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In eukaryotic cells, organelles are distributed and positioned
in proximity to each other through molecular tether proteins.
Among these, the mitochondria-endoplasmic reticulum
cortex anchor (MECA) is a well-known tethering complex
in Saccharomyces cerevisiae that tethers mitochondria to
the plasma membrane and plays a key role in mitochondrial
fission. The main components of MECA are Num1 and
Mdm36, and it is known that Mdm36 binds to Num1 to
enhance mitochondrial tethering. To better understand
the biochemical characteristics of the Num1-Mdm36
complex at the molecular level, we purified the coiled-
coil domain of Num1, full-length Mdm36, and Num1-
Mdm36 complex and identified the oligomeric state and
stoichiometric characteristics of the Num1-Mdm36 complex
by chemical crosslinking, size-exclusion chromatography
coupled with multi-angle light scattering, and isothermal
titration calorimetry. Mdm36 exists as a dimer and interacts
preferentially with Num1 with a stoichiometry of 2:2, forming
a heterotetrameric complex. Furthermore, we narrowed
down the specific binding region of Num1, which is essential
for interacting with Mdm36, and showed that their binding
affinity is strong enough to tether both mitochondrial and
plasma membranes. Our biochemical characterizations
suggest a stoichiometric model of the Num1-Mdm36
complex at the mitochondria-plasma membrane contact site
in budding yeast.
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INTRODUCTION

Although eukaryotic subcellular organelles are compartment-
ed, they continuously communicate with each other across
membranes through various mechanisms, such as diffusion or
active transport, and vesicular trafficking (Prinz et al., 2020).
In addition, one of the ubiquitous and widespread communi-
cation strategies between organelles is through close contact
(Shai et al., 2018; Valm et al., 2017). These contact regions
between heterologous membranes are defined as membrane
contact sites (MCSs) (Eisenberg-Bord et al., 2016; Helle et al.,
2013). These MCSs enable inter-organelle communication by
distributing and positioning organelles in proximity through
molecular tether proteins.

There are various MCSs in cells and each has distinct
functions (Helle et al., 2013). For example, the endoplasmic
reticulum (ER)-mitochondria MCS (de Brito and Scorrano,
2008; Rizzuto et al., 1998) is crucial for the exchange of
calcium ions (Rizzuto et al., 1998), transfer of phospholipids
in a non-vesicular manner, and reactive oxygen species sig-
naling (Booth et al., 2016; Hayashi et al., 2009; Naon and
Scorrano, 2014). The ER-plasma membrane MCS is related
to autophagosome biogenesis (Nascimbeni et al., 2017)
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and the mitochondria-Golgi MCS to apoptosis (Ouasti et
al., 2007). There are many more combinations of organelles
forming MCSs that were recently discovered, such as mito-
chondria-dark-vacuole bodies (Dong et al., 2020), peroxi-
some-plasma membranes, and lipid droplet-vacuoles (Huang
etal., 2020; Kakimoto et al., 2018).

Plasma membrane-mitochondrial MCS and their associated
tethering proteins have been better studied in yeast. The mi-
tochondria-ER cortex anchor (MECA) is one of the tethers in-
volved in proper mitochondrial positioning along with Mmr1
and Mfb1 (Kraft and Lackner, 2018). Unlike Mmr1, which
is proposed to anchor mitochondria at the bud tip (Chen et
al., 2018), MECA tethers mitochondria to the plasma mem-
brane in the mother cell, which is important for mitochon-
drial fission and partitioning (Lackner et al., 2013). The two
main components of MECA in budding yeast are Num1 and
Mdm36. Num1 is a 313 kDa protein that was first identified
through its function in nuclear migration (Kormanec et al.,
1991). It contains an N-terminal coiled-coil domain and C-ter-
minal pleckstrin homology (PH) domain, and each domain
is associated with an interaction with the mitochondria and
plasma membrane, respectively, with different lipid-binding
specificities (Ping et al., 2016). An asymmetric mitochondrial
distribution towards the bud was observed in mutants lack-
ing Num1, suggesting that Num1 plays a role in retaining
mitochondria in the mother cell (Cerveny et al., 2007).

Moreover, it is known that Mdm36, which is peripherally
bound to the mitochondrial surface and acts as a fission pro-
moter (Hammermeister et al., 2010; Westermann, 2015),
interacts with Num1 and facilitates proper localization of
Num1 in mitochondria (Lackner et al., 2013). This is sup-
ported by the result that the loss of mitochondrial cell cortex
attachment in Mdm36 deletion mutants resulted in mito-
chondrial fission defects (Hammermeister et al., 2010). Fur-
thermore, a yeast mutant with deletions in both Num1 and
Mdm36 resulted in a strong reduction in the mitochondrial
fission machinery (Cerveny et al., 2007, Hammermeister et
al., 2010; Lackner et al., 2013). Taken together, both Num1
and Mdm36 are required for proper mitochondrial tethering
to the plasma membrane in budding yeast. However, the
structural and biochemical details, such as stoichiometry and
binding affinity between Num1 and Mdm36 remain elusive.
These details are essential for a better understanding of the
molecular mechanism of tethering in mitochondrial fission.

In this study, we purified the coiled-coil domain of Num1
(hereafter referred to as Num1CC), full-length Mdm36, and
the Num1CC-Mdm36 complex, and identified the oligomer-
ic state and stoichiometric characteristics of the Num1CC-
Mdm36 complex by performing experiments, such as chem-
ical crosslinking, size-exclusion chromatography coupled
with multi-angle light scattering (SEC-MALS), and isothermal
titration calorimetry (ITC). Mdm36 exists as a dimer and in-
teracts preferentially with Num1CC with a stoichiometry of
2:2, forming a heterotetrameric complex. Furthermore, we
narrowed down the specific binding region of Num1CC re-
quired for interaction with Mdm36. Based on our results, we
suggest a more comprehensive architecture of the Num1-
Mdm36 complex at the mitochondria-plasma MCS.
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MATERIALS AND METHODS

Cloning, expression, and purification of Num1 and
Mdm36

The DNA of the coiled-coil domain of Num1 comprising res-
idues 97-294 and full-length Mdm36 comprising residues
1-579 were polymerase chain reaction-amplified from cDNA
of Saccharomyces cerevisiae and separately subcloned into
pGST2 vectors in frame with an N-terminal GST tag and TEV
protease recognition site. Num1CC was expressed and pu-
rified as follows: Num1CC was expressed in Escherichia coli
Rosetta Il pLysS (Invitrogen, USA). Cells were grown in LB
broth supplemented with 100 ug/ml ampicillin and 35 pg/
ml chloramphenicol at 37°C, induced with 0.5 mM isopropyl-
p-D-1-thiogalactopyranoside (IPTG) when the optical density
at 600 nm (ODgy,) reached 0.6-1.0, and further incubated
at 18°C for 16 h. Cells were harvested and stored at -80°C
until use. Cells were resuspended in ice-cold lysis buffer (20
mM Tris-HCl pH 8.0, and 200 mM NaCl) supplemented with
1 mM phenylmethylsulphonyl fluoride (PMSF). Cells were
disrupted with a microfluidizer (Microfluidics, USA) and cen-
trifuged at 20,0009 at 4°C for 30 min to remove cell debris.
The supernatant was applied to Glutathione Sepharose 4
B resin (Cytiva, USA) pre-equilibrated with lysis buffer. The
resin was washed with 20 column volumes of lysis buffer,
and Num1CC was eluted with a solution containing 50 mM
reduced glutathione. The elutes were buffer-exchanged
into buffer A (20 mM Tris-HCl pH 8.0, 50 mM NaCl, and 5
mM B-mercaptoethanol), and the N-terminal GST tag was
cleaved by TEV protease overnight at 4°C. GST-cleaved
Num1CC was further purified by cation-exchange chroma-
tography using a HiTrap SP-HP column (Cytiva). The proteins
were bound to the resin by passing through the column,
and the bound proteins were eluted with gradient buffer A
into buffer B (20 mM Tris-HCl pH 8.0, 1 M NaCl, and 5 mM
B-mercaptoethanol). Final purification was performed by
size-exclusion chromatography on a HiLoad 16/60 Superdex
200 prep-grade column (Cytiva), which was equilibrated with
buffer C (20 mM Tris-HCl pH 8.0, 200 mM NaCl).

Mdm36 was expressed and purified as previously described
for Num1CCs with the following modifications. Mdm36 was
expressed in E. coli Rosetta Il (Invitrogen). Cells were grown
in LB broth supplemented with 100 pg/ml ampicillin and 35
ug/ml chloramphenicol at 37°C, induced with 0.2 mM IPTG
when the ODgqy, reached 0.6-1.0, and further incubated at
18°C for 16 h. Cells were harvested and stored at -80°C until
use. Cells were resuspended in ice-cold lysis buffer supple-
mented with T mM PMSF. Cells were disrupted with a micro-
fluidizer (Microfluidics) and centrifuged at 20,000g at 4°C for
30 min to remove cell debris. The supernatant was applied to
Glutathione Sepharose 4 B (Cytiva) pre-equilibrated with lysis
buffer. The resin was washed with 20 column volumes of lysis
buffer, and Mdm36 was eluted with a buffer containing 15
mM reduced glutathione. The elutes were buffer-exchanged
into buffer A, and the N-terminal GST tag was cleaved by
TEV protease overnight at 4°C. GST-cleaved Mdm36 was
further purified by anion-exchange chromatography using a
HiTrap Q-HP column (Cytiva). The proteins were bound to the
resin by passing through the column, and the bound proteins



were eluted with gradient buffer A into buffer B. Final purifi-
cation was performed by size-exclusion chromatography on
a HiLoad 16/60 Superdex 200 prep-grade column (Cytiva),
which was equilibrated with buffer C. The homogeneity of
the protein in each purification step was assessed by poly-
acrylamide gel electrophoresis in the presence of 0.1% (w/v)
sodium dodecyl sulfate (SDS-PAGE). For truncated Num1CCs
(Num1 [97-195], Num1 [196-294], Num1 [117-195], and
Num1 [97-175]), all expression and purification processes
were identical to those of Num1CC except that no further
purification was performed after GST-affinity chromatogra-
phy and TEV protease cleavage.

Analytical size-exclusion chromatography

Purified Mdm36 and Num1CC proteins were mixed at a mo-
lar ratio of 1:1 and incubated for 1 h at 4°C. After brief cen-
trifugation, 100 pl of the sample was injected into a Super-
dex 200 10/300 GL column (Cytiva) that was pre-equilibrated
with buffer C. A standard curve was obtained using molecu-
lar weight markers (Sigma-Aldrich, USA). The Stokes radii of
p-amylase, alcohol dehydrogenase, carbonic anhydrase, and
cytochrome C were calculated from the crystal structures of
each protein (Protein Data Bank [PDB] codes: 1FA2, 2HCY,
1V9E, and 1HRC, respectively) using the HYDROPRO pro-
gram (data not shown) (Garcia De La Torre et al., 2000).

SEC-MALS

SEC-MALS experiments for Num1CC, Mdm36, and the
Num1CC-Mdm36 complex were performed using an FPLC
system (AKTA Pure; Cytiva) connected to a Wyatt MiniDAWN
TREOS MALS instrument and a Wyatt Optilab rEX differential
refractometer. A Superdex 200 10/300 GL (Cytiva) size-ex-
clusion chromatography column pre-equilibrated with buffer
C, was normalized using ovalbumin. Proteins were injected
at a flow rate of 0.4 ml/min. Data were analyzed using the
Zimm model for static light-scattering data fitting and graphs
were constructed using the EASI graph with a UV peak in the
ASTRA VI software (Wyatt, USA).

Isothermal titration calorimetry

ITC experiments were performed using Affinity ITC instru-
ments (TA Instruments, USA) at 298 K. A 100 uM sample of
Mdm36 was prepared in buffer C. Buffer and water used in
this experiment were degassed at 295 K in advance. Using a
micro-syringe, 2.5 pl of 1.5 MM Num1CC was added at in-
tervals of 200 s to the Mdm36 proteins in the cell with gentle
stirring.

Chemical crosslinking

The oligomeric states of Num1CC, Mdm36, and their com-
plexes were assessed by chemical cross-linking using an
amine-group-specific crosslinker, BS3 (Sulfo-DSS; Thermo
Fisher Scientific, USA), according to the manufacturer’s pro-
tocol. In brief, purified Num1CC and Mdm36 proteins were
buffer-exchanged from buffer C to a buffer consisting of 20
mM HEPES, at pH 7.5, and 200 mM NaCl to remove Tris-base
in the solution, which may interfere with the crosslinking
reaction. BS3 was first dissolved in water to a concentra-
tion of 50 mM and further diluted to 5 mM with buffer C.
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Protein samples (10 uM) were mixed with 500 uM BS3 and
incubated at room temperature for 30 min. The reactions
were quenched by adding 1.5 M Tris-HCl, pH 7.5, to a final
concentration of 50 mM, and the reactants were analyzed by
SDS-PAGE after brief centrifugation at 20,000g for 10 min to
remove aggregation.

RESULTS AND DISCUSSION

In vitro assembly of the Num1-Mdm36 complex

To confirm the interaction between Num1 and Mdm36, we
expressed the coiled-coil domain of Num1 (amino acids 97-
294; hereafter Num1CC) and Mdm36 (amino acids 1-579)
in E. coli and purified both proteins separately. Both proteins
were fused with the N-terminal GST tag, which was used for
GST-affinity purification. After TEV protease addition for GST
cleavage and GST removal by ion-exchange chromatography,
both proteins were further purified by size-exclusion chroma-
tography (Figs. 1A and 1B). Moreover, the purified Num1CC
and Mdm36 samples were analyzed by size-exclusion chro-
matography coupled with multiangle light scattering (SEC-
MALS) to measure their molecular weights in solution. The
results revealed that both proteins exist as dimers, which
are consistent with previous studies (Ping et al., 2016; Tang
et al, 2012) (Fig. 10). Next, we performed chemical cross-
linking using the BS3 crosslinker in the Num1CC, Mdm?36,
and Num1CC-Mdm36 mixtures. The BS3 crosslinking results
showed that Num1CC and Mdm36 exist as dimers, but
they also directly interact with each other and form a stable
protein complex (Fig. 1D). Interestingly, the newly formed
Num1CC-Mdm36 complex band after crosslinking had a
higher molecular weight than that of the Mdm36 dimer,
which suggests that the dimer form of Mdm36 participates
in the direct interaction with Num1CC (Fig. 1D).

Biochemical characterization of the Num1-Mdm36 com-
plex

To identify the oligomeric property of the Num1CC-Mdm36
complex in solution, we purified the Num1CC-Mdm36 com-
plex. Purified Num1CC and Mdm36 proteins were mixed,
and fractions comprising the Num1CC-Mdm36 complex
were pooled after size-exclusion chromatography (Fig. 2A).
Next, we performed SEC-MALS with the purified Num1CC-
Mdm36 complex. The SEC-MALS experiment showed that
the molecular weight of the Num1CC-Mdm36 complex is
173.8 kDa, which corresponds to the sum of the molecular
weight of dimeric Num1CC and dimeric Mdm36. This indi-
cated that the Num1CC-Mdm36 complex exists as a hetero-
tetramer in solution, considering the molecular weight of
monomeric Num1CC (24 kDa) and monomeric Mdm36 (67
kDa) (Fig. 2B).

To investigate the binding affinity of Num1CC for Mdm36
and the exact stoichiometry of the Num1CC-Mdm36 com-
plex, we performed ITC. ITC experiments showed that the
complex formation reaction was endothermic, and the dis-
sociation constant value (Kp) between Num1CC and Mdm36
was 121 nM (Fig. 2C). The binding affinity between Num1CC
and Mdm36 is very similar to other tethering factors, and the
affinity might be strong enough not to be fallen apart during
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Fig. 1. Purification, SEC-MALS and chemical crosslinking of
Num1CC and Mdm36. (A and B) Purification of Num1CC
and Mdm36 by size-exclusion chromatography using a HiLoad
16/60 Superdex 200 prep-grade column. Abs, absorbance. (C)
SEC-MALS profiles of Num1CC (left) and Mdm36 (right). The
thick lines represent measured molecular masses. (D) Chemical
crosslinking of Num1CC, Mdm36, and the Num1CC-Mdm36
mixture. Ten micromolar of each protein sample or mixture
was mixed with BS3 at a working concentration of 500 uM and
incubated at room temperature for 30 min. The reactions were
quenched with 1.5 M Tris-HCI, pH 7.5.

mitochondrial fission. It should be noted that the binding
affinity of the multisubunit tethering complex Dsl1 and solu-
ble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor was similar to that of the Num1CC-Mdm36 complex
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Fig. 2. Biochemical analysis of the oligomeric state,
stoichiometry, and binding affinity of the Num1CC-Mdm36
complex. (A) Purification of the Num1CC-Mdm36 complex by
size-exclusion chromatography using a Superdex 200 10/300
GL column. Co-elution of Num1CC and Mdm36 was observed.
The blue line corresponds to the Num1CC-Mdm36 complex,
while the orange line corresponds to Num1CC, and the gray line
to Mdm36. Abs, absorbance. (B) Molecular weight estimation
of the Num1CC-Mdm36 complex by SEC-MALS. The thick
line represents measured molecular mass. The experimental
molecular weight 173.8 kDa corresponds to the combination
of two Num1CC and two Mdm36 molecules. (C) ITC analysis
of Num1CC into Mdm36 solution. Mdm36 was titrated against
Num1CC.

(Travis et al., 2020). Furthermore, the ITC experiment also
indicated that the stoichiometry of Num1CC and Mdm36
was 1:1, which was consistent with the results previously an-
ticipated by the SEC-MALS experiment (Fig. 2C).

Hydrodynamic analysis of the Num1-Mdm36 complex
Based on size-exclusion chromatography profiles of both
Num1CC and Mdm36 (Fig. 1), we estimated the hydrody-
namic radii of Num1CC and Mdm36. Consistent with other
coiled-coil domains, Num1CC showed an unusually large
hydrodynamic radius of 51.8 A despite its relatively small
dimeric molecular weight of 48 kDa. g-Amylase, which was
used for the calibration of the gel-filtration column, has a
molecular weight of 200 kDa and a hydrodynamic radius of
53.5 A. Meanwhile, the hydrodynamic radius of Mdm36 was
predicted as 45.7 A, which indicates that the Mdm36 dimer
(134 kDa) may exist in a globular conformation, considering
that the molecular weight and hydrodynamic radius of alco-
hol dehydrogenase are 150 kDa and 45.4 A, respectively.

In the case of the Num1CC-Mdm36 complex, the hydro-
dynamic radii of Num1CC-Mdm36 could increase by a very



small extent if globular Mdm36 interacted with the middle
part of Num1CC, resulting in a globular complex. However,
the predicted hydrodynamic radius of the Num1CC-Mdm36
complex was 66.8 A, which is larger than that expected.
Therefore, we postulated that Mdm36 may bind to the edge
of Num1CC, thereby generating an asymmetrical complex.

Precise domain mapping of the interaction between
Num1 and Mdm36

Based on the predicted hydrodynamic radii of Num1CC,
Mdm36, and the Num1CC-Mdm36 complex, we reasoned
that not all 198 amino acids comprising putative extended
Num1CC may participate in the interaction with Mdm36.
Thus, we attempted to further narrow down the binding
domain of Num1CC. First, we roughly divided Num1CC
(residues 97-294) to make two truncated Num1CC proteins:
the N-terminal half of Num1CC (hereafter Num1 [97-195])
and the C-terminal half of Num1CC (hereafter Num1 [196-
294]) (Fig. 3A). We fused GST at the N-terminus of Num1
(97-195) and Num1 (196-294), expressed both proteins in
E. coli, and purified them by GST-affinity chromatography.
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Next, the GST tag was cleaved by TEV protease to prepare
the dimeric forms of truncated Num1CCs. To enable complex
formation, Mdm36 was added to both truncated Num1CCs,
and analytical size-exclusion chromatography was performed
to identify the direct interaction between Mdm36 and trun-
cated Num1CCs. As a result, a new peak was observed with
a clear peak shift in elution volume when Mdm36 was mixed
with Num1 (97-195), whereas almost exact ly superimposed
peaks were observed in the case of Num1 (196-294), indicat-
ing that the N-terminus of Num1CC is important for Mdm36
binding (Figs. 3B and 30).

Next, we truncated 20 amino acids at the N- or C-terminus
of Num1 (97-195) for precise mapping, thereby generating
the following constructs: Num1 (117-195) and Num1 (97-
175) (Fig. 3A). Then, we performed analytical size-exclusion
chromatography, as described. Interestingly, Num1 (97-
175), but not Num1 (117-195), bound to Mdm?36, although
the difference was only 20 amino acids (Figs. 3D and 3E).
Considering that Mdm36 is peripherally bound to the mito-
chondrial surface (Hammermeister et al., 2010), it would be
more favorable for Mdm36 to bind to the N-terminal part
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Fig. 3. Analytical size-exclusion chromatography profiles of various Num1CC-Mdm36 complexes. (A) Schematic domain architecture
of Num1 (top; the coiled-coil domain is highlighted in orange in the red box), and truncated Num1CC constructs used in this study (bottom;
constructs are depicted with magnification). CC, coiled-coil; EF, EF hand-like domain; PH, pleckstrin homology domain. (B-E) Analytical
size-exclusion chromatograms and SDS-PAGE analyses of the complex formation between Mdm36 and truncated Num1CC proteins.
Superdex 200 10/300 GL column (Cytiva) was used for analytical size-exclusion chromatography. Orange chromatograms correspond to
Num1CC constructs, gray to Mdm36, and blue to various Num1CC-Mdm36 mixtures, respectively. Abs, absorbance.
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Mitochondrial Num1

fission

EF hand

Coiled-coil 64-aa repeats PH

Outer mitochondrial Plasma membrane

membrane

Fig. 4. Model of the Num1-Mdm36 complex in mitochondrial
fission. The Num1-Mdm36 complex acts as a mitochondria-
plasma membrane anchor (left). Detailed architecture of the
Num1-Mdm36 complex is depicted (right).

of Num1CC rather than to the C-terminal part. In this way,
Mdm36 can maintain proximity to the mitochondria by bind-
ing to the N-terminus of Num1CC, which is thought to be
closer to the mitochondria.

Overall model

Based on our results, we propose a revised binding model
of the Num1-Mdm36 complex at the mitochondria-plasma
MCS (Fig. 4). It is known that Num1 undergoes dimerization
through the coiled-coil domain, although it cannot be ruled
out that other domains may contribute to the dimerization
of Num1 (Tang et al., 2012). Num1 has two domains at the
N- and C-termini: the coiled-coil domain and the PH domain.
Both domains have different lipid binding specificities (Ping
et al., 2016), and the cardiolipin-specific coiled-coil domain
interacts with mitochondria, whereas the Pl,sP,-specific PH
domain interacts with the plasma membrane. Thus, it is likely
that the overall length of Num1 might be close to that of the
intermembrane gap of the mitochondria and plasma mem-
brane. Mdm36 also exists as a dimer, and it interacts prefer-
entially with the N-terminal half of Num1CC with a stoichi-
ometry of 2:2, forming a heterotetramer. In particular, the
first 20 amino acids in Num1CC were important for binding
in our experiment. Considering that dimeric Num1 stretches
between the mitochondria and plasma membrane, dimeric
Mdm36 binds to the proximal mitochondrial membrane, as
well as to the N-terminal edge of Num1CC. Taken together,
although additional structural studies are needed to fully
understand the molecular architecture of the Num1-Mdm36
complex, we expect that our biochemical characterization
and stoichiometric model of the Num1-Mdm36 complex can
serve as a foundation for further investigation to understand
the molecular mechanism of mitochondria-plasma mem-
brane tethering in budding yeast.
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