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ABSTRACT

The correct organization of mitochondrial DNA (mtDNA) in nucleoids and the contacts of mitochondria with the
ER play an important role in maintaining the mitochondrial genome distribution within the cell. Mitochondria-
associated ER membranes (MAMs) consist of interacting proteins and lipids located in the outer mitochondrial
membrane and ER membrane, forming a platform for the mitochondrial inner membrane-associated genome
replication factory as well as connecting the nucleoids with the mitochondrial division machinery. We show here
that knockdown of a core component of mitochondrial nucleoids, TFAM, causes changes in the mitochondrial
nucleoid populations, which subsequently impact ER-mitochondria membrane contacts. Knockdown of TFAM
causes a significant decrease in the copy number of mtDNA as well as aggregation of mtDNA nucleoids. At the
same time, it causes significant upregulation of the replicative TWNK helicase in the membrane-associated
nucleoid fraction. This is accompanied by a transient elevation of MAM proteins, indicating a rearrangement
of the linkage between ER and mitochondria triggered by changes in mitochondrial nucleoids. Reciprocal
knockdown of the mitochondrial replicative helicase TWNK causes a decrease in mtDNA copy number and
modifies mtDNA membrane association, however, it does not cause nucleoid aggregation and considerable al-
terations of MAM proteins in the membrane-associated fraction. Our explanation is that the aggregation of
mitochondrial nucleoids resulting from TFAM knockdown triggers a compensatory mechanism involving the
reorganization of both mitochondrial nucleoids and MAM. These results could provide an important insight into
pathological conditions associated with impaired nucleoid organization or defects of mtDNA distribution.

1. Introduction

components is organized into units called nucleoids [7,8]. As mtDNA
encodes for essential subunits of the electron transfer chain (ETC), its

Mitochondria are a central hub of the cellular metabolism [1]. Be-
sides being responsible for the majority of ATP production, they are
involved in the production of fatty acids, amino acids, nucleotides and
other anabolites, while at the same time regulating energy production,
intracellular calcium levels, immune responses as well as cell cycle [2]
and apoptosis [3,4]. Mitochondria are no static structures, but form a
dynamic network that is intertwined with other cellular organelles [5].
The dynamic nature of mitochondria is of great importance for mito-
chondrial quality control and is altered in various pathologies, especially
in neurodegenerative diseases [5,6].

The mitochondrial genome (mtDNA) together with several protein
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maintenance is a prerequisite to ensure the proper function of mito-
chondria. A plethora of proteins is known to be involved in mtDNA
maintenance. Among them is the so-called minimal replisome, consist-
ing of the DNA polymerase y (POLG), the helicase TWNK (TWNK) and
the single-strand binding protein mtSSB [9]. Of great importance is
TFAM, a protein initially described as transcription factor in mito-
chondria, but found to have an important function in binding, bending
and packaging mtDNA, in analogy to the function of histones in the
nucleus [10]. In vitro, TFAM appears to regulate replication and tran-
scription by its binding form [11]. This is concordant with numerous
works showing that changes in TFAM protein levels cause a decrease in
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mtDNA copy number and impair nucleoid organization and distribution
[12-14].

During the past years, we and others were able to characterize a
number of mtDNA nucleoid proteins (for a review see e.g. Ref. [15]). The
steadiest components of nucleoids are the mtDNA itself and TFAM,
while other nucleoid-associated proteins (mtNAPs) co-occur most likely
depending on metabolic requirements. We were able to identify two
different pools of nucleoids, one of which is defined through the pres-
ence of replicative helicase TWNK and mtSSB [16]. While all observed
nucleoids in different cell lines show the presence of TFAM and mtDNA,
only roughly half of them are positive for TWNK [16]. These observa-
tions were further confirmed through sub-mitochondrial fractionation,
leading to the identification of a specialized mitochondrial microdomain
specifically harboring replicating nucleoids [16,17].

Physical connections between mitochondria and endoplasmic retic-
ulum (ER) were visualized by EM already in the 1950s in rat liver [18,
19] and later termed as mitochondria-associated ER membranes (MAM)
[20]. The constantly changing interaction of the two organelles serves
several functions, ranging from synthesis and transport of metabolites
(phospholipids, cholesterol, Ca%* etc.) to the maintenance and segre-
gation of mtDNA. Early observations made in Saccharomyces cerevisiae
[21,22] showed that the mtDNA polymerase Mip1 is found in close vi-
cinity of the MAM-analogue in yeasts, ERMES (ER-mitochondria
encounter structure). The finding was further corroborated by studies
showing that the constriction of mitochondria by the ER, facilitating the
fission of the mitochondrial network [23] involves replicating nucleoids
attaching to either side of the constriction [24]. However, the precise
mechanism remains to be clarified. Gerhold et al. described markers for
MAM in close vicinity to the replication microdomain [17]. These pro-
teins could serve the purpose of positioning faithfully replicated mtDNA
to ensure appropriate segregation during fission of the mitochondrial
network. Here we show that the alteration of mitochondrial nucleoid
integrity through knockdown of one of its core components, TFAM, not
only induces rearrangements in nucleoid populations, but also leads to
an evident elevation of MAM proteins. This effect seems to be reversible
upon recovery of TFAM levels. While also the gene silencing of TWNK
helicase causes a reduction in mtDNA copy number and changes in
mtDNA membrane association, the impact on MAM proteins in the
membrane-associated fraction is weaker compared to TFAM
knockdown.

2. Materials and methods
2.1. Cell culture

Human embryonic kidney cells (HEK293) and human osteosarcoma
cells (U20S) were cultured in Dulbecco’s modified Eagle’s medium
(Lonza DMEM (12-604F) with 4.5 g/L Glucose, .-Glutamine and Sodium
Pyruvate) supplemented with 10% FBS (Capricorn) at 37 °C and 5%
COa.

2.2. RNA-interference

Knockdown of TFAM was achieved by small interfering RNA-
mediated gene silencing using 25 nM of target specific siRNA (Dhar-
macon™ siGENOME Human TFAM (M-019734-00-0020) and C10orf2
siRNA SMARTpool (M-017815-01)) and Dharmafectl transfection re-
agent (Dharmacon™) in serum-free medium according to the manu-
facturer’s instructions. As a control, a non-targeting siRNA control pool
(Dharmacon™; D-001206-14-05) was used. Cells were transfected at a
confluence of ~20-30%. 3, 4, 5 and 6 days after transfection cells were
harvested for mitochondrial and mtDNA isolation.

2.3. Confocal microscopy

U20S cells were plated on coverslips and transfected with siRNAs. 3
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days after transfection cells were fixed with 3,3% paraformaldehyde for
15 min, carefully washed thrice with PBS and permeabilized with 10%
FBS in PBS +0,5% Triton X-100 for 20 min. Cells were then incubated
with primary (anti-TFAM, 1:500; anti-DNA, 1:500; anti-FACL4, 1:250;
anti-SSB, 1:500 or anti-TOM20, 1:500) and secondary (Alexa Fluor 488
anti-mouse IgG and anti-rabbit IgG, 1:1000; Alexa Fluor 568 anti-mouse
and anti-rabbit IgG, 1:1000) antibodies for at least 1 h. DNA was stained
using ProLong™ Gold Antifade Mountant with DAPI (Thermo Scienti-
fic). Coverslips were imaged using a Zeiss LSM710 confocal microscope
with a 63x oil immersion objective.

2.4. Mitochondrial isolation and digitonin fractionation

Confluent cells were harvested and washed with PBS. Next, cells
were swollen in hypotonic buffer (4 mM Tris-HCl, pH 7.4, 2.5 mM NaCl,
0.5 mM MgCl, including protease inhibitors (Applichem)), followed by a
disruption of cells with a Glass/Teflon Potter Elvehjem homogenizer
until ~80% of cells were broken. The cell suspension was adjusted to be
isotonic and centrifuged thrice to pellet cell debris and broken nuclei for
5 min at 1200 g and 4 °C. Crude mitochondria were pelleted at 14000 g
and 4 °C for 10 min. Crude intact mitochondria were re-suspended in
PBS and lysed with digitonin, using a protein (ug) to digitonin (ug) ratio
of 1:2 in PBS supplemented with protease inhibitors (Applichem). The
mitochondrial suspension was incubated on ice for 10 min, followed by a
centrifugation at 14000g and 4 °C for 10 min to separate soluble and
insoluble mitochondrial protein fractions.

2.5. MAM and ER isolation

Was carried out from crude mitochondrial preparations as described
[25]. Briefly, mitochondria were re-suspended in MRB buffer containing
225 mM mannitol, 75 mM sucrose and 30 mM Tris-HCI pH 7.4, layered
onto a Percoll gradient (225 mM mannitol, 25 mM HEPES pH 7.4, 1 mM
EDTA and 30% Percoll) and centrifuged at 95 000 g for 30 min at 4 °C.
The distinct layers of mitochondria (lower band) and MAM (upper band)
were collected from the ultracentrifuge tube and diluted with
re-suspension buffer. The supernatant of crude MAM was again centri-
fuged at 100 000 g for 60 min at 4 °C and the purified MAM pellet at the
bottom of the ultracentrifuge tube was re-suspended in MRB.

A pure ER preparation was sub-fractioned from the supernatant ob-
tained after crude mitochondrial isolation by a centrifugation at 20 000
g for 30 min at 4 °C to first remove lysosomes and plasma membrane.
The supernatant was centrifuged at 100 000 g for 60 min at 4 °C and the
pellet containing pure ER was collected.

2.6. Iodixanol gradients of fractioned mitochondria

Were created as described in Ref. [16]. Shortly, 1 mg of crude
mitochondrial protein was subjected to digitonin lysis for the separation
of ‘pellet’ and ‘supernatant’ (see digitonin fractionation). To both frac-
tions ice-cold Optiprep™ (Axis-Shield PoC AS) was added to a final
concentration of 42,5%, pipetted on the bottom of polycarbonate tubes
and overlayered with solutions with different iodixanol (v/v) concen-
trations (40 %-0%) in 1x TN buffer (25 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1 mM DTT, protease inhibitor cocktail, 10% sucrose, 1% Triton
X-100). The gradients were subjected to centrifugation at 100 000 g for
14 h at 4 °C, after which fractions of 400 pl (top-to-bottom) were
collected.

2.7. Protein and DNA analyses

of digitonin fractionations, MAM and ER preparations, total cell
extracts and floatation gradients were carried out using Western and
Southern analyses. For Western blots, samples were separated by SDS-
PAGE (Bio-Rad Mini-PROTEAN® Tetra Cell) and transferred onto posi-
tively charged nitrocellulose membrane (GE Healthcare Amersham™
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Protran™ 0,45 pm). Primary antibodies used were mouse-anti-TWNK (a
gift from Prof. Anu Suomalainen-Wartiovaara), rabbit-anti-TFAM (a gift
from Prof. Rudolf Wiesner), rabbit-anti-COX2 from Proteintech, mouse-
anti-VDAC1 from Abcam, mouse-anti-HSP60, mouse-anti-FACL4,
mouse-anti-MFN1 and -2 from Santa Cruz Biotechnology, mouse-anti-
a-tubulin and mouse-anti-p-actin from Abcam, rabbit-anti-SSBP from
Sigma Aldrich, rabbit-anti-TOM40 from Santa Cruz Biotechnology,
rabbit-anti-ATAD3 [26], rat-anti-ATAD3A (a gift from Dr. Alexander
Wolf) and rabbit-anti-mitofilin from Abcam. Quantifications of resulting
ECL signals were performed with Image Studio™ (LI-COR) software.

For dot blot analysis of mtDNA, a radioactive hybridization was
applied. Briefly, 20 pl of sample was first diluted 20-fold with 2x SSC,
denatured at 95 °C for 15 min and spotted onto positively charged nylon
membrane (GE Healthcare Amersham Hybond™-N") using a Bio-Rad
Bio-Dot® blotter. Membranes were hybridized in Church buffer using
a radioactively labelled CYTB (nt 14837-15367 of human mtDNA)
probe at 65 °C, and signals were detected using a phosphor screen,
Amersham Typhoon biomolecular imager and quantified using Image-
Quant (GE Healthcare) software.

2.8. Quantitative PCR

for the determination of relative copy numbers was carried out in
384-well qPCR plates. Total DNA was extracted from control and
knockdown cells using standard proteinase K digest and phenol:chlo-
roform (pH 6,8) extraction.

For the subsequent copy number estimation, two specific primers
pairs were used: one for the mtDNA encoded cytochrome b gene (CYTB
forward: 5'-GCCTGCCTGATCCTCCAAAT-3’; CYTB reverse: 5'-AAGG-
TAGCGGATGATTCAGCC-3') and the second for the amyloid precursor
protein (APP) gene (APP forward: 5'-TTTTTGTGTGCTCTCCCAGGTCT-
3’; APP reverse: 5'-TGGTCACTGGTTGGTTGGC-3') encoded by nuclear
DNA. For amplification a HOT FIREPol® EvaGreen® qPCR Mix Plus
(ROX) (Solis Biodyne) was used according to the manufacturers’
guidelines. Each reaction contained 25 ng of total DNA. The amplifica-
tion program (Applied Biosystems 7900 HT) for both genes was as fol-
lows: initial denaturation at 95 °C for 12 min, 46 cycles of denaturation
at 95 °C for 15 s and primers annealing at 60 °C for 60 s. Changes in
relative copy number of mtDNA were analyzed using the -AACt
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3. Results

3.1. Knockdown of TFAM causes mtDNA-nucleoid aggregation, an
increased association of nucleoids with the inner mitochondrial membrane
and an increase of MAM markers

Confocal images showed that in control cells TFAM is highly abun-
dant throughout the mitochondrial network (Fig. 1figlA-B). Mito-
chondrial nucleoids stained with an anti-DNA antibody showed a
relatively even distribution, with similar fluorescence intensities within
the mitochondrial network (Fig. 1C-D). Upon a 3-day TFAM knockdown
(Fig. 1E), the TFAM signal concentrates at defined large foci containing
both mtSSB and DNA (Fig. 1A; Fig. S1), indicating nucleoid aggregation.
The overall signal of mtDNA, however, was reduced, implying a
declined copy number. This was confirmed by quantitative PCR,
showing a ~50% decrease in mtDNA (Fig. 2D).

TWNK helicase is a mtDNA replication factor and a constituent of
replicating nucleoids [16,17]. Previous experiments have reported up to
60% decrease in mtDNA copy number and an impaired mtDNA meta-
bolism upon TWNK knockdown [27]. Hence, we here tested whether a
reduction in mtDNA levels caused by TWNK knockdown induces similar
changes in nucleoid organization as TFAM knockdown. We observed
that a 3-day TWNK knockdown does not cause nucleoid aggregation
(Fig. S1).

To test whether TFAM knockdown alters the mtDNA nucleoid pop-
ulations, we isolated a crude mitochondrial fraction from HEK293 cells.
Mitochondrial nucleoid pools were further separated by digitonin, sol-
ubilizing the mitochondrial outer membrane and fragmenting the
mitochondrial inner membrane, leading to the separation of two pools of
mtDNA nucleoids [16,17]. The more firmly mitochondrial inner
membrane-associated nucleoid type, remaining largely in the insoluble
(‘pellet’, P) fraction, is enriched with mitochondrial replication proteins
such as TWNK, mtSSB and POLG, and associates with a cholesterol-rich
membrane platform, while the other (‘supernatant’, S) is less
membrane-associated and contains matrix-soluble components (e.g.
mitochondrial ribosomal proteins and mitochondrial RNA granules)
[17,27].

aDNA/TOM20 E Mock  TEAM

SRNA  SiRNA

aDNA TOM20

TFAM

a-tubulin

COXIV

HSP60

Fig. 1. TFAM knockdown causes aggregation of nucleoids. Confocal microscopy of control and TFAM siRNA-treated U20S cells 3 days after transfection. The cells
were immunolabelled with «-TFAM (mtDNA-nucleoid marker), a-FACL4 (ER network marker) (a-b), a-DNA and «-TOM20 (mitochondrial network marker) (e-d)
antibodies. The nuclei were stained with DAPI (a-b). Images were obtained using a Zeiss LSM710 confocal microscope with a 63x oil immersion objective and
adjusted using ZEN Imaging Software. Western blots of total cell extracts from 3-day TFAM knockdown cells showing ~70% decrease in TFAM protein level (e).
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A B Fig. 2. TFAM knockdown alters the levels of both
Mock TFAM 3-day k.d. nucleoid and MAM marker proteins. (a) Western
intact lysed intact lysed blots of digitonin-based isolation of matrix (lysed S;
= | = - | AE | s = | - MAM ER supernatant) and membrane-associated (lysed P;
Mock  TFAM Mock  TFAM pellet) mitochondrial protein fractions. Intact
TFAM |- - - - siRNA __siRNA sIRNA; _ SIRNA mitochondrial protein fractions represent whole
TWNK B-actin | WEEE—_—-—— | — — mitochondria and their wash solution following
— — -
centrifugation (intact P and S). (b) Sub-fractioned
TFAM —  ——
POLG | W= L e — — — -- MAM and ER from HEK293 cells analyzed by
SSBP | e — p— TWNK Western blot. (¢) Quantification of relative mtDNA
% levels in the pellet (gray bars) and supernatant
COXZ | -_—a Cox2 fractions (white bars) of whole and lysed mito-
VDAC] |w— e — — — — VDAC]T | s— chondria using dot-blot analysis. TFAM knockdown
MFN2 p— induces a shift of mtDNA towards the membrane-
- - - - MFN2 [ — associated fraction. Error bars indicate+SEM over
FACL4 | PR — - - FACLA | S — six biological repeats (n = 6) (d) Quantification by
I-time PCR shows a ~40% decrease of mtDNA 3
MENT | - - — - —— L rea
MENI — - days after TFAM knockdown. Error bars indica-
ATAD3 | === === mitofilin te-SEM (n = 6). (e) The quantification of the pellet
ATADSA o-tubulin | s — e fractions of three biological repeats on Western
blots, for which the band intensities were deter-
HSPG() | i o i iy~ w— mined and corrected for loading based on the
TOM40 | - -— e HSP60 signal. All statistical significances were
calculated using a two-tailed paired Student’s t-test
comparing knockdowns with the respective con-
C D trols. Error bars indicate+SEM. * indicates a p-
* LLLETY: 0 .
3 . Relative mtDNA level value < 0.q5, indicates a p-value < 0.001. The
T 1009 — . representative Western blot panels are cropped
= versions of the original exposure pictures.
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Upon TFAM knockdown, TWNK levels in the membrane-associated
pool significantly increase, and also total mitochondrial TWNK levels
are significantly higher, indicating an overall increase in TWNK upon
TFAM depletion (Fig. 2A-E). For mtSSB and COX2 no significant change
in total signals were observed in both soluble (‘supernatant’) and
membrane-associated fractions (Fig. 2A-E).

Interestingly, the mitochondrial structural and nucleoid-organizing
protein ATAD3, which interacts with the mitochondrial D-loop and
forms direct contacts with mtDNA [28], shows no clear alteration upon
TFAM knockdown (Fig. 2A). The downregulation of ATAD3 itself dis-
rupts the membrane-associated cholesterol-rich microdomain and leads
to an impaired mtDNA maintenance [17,26,28]. The lack of change here
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might indicate that ATAD3 influences nucleoid organization only indi-
rectly through mitochondrial cristae organization [29], and a 3-day
knockdown of TFAM fails to cause such significant changes in mito-
chondrial ultrastructure.

TFAM knockdown leads to an overall decrease in mtDNA levels by
~50% (Fig. 2D). Analysis of mtDNA content by dot blot showed that in
control mitochondria ~30% of the mtDNA located to the soluble pool,
while in TFAM knockdown mitochondria only ~20% of the remaining
mtDNA was consistently found in the soluble fraction (Fig. 2C), indi-
cating a shift in mtDNA distribution from the soluble to the membrane-
associated nucleoid fraction. Our data showing an increase of both
TWNK protein levels (Fig. 2A-E) and nucleoid membrane association
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corroborates previous findings that mtDNA membrane association in-
creases at higher TWNK levels [16].

TFAM knockdown caused not only changes in TWNK, but also in the
MAM proteins MFN1/2, VDAC1 and FACL4. The levels of all three
proteins increased in crude mitochondrial preparations upon TFAM
depletion (Fig. 2A-E). As described above, mitochondrial nucleoids
localize at foci, where also MAM are found, and specifically replicating
mtDNA-nucleoids are spatially linked with ER-mitochondria membrane
structures and influence the formation of sites for ER-directed mito-
chondria constriction by ER tubules [24].

3.2. TFAM knockdown causes changes in fractioned MAM

Based on the findings presented here and previously by others, we set
out to investigate the levels of different MAM proteins upon the
knockdown of TFAM by sub-fractioning HEK293 cells into mitochon-
dria, ER and MAM. The results show that a 3-day knockdown of TFAM
causes a significant increase in the MAM-forming proteins MFN1/2,
VDACI and FACL4 (Fig. 2B; Fig. S2) in the fractioned MAM of TFAM
knockdown cells. The greatest increase in fractioned MAM of knock-
down cells compared to control was found for mitofusin 2 (3-fold),
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followed by VDAC1 (1.8-fold) and FACL4 (1.5-fold) (Fig. S2). This in-
crease of MAM protein signals likely indicates increased interactions
between mitochondria and ER.

Overall TWNK levels as well as TWNK levels in the fractioned MAM
increase upon TFAM knockdown (Fig. 2B, Fig. S3), further indicating an
enhanced association of replicating nucleoids with MAM.

As expected, purified ER does not contain the mitochondrial markers
mitofilin, COX2 and VDAC1, but instead FACL4 and MFN2, that show
stronger signals in the TFAM knockdown fraction (Fig. 2B).

The movement of ER tubules is dependent on the microtubular
network [30,31], and fittingly, the signals of tubulin in purified ER
fractions are clearly stronger than in MAM (Fig. 2B). Actin filaments are
responsible for motility, network homeostasis and for mitochondrial
nucleoid segregation. As p-actin also localizes to mitochondria [32], it
was used here as a loading control over all fractions.

3.3. TFAM knockdown induced changes in MAM are transient

Earlier studies have demonstrated that the close linkage between ER
and mitochondria is reversible and ER-mitochondria contacts are
constantly changing [33]. To test whether there is a possible turnover in

A B Fig. 3. 5 and 6 days after TFAM knockdown the
Mock TFAM 5-day k.d. Mock TFAM 6-day k.d. MAM protein levels start to recover. (a-b) Western
intact lysed intact lysed intact lysed intact lysed blots of ER and mitochondrial protelns. 5and 6 daYs
after TFAM knockdown. (a-b) TWNK signals remain
P I S|P | S|P | S|P I S P l S|P | S|P | S|P | S elevated in the TFAM knockdown mitochondria
TFAM |W—-— =" = - TFAM |« -—— - — compared to control, but COX2 and SSB levels have
TWNK [w p— pr— TWNK | — < decreased in TFAM knockdown membrane-
associated pellet fraction P. (a-b) The levels of the
SSBP | «smmm — T — -_ e o —— — |
R MAM marker proteins VDAC1, MFN2 and FACL4
COX2 |wm— -_a—— —_— COX2 |wm— - G are comparable in both knockdown and control
VDAC] (s e e — VDAC! s L — — — — mitochondria. (¢) Both relative mtDNA copy num-
MEN2 — o= MFN2 | S —— — ber and TFAM pr?tel.rl levels are decreased after 5
— FACTA = days. Error bars indicate+SEM (n = 3). (d) The
—_ — p—y ATAD3 | pr— quantification of the pellet fractions of three bio-
ATAD3 | s —_——— — " — — logical repeats on Western blots, for which the band
HSPOO | e = s e e a—— HSP60 |- -—— intensities were determined and corrected for
TOM40 | — — o — — loading based on the HSP60 signal. All statistical
significances were calculated using a two-tailed
paired Student’s t-test comparing knockdowns
C Relative mtDNA level with the respective controls. Error bars indica-
100+ te+SEM. * indicates a p-value < 0.05, ** indicates a
p-value < 0.01. The representative Western blot
. 80 panels are cropped versions of the original exposure
X % pictures.
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the alteration of MAM and nucleoid proteins, the TFAM knockdown cells
were grown for up to 6 days from the time of transfection and
sub-fractioned. The results indicate that 5 days after transfection cells
start to recover from the decrease in TFAM (Fig. 3A, B and 3D).

The relative mtDNA level 5 days after TFAM knockdown remains
significantly lower than in control cells (Fig. 3C), and TWNK signals
remain significantly elevated both in whole mitochondria and the
membrane-associated protein fraction even 6 days after TFAM knock-
down (Fig. 3A, B and 3D). This could imply that the tight inner mem-
brane association of TWNK persists as long as mtDNA levels are
decreased. It has been previously shown that this tight membrane as-
sociation of nucleoids remains even in the absence of mtDNA [16,17].
The levels of mtSSB and COX2 in the membrane-associated fraction
decrease compared to control cells (Fig. 3A, B and 3D), while they are
unaltered 3 days after TFAM knockdown. As TFAM is required for
mitochondrial transcription [34], the decrease in COX2 is likely caused
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by the lack of mtDNA transcription due to the knockdown. Similarly,
reduced mtSSB levels could indicate that mtSSB is required in mtDNA
replication foci to a much lesser extent, possibly due to a decrease in
mtDNA replication initiation that is dependent on primers provided by
the transcription machinery [35,36]. At the same time the steady-state
proportion of TWNK is high in the membrane-associated replication
foci (‘pellet fractions’).

5 and 6 days after transfection, the overall levels of the MAM proteins
VDAC1, FACL4 and MFN2 in TFAM knockdown mitochondria have
decreased to the level of control cells (Fig. 3A, B and 3D), indicating that
the observed alterations in MAM protein levels are transient.

Although it is possible that TFAM knockdown induces morphological
changes in ER-mitochondria contacts, we were unable to judge any al-
terations in FACL4 localization by confocal microscopy due to the
abundance of the protein in the ER (Fig. 1A-B). Thus, we tested whether
TFAM knockdown triggers an early ER stress by quantification of the ER

& B Fig. 4. TWNK knockdown induces milder changes
Mock TWNK 3 -day k.d. to MAM than TFAM. (a) Western blots of digitonin
gt lysed _— lysed Sk TRNK based. isolation of matrl.x (lysed S) and m.embrane-
freated, kA associated (lysed P) mitochondrial fractions from
Pl S|P | S|P | S|P | S TRINR TWNK knockdown cells. Intact mitochondrial frac-
TWNK  [w— — - E tions represent intact mitochondria and their wash
HSPGO ‘gg solution following centrifugation (intact P and S).
| e— —-— - -_— |
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chaperone calnexin as well as IREla, PERK and ATF6, since an activa-
tion of these proteins is orchestrated by the unfolded protein response
during ER stress [37]. Our results show that TFAM knockdown does not
induce clear changes in ER stress-related proteins (Fig. S4), and the
described effect on MAM proteins is therefore likely related to changes
in nucleoid organization.

3.4. TWNK knockdown has a minor effect on MAM

To compare whether the changes in nucleoid membrane association
and MAM proteins upon TFAM knockdown are induced directly by the
reduction in TFAM protein or indirectly by the consecutive mtDNA
depletion, we first tested whether a decrease in mtDNA levels by
knockdown of TWNK has a similar effect on MAM proteins. Previously,
it was established that only ~50% of mtDNA is associated with endog-
enous TWNK in steady-state, suggesting that TWNK is not a constitutive
nucleoid component, but rather dynamically associates with mtDNA
nucleoids at specialized membrane domains to participate in mtDNA
replication [16,17].

Our TWNK knockdown caused a decrease in relative mtDNA levels
by ~30% (Fig. 4D), as previously described [27,38]. At the same time,
also TFAM levels decreased slightly in the digitonin-fractioned mito-
chondria, most likely caused by the decline in mtDNA level (Fig. 4A and
E).

The relative mtDNA distribution between supernatant and
membrane-associated fractions showed a modest shift towards more
soluble nucleoids upon TWNK knockdown (Fig. 4C), indicating less
nucleoids to be attached to the mitochondrial inner membrane.

As in the TFAM 3-day knockdown, also upon TWNK knockdown
COX2 levels were by and large unaltered (Fig. 4A and E).

Compared to the TFAM knockdown, a slightly weaker impact on
MAM proteins upon the loss of TWNK was observed in the digitonin
membrane-associated fractions, which could be attributed to the weaker
mtDNA depletion. VDAC1 signals remained unaltered in both intact and
sub-fractioned mitochondria compared to controls (Fig. 4A and E). Both
MFN2 and FACL4, however, show stronger signals in intact mitochon-
dria (Fig. 4A and E), although the effect is less clear in soluble and
membrane-associated fractions of mitochondria (Fig. 4A and E).

4. Discussion

In the presented study we have shed light onto the interplay between
mitochondrial nucleoid and MAM, using the knockdown of the mtDNA
nucleoid proteins TFAM and TWNK. We first confirmed by confocal
microscopy that TFAM knockdown causes mtDNA nucleoid aggregation,
as previously observed by others [14,39]. The aggregation phenotype
upon TFAM knockdown has been further associated with an impaired
mtDNA distribution via segregation [14].

Our results from digitonin-based mitochondrial fractionation show
that upon TFAM knockdown more mtDNA is localized in the membrane-
associated nucleoid fraction (Fig. 2C), while also TWNK increasingly
associates with this fraction (Fig. 2A-E). A plausible explanation for this
observation is that the cells try to compensate the decreased mtDNA
copy number by recruiting more nucleoids to the TWNK-associated
replication centers on the inner membrane. Further nucleoid fraction-
ations by iodixanol gradients also confirm that the replication platform
persists in the pellet fraction upon depletion of TFAM (Fig. S5).

As TFAM affects the proportion of DNA molecules available for
transcription and replication via mtDNA compaction, an upregulation of
TWNK helicase might indicate that it is recruited more to the replisomes
without nucleoid remodeling, as the knockdown of TFAM decreases the
compaction of mitochondrial DNA. This itself might indicate an
enhanced mtDNA replication as a rescue attempt for the loss of mtDNA
upon TFAM knockdown. However, further investigation of mitochon-
drial replication is required to address these issues.

Alternatively, our results here could also reflect that increased TWNK
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levels (together with unaltered mtSSB) are associated with mtRNA
metabolism in the vicinity of nucleoids.

Interestingly, while TWNK levels remained clearly elevated for 5-6
days after TFAM knockdown, there was a delayed reduction in COX2
and mtSSB, likely caused by defective mtDNA transcription and mito-
chondrial translation (Fig. 3A, B and 3D). One the other hand, reduced
mtSSB levels could also indicate that mtSSB is required in mtDNA
replication foci to a much lesser extent, possibly due to a decrease in
mtDNA replication initiation that is dependent on primers provided by
the transcription machinery [35,36].

Additionally, we saw that TFAM knockdown leads to an increase in
the MAM proteins VDAC1, MFN1/2 and FACL4, indicating an upregu-
lation of MAM upon loss of nucleoid integrity (Fig. 2A, B and 2E). Thus,
our findings here show that upon the loss of TFAM and subsequent
reorganization of nucleoids also the MAM and its protein components
are upregulated.

To identify whether the observed alterations are caused by reduced
TFAM protein levels or rather by the following mtDNA depletion, we
analyzed mitochondrial subfractions obtained from TWNK knockdown
cells, as also this induces a decrease in mtDNA level [27]. The knock-
down of TWNK caused a ~30% decrease in relative mtDNA level
without altering the levels COX2 protein, inducing a milder effect than
TFAM knockdown. This also shows that the COX2 levels are not
dependent on mtDNA copy number, but are regulated by transcription
via TFAM. Also, the total mitochondrial levels of the MAM markers
VDACI1, MFN2 and FACL4 were upregulated, although no clear change
in the membrane-associated protein fraction was observed (Fig. 4A and
E). This allows us to propose that MAM upregulation is predominantly
triggered by a decrease in mtDNA levels. The reduction of TWNK pre-
vents the membrane association of nucleoids despite an upregulation of
MAM proteins, indicating that TWNK itself might be required for the
membrane association as previously reported [16].

Hence, we propose that early changes in the integrity of mitochon-
drial nucleoids caused by depletion of the mtDNA packaging and regu-
latory protein TFAM causes aggregation of mtDNA nucleoids and a
consequential decrease in mtDNA copy number. The reduction of
mtDNA levels via TFAM knockdown triggers a more pronounced
compensatory enhancement of the MAM sub-compartment required for
mtDNA segregation than that of the TWNK knockdown. This MAM
stimulation is transient and fades off before mtDNA and TFAM protein
levels have completely recovered.

To conclude, our data suggests an intricate liaison between nucleoid
organization and MAM regulation. While we found a clear indication of
TFAM regulating nucleoid structure, with reduced levels of TFAM
causing both mtDNA depletion and severe nucleoid aggregation, we did
not find evidence for a direct connection of TFAM protein to MAM or-
ganization, as similar, although milder effects on MAM were produced
also by knockdown of TWNK.

In order to reach a complete understanding of the regulatory
mechanism of the interaction between ER-mitochondria coupling via
MAM and mitochondrial nucleoids, especially in the context of human
pathologies, further work is required.
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