., 2010; Wiede-
mann and Pfanner, 2017; Kang et al., 2018; Pfanner et al., 2019). To
perform such a discrete task, the TIM23 complex undergoes dy-
namic switching between MOTOR and SORT states of the com-
plex during preprotein translocation. The TIM23MOTOR complex is
involved in the import of matrix resident proteins. On the other
hand, the TIM23%CRT complex facilitates the lateral sorting of pre-
proteins into the inner membrane of mitochondria (Chacinska
et al., 2005; Neupert and Herrmann, 2007; Schulz et al., 2015;
Schendzielorz et al., 2018; Araiso et al., 2019; Pfanner et al., 2019).
The core of the TIM23 complex consists of three essential proteins:
Tim23, Tim17, and Tim50 (Dekker et al., 1993, Emtage and Jen-
sen, 1993; Maarse et al., 1994; Ryan et al., 1994, Bauer et al., 1996;
Yamamoto et al., 2002; Mokranjac et al., 2003; Wiedemann and
Pfanner, 2017). Tim23 is a multi-spanning integral membrane pro-
tein that forms the core of the voltage-gated channel (Dekker
et al., 1993; Kubrich et al., 1994; Bauer et al., 1996; Alder et al.,
2008; de la Cruz et al., 2010; Pareek et al., 2013). On the other
hand, Tim17 is required for the regulation of the gating and archi-
tecture of the core channel (Maarse et al., 1994; Meier et al., 2005;
Martinez-Caballero et al., 2007; Ramesh et al., 2016; Demishtein-
Zohary et al., 2017; Matta et al., 2017). Tim50 assists in the initial
recognition of the preproteins emerging from the TOM complex

Molecular Biology of the Cell



(Geissler et al., 2002; Tamura et al., 2009; Marom et al., 2011; Bajaj
etal., 2014; Li and Sha, 2015; Dayan et al., 2019). The initial import
is driven by a membrane potential (y) difference across the inner
membrane; however, the complete translocation into the matrix
requires TIM23MOTOR complex (Martin et al., 1991; Bauer et al.,
1996; Truscott et al., 2001; Alder et al., 2008; van der Laan et al.,
2010; Denkert et al., 2017; Schendzielorz et al., 2017). The
mtHsp70 is the central component of TIM23MOTOR complex and
functions in the vectorial import of preproteins in an ATP hydroly-
sis-dependent manner (Berthold et al., 1995; Geissler et al., 2001;
Liu et al., 2003; D'Silva et al., 2004; De Los Rios et al., 2006; Baker
et al., 2007). Pam18 and Pam16 belong to the J-/J-like class of
cochaperones that aid in regulating the ATPase activity of mtHsp70
(D'Silva et al., 2003, 2005, 2008; Frazier et al., 2004; Kozany et al.,
2004). Tim44 acts as a scaffold for import motor tethering onto the
TIM23CORE complex (D'Silva et al., 2004, 2008; Baker et al., 2007;
Schiller, 2009; Banerjee et al., 2015; Ting et al., 2017).

TIM23SORT complex consists of two additional proteins, Mgr2 and
Tim21 (Chacinska et al., 2005; Gebert et al., 2012; Pfanner et al.,
2019). Tim21 operates at the TOM-TIM transit site during preprotein
import. Furthermore, Tim21 mediates the coupling of the TIM23
complex with respiratory complexes by transiently associating with
complex lll and IV (Chacinska et al., 2005; Mokranjac et al., 2005;
Albrecht et al., 2006; van der Laan et al., 2006; Wiedemann et al.,
2007; Gebert et al., 2012). Mgr2 is a recently identified subunit of
the TIM23 complex consisting of two predicted transmembrane
(TM) regions (Gebert et al., 2012). Mgr2 functions as a gatekeeper
for maintaining the quality control of laterally sorted preproteins by
delaying their release into the inner membrane (leva et al., 2014).
Additionally, Mgr2 aids in the recruitment of Tim21 to the TIM23
complex and thereby aids in bridging respiratory complexes with
translocase (Gebert et al., 2012). Moreover, Mgr2 regulates the
structural dynamics of mitochondria through proper biogenesis of
fusion protein Mgm1 (leva et al., 2014). ROMO1 (reactive oxygen
species modulator), the human orthologue of Mgr2, was shown to
be a part of the mammalian TIM23 complex and required for OX-
PHOS assembly via Tim21 (Richter et al, 2019). Surprisingly,
ROMO1-/- cells displayed severely reduced import of i-AAA prote-
ase YME1L, thereby influencing the mitochondrial structures through
defective processing of OPA1 (Mgm1 orthologue) (Richter et al.,
2019). Furthermore, ROMO1 is implicated in several cancers due to
its regulatory role in reactive oxygen species production and apop-
tosis (Chung et al., 2006, 2008, 2012; Na et al., 2008; Shin et al.,
2013; Kim et al., 2014, 2017; Norton et al., 2014; Swarnabala et al.,
2014; Lee et al., 2015). Interestingly, recent findings using patch-
clamp electrophysiology suggested that the deletion of Mgr2 affects
the gating behavior of the TIM23 complex; thus, it is conceivable
that Mgr2/ROMO1 could form the part of the active protein-con-
ducting channel (Mirzalieva et al., 2019). However, the precise re-
cruitment of Mgr2 at the TIM23 core channel, together as a subcom-
plex with Tim21 and how it regulates preprotein import, channel
gating, and mitochondrial dynamics, is still an open question. By
utilizing several biochemical and genetic approaches, the current
study highlights the role of different regions of Mgr2 required for the
dynamicity of presequence translocase assembly and in coupling
the protein import machinery to the respiratory pathways.

RESULTS AND DISCUSSION

Mgr2 directly associates with the channel-forming Tim23
subunit

The interaction of Mgr2 with the transiting preprotein at the import
channel is considered a rate-limiting step during the lateral sorting
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of preproteins (Gebert et al., 2012; leva et al., 2014; Mirzalieva
etal., 2019). However, the precise recruitment of Mgr2 to the TIM23
channel is still enigmatic. Recent findings using patch clamping
studies indicated that the deletion of Mgr2 affects the TIM23 chan-
nel gating (Mirzalieva et al., 2019), thereby raising the possibility of
Mgr2 being directly recruited by Tim23 to the import channel. To
test this hypothesis, we purified full-length Tim23ys and GST-Mgr2
proteins, confirmed their purity by SDS-PAGE, followed by immu-
noblotting (Figure 1A and Supplemental Figure S1A). To test the
direct interaction, in vitro GST—pull-down assay was performed. Re-
markably, Tim23ys exhibited a significant interaction with GST-
Mgr2 in a concentration-dependent manner (Figure 1B). GST alone
incubated with Tim23ys served as a negative control to rule out
nonspecific binding (Figure 1B). To further support in vitro findings,
mitochondria lysed with Triton X-100 (for complete dissociation of
the TIM23 complex) was incubated with purified GST-Mgr2 protein
followed by pull-down analysis to examine the binding of individual
components of the TIM23 complex. In accordance with our in vitro
observations, Tim23 efficiently copurified with GST-Mgr2 (Figure
1C). Additionally, we observed specific binding of GST-Mgr2 with
Tim21, further ascertaining the role of Mgr2 in coupling Tim21 to
the TIM23 complex (Figure 1C). Moreover, GST-Mgr2 failed to inter-
act with other subunits of the TIM23 complex including Tim17,
Tim50, Tim44, Pam18, Pam16, and the TOM complex subunit
Tom70, thus confirming the specificity of binding of Mgr2 with
Tim23 and Tim21 (Figure 1C). To further validate the above observa-
tions, we performed a pull down with Tim21ya. Interestingly, GST-
Mgr2 and Tim23 efficiently copurified with Tim214, but not other
components of the TIM23 complex, thus validating the dual interac-
tion of Mgr2 with Tim23 and Tim21 (Figure 1D). Since Mgr2 recruits
Tim21 to the TIM23 complex, we tested whether they exist as a
stable subcomplex in vivo. The pull-down analysis with Tim21pa in
Triton X-100-lysed mitochondrial extracts revealed that Mgr2 and
Tim21 do not exist as a stable subcomplex in vivo; however, Mgr2
might be having differential interactions with Tim23 and Tim21
(Supplemental Figure S1B). In summary, these findings provide di-
rect evidence for the association of Mgr2 with Tim23 subunit.
Mutation in the Tim23 TM2 region (G145L) caused the displace-
ment of Mgr2 from the TIM23 complex, leading to defective chan-
nel gating (Mirzalieva et al., 2019). Therefore, to determine the di-
rect link between Mgr2 and TM2 region of Tim23, we tested for a
synthetic growth phenotype in the presence of a tim235149 mutant
(mutation resides within the TM2 region of Tim23). Surprisingly, the
deletion of mgr2 in the tim235149g mutant alleviated the growth
sensitivity of the cells compared with the mutant alone (Supplemen-
tal Figure S2A). On the contrary, overexpression of Mgr2 was able to
partially suppress the growth sensitivity of the tim23g149emutant
(Supplemental Figure S2B). To gain further insights, we performed
coimmunoprecipitation (Co-IP) in mitochondrial lysates from wild-
type, mgr2A, and tim23;49¢ yeast strains using anti-Tim23 antibod-
ies. Strikingly, the tim235149¢ mutant exhibited impairment in the
interaction with Mgr2. This further abrogated the recruitment of
Tim21 to TIM23 complex (Figure 1E). As anticipated, the deletion of
mgr2 caused the displacement of Tim21 from the TIM23 complex,
but the association of Tim50 with Tim23 remained unaltered in all
mutants (Figure 1E). At the same time, the tim23g149r mutant
showed impaired recruitment of Tim17 in agreement with previous
findings (Figure 1E) (Pareek et al., 2013). To establish a direct role of
the Tim23 TM2 region in mediating Mgr2 interaction, we analyzed
the binding of purified GST-Mgr2 with mutant Tim235-G149E by in
vitro GST-pull-down analysis. Interestingly, the mutant Tim23ys-
G149E showed a significant impairment in the interaction with
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GST-Mgr2 as compared with wild type, thus highlighting the role of
TM2 region of Tim23 in the recruitment of Mgr2 to the import chan-
nel (Figure 1F). In conclusion, it is reasonable to believe that the
binding of Mgr2 to the TM2 region of Tim23 may induce structural
changes to the TIM23 core channel, since this segment is shown to
undergo voltage-coupled conformational changes (Alder et al.,
2008), thus playing a critical role in channel gating during the pre-
protein import.

Conserved motifs in the TM regions of Mgr2 play a critical
role in cellular viability

Mgr2 belongs to the same family of Tim23/Tim17 protein transport-
ers and thus shares a significant similarity in the organization of TM
domains (Zarsky and Dolezal, 2016). These classes of proteins pos-
sess characteristic G/AXXXG/A motifs spanning across the TM re-
gions (Figure 2A). Previous reports highlight that the interactions
among TM domain-containing proteins are mediated by intramo-
lecular and intermolecular hydrogen bonds formed between con-
served G/AXXXG/A motifs (Kleiger et al., 2002; Melnyk et al., 2004;
Demishtein-Zohary et al., 2015; Demishtein-Zohary et al., 2017;
Matta et al., 2017). To understand the role of Mgr2 in regulating the
TIM23 complex activity, we performed site-directed mutagenesis to
replace amino acids from glycine/alanine to leucine in conserved G/
AXXXG/A motifs from TM regions of Mgr2 (Figure 2, A and B). The
growth phenotype of the mgr2 mutants assessed by spotting 10-
fold serially diluted wild-type or mutant cells on indicated nonfer-
mentable media (Gebert et al., 2012). Interestingly, three mutants
from tandem GXXXG motifs of the Mgr2 TM1 region, namely,
mgr2Gz61, Mgr2gsor, and mgr2c3a., exhibited severe growth defect
at 37°C in both glycerol and lactate media (Figure 2C). However,
two mutants from the TM1 region, namely, mgr2,2. and mgr239;,
did not exhibit a temperature-sensitive phenotype (Supplemental
Figure S3A). Additionally, the single mutants generated from the
TM2 region did not show any growth sensitivity at all the tempera-
tures tested (Figure 2C). Therefore, to ascertain the role of the Mgr2
TM2 region, we generated a combination of double mutants by
amino acid substitutions in the GXXXA/GXXXG motifs of the TM2
region. Intriguingly, three mutants, namely, mgr2Gs7 /a1, Mgrasi
GesL, and mgr2gs71/GesL, exhibited growth sensitivity at 37°C in lac-
tate media. At the same time, these mutants did not show any sen-
sitivity in glycerol media, thus indicating that the TM2 region might
have a less prominent role compared with the TM1 region in facili-
tating Mgr2 functions (Figure 2C). Together, these results highlight
the conserved functions of TM regions of Mgr2 for cellular viability.

TM1 region is essential for Mgr2 stability

To determine the importance of Mgr2 TM regions in the stability of
protein, we analyzed the steady-state levels in all the mgr2 Ts
mutants. Surprisingly, as compared with wild type, Mgr2 TM1
mutants expressed at very low levels and remained undetected by

the western analysis (Figure 3A). On the contrary, Mgr2 TM2 mutants
showed equivalent levels of expression with that of wild type (Figure
3B). However, the levels of other components of the TIM23 complex
remained unaltered in all mutants (Figure 3, A and B). To eliminate
the possibility of growth defect due to reduced steady-state levels,
we overexpressed Mgr2 TM1 mutants under the control of the cen-
tromeric plasmid with a GPD promoter. Even after the restoration of
protein levels to wild type, all mutants from the TM1 region displayed
severe growth defects, thus indicating that the observed growth sen-
sitivity is a consequence of intrinsic functional defects of the mutant
proteins (Figure 3, C and D). To gain insights, the half-life of Mgr2
mutant proteins was measured after inhibiting the protein translation
by cycloheximide. Surprisingly, all the TM1 mutants displayed accel-
erated decay in Mgr2 protein levels as a function of time compared
with wild type (Figure 3E). In contrast, TM2 mutants exhibited com-
parable Mgr2 levels to that of wild type at all the time intervals ana-
lyzed (Figure 3E). ROMO1, the human orthologue of Mgr2, is a highly
unstable protein with a tendency to degrade within 1 h and thus
possesses a rapid protein turnover rate (Richter et al., 2019). In agree-
ment, our results indicate that the tandem GXXXG motifs of TM1
region are critical for maintaining the stability of the Mgr2 and muta-
tions in these motifs result in reduced half-life, thus further emphasiz-
ing the rapid protein turnover rate associated with the protein.

TM1 region of Mgr2 is critical for association with the
TIM23 complex

To determine the Mgr2 TM1 region’s role in the assembly of the
TIM23 complex, we performed Co-IP in mgr2sz4. mutant (TM1 re-
gion) using Tim23y4 and analyzed the recruitment of different sub-
units to the core channel by immunodecoration. Surprisingly, copu-
rification of Mgr2 with Tim23 significantly abolished in TM1 mutant
(Figure 4A). This further impaired the association of Tim21 since
Mgr2 is known to recruit Tim21 to the channel (Figure 4A). Addition-
ally, a significant reduction in copurification of respiratory complex
components CytC1 and CoxIV (complex Ill and IV, respectively) with
the TIM23 complex is observed, suggesting a defective bridging
between the TIM23 complex and respiratory pathways (Figure 4A).
In contrast, the copurification of Tim17, Tim50, Tim44, Pam18, and
Pam16 with Tim23 remained unaffected (Figure 4A). Moreover, as
negative controls, Co-IP with Tim23y, did not purify Tom70 and
Tim9 (which belong to TOM complex and TIM22 complex, respec-
tively), thus confirming the specificity of defects associated with
mgr2 TM1 mutant (Figure 4A).

Besides, we performed Co-IP with Tim21 to establish a direct
role of the Mgr2 TM1 region in bridging the Tim21 and respiratory
complexes. Surprisingly, a 50% reduction in the Mgr2 association
with Tim21 is observed in TM1 mutant as compared with wild type.
At the same time, Tim21 exhibited defective association with core
components Tim23, Tim17, and Tim50 (Figure 4B). However, the co-
purification of CoxIV and CytC1 with Tim21 was found comparable

FIGURE 1: Analysis of Mgr2 interaction with Tim23. (A) The specificity of purified Tim23ys GST, and GST-Mgr2 proteins
confirmed by immunoblotting using indicated antibodies. (B) In vitro GST-pull-down assay. Immobilized GST-Mgr2

(5 uM) incubated with an increasing concentration of full-length Tim23ys. The bound proteins were subjected to
immunoblotting. GST alone was used as a negative control (n = 3 per group); 25% of the total sample served as a
loading control (input: 25% Tim23s). (C, D) Triton X-100-lysed mitochondrial extracts were incubated with 5 pM GST or
GST-Mgr2 protein for 2 h followed by pull down using anti-GST or anti-HA (Tim214,) antibodies. Immunoblotting was
performed using indicated specific antibodies. Input, 10% of the total sample (n = 3 per group). (E) Mitochondria
solubilized in 1% digitonin buffer subjected to Co-IP using Tim23 antibody—cross-linked beads, followed by immunoblot
analysis. Input, 10% of the total sample (n = 3 per group). (F) In vitro GST-pull-down assay. Immobilized Mgr2-GST

(5 pM) was incubated with an increasing concentration of wild-type Tim23ys or Tim23yys-G149E. The bound proteins
were subjected to immunoblotting (n = 3 per group). GST alone served as a negative control. Input: 25% of Tim23ys.
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FIGURE 2: Isolation of Ts mutants from Mgr2 TM regions. (A) Sequence alignment of Mgr2 protein across species.
Orthologous Mgr2 sequences from different species, including Saccharomyces cerevisiae, Mus musculus, Neurospora
crassa, Schizosaccharomyces pombe, and Homo sapiens were aligned using ClustalW online tool. The sequence
corresponding to the G/AXXXG/A motifs are highlighted in red. (B) Modular representation of Mgr2 protein indicating
the position of TM regions. (C) Growth phenotype analysis. Wild-type and mgr2 mutant yeast strains were grown until
mid-log phase. The harvested yeast cells were subjected to 10-fold serial dilution followed by spotting on indicated
media. Images were captured at identical exposures after 72 h. SCD, synthetic complete defined.

to wild type, indicating that the Tim21 association with respiratory
complexes was unaltered (Figure 4B). Moreover, in agreement with
the earlier reports, Co-IP with Tim214 did not purify any subunits of
TIM23MOTOR complex, including Tim44, Pam18, and Pam16 (Figure
4B) (Gebert et al., 2012). As negative controls, Tom70 and Tim9 did
not copurify with Tim2 1y (Figure 4B). In summary, we conclude that
the TM1 region of Mgr2 is required for association with Tim23 and
Tim21. Further, tandem GXXXG motifs of the Mgr2 TM1 region may
act as a stable anchor between Tim23 and Mgr2 through helix-helix
packing.

1116 | S.K. Matta et al.

TM2 region of Mgr2 aids in bridging respiratory complexes
to the TIM23 complex

To address the importance of the Mgr2 TM2 region, we performed
Co-IP with Tim23pa in mgr2gs71/a61. Mmutant (TM2 region). Strik-
ingly, Mgr2 was efficiently purified with Tim23 similar to wild type
(Figure 4C). This indicates that the mutation in the TM2 region does
not affect the coupling of Mgr2 to the TIM23 complex. Further, the
Mgr2 TM2 mutant displayed significant impairment in the associa-
tion of Tim21 and defective bridging of CoxIV and CytC1 to the
TIM23 complex, indicating that the TM2 region of Mgr2 plays a
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FIGURE 3: Mutation in the TM1 region affects Mgr2 protein stability. (A, B) Steady-state protein
levels of the wild-type and mgr2 mutants (from TM1 and TM2) were analyzed. Samples were
divided into two identical sets, separated on Tricine-SDS-PAGE followed by immunoblotting
using specific antibodies for different subunits of the TIM23 complex, and respiratory complexes
IIl, IV. (C) Steady-state protein levels of the wild type and mgr2 mutants (from TM1 region) after
overexpression analyzed as described above. (D) The growth phenotype of mgr2 TM1 mutants
overexpressing Mgr2 under the control of the plasmid with centromeric GPD promoter analyzed
by serial dilution assay as described in Figure 2C. (E) Analysis of protein half-life. The wild-type
and mutant yeast cells were grown up to mid-log phase followed by treatment with
cycloheximide (50 pg/ml) to inhibit the protein translation. The cells were harvested at different
time intervals and subjected to immunoblot analysis. Signals were quantified and represented in
a graph (AU, arbitrary units), n = 3 per group; £ SE error bars.

distinct role in recruiting Tim21 to the TIM23
complex (Figure 4C). However, the associa-
tion of Tim23 with core subunits Tim17,
Tim50, and import motor components
Tim44, Pam18, and Pam16 remained unal-
tered in TM2 mutant (Figure 4C). At the
same time, the specificity of Co-IP was con-
firmed by immunodecoration against
Tom70 and Tim9 (Figure 4C) To further vali-
date the above findings, we analyzed the
copurification of translocase components
with Tim21ya. In agreement with the above
findings, the association of Mgr2 with Tim21
was significantly impaired, which consecu-
tively leads to the defective bridging of re-
spiratory complexes with the TIM23 com-
plex (Figure 4D). However, the respiratory
complex components CoxIV and CytC1
were purified to a similar extent with Tim21
in wild type and TM2 mutant (Figure 4D). As
expected, Co-IP with Tim214 failed to pu-
rify Tim44, Pam18, Pam16, Tom70, and
Tim9 (Figure 4D). In summary, the TM2 re-
gion of Mgr2 is required for Tim21 binding
and thus assists in the assembly of the
TIM2359RT complex and the efficient tether-
ing of respiratory complexes, thereby ren-
dering protein import through the TIM23
complex less vulnerable for subtle changes
in the inner membrane potential.

Mutation in TM regions of Mgr2
impairs lateral sorting of preproteins
Mgr2 acts as a quality control check for
proper biogenesis of membrane proteins by
delaying their lateral release into the inner
membrane (leva et al., 2014). Therefore, to
elucidate the role of Mgr2 TM regions in lat-
eral sorting, we performed in vitro import
analysis. For the import, we utilized the puri-
fied precursor protein Cyb2(167)-dihydrofo-
late reductase (DHFR), which comprises the
mouse DHFR fused to the N-terminal 167
amino acids of cytochrome b2 with an inner
membrane-sorting signal and thus localizes
to the inner membrane (Geissler et al., 2000;
Pareek et al., 2013). Mitochondria isolated
from mgr2 mutants incubated with saturating
amounts of Cyb2(167)-DHFR and the import
kinetics were monitored by immunoblotting
using specific antibodies against DHFR. Strik-
ingly, mgr2 mutants from both TM regions
showed a severe defect in the lateral sorting
of preprotein into the inner membrane com-
pared with wild type (Figure 5, A-D). Mgr2
selectively controls the lateral release of the
preproteins from the TIM23 complex into the
inner membrane by binding to the sorting
signal of transiting preprotein, and defective
binding leads to the missorting of preprotein
into the matrix. However, import into the

Volume 31 May 15, 2020 Mgr2 role in the TIM23 complex assembly | 1117



P INPUT P INPUT
aTim23,, 10% aTim21,,, 10%
I I I —

] ] L 3 ]
E§ 58 oa) £8 & § koo

aTim23 | == == % Tim2l —— e 5

-10 -10
aMgr2 .. —— aMgr2 e o -

aTim21 - -—- 9 aTim23 e I 2

. -20
aTim17 . 15 aTim17 e - -

aTim50 e e — onw - 50 aTim50 e - —— - 50

aCoxlV e» . - 2 aCoxlV | e ——— 2

ooyict R ° ocvc'  °

] -50 ’

aTim4d e v aTim44 —— %0

aPam18 .; — -—:— -20 aPam18 - 2

aPam16 o e = . oPami6 —— 15

aTom70 P aTom70 - 75

aTim9 - o= -10 aTim9 - -10

Hl WT []G26Lgpp Bl WT []G26Lgpp
100 100
80 80
% 60 % 60
® 40 = 40
20 20
0 © N T NS = 0

E2EE (S B EEER

[ F F o O E = £ £ 8 g«

C D
P INPUT IP INPUT
aTim23,, 10% aTim21,,  10%
- - - -
: & : &
=R S
£8 £ 8 oa E8 £ 8§ woa
aTim23 _— aaas 25 aTim21 = — - 20
-10 -10
aMgr2 e - i aMgr2 e - ——
" -25
aTim21 o - 5 aTim23 == — —

-20
aTim17 e e —_—— 15 aTim17 e ~ e —
aTim50 . o e - 50 aTim50 == - - 50

-20 -20
aCoxlV e -- [— QCOXIV == = —_——
-15 -15
OCYtC1 == — ACYC! e e —m =
-50 -50
aTimag — = === aTim44 _——
- 20 -20
aPam18 = &= - - aPam18 -
aPam16 === - e 45 aPam16 BEE— 15
aTom70 - 75 aTom70 —_— T8
aTim9 - -10 aTim9 —— 10
El WT [ G57L/A6IL Hl wT [ G57L/A6IL
100 100
80 80
[ o
3 6o 3 60
2 40 < 40
20 20
0 0
I ¥ & =23 T Y 8 > =
E2EEZE S g2 %8
= F F O ©O = - o O

Both TM regions of Mgr2 are critical for the assembly of TIM235°RT complex. (A-D) Analysis of TIM23
complex assembly. Mitochondria from the wild-type and mgr2 TM mutants were lysed with 1% digitonin buffer and
subjected to Co-IP using anti-HA antibodies. Samples were divided into two identical sets, separated on Tricine-SDS-
gels, followed by immunodecoration with specific antibodies to detect different components of TIM23 complex and
respiratory complexes; 10% of the total sample served as a loading control (input). Tom70 and Tim9 were used as
negative controls. Signals for immunoprecipitated proteins (Tim23, Mgr2, Tim21, Tim17, CoxlV, and CytC1) were

quantified by ImageJ software. (n = 3 per group; + SE error bars).

matrix remains active despite the absence of Mgr2 (leva et al., 2014).
Similarly, a mutation in either of the TM regions of Mgr2 might have
affected its ability to recognize and bind with the sorting signal of in-
ner membrane-sorted preprotein in the TIM23 complex leading to
impaired lateral sorting (Figure 5, A-D). At the same time, the dele-
tion of Tim21 was shown to have no defect in the lateral sorting of
preproteins (Chacinska et al., 2005). We speculate that the impair-
ment in the lateral sorting observed in mgr2 TM2 mutant, which is
defective solely in Tim21 recruitment, could be attributable to struc-
tural rearrangements in the TIM23-channel due to the presence of
Mgr2 mutant. Additionally, to examine the role of Mgr2 TM regions in
preprotein import into the matrix, we measured the import kinetics
using Cyb2(167)A19-DHFR (localizes to the matrix) in mgr2 mutants.
Interestingly, preprotein import into the matrix compartment in mgr2
TM mutants was not significantly impaired compared with wild type
(Supplemental Figure S3, B-E), indicating that association of MOTOR
components with the TIM23 complex is sufficient to promote prepro-
tein import into the matrix compartment in mgr2 mutants as com-
pared with the complete loss of Mgr2, which was shown to affect
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matrix import (Gebert et al., 2012). Nevertheless, together, these re-
sults indicate that defective association of Mgr2 with Tim23 or the
presence of mutant Mgr2 at the TIM23 channel impairs lateral sorting
of preproteins into the inner membrane of mitochondria.

Loss of mgr2 causes aberrations in Mgm1 import leading to frag-
mentation of the mitochondrial network (leva et al., 2014). Similarly,
in humans, ROMO1 knockdown results in mitochondrial fragmenta-
tion due to defective processing of OPAT (Mgm1 orthologue) (Nor-
ton et al., 2014; Swarnabala et al., 2014; Richter et al., 2019). Since
Ts mutants of mgr2 exhibit impairment in the preprotein import into
the inner membrane, we checked the mitochondrial morphology by
fluorescence imaging using MTS-mCherry labeling. Interestingly,
both mutants showed mitochondrial fragmentation similar to mgr2A
cells as compared with reticular mitochondrial network structures
observed for the wild type (Figure 5E). In summary, these results in-
dicate that the TM regions of Mgr2 play a critical role in the proper
biogenesis of the inner membrane proteins, which includes several
fusion—fission-associated proteins and thus regulate the structural
dynamics of mitochondria.

Molecular Biology of the Cell
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FIGURE 5: Mgr2 TM regions regulate inner membrane sorting and mitochondrial structures. (A-D) In vitro import
kinetic analysis. Purified cytb2 (1-167)-DHFR imported into mitochondria were isolated from yeast cells grown at 37°C,
followed by PK treatment where indicated. The samples were subsequently analyzed by immunoblotting using an
anti-DHFR antibody; p, precursor; i, intermediate; m, mature. The signals were quantified using ImageJ software and
represented in the graph after normalizing precursor imported in the wild type at 15 min as 100% import (n = 3 per
group; * SE error bars). (E) Analysis of mitochondrial morphology. Wild-type and mgr2 mutant strains were
transformed with MTS-mCherry construct and grown to mid-log phase at 30°C. The samples collected after inducing
Ts phenotype and images captured using a Delta Vision Elite fluorescence microscope. Scale bars, 5 pm (n = 20 cells
per yeast strain). (F) A schematic representation highlighting the role of Mgr2 TM regions. (A) Mgr2 directly associates
with channel-forming protein Tim2 and thereby aids in the assembly of the TIM235°RT complex. (B) TM1 region of Mgr2
is critically required for its recruitment to the TIM23 complex. Additionally, the TM1 region also mediates interaction
with Tim21. (C) TM2 region of Mgr2 plays a specific role in coupling respiratory complexes to the TIM23 complex via
Tim21.
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Conclusions

Our current study highlights the role of Mgr2 TM regions in mediat-
ing association with Tim23 and provides supporting evidence for
the previously proposed models of Mgr2 acting at proximity to the
import channel to regulate quality control of preproteins (Figure 5F).
Intriguingly, a mutation in either TM region of Mgr2 resulted in de-
fective import into the inner mitochondrial membrane. Moreover,
our microscopic analysis revealed that mutation in Mgr2 TM regions
leads to altered mitochondrial morphology with significant accumu-
lation of fragmented, mitochondrial structures. Previously, the hu-
man orthologue ROMO1 was found differentially regulated in mul-
tiple tumor types. Besides, functional defects in ROMO1 are also
associated with bone marrow failure, diabetes, and stroke, thereby
highlighting the significance of ROMO1 in the regulation of mito-
chondrial function and health (Chung et al., 2006, 2008, 2012; Shin
etal., 2013; Kim et al., 2014, 2017). Therefore, the current discovery
is an important contribution in bridging a key lacuna in the field in
terms of understanding how Mgr2 regulates the mitochondrial bio-
genesis and overall cellular physiology, thus serving as a basic plat-
form to further investigate the pathophysiology associated with
ROMO1 in humans.

MATERIALS AND METHODS

Yeast strains and plasmid constructions

All the yeast strains used in this study are listed in Supplemental
Table S1. Briefly, the haploid mgr2A strain is generated by disrupt-
ing the MGR2 gene under W303 yeast background using homolo-
gous recombination with hphNT1 cassette, consisting of short flank-
ing regions homologous to MGR2 loci. For mutagenic analysis, the
MGR2 gene from positions ~500 to +500 was PCR amplified using
genomic DNA as a templet and cloned into a pRS314 vector. This
plasmid was used as a template for further genetic manipulations.
The required point mutants of mgr2 were generated by performing
site-directed mutagenesis with high-fidelity Pfu-Turbo polymerase
(Stratagene) using appropriate primers. The mutant mgr2 plasmids
were transformed into mgr2A strain and the growth phenotype was
monitored by spotting them on auxotrophic synthetic-defined me-
dium lacking the respective selection marker and incubation at dif-
ferent temperatures. All tim23 strains used in this study were previ-
ously generated (Pareek et al., 2013).

Mitochondrial isolation

Isolation of mitochondria was performed similarly to previously pub-
lished protocols (Meisinger et al., 2006; Pareek et al., 2013; Schen-
dzielorz et al., 2018). Wild-type and mutant yeast cells were grown
in YPG medium at 30°C (if not indicated otherwise) until optical den-
sity reached 2. The cells were harvested and treated with 10mM
DTT in buffer containing 100mM Tris-H,SO4 (pH 9.4) for 30 min at
30°C. After washing twice, the cells were incubated in zymolyase
buffer (20mM KPOy, pH 7.4, 1.2M sorbitol, and 0.57 mg/l zymoly-
ase) for 1 h at 30°C for cell wall lysis. The resulting spheroplasts were
homogenized in ice-cold homogenization buffer (600mM sorbitol,
10mM Tris-HCl, pH 7.4, 19/l BSA, 1TmM phenylmethylsulfonyl fluo-
ride [PMSF], and 1mM EDTA) followed by a combination of differen-
tial centrifugation steps to obtain the pure mitochondrial fraction.
Isolated mitochondria were resuspended in SEM buffer (10 mM
MOPS-KOH, pH 7.2, 250 mM sucrose, 1 mM EDTA), frozen in liquid
nitrogen, and stored at —80°C.

Co-IP
The mitochondria from wild-type and mutant mgr2 strains express-
ing HA-tagged Tim23 or Tim21 were isolated from cells grown at
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37°C. The Co-IP was performed by lysing mitochondria in the buffer
(50 mM Tris-HCI, pH 7.4, 10% glycerol, 80 mM KCl, 5 mM EDTA,
and 1 mM PMSF) containing 1% digitonin for 45 min at 4°C. The
lysates were subjected to centrifugation and the resulting superna-
tant was incubated with anti-HA-bound protein G-Sepharose beads
for 1 h at 4°C. Subsequently, the beads were washed with the same
lysis buffer, and the samples were separated on Tricine-SDS-PAGE
followed by immunoblotting using specific antibodies. In the case of
tim23 mutants, Co-IP was performed using affinity-purified Tim23
antibodies coupled to protein A-sepharose beads by dimethyl
pimelimidate cross-linker.

Import kinetics analysis

Purified precursor proteins Cyb2(1-167)-DHFR and Cyb2(1-167)A19-
DHFR were used to perform in vitro import kinetics as reported pre-
viously (Geissler et al., 2000; Pareek et al., 2013; Matta et al., 2017).
Isolated mitochondria were incubated with precursor proteins in
import buffer (250 mM sucrose, 10 MM MOPS/KOH pH 7.2, 80 mM
KCl, 2 mM KH,PO,, 5 mM dithiothreitol,5 mM MgCly, 3% fatty acid-
free BSA, 2 mM ATP, and 2 mM NADH) at 25°C for 5, 10, or 15 min.
The import reaction was stopped by dissipating mitochondrial
membrane potential using 1 uM valinomycin (Sigma). Samples were
treated with 0.1 mg/ml proteinase K (PK) to remove nonimported
precursor proteins for 20 min on ice, followed by T mM PMSF (US
Biological) treatment to inactivate PK. Resulting samples were
washed twice with SEM buffer (250 mM sucrose, 20 mM MOPS, pH
7.2,and 1 mM EDTA) and separated on SDS-PAGE, and immunob-
lotting was performed to detect the import of preproteins.

Protein expression and purification

GST-tagged Mgr2 purification. The DNA sequence corresponding
to mature Mgr2 protein (devoid of C-terminal targeting sequence)
was cloned into the pGEX-KG vector and expressed in an Escherichia
coli (BL21) strain. The cells were allowed to grow at 25°C until the
mid-log phase, followed by 8 h induction using 1 mM IPTG (isopropy!
1-thio-B-p-galactopyranoside). The cells were harvested and the
lysate was prepared by treating with 0.2 mg/ml lysozyme at 4°C for
1 h in buffer A (50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM
dithiothreitol, 0.5 mM EDTA, 1 mM PMSF, and 10% glycerol). The
lysate was further incubated with 0.2% deoxycholate, followed by
DNase | (10 pg/ml) treatment for 15 min at 4°C. Subsequently, the
supernatant was collected by centrifugation at 22,000 x g for 45 min
at 4°C, followed by incubation with pre-equilibrated GST-sepharose
beads for 2 h at 4°C. Beads were washed with buffer B (Buffer A +
0.2% Triton X-100) multiple times to eliminate any residual
contamination. Finally, the protein-bound beads were resuspended
in buffer containing 50 mM Tris-Cl, pH 7.5, and 100 mM NaCl and
stored at 4°C.

Purification of Tim23 protein. Purification of Tim23 was performed
according to a previously published method (Pareek et al., 2013).
Briefly, the TIM23 ORF was PCR amplified and cloned into a pRSF-
Duet-1 expression vector. This construct was transformed into E. coli
(RIL) cells and grown until the mid-log phase at 37°C; 1 mM IPTG
was added to the culture for protein induction and incubated for 5 h
at 37°C. Harvested cells were lysed in lysis buffer (20 mM Na-phos-
phate, pH 7.5, 20 mM Imidazole, 100 mM NaCl, 10% glycerol, and
1 mM PMSF); 0.2 mg/ml lysozyme were added and incubated at 4°C
for 45 min with constant mixing. The lysates were subjected to gen-
tle treatment with 0.2% deoxycholate, followed by DNase | (10 pg/
ml) for 15 min at 4°C. Pellet and supernatant fractions were sepa-
rated by centrifugation at 22,000 x g. Tim23 protein was recovered
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from the reconstitution of inclusion bodies before being subjected
to purification using Ni-NTA chromatography.

GST pull-down analysis

In vitro pull-down assay. Mgr2-GST protein was immobilized on
beads equilibrated with buffer A (50 mM Tris-Cl, pH 7.5, 100 mM
NaCl, 0.1% Triton X-100, 10% glycerol) followed by blocking the
beads with 0.2% BSA for 30 min. Excess BSA was removed by
washing the beads with buffer A (three times). Subsequently, beads
were resuspended in buffer A and incubated with an increasing
concentration of Tim23 protein for 2 h at 4°C. Finally, the beads
were washed with buffer A three times to eliminate nonspecific
binding. The samples were prepared and resolved on SDS-PAGE,
followed by immunoblotting using specific antibodies.

In vivo pull-down assay. Isolated mitochondria were solubilized in
buffer B (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 2 mM
PMSF, 0.1% Triton X-100, 10% glycerol) and the lysates were sub-
jected to centrifugation at 22,000 x g at 4°C for 15 min. The supen-
intant lysates were incubated with GST- Mgr2 protein for 2 h fol-
lowed by pull down using anti-GST or anti-HA (Tim21,) antibodies.
After washing the protein-bound beads with buffer B (three times),
samples were eluted and separated on Tricine-SDS-PAGE followed
by immunoblotting using specific antibodies.

Analysis of mitochondrial morphology

Visualization of mitochondrial morphology was performed as per
previously published protocols (Matta et al., 2017). Briefly, wild-
type and mutant yeast cells were transformed with a pRS415 vector
containing the presequence of subunit 9 followed by an mCherry
fluorescent protein, which allows it to translocate and decorate the
mitochondria. The cells were harvested after growing until the mid-
log phase and washed with 1x phosphate-buffered saline. Subse-
quently, cells were mounted on agarose pads with Antifade (Invitro-
gen), and a Delta Vision Elite fluorescence microscope (GE
Healthcare) with a 100x objective lens was used to acquire images.
Images were deconvolved and analyzed using SoftWoRx 6.1.3.
Software.

Statistical analyses

Error bars represent standard errors (£ SE) derived from three inde-
pendent experiments. Significance was tested by one-way analysis
of variance and Dunnett’s multiple-comparison posttest; p < 0.05
was considered significant. The intensity of individual bands was
quantified by densitometry using ImageJ software.

Miscellaneous

Tricine polyacrylamide gels were prepared as reported earlier for
the resolution of proteins below 15 kDa (Schagger, 2006; Richter
et al., 2019). The antisera used for yeast-specific Mgr2 was a kind
gift from Nikolaus Pfanner (Universitat Freiburg, Germany) (leva
et al., 2014). The antisera used for immunodecoration against yeast-
specific proteins such as Tim23, Tim17, Tim50, Tim44, Tim9, GST,
Pam18, and Pam16 was raised in rabbits, as reported earlier
(Pareek et al., 2013; Matta et al., 2017). Chemicals used in the study
were obtained from Sigma-Aldrich if not specified. All immunoblot
analyses were performed using an enhanced chemiluminescence
system (PerkinElmer) according to the manufacturer's instructions.
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