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Abstract

Mitochondria contain an autonomous and spatially segregated
genome. The organizational unit of their genome is the nucleoid,
which consists of mitochondrial DNA (mtDNA) and associated
architectural proteins. Here, we show that phase separation is the
primary physical mechanism for assembly and size control of the
mitochondrial nucleoid (mt-nucleoid). The major mtDNA-binding
protein TFAM spontaneously phase separates in vitro via weak,
multivalent interactions into droplets with slow internal dynamics.
TFAM and mtDNA form heterogenous, viscoelastic structures
in vitro, which recapitulate the dynamics and behavior of mt-
nucleoids in vivo. Mt-nucleoids coalesce into larger droplets in
response to various forms of cellular stress, as evidenced by the
enlarged and transcriptionally active nucleoids in mitochondria
from patients with the premature aging disorder Hutchinson-Gilford
Progeria Syndrome (HGPS). Our results point to phase separation as
an evolutionarily conserved mechanism of genome organization.
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Introduction

Mitochondria are the major sites of cellular energy production
through oxidative phosphorylation and generation of ATP. Within
each mammalian cell, mitochondria contain several hundred copies
of a 16.6 kb double-stranded circular genome (Chen & Butow, 2005;
Gustafsson, Falkenberg et al, 2016). Although small in size, the
mitochondrial genome is gene dense, encoding essential polypep-
tides involved in mitochondrial respiration and oxidative phospho-
rylation (Burger, Gray et al, 2003). Unlike the nuclear genome,
mtDNA is not organized by histones, but is packaged by a distinct
set of proteins into nucleoprotein complexes to form mt-nucleoids

(Chen & Butow, 2005; Kukat & Larsson, 2013). These structures are
typically uniformly ~100 nm in size, each containing 1-2 molecules
of mtDNA, and are spatially separated throughout the mitochondrial
network (Brown, Tkachuk et al, 2011; Kukat, Wurm et al, 2011).
mt-nucleoids lack any delimiting membranes, yet act as discrete
functional units involved in replication and transcription of the
mitochondrial genome (Kukat & Larsson, 2013).

The major mt-nucleoid packaging protein in human cells is the
mitochondrial transcription factor A (TFAM) (Chen & Butow, 2005),
which binds and compacts mtDNA in vitro into nucleoid-like struc-
tures under dilute conditions (Brewer, Friddle et al, 2003; Kaufman,
Durisic et al, 2007; Farge, Mehmedovic et al, 2014; Kukat, Davies
et al, 2015). TFAM contains two high mobility group (HMG)
domains that each intercalate into the DNA double helix, bending
the DNA strand to form a tight U-turn structure at promoter
sequences (Ngo, Kaiser et al, 2011; Rubio-Cosials, Sydow et al,
2011). Moreover, TFAM can also form loops and can bind cross-
strands of DNA without sequence specificity (Kukat et al, 2015),
and these conformations are further stabilized by cooperative
TFAM-TFAM interactions (Farge, Laurens et al, 2012). In human
cells, TFAM is present at high enough concentrations to coat the
entirety of the circular mtDNA, driving the compaction of mtDNA
from ~5 um in contour length to the ~100 nm mt-nucleoid (Gustafs-
son et al, 2016). Beyond the direct binding of TFAM to mtDNA, it
remains largely unknown how the higher-order morphological
features of the mitochondrial genome emerge, how they affect func-
tion, and how anomalies in the structure of mt-nucleoids may
contribute to disease (Friedman & Nunnari, 2014).

Maintenance of mt-nucleoid structure is linked to mitochondrial
organization and function. Disruption of mitochondrial fusion and
fission processes affects mt-nucleoid size, as seen in knockdown of
mitochondrial fission GTPase, Drp1, which leads to clustering of mt-
nucleoids into large assemblages in hyperfused mitochondria (Ban-
Ishihara, Ishihara et al, 2013; Ishihara, Ban-Ishihara et al, 2015).
Similarly, downregulation of the inner mitochondrial membrane
protein Mic60/Mitofilin leads to disassembly of the mitochondrial
contact site and cristae organizing system (MICOS), ultimately
resulting in enlarged, spherical mt-nucleoids (Li, Ruan et al, 2016).
Enlargement and remodeling of mt-nucleoids are also associated
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with cellular stress responses. For example, prolonged exposure to
DNA intercalating agents leads to altered mt-nucleoid size distri-
butions (Ashley & Poulton, 2009; Alan, épaéek et al, 2016), and
viral infection results in aberrant sizes of mt-nucleoids (West,
Khoury-Hanold et al, 2015). Given the oxidative environment
within mitochondria (Balaban, Nemoto et al, 2005; Sun, Youle
et al, 2016) and the absence of protective histone proteins, the
mt-nucleoid-associated proteins have been hypothesized to contri-
bute to mitochondrial genome integrity (Yakes & Van Houten,
1997; Cadenas & Davies, 2000). Mutations in mtDNA have direct
physiological relevance as elevated mutation levels of mtDNA are
associated with premature aging phenotypes (Trifunovic, Wreden-
berg et al, 2004; Kujoth, Hiona et al, 2005). Moreover, mtDNA
mutations tend to accumulate over the course of normal aging
(Bratic & Larsson, 2013; Sun et al, 2016) and even single point
mutations in mtDNA can elicit a myriad of other disease pheno-
types (Taylor & Turnbull, 2005).

An emerging organizational principle of non-membrane bound
cellular structures is phase separation (Hyman, Weber et al, 2014).
Numerous ribonucleoprotein and nucleoprotein complexes sponta-
neously self-assemble into non-membrane bound cellular bodies, or
biomolecular condensates, via phase separation (Banani, Lee et al,
2017). The canonical examples of RNA-protein bodies include the
nucleolus in the nucleus (Brangwynne, Mitchison et al, 2011; Feric,
Vaidya et al, 2016) as well as P-granules (Brangwynne, Eckmann
et al, 2009) and stress granules in the cytoplasm (Molliex, Temirov
et al, 2015; Guillén-Boixet, Kopach et al, 2020; Sanders, Kedersha
et al, 2020; Yang, Mathieu et al, 2020). In addition, DNA-protein
complexes can phase separate in the nucleus, such as the hete-
rochromatin protein HPla in the context of heterochromatin (Lar-
son, Elnatan et al, 2017; Strom, Emelyanov et al, 2017), histones to
form chromatin domains (Gibson, Doolittle et al, 2019; Sanulli,
Trnka et al, 2019), or super-enhancers which form active transcrip-
tional hubs (Sabari, Dall’Agnese et al, 2018).

Here, we have explored the higher-order organizational princi-
ples of the mitochondrial genome. We demonstrate, based on
in vitro and in vivo observations, that mt-nucleoids self-assemble
via phase separation. We find that the major mt-nucleoid protein
TFAM exerts its architectural role by promoting phase separation
via weak, multivalent self-interactions to generate the multiphasic
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mt-nucleoid structure. We also demonstrate that aberrant mt-
nucleoid size is a consequence of phase behavior and is associated
with mitochondrial dysfunction in the context of premature aging.
Our observations suggest phase separation is an evolutionarily
conserved mechanism in genome organization.

Results
Enlarged mitochondrial nucleoids in vivo

During the course of in-depth analysis of cellular morphological
changes in a model system of aging, we noticed the presence of
aberrant mitochondria and enlarged mt-nucleoids in skin fibrob-
lasts from patients with Hutchinson-Gilford Progeria Syndrome
(HGPS) (Fig 1). HGPS is a rare, invariably fatal premature aging
disorder characterized by multi-tissue symptoms, including of
bone, muscle, skin, and cardiovascular failure. The disease is
caused by a point mutation in LMNA resulting in the production
of progerin, a dominant negative form of the major architectural
protein lamin A (Gordon, Rothman et al, 2014). In line with mito-
chondrial abnormalities associated with HGPS (Rivera-Torres,
Acin-Perez et al, 2013; Xiong, Choi et al, 2016), we find that ~70%
of advanced HGPS patient cells had a sub-population of mitochon-
dria that were swollen, spherical in shape and isolated from the
surrounding mitochondrial network compared to the typical
tubular, elongated mitochondrial networks in control cells (Fig 1A
and B; Appendix Fig S1E-K). The extent and number of enlarged
mitochondria correlated with disease progression (Fig 1C;
Appendix Fig S1K), and several chaperones and proteases of the
mitochondrial unfolded protein response (UPR™!) including HSPD1
(mtHSP60), mtHSP10, mtHSP70, ClpP, and LONP1 were enriched
in enlarged mitochondria, indicating that the altered mitochondrial
morphology is associated with mitochondrial stress (Fig 1J-L;
Appendix Fig SIR-W). Exogenous expression of progerin was suf-
ficient to induce in wild-type cells an increase in the number of
aberrant mitochondria that scaled with progerin expression
(Appendix Fig S1X-AF).

Analysis by high-resolution Structured Illumination Microscopy
(SIM) imaging revealed the presence of enlarged mt-nucleoids in

Figure 1. Enlarged mitochondrial nucleoids are prominent in a premature aging disease and can also arise from liquid-like fusion events under stress.

A, B Maximum intensity projections of SIM images of fixed normal (A) and HGPS (B) human skin fibroblasts, where the mitochondria are labeled in magenta with
MitoTracker Red, mtDNA in green with anti-DNA, and the nucleus in blue with DAPI. Scale bar = 5 um.

C Bar graph quantifying the number of damaged mitochondria per cell based on high-throughput imaging of two wild type and four HGPS primary skin fibroblast
cell lines. Bars and error bars represent averages + SEM for n = 3 independent experimental replicates (each experimental replicate had 15 technical replicates
each containing 5 fields of view, approximately 2,000-5,000 total cells for each cell line analyzed), where P-value for the ANOVA test statistic was P < 0.001. For

individual pairs, **P < 0.01, ***P < 0.001.
D-G

Three-dimensional views of normal mitochondria (D) annotated by white box in (B) and swollen mitochondria (F) annotated by yellow box in (B) and showing

TFAM localization in red with anti-TFAM; the length of the box = 4 um. (E, G) Normalized intensity distributions of mt-nucleoids labeled with anti-DNA and with

anti-TFAM corresponding to images from (D) and (F), respectively.

H,1 Time-course experiment of live HGPS cells under phototoxic conditions. Mitochondria were labeled with MitoTracker Deep Red (H, magenta), and mtDNA was
labeled with PicoGreen (H,I, green). Scale bar = 2 um. Arrow heads indicate pairs of mt-nucleoids that undergo liquid-like fusion events.
J, K Single z-slices of SIM images of UPR™ in mitochondria from fixed normal () and HGPS (K) human skin fibroblasts, where the UPR™ marker is gray-scale with anti-

HSPD1 (mtHSP60), and mtDNA is in green with anti-DNA. Scale bar = 1.5 um.

L Immunofluorescence quantification of UPR™ markers (CIpP, LonPl, mtHSP10, mtHSP60, mtHSP70) in all six primary cell lines reported as normalized intensity
values in undamaged and damaged mitochondria from high-throughput confocal images, where n = 3 independent experimental replicates (each experimental
replicate, containing three technical replicates, had a total of 150-600 cells for each cell line and UPR™ marker), and error bars are standard error.
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morphologically aberrant mitochondria of HGPS cells (Fig 1F and
G). In these mitochondria, mt-nucleoids clustered together into
structures that were considerably brighter and larger than the typi-
cally uniform mt-nucleoids of ~100 nm found in normal mitochon-
dria (Fig 1D and E). Several mt-nucleoid markers, including mtDNA
and the major mtDNA-packaging protein, TFAM, were locally
enriched in the atypical mitochondria (Fig 1F and G; Appendix Fig
S10 and P), while total TFAM and mtDNA levels were not altered in
HGPS cells (Appendix Fig S1IL-N).

The formation of enlarged mt-nucleoids is an indication of mito-
chondrial damage since they could also be induced in vivo when we
exposed primary skin fibroblasts to phototoxic stress (Minamikawa,
Sriratana et al, 1999) (see Materials and Methods). Within ~10 min,
neighboring mt-nucleoids dynamically fused and relaxed into spher-
ical, droplet-like structures (aspect ratio = 1, time scale ~ 20 + 10 s,
Appendix Fig S1Q) > 100 nm in size and up to a few microns in
diameter analogous to those seen in damaged, swollen mitochondria
of HGPS cells (Fig 1H and I and Movies EV1 and EV2). Similar, but
even more pronounced, fusion events were observed in the pres-
ence of the intercalator EtBr (Movies EV3 and EV4). The homotypic
fusion events between neighboring mt-nucleoids are consistent with
the behavior of coalescing liquid droplets (Hyman et al, 2014;
Banani et al, 2017). We conclude that loss of mitochondrial
homeostasis results in the inability of mitochondria to maintain
mt-nucleoid size and leads to the coalescence of multiple proximal
mt-nucleoids to form larger, membrane-less droplets of nucleopro-
tein complexes in a process that closely resembles the phase separa-
tion of many other biomolecular condensates (Hyman et al, 2014;
Banani et al, 2017).

TFAM phase separates in vitro into viscoelastic droplets

To explore if phase separation drives mt-nucleoid assembly, we
examined the ability of the major mt-nucleoid packaging protein
TFAM to undergo phase separation in vitro. In line with phase sepa-
ration behavior, TFAM formed spherical droplets in low-salt condi-
tions and at protein concentrations of > 5 pM TFAM establishing a
second proteinaceous phase, separate from the dilute, aqueous
phase (Fig 2A; Appendix Fig S2D). Droplet formation was reversible
upon increasing salt concentration (Appendix Fig S2F) and was
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reduced upon 1,6 hexanediol treatment (Appendix Fig S2G). At
30-60 min post-mixing, droplets coarsened to sizes of ~1-5 pm and
sedimented toward the bottom of the imaging chamber (Fig 2A).
The TFAM concentrations required for phase separation in vitro
were well within the estimated physiological range inside the mito-
chondria on the order of ~10 uM (see Materials and Methods)
(Kukat et al, 2011).

We performed a series of biophysical assays on TFAM droplets
to assess their material properties within the first 30-90 min after
mixing. Photobleaching of a R ~ 0.5 pm spot revealed slow dynam-
ics with a characteristic time scale of z ~ 6.5+ 0.5 min, which corre-
sponded to a diffusivity of ~6 x 10~*pm?/S. Furthermore, recovery
was incomplete, with an immobile fraction of 0.5 + 0.2, indicative
of viscoelastic behavior (Fig 2B, Movie EV5). Similarly, time-lapse
images of TFAM droplets undergoing coalescence events also
displayed correspondingly slow dynamics with time scales of t =
4 £+ 0.5 min, giving rise to an inverse capillary velocity of
80 + 20 s/um (Fig 2C). Although the droplets had the propensity to
relax upon contact, the average aspect ratio upon fusion was
1.36 &+ 0.04, which deviated from that of a sphere (AR = 1.0)
(Appendix Fig S2H). Introduction of dextran-FITC of varying sizes
as an inert probe to sample the physicochemical environment of the
droplets demonstrated that small particles of < 1 nm preferentially
accumulated within the droplets, most likely due to electrostatic
interactions between negatively charged FITC and positively
charged TFAM (Appendix Fig S2C), while increasing probe size
resulted in reduced partitioning (Fig 2D). These properties are
indicative of a characteristic pore or mesh size of ~1 nm, suggesting
the presence of an effective polymer meshwork forming among indi-
vidual TFAM molecules with markedly slow internal arrangements
and signatures of viscoelasticity.

TFAM phase separation is driven by multivalent interactions

TFAM contains two DNA-binding high mobility group (HMG)
domains separated by a disordered linker domain and flanked by an
intrinsically disordered C-tail, together forming a relatively flexible
protein chain (Appendix Fig S2A) (Ngo et al, 2011; Rubio-Cosials
et al, 2011). Additionally, TFAM is one of the most highly charged
proteins in the mt-nucleoid (Appendix Fig S2C) and is primarily

Figure 2. TFAM phase separates into droplets with slow dynamics, driven by many weak, multivalent interactions.

A Phase diagram (left panel) of TFAM under various protein and salt concentrations, where gray dots indicate single/soluble phase, red dots signify two phases/droplets
present. DIC image (middle) and maximum intensity projection (right) of TFAM-DyLight-594 droplets at 25 uM and 150 mM NaCl in 20 mM Tris—HCI, pH 7.5 30 min

after mixing. Scale bar = 5 um.

B FRAP using 488 and 561 nm light performed on a ~1 um spot on TFAM droplet 30 min after mixing. Inset shows representative fluorescent image of TFAM-DyLight-
594 pre-bleach, immediately post-bleach, and 25 min post-bleach. Scale bar = 2 um. Values represent averages & SD from n = 15 droplets.
C Aspect ratio of droplet shape as a function of time after contact for a representative droplet. Inset shows fusion images corresponding to the trace att = 0, 2, 4, and

40 min. Scale bar = 2 um.

D The partition coefficient of dextran-FITC into TFAM droplets as a function of dextran average hydrodynamic radius estimated from the molecular weight. Solid line is
an exponential fit to the data, where the partition coefficient is y = 6e=R/6 + 0.4 giving rise to | ~1 nm. Inset shows representative images showing localization of
dextran-FITC for R, ~ 1, 2 and 25 nm. Scale bar = 10 um. Values represent averages + SD from n = 3 experiments (>20 droplets analyzed per condition for each

experiment).

E Schematic diagram of mutants with HMG domains in red and intrinsically disordered regions in gray. Yellow and green lines indicate point mutations in L6 and no-

dimer mutants, respectively.

F Phase diagram of mutants at 150 mM NaCl and 20 mM Tris—HCI, pH 7.5 for a range of protein concentrations.
Fluorescent maximum intensity projections of mutants at 50 uM protein and 150 mM NaCl, 20 mM Tris—HCl, pH 7.5 within 30-60 min after mixing. Scale

bar =2 um.
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enriched in positive amino acids distributed throughout the length
of the protein (Appendix Fig S2B). To dissect the molecular features
of TFAM responsible for phase separation, a set of TFAM mutants
was analyzed for phase behavior in vitro (Fig 2E).

In phase separation assays in vitro, the HMGA domain alone
failed to form the typical micron-sized droplets as seen with full-
length TFAM, but assembled into small puncta near the diffraction
limit even at high concentrations (Fig 2F and G; Appendix Fig
S21-L). Maintaining half of the protein, either by adding a linker to
HMGA (HMGA + linker) or with the structurally analogous
HMGB + C-tail mutant, restored droplet formation, albeit at higher
saturation concentrations than full-length TFAM, suggesting that
multivalency seen in the full-length protein lowers the barrier for
phase separation and that the addition of a disordered domain to
HMGA promotes phase separation (Fig 2F and G; Appendix Fig
S21-L). Loss of the disordered C-tail (AC-tail) did not affect the satu-
ration concentration, but influenced the wetting behavior of the
droplets on the glass coverslip as indicated by a decreased smooth-
ness along the droplet perimeter (Fig 2F and G; Appendix Fig S21I
and J). The change in wetting behavior indicates differences in
interfacial tension arising from molecular interactions between the
droplet phase and the surroundings. Removal of the HMGA domain
(AHMGA), which leaves a single HMG domain flanked by two
disordered sequences, also resulted in droplet formation, but at
slightly higher saturation concentrations. Finally, introduction of six
non-polar residues in the linker region (L6 mutant) (Ngo, Lovely
et al, 2014) affected the bulk properties of the droplets as evidenced
by the highly non-spherical morphologies, whereas inclusion of
non-polar residues in the HMGA domain to prevent dimerization
(no-dimer mutant) (Ngo et al, 2014) increased saturation concentra-
tions and produced smaller droplets, underscoring the contribution
of multivalent interactions in phase separation of TFAM (Fig 2F and
G; Appendix Fig S2I-L). Taken together, these observations suggest
a mechanism by which many weak interactions along a flexible
backbone of TFAM allow for robust phase separation and that the
disordered linker and C-tail provide flexibility of the biopolymer
chain to promote phase separation into prominent droplets.

Formation of TFAM-mtDNA multiphase condensates in vitro

To examine the interplay of mtDNA and TFAM in phase-separated
mt-nucleoids, we investigated the in vitro phase behavior of TFAM
in the presence of mtDNA (Fig 3; Appendix Fig S3A and B). As
expected, mtDNA (0-10 nM or equivalently 0-100 ng/ul) on its own

Marina Feric et al

did not phase separate, but only when combined with TFAM at
concentrations that support phase separation (> 5 uM), mtDNA
readily partitioned into droplets. Importantly, the presence of
mtDNA significantly affected droplet formation and morphology
(Fig 3A; Appendix Fig S3C). Under initial mixing molar ratios of
mtDNA/TFAM on the order of 1 x 107° - 1 x 1073, which roughly
correspond to the order of magnitude estimates of their physiologi-
cal ratio (Kukat et al, 2011) (see Materials and Methods), TFAM and
mtDNA readily associated into droplets together (Fig 3A;
Appendix Fig S3C). At higher mtDNA/TFAM molar ratios (> 0.001),
large, phase-dense droplets were no longer detected, potentially due
to saturation behavior (Fig 3A; Appendix Fig S3C). However, at
these high mtDNA/protein ratios, microscopic droplet formation
could be restored upon addition of the crowder PEG (Appendix Fig
S3D). For molar ratios of mtDNA/TFAM < 6 x 107, the aspect ratio
of the droplets notably increased with increasing ratio of mtDNA/
TFAM molar concentrations (Fig 3B). For mtDNA/TFAM molar
ratios <3 x 107, the number of droplets (measured ~1 h after
mixing) increased with increasing mtDNA/TFAM levels (Fig 3B
inset), suggesting that mtDNA can potentiate droplet formation
under those conditions, possibly acting as a nucleating agent and
paralleling how RNA drives phase separation when added to RNA-
binding proteins (Lin, Protter et al, 2015). ssDNA, dsDNA, and RNA
as well as free nucleotides (ANTPs) also partitioned and supported
TFAM droplet formation (Appendix Fig S3E-T). Interestingly,
ssDNA and dsDNA, considerably longer than the 16.6 kB mtDNA
and without any sequence specificity to mtDNA, resulted in even
more irregular droplet morphologies (Appendix Fig S3E-T). We
conclude that the addition of long, polymerized strands of DNA,
irrespective of sequence, leads to favorable interactions between
TFAM and DNA, thereby affecting the emergent droplet behavior
(Appendix Fig S3E-V). While the aspect ratio of droplet morpholo-
gies did indeed vary across conditions tested, the structures that
formed were invariably phase-dense and > 1 pm in diameter,
corroborating that the TFAM-mtDNA in vitro system consistently
exhibited phase separation as opposed to other modes of DNA
compaction, such as salt-induced condensation or polymer collapse.
These findings demonstrate that the material properties of the
droplets depend on DNA/TFAM composition, where increasing
DNA leads to more irregular droplet morphologies.

To probe how mtDNA localizes within the droplets, we
performed SIM imaging on TFAM-mtDNA droplets containing
increasingly higher concentrations of mtDNA. We find that mtDNA
is not uniformly distributed, but de-mixes from TFAM within the

Figure 3. TFAM and mtDNA form heterogenous droplets whose relaxation timescale is set by mtDNA in vitro.

A Phase diagram of mtDNA versus TFAM denoting single/soluble phase (gray) or two phases/droplets (green). Each point on the phase diagram representing a unique
DNA and protein concentration was measured from n = 2-12 independent experiments. Black solid line delineates deduced phase boundary.

B Aspect ratio as a function of dimensionless concentration (molar concentration mtDNA/molar concentration TFAM). Values represent binned mtDNA/TFAM
conditions as measured in (A), and error bars are SEM. Green dashed line is an exponential fit to the data where y = 1.5 — 0.2e"/G8 *19™) nset: number of TFAM-
mtDNA droplets per field of view as a function of dimensionless concentration. Values represent binned conditions from mtDNA/TFAM conditions measured in (A)

(-x/2.1)

and error bars are SEM. Green dashed line is an exponential fit to the data where y = 5,600 — 2,100¢! .

C-G SIM images of droplets 30 min after mixing with various amounts of mtDNA: 0 nM (C), 0.1 nM (D), 1 nM (E), 4 nM (F), and 10 nM (G). Top row is of TFAM-DyLight-
594 (red), middle row is of mtDNA-Alexa 488 (green) and bottom row is the merged image. Scale bar = 2 um.

H, | FRAP experiments on TFAM-mtDNA droplets at 25 uM TFAM (H, red) and 10 nM mtDNA (I, green). Scale bar = 1 pum.

] FRAP recovery curve showing intensity as a function of time for TFAM (red) and mtDNA (green). Black line are single exponential fits, where mobile fraction ~ 0.60
and characteristic recovery time t ~ 350 + 30 s for TFAM (y = 0.73-0.38exp(-t/350)), and recovery times t >> 15 min for mtDNA (error = 95% Cl). Values represent

averages + SD from n = 16 droplets.
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droplet (Fig 3C-G), consistent with multiphase behavior seen in
other multi-component phase separating systems, and is reminiscent
of the dense fibrillar component and fibrillar center of the nucleolus
(Feric et al, 2016). Similar multiphase organization was observed
with both ssDNA and dsDNA, but not with dNTPs nor RNA
(Appendix Fig S3J-S). To characterize the dynamics of multiphase
TFAM-mtDNA droplets, fluorescence recovery after photobleaching
(FRAP) demonstrated that TFAM was able to diffuse within TFAM-
mtDNA droplets with similar recovery behavior as in pure TFAM
droplets (Fig 3H and J; Movie EV6). In contrast, on these timescales,
mtDNA within the droplets remained strikingly immobile (Fig 31
and J; Movie EV6), suggesting that the mtDNA molecules within the
TFAM-mtDNA droplets determine the time scale for the bulk proper-
ties of the droplets, while also explaining the observed non-spheri-
cal shapes at high mtDNA/TFAM ratios. The FRAP data suggest that
these droplets represent kinetically arrested states arising from the
slow dynamics associated with mtDNA inside the droplet, and as
such, the observed dynamics are consistent with the multiphase,
heterogenous sub-structure visualized in these droplets.

TFAM modular domains influence organization of mtDNA in
compound droplets in vitro

As all of the TFAM mutants were able to phase separate, we next
investigated how they interacted with mtDNA in vitro to more
directly probe the molecular interactions influencing the phase
behavior and observed internal structure. When TFAM mutants were
combined in vitro with mtDNA, the resulting droplets significantly
varied in their internal organization based on the propensity of each
mutant to phase separate on its own (i.e., average droplet size) as
well as each mutant’s binding affinity for mtDNA (Fig 4A-1). For
example, full-length TFAM formed larger droplets than most of the
mutants and had heterogenous localization of mtDNA (Fig 4A).
However, mtDNA was exclusively located along the periphery of the
mutants containing only HMGA domains (HMGA and HMGA +
linker mutants; Fig 4B, C, I and J). In HMGA-mutants to which the
HMGB domain was appended, such as in the case of AC, mtDNA
was more diffusely localized within the interior of the droplet (Fig 4
D). Upon loss of the HMGA domain, the AHMGA and HMGB + C-tail
mutants had inverse localization of mtDNA as mtDNA was primarily
located within the interior of the droplets (Fig 4E, F, I and K). The
remaining two mutants that retained all functional domains but had
altered interactions in the linker (L6, Fig 4G) or prevented dimeriza-
tion (no dimer, Fig 4H) both showed similar heterogenous localiza-
tion as full-length TFAM (Fig 4A and I). These results demonstrate
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that TFAM has varying degrees of affinity for mtDNA across its
modular domains. To directly test this hypothesis, we mixed combi-
nations of full-length TFAM with equimolar amounts of mutants
HMGA + linker or HMGB + C-tail (each protein at 25 pM) in the
presence or absence of mtDNA (Fig 4L; Appendix Fig S4; see
legends/Methods for details). For TFAM and HMGA + linker, there
was high miscibility, but addition of mtDNA led to exclusively
peripheral localization of the droplet relative to the mtDNA, unlike
the internal heterogenous organization of full-length TFAM with
mtDNA, suggesting the HMGA + linker mutant dominates the orga-
nization in these droplets (Appendix Fig S4). Interestingly, TFAM
and HMGB + C-tail also had high miscibility when mixed together
(Appendix Fig S4H), but upon the addition of mtDNA, they de-mixed
within the droplet and TFAM concentrated in microdomains highly
enriched in mtDNA and completely devoid of HMGB + C-tail, which
instead formed large domains that enveloped microdomains of
TFAM and mtDNA (Fig 4L). This organization reveals that TFAM
can outcompete the HMGB + C-tail mutant for mtDNA, leading to
further enrichment of TFAM-mtDNA domains inside the droplet.
These observations are consistent with measurements from the liter-
ature which indicate significantly higher binding affinity of the
HMGA domain alone compared to the poor binding of the HMGB
domain alone (Wong, Rajagopalan et al, 2009). Although TFAM’s
HMGA + linker and HMGB + C-tail mutants are structurally similar,
they do not form physicochemically equivalent droplets. Together,
these observations paint TFAM as undergoing a multitude of interac-
tions along its backbone that differ in their interaction strengths for
DNA and in their propensity to undergo phase separation.

Phase behavior of TFAM in live cells

To test if the in vitro phase behavior of TFAM and mtDNA reflects
the dynamic properties and structural organization of mt-nucleoids
in vivo, we visualized mt-nucleoids in HeLa cells using TFAM-
mKate2. In photobleaching experiments, TFAM-mKate2 exhibited
very low recovery (immobile fraction = 0.9 + 0.3) (Appendix Fig
S5A-D; Movie EV7) indicative of limited exchange of TFAM
between the mt-nucleoid and the mitochondrial volume, consistent
with the very low concentration of free TFAM (Matsushima, Goto
et al, 2010; Lu, Lee et al, 2013). However, in line with in vitro obser-
vations, the ability of TFAM to rapidly diffuse within a mt-nucleoid
became evident when a bleached mt-nucleoid fused with a neigh-
boring unbleached mt-nucleoid resulting in rapid exchange within
the coalescing droplet (Fig SA and 5B; Movie EV8). Furthermore,
overexpression of TFAM-mKate2 to high levels in HeLa cells led to

Figure 4. TFAM modular domains influence organization of mtDNA in compound droplets in vitro.

A-H Single z-slices of SIM images of TFAM mutants with mtDNA, where TFAM full-length (A), HMGA (B), HMGA + linker (C), AC (D), AHMGA (E), HMGB + C-tail (F), L6
(G), and no dimer (H). Final concentrations of TFAM mutants (red) and mtDNA (green) were each 25 uM and ~1 nM, respectively. Schematic diagram represents
typical organization of TFAM mutant and mtDNA inside of droplet. Top panel of images is the merge of TFAM mutant and mtDNA channels, and the bottom panel

of images is of the mtDNA channel only. Scale bar = 1 um.

| Correlation coefficient as a function of each TFAM mutant with mtDNA analyzed for the above images, where n = ~200-1,000 droplets. Error bars represent
standard deviation (SD), and a one-way ANOVA test was performed, where ***P < 0.001.

J, K Radial distribution functions of the localization of HMGA + linker (J, red) or HMGB + C-tail (K, red) and mtDNA (green) inside the droplet. Droplet dimensions were
normalized where O is the center of the droplet and 1 is the periphery of the droplet.

L Single z-slices of SIM images of compound droplets containing HMGB + C-tail (blue), TFAM (red), and mtDNA (green). Top row contains individual channels for
HMGB + C-tail, TFAM, and mtDNA, respectively. Bottom panel shows overlays, where the leftmost is of HMGB + C-tail and mtDNA channels, middle panel is
HMGB + C-tail and TFAM, and rightmost panel is the three-color overlay. Scale bar = 1 um.
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Figure 5. Phase behavior of TFAM in live cells.

A, B FRAP experiment performed on a small mt-nucleoid that later undergoes a fusion event in live HeLa cells expressing TFAM-mKate2. (A) The overlay of TFAM-
mKate2 (red) and of mtDNA labeled with PicoGreen (green) pre-bleach, bleach, 1.5 and 3 min post-bleach, and (B) the single-channel of TFAM-mKate2 (red). Scale
bar =1 um.

C, D FRAP experiment performed on a R ~ 0.2 um spot in an enlarged mt-nucleoid in live Hela cells expressing TFAM-mKate2 (n = 18 mt-nucleoids), where (C) is the
overlay of TFAM-mKate2 (red) and of mtDNA labeled with PicoGreen (green) pre-bleach, bleach, 3 and 6 min post-bleach. The solid white line indicates the pixels
that were analyzed for intensity quantification. The dashed white circle denotes the part of the mt-nucleoid that was bleached. Scale bar = 0.5 um. (D) The
normalized intensity of TFAM-mKate2 (red) and PicoGreen (green) where the x-axis corresponds to the solid white line from (C). Recovery, t, was ~70 + 20%
(percentage of area under the curve recovered at t = 6 min after photobleaching, n = 18 mt-nucleoids), and error bars represent SD. Diffusion coefficient was
estimated as D ~ R%/t ~ 1 x 10~* pm?/s.

E Images of mt-nucleoids undergoing liquid-like fusion events in Hela cells overexpressing TFAM-mKate2 after ~30 min exposure to EtBr with phototoxic imaging
conditions where mtDNA (PicoGreen, green) and mitochondria (MitoTracker Deep Red, magenta) are shown. Arrow heads point to mt-nucleoids involved in
homotypic fusion events. Scale bar = 5 um.
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formation of enlarged mt-nucleoids (~1 um) (Appendix Fig S5F and
G), and photobleaching a small spot (R ~ 0.2pm) within these struc-
tures (Fig 5C; Appendix Fig SS5E; Movie EV9) gave rise to recovery
of ~70 + 20% (percentage of area under the curve recovered at t =
6 min after photobleaching) of signal further indicating relatively
high mobility of TFAM within mt-nucleoids (Fig 5D) and corre-
sponding roughly to diffusivities on the order of ~1x107*pm?/s
(Fig 5D), in agreement with in vitro observations. Moreover, mt-
nucleoids larger than the diffraction limit exhibited classic liquid-
like fusion behavior upon phototoxic and EtBr induced stress,
consistent with a phase separation model (Fig 5E; Movie EV10), and
existed as discrete structures in sporadically swollen mitochondria
in HeLa cells (Appendix Fig S5J). Furthermore, mt-nucleoids were
largely unaffected upon swelling of mitochondria under hypo-
osmotic conditions (Appendix Fig SS5H and I), suggesting their
components are not diffuse in the mitochondrial matrix, but that the
size and shape of mt-nucleoids are intrinsic properties arising from
phase separation. These dynamics and recovery features are compa-
rable to the viscoelastic material properties of TFAM droplets
observed in vitro.

TFAM influences localization and miscibility of
mt-nucleoid components

Our in vitro titration experiments suggested correlation between
TFAM and mtDNA concentrations and morphology of the phase-
separated structures. To probe the effect of TFAM concentration on
mt-nucleoid organization in vivo, we expressed TFAM-mKate2 and
selected mt-nucleoids with varying levels of expression for analysis
using SIM. Consistent with in vitro titration data, we find an
increase of mt-nucleoid sizes, reaching up to a few microns in
length, upon increasing levels of TFAM-mKate2 (Fig 6A-C;
Appendix Fig S6A). In addition, the mtDNA localization within
these enlarged mt-nucleoids had similar multiphase organization as
observed in TFAM-mtDNA droplets in vitro (Fig 6A-C). This behav-
ior was not dependent on the mKate2 tag as overexpression of unla-
beled TFAM gave similar results (Appendix Fig S6B and C). This
non-uniform structure is consistent with the layered organization of
mt-nucleoids deduced from biochemical analysis (Bogenhagen,
Rousseau et al, 2008).

We next characterized the effect of TFAM on the multiphase
properties of mt-nucleoids by analyzing the behavior of an addi-
tional core mitochondrial transcription factor, TFB2M (Bogenhagen
et al, 2008). We find that TFB2M did not mix homogenously with
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TFAM and DNA, but was preferentially localized toward the
mitochondrial inner membrane (Fig 6D) in line with the multi-
component and multiphase nature of mt-nucleoids. Based on
Pearson’s correlation coefficient to assess partitioning within
each microphase, TFAM has higher colocalization with mtDNA
(Orrantmeona =0.640.1) than with TFB2M (p7pap rrpanr = 0.3 £0.1)
(Fig 6F). Furthermore, the correlation between TFAM and mtDNA
is not 1, suggesting that there are microdomains within the
mt-nucleoid that are enriched in TFAM, consistent with in vitro
multiphase behavior.

To relate the in vitro behavior of TFAM mutants to their in vivo
properties, we examined them in HeLa cells (Fig 6E; Appendix Fig
S6D-0). Notably, the HMGB + C-tail-mutant caused a complete
inversion in localization of the mutant from the interior, and as a
result, the interactions with mtDNA were largely depleted, while
the interactions with TFB2M were enriched (pypcpc taitmpna =
0.2%0.1,pupmcB+ c—tai,Tream = 0.8 £0.1)  (Fig 6F). This change in
localization reflected differences in protein miscibility of the
HMGB + C-tail mutant between the microphases, demonstrating that
the HMGA and linker domains are important for association of
TFAM with mtDNA. Other mutants also affected interactions
between the mt-nucleoid components, although to a lesser extent.
Specifically, the AC-tail mutant increased colocalization with mtDNA
(Pac—taitmtpna = 0.8£0.1), which suggests that loss of the C-tail
increased affinity and binding of TFAM and mtDNA, while poten-
tially outcompeting the interactions with other proteins (Fig 6F;
Appendix Fig S6F). Several other mutants also had increased affi-
nities for TFB2M, albeit to a lesser extent as the HMGB + C-tail
mutant, including the AHMGA mutant (papyca rrom = 0.7 £0.1),
which approached the HMGB + C-tail mutant in composition (Fig 6
F; Appendix Fig S6G). The partitioning of the mutants in live cells,
especially regarding the behavior of the HMGB + C-tail mutant, is in
line with their in vitro behavior (Fig 4; Appendix Fig S4).

Functional features of enlarged mt-nucleoids

To finally assess whether the phase behavior of mt-nucleoids is
related to mitochondrial function, we measured mitochondrial activ-
ities in HGPS cells, which are enriched for enlarged mt-nucleoids
(Fig 7). Single molecule FISH for mt-12S and mt-COI RNA demon-
strated enrichment of mt-RNA transcripts in enlarged mt-nucleoids
that were proportional to local TFAM levels (Fig7A and B;
Appendix Fig S7A-F, and M). The expanded volume inherent to the
damaged mitochondria made evident that RNA transcripts localized

Figure 6. TFAM mutants influence miscibility and localization of mt-nucleoid components.

A-C Single z-slices of SIM images of individual mt-nucleoids ranging in size after overexpression of TFAM-mKate2 in a fixed Hela cell, where mtDNA (A, green, anti-
DNA), and TFAM (B, red, TFAM-mKate2) and merge (C). Scale bar = 0.5 um. Each structure represents a single, enlarged mt-nucleoid containing multiple mtDNA

foci found in one mitochondrion.

D, E Single z-slices of SIM images of individual mt-nucleoids in single mitochondria from fixed Hela cells after TFAM-mKate2 (D) and HMGB + C-tail-mKate2 (E)
overexpression (magenta), where mitochondria are labeled with MitoTracker Far Red (gray), mtDNA is labeled with anti-mtDNA (cyan), and TFB2M is labeled with
anti-TFB2M (yellow). Merged images are shown as an overlay of cyan, magenta, and yellow channels only. Each structure represents a single, enlarged mt-nucleoid

containing multiple mtDNA foci found in one mitochondrion. Scale bar = 0.5 um.

F Colocalization of channels is shown computed from Pearson’s correlation coefficient for each interaction pair shown for TFAM-FL and all TFAM mutant constructs
overexpressed in Hela cells (n = 20-40 mt-nucleoids from 4-5 cells imaged for each mutant construct). One-way ANOVA analysis shows statistical significance
across all mutants for each interaction pair, where P < 2e-16 for TFAM-mtDNA interactions, P < 2e-16 for TFAM-TFB2M interactions, and P = 1.3e-8 for mtDNA-
TFB2M interactions. Error bars represent standard deviation (SD). Notation on graph denotes statistical analysis relative to TFAM-FL based on the Least Significant
Difference test for each interaction pair, where *P < 0.05, **P < 0.01, and ***P < 0.001.
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along the perimeter of the mitochondrial membrane, but they did
not colocalize with mt-nucleoids, suggesting that mt-nucleoids and
mt-RNA exist as distinct structures, and potentially immiscible
phases, of (ribo)nucleoproteins (Fig 7C-F). The separation of
mtDNA from mt-RNA transcripts is in line with the weak partition-
ing and minor effect on morphology of RNA relative to DNA on
TFAM droplets in vitro (Appendix Fig S3E-V). Similar increased
transcriptional activity of enlarged mt-nucleoids was evident when
nascent transcription was measured by BrU incorporation
(Appendix Fig S7G-L and N). Consistently, we did not observe
changes in mt-RNA transcripts on a population level as measured
by qPCR, which supports that enlarged mt-nucleoids remain tran-
scriptionally active, in line with RNA FISH imaging (Appendix Fig
S70).

On a population level, the enrichment of enlarged phase-sepa-
rated mt-nucleoids in HGPS patients appeared to be preceded by
altered mitochondrial metabolic functions, since defects in mito-
chondrial respiration were found in cells from both young and old
HGPS patients, but morphological defects were more abundant only
in the old HGPS patients (Fig 1; Appendix Fig S7P). Specifically,
basal mitochondrial respiration, maximal respiration, and reserve

Figure 7. Functional features of enlarged mt-nucleoids.

mt-12S RNA HGPS
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capacity were reduced in all HGPS fibroblasts compared to isogenic
non-affected fibroblasts (Appendix Fig S7Q-S), which supports that
functional impairment of mitochondrial oxidative phosphorylation
and ATP regeneration occurred prior to mt-nucleoid enlargement.
Furthermore, HGPS fibroblasts from older donors had elevated mito-
chondrial ROS and membrane potential compared to HGPS fibrob-
lasts from young or unaffected proband control fibroblasts
(Appendix Fig S7T and U). These observations of mitochondrial
dysfunction were consistent with our finding that other sources of
stress, such as ROS production from phototoxic stress, were simi-
larly followed by mt-nucleoid fusion events (Fig 1H and I). These
observations demonstrate that loss of mt-nucleoid size control gives
rise to enlarged mt-nucleoids via phase separation and is associated
with mitochondrial dysfunction.

Discussion

Our results show that mitochondrial nucleoids form by phase sepa-
ration. Our finding that the well-established architectural mt-
nucleoid protein TFAM has a high propensity for self-assembly into
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A, B Maximum intensity projections of SIM images of fixed normal (A) and HGPS (B) human skin fibroblasts, where mtDNA is in green with anti-DNA, TFAM is in red
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a separate protein-rich phase, and combined with mtDNA, generates
complex, multiphasic structures in vitro suggest that TFAM is the
primary driver of mt-nucleoid phase separation. In support, we find
that the properties of in vitro generated condensates containing
TFAM and mtDNA closely mirror in vivo behavior of mt-nucleoids.

These results provide new insights into the biogenesis of
mt-nucleoids and the function of the major architectural mtDNA-
binding protein TFAM. While the ability of TFAM to bind DNA is
well-established (Wong et al, 2009; Farge et al, 2014; Kukat et al,
2015), binding of TFAM to mtDNA alone does not explain the
higher-order structural features of mt-nucleoids, such as their
observed size and shape, and their dynamic emergent properties,
including liquid-like fusion events and internal rearrangements. The
phase behavior of TFAM and mtDNA described here accounts for
the observed morphological features of mt-nucleoids as discrete,
heterogenous, non-membranous entities within mitochondria, their
viscoelastic dynamics in vivo, their normally uniform size, and their
ability to reach sizes larger than 100 nm upon mitochondrial
dysfunction as observed in HGPS cells. This physical phase separa-
tion model complements previous self-assembly studies of TFAM
and mtDNA into nucleoid-like structures under dilute conditions
(Wong et al, 2009; Farge et al, 2014; Kukat et al, 2015), by extend-
ing them to reveal the importance of protein-protein interactions
necessary in driving the self-assembly of the mitochondrial genome
under physiologically more relevant conditions.

Based on our mutational analysis of TFAM, we suggest a model
in which weak interactions along the flexible backbone of TFAM
promote phase separation into viscoelastic droplets. In the presence
of DNA, the HMG domains of full-length TFAM each bind DNA by
intercalating into the helical strand, and together, further stabilize
the DNA fiber (Appendix Fig S4B) (Ngo et al, 2011; Rubio-Cosials
et al, 2011). Collectively, TFAM molecules fully coat the DNA fiber,
encapsulating it within a meshwork, while interacting with other
bound or unbound TFAM molecules to form a phase-separated
condensate. Differential interactions and solubilities of full-length
TFAM with mt-nucleoid components (mtDNA, TFB2M) likely contri-
bute to the generation of microphases within the mt-nucleoid
droplet, giving rise to their multiphasic nature. Our observation that
truncation and modification of TFAM domains lead to pronounced
changes in localization within the mt-nucleoid droplet underscores
the role of TFAM-specific interactions in independently conferring
miscibility and determining overall mt-nucleoid structure. These
physical properties may also generate a platform for other mt-
nucleoid-associated proteins to partition into these dynamic, yet
persistent, structures (Bogenhagen et al, 2008) and to exclude other
components from the mitochondrial matrix from fully mixing with
the mt-nucleoid.

The observed preferential localization of a TFAM mutant consist-
ing of the HMGB and C-terminal domains with the mitochondrial
membrane suggests that the TFAM N-terminus interacts with
mtDNA in the mt-nucleoid interior within the mitochondrial matrix,
and that the C-terminus is relatively less soluble and interacts with
other mt-nucleoid-associated proteins and with the mitochondrial
inner membrane, suggestive of TFAM acting as a surfactant. Previ-
ous work suggested that mt-nucleoids interact with membranes
(Brown et al, 2011; Kopek, Shtengel et al, 2012), potentially via a
tethering mechanism (Chen & Butow, 2005). Our results suggest
that the interaction of mt-nucleoids with membranes is due to the
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emergent wetting behavior of the condensate on the membrane
(Snead & Gladfelter, 2019). Similar observations have been made
for contact sites between tethering proteins from various membrane
bound organelles, including the mitochondrial mitofusin 1 (Mfn1)
tethering protein and Sec61f of the ER membrane (King, Sengupta
et al, 2020), and for the condensation of Atgl-complex droplets, as
part of the pre-autophagosomal structure (PAS), along vacuolar
membranes (Fujioka, Alam et al, 2020). It is tempting to speculate
that the wetting behavior between the mitochondrial inner
membrane and the mt-nucleoid may not only play a role in regulat-
ing the size and diffusion of mt-nucleoids, but also in functional
processes such as replication (Lewis, Uchiyama et al, 2016). In addi-
tion, mt-nucleoids are not the only example of phase separation
within the mitochondria, as mitochondria have also been reported
to contain various RNA granules, which do not colocalize with mt-
nucleoids. This is further supported by our observation that RNA
weakly partitions into TFAM droplets in vitro, suggesting poor
miscibility of RNA within the mt-nucleoid phase.

Normally, cells tightly maintain mt-nucleoids to have a fixed size
of ~100 nm, yet various stressors, such as phototoxic stress or age-
associated damage, induce mt-nucleoid fusion to generate micro-
scopic droplet-like structures that are considerably larger than
> 100 nm. This behavior suggests that phase separation plays a role
in mt-nucleoid size control. The innate phase behavior of mt-
nucleoids favors their fusion to form a large macroscopic phase,
while biological activity under normal conditions seems to prevent
these events, similar to how hundreds of nucleoli are prevented from
fusing in large nuclei of frog eggs via a unique nuclear actin scaffold
(Feric & Brangwynne, 2013). The functional benefits of tightly regu-
lating mt-nucleoid size and the biological mechanisms that mitigate
these fusion events in normal cells are yet to be determined.

In line with loss of mt-nucleoid size control, we find that enlarged
mt-nucleoids in HGPS cells are associated with mitochondrial
dysfunction. Our observation that transcriptional levels of mitochon-
drial genes are unchanged in enlarged mt-nucleoids is consistent
with phase separation: If both small and large droplets arise from the
same coordinate on the phase diagram, then the droplets should be
compositionally and functionally similar. We find enlarged mt-
nucleoids under conditions of acute or chronic stress such as photo-
toxicity or as in HGPS cells, which exhibit elevated levels of ROS
(Kubben, Zhang et al, 2016). The molecular mechanisms that lead to
the formation of enlarged mt-nucleoids in HGPS cells and their func-
tional relevance to disease remain to be determined. Our finding that
the presence of enlarged mt-nucleoids is limited to cells from older
HGPS patients, whereas mitochondrial defects are found in HGPS
patients of all ages, suggest that the enlarged mt-nucleoids emerge as
a consequence of aberrant mitochondrial function in HGPS. An
intriguing possibility with regard to functional properties of mt-
nucleoids is that phase separation of TFAM may be a protective
response toward maintaining mtDNA sequence integrity (Cadenas &
Davies, 2000; Bogenhagen, 2012). The formation of a proteinaceous
phase of TFAM around mtDNA may act as a physical barrier imped-
ing diffusion of free radicals. Fusion into a single larger, spherical
droplet would reduce the total surface area exposed to the surround-
ing oxidizing environment and increase the distance for ROS to dif-
fuse to reach the mt-nucleoid core, thereby minimizing the formation
of ROS-induced mutations and deterioration of the mitochondrial
genome (Barja & Herrero, 2000). Additionally, phase separation of
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the mt-nucleoid components into droplet-like structures could serve
as a platform to recruit and retain necessary mtDNA repair factors in
response to damage (Kazak, Reyes et al, 2012).

The phase behavior of mt-nucleoids may also account for the
observation of a high degree of pathogenicity of a remarkably
diverse set of mutations in mt-nucleoid proteins (Suomalainen &
Battersby, 2018). For example, a large number point mutations in
the linker region of POLG lead to a spectrum of diseases (Chan &
Copeland, 2009). These mutations may exert their pathogenic effect
not by specifically disrupting the active site of the affected protein,
but rather by globally influencing the biophysical interactions that
contribute to higher-order structure and therefore long-term stability
of mt-nucleoids.

Mitochondria are originally derived from prokaryotes, and
nucleoids are an evolutionarily ancient feature used to organize
both prokaryotic and mitochondrial genomes (Dillon & Dorman,
2010). In support of a common organizational principle, bacterial
genomes are packaged into nucleoid structures that have also been
described to behave as fluids (Cunha, Woldringh et al, 2001), and
some bacterial nucleoprotein complexes also undergo phase sepa-
ration (Monterroso, Zorrilla et al, 2019; Remesh, Verma et al,
2020). Unlike TFAM, bacterial architectural nucleoid-associated
proteins, including HU, histone-like nucleoid structuring protein
(H-NS), factor for inversion stimulation (FIS), and the integration
host factor (IHF), lack HMG domains as seen in TFAM, suggesting
a multitude of molecular interactions can condense DNA (Kucej &
Butow, 2007; Dillon & Dorman, 2010). Interestingly, HMG domains
have purely eukaryotic origins as exemplified by how mt-nucleoids
in budding yeast are analogously packaged primarily by the
TFAM-homologue Abf2p, which also contains two HMG domains
separated by a shorter linker (Brewer et al, 2003).

Phase separation has been implicated in various levels of organi-
zation of the nuclear genome (Iborra, 2007; Larson et al, 2017;
Strom et al, 2017; Gibson et al, 2019; Misteli, 2020). Although phase
separation cannot account for all aspects of nuclear genome organi-
zation (McSwiggen, Mir et al, 2019; Mir, Bickmore et al, 2019;
Kantidze & Razin, 2020), several lines of evidence point to a major
contribution of phase separation to genome architecture. Purifica-
tion of nucleosomes in vitro leads to liquid droplet formation via
phase separation, and droplet dynamics and organization can be
directly modulated by regulatory factors, including linker length and
post-translational modifications (Gibson et al, 2019). In vivo, many
chromatin domains are emerging to behave as molecular conden-
sates, including transcriptionally relevant super-enhancers (Sabari
et al, 2018). In fact, RNA polymerase II and many nuclear transcrip-
tion factors have low-complexity domains or intrinsically disordered
regions, similar to the disordered modular domains of TFAM and
which are features known to promote phase separation (Boehning,
Dugast-Darzacq et al, 2018; Boija, Klein et al, 2018; Cho, Spille et al,
2018; Chong, Dugast-Darzacq et al, 2018). On an even larger scale,
phase separation can explain the emergence and maintenance of
heterochromatin, as HP1a readily phase separates in vitro and has
dynamic, liquid-like properties in live cells (Larson et al, 2017;
Strom et al, 2017; Sanulli et al, 2019). The involvement of phase
separation in the organization of diverse genomes from simple mito-
chondrial and bacterial nucleoids to complex eukaryotic nuclear
genomes suggests phase separation is an evolutionarily conserved
mechanism in genome organization.
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Materials and Methods
Cell culture

Primary human dermal fibroblast cell lines were obtained from the
Progeria Research Foundation (PRF). Two of the cell lines were
from normal, middle-aged parents. The remaining four cell lines
were from patients that have the classic mutation in LMNA Exon 11,
heterozygous c.1824C > T (p.Gly608Gly) and the age at donation
sampled early (ages 2 and 3 years) and late (ages 6 and 8 years)
stages of the disease. For all experiments, cells were passage
matched between P10-20. Cells were grown according to PRF’s
recommended protocols. Briefly, cells were grown in media contain-
ing DMEM (Thermo Fisher Scientific, #11960-044) and supple-
mented with 15% FBS (Thermo Fisher Scientific, #10437), 1%
penicillin-streptomycin  (Thermo Fisher Scientific), and 1%
glutaMAX (Thermo Fisher Scientific, #35050-061) in T25 and
T75 ml flasks, and cells were periodically split with trypsin (Thermo
Fisher Scientific).

For live-cell experiments and for pharmacological disruption
experiments, HeLa cells (ATCC) were used. Cells were grown in
media containing DMEM (Thermo Fisher Scientific, #11960-044)
and supplemented with 10% FBS (Thermo Fisher Scientific,
#10437), 1% penicillin-streptomycin (Thermo Fisher Scientific), and
1% glutamine (Thermo Fisher Scientific).

For viral production, HEK293FT cells were used and grown in
media containing DMEM (Thermo Fisher Scientific, #11960-044)
and supplemented with 10% FBS (Thermo Fisher Scientific,
#10437), 1% penicillin-streptomycin (Thermo Fisher Scientific), and
1% glutamine (Thermo Fisher Scientific).

For isolation of mtDNA, immortalized wild-type human fibrob-
lasts CRL-1474 cells were used and grown in media containing MEM
(Thermo Fisher Scientific) and supplemented with 15% FBS (as
purchased), 1% penicillin-streptomycin (Thermo Fisher Scientific),
1% glutamine, 1% non-essential amino acids (Thermo Fisher Scien-
tific), and 1% sodium pyruvate (Thermo Fisher Scientific). For over-
expression of GFP-LA and GFP-AS0 experiments, immortalized
wild-type human fibroblasts CRL-1474 cells were used and grown in
media containing DMEM and supplemented with 15% FBS, 1%
penicillin-streptomycin, and 1% glutaMAX.

Lentiviral construct and transfection

The sequences for TFAM and mKate2 were sequentially cloned from
a previous TFAM lentiviral construct (TFAM, pLenti-GIII-CMV-RFP-
2A-Puro, ABM) into a pCDH-CMV backbone (Addgene plasmid
#72265) to create the fusion TFAM-mKate2 construct for lentiviral
transfection. TFAM mutants (see below, HMGA (43-122), HMGA +
linker (43-152), AC (43-222), AHMGA (123-246), and HMGB + C-
tail (153-246), L6 and no dimer) were cloned into the pCDH-CMV-
mkKate2 vector containing the original TFAM mitochondrial targeting
sequence and cleavage site. GFP-Lamin A (GFP-LA) and GFP-
Progerin (GFP-A50) constructs were in a pCDHblast MCSNard
vector and were a gift from Nard Kubben(DeBoy, Puttaraju et al,
2017; Kubben, Adriaens et al, 2012).

HEK293 cells were transfected with vectors containing the gene
of interest, pMD2g, and pSPAX2 using PEI. Viruses were collected
and concentrated with Lenti-X Concentrator (Takara), flash frozen
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in liquid nitrogen, and stored in —80C. Frozen aliquots of lenti-
viruses generated from HEK293 cells were quickly thawed in a 37°C
water bath, and lentiviruses were applied to HeLa cells and removed
after 24 h.

CRL1474 cells were infected with GFP-LA and GFP-A50 viruses
for 24 h and were sorted based on GFP expression using a standard
FACS protocol. Sorted cells were imaged 2-4 weeks after initial
infection. To assess the behavior of unlabeled TFAM in vivo, HeLa
cells were directly transfected with the original plasmid (TFAM,
pLenti-GIII-CMV-RFP-2A-Puro, ABM) containing TFAM and mKate2
under separate promoters using FuGene and were fixed after 72 h
on 12-well plates.

Protein constructs and purification

Human_TFAM_NoMTS_pET28 (full-length  TFAM  protein),
Human_TFAM_noMTS_L6_pET28a+ (L6 mutant), and Human
_TFAM_NoMTS_Dimer_pET28a+ (no-dimer mutant) (Addgene plas-
mids #34705, #60012, and #60013, respectively) were used. The L6
construct contains the following mutations K136A, H137A, K139A,
R140A, K146A, and K147A in the linker region (Ngo et al, 2014).
The no-dimer construct contains the following mutations K95A,
Y99F, E106A, E112A, and R116A in the HMGA domain to prevent
dimerization (Ngo et al, 2014). All other domain mutants were
cloned into a pET28a + expression vector (Novagen) using BamHI
and Xhol sites using standard molecular cloning techniques. Specifi-
cally, domain mutants consisted of HMGA (43-122), HMGA +
linker (43-152), AC (43-222), AHMGA (123-246), and HMGB + C-
tail (153-246) (Ngo et al, 2011).

All proteins were purified using a slightly modified protocol (Ngo
et al, 2011). Briefly, all constructs were transformed in BL21 star
(DE3) pRare E. coli. Bacterial cultures (500 ml for full-length TFAM
and 250 ml for each mutant) of Dynamite media plus kanamycin
and chloramphenicol were inoculated with each construct and incu-
bated until an OD of 7 was reached. IPTG was added at 0.5 mM to
induce protein expression, and the culture was incubated overnight
at 16°C at 220 rpm. The culture was centrifuged, and the bacterial
pellet was resuspended and lysed in lysis buffer [20 mM Tris-HCI,
500 mM NaCl, pH 8.0]. Cells were mechanically lysed with a
microfluidizer and centrifuged for 30 min at 70,000 g at 4°C. Protein
was purified using an immobilized metal affinity chromatography
(IMAC) column and eluted with elution buffer [20 mM Tris—HCI,
500 mM NaCl, 250 mM Imidazole, pH 8.0] and dialyzed into lysis
buffer [20 mM Tris-HCI, 500 mM NacCl, pH 8.0] and stored at 4°C.

To remove any bound nucleic acids, a 5 ml HiTrap Heparin High
Performance column (GE Healthcare) was used following a modified
protocol (Wong et al, 2009). The protein was first diluted in Heparin
buffer (20 mM Tris—HCI, 300 mM NaCl, pH 7.5). The column was
pre-equilibrated with Heparin buffer; the protein was loaded onto
the column; the column was washed with 5-10x column volumes
of Heparin buffer; and the protein was eluted with a two-step gradi-
ent of 700 mM NaCl followed by 1 M NaCl. Fractions containing
purified protein were pooled together. To label the protein, a small
fraction of protein (~100 pg) was buffer exchanged into PBS and
was labeled with the DyLight-594 antibody labeling kit (Thermo
Fisher). Mutants were labeled with DyLight-594, DyLight-488, and
DyLight-650 labeling kits (Thermo Fisher). Typical reaction effi-
ciency was 0.1-1 moles DyLight per 1 mole of protein as determined
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by absorption spectra on the DeNovix DS-11 FX + Spectrophotome-
ter/Fluorometer. Glycerol was added to a final concentration of
10% (vol/vol), and aliquots of labeled and unlabeled protein were
separately flash frozen in liquid nitrogen and stored at — 80°C.
Specifically, aliquots of 10-20 pl of labeled protein (~1 ug/ul) were
frozen while 500 pl of unlabeled protein (~1 pg/ul) were frozen.
Prior to buffer exchange, protein was thawed and labeled protein
was mixed with unlabeled protein at a ~1:100 mass ratio.

Bioinformatics

Disorder predictions on human TFAM were performed using the
Predictor of Natural Disordered Regions (PONDR) program (Xue,
Dunbrack et al, 2010). Images of the crystal structure of TFAM and
DNA were obtained from the RCSB Protein Data Bank (rscb.org)
(Berman et al, 2006). Proteins involved in mtDNA replication and
transcription were selected from the reported mt-nucleoid proteome
(Bogenhagen et al, 2008), and sequences were obtained from
PubMed based on respective accession numbers. Charged residues
were identified using a custom-built Matlab program.

mtDNA purification

Total DNA was extracted directly from CRL-1474 cells using a
DNeasy Blood & Tissue Kit (Qiagen). To obtain mitochondrial DNA,
two overlapping fragments of the mtDNA were amplified by long-
range PCR with Takara LA Taq DNA polymerase (Clontech) using
two sets of primers (~9 kb fragment: 5-AACCAAACCCCAAAGA
CACC-3' and 5-GCC AATAATGACGTGAAGTCC-3' and ~7 kb frag-
ment: 5-TCCCACTCCTAAACACATCC-3’ and 5-TTT ATGGGGTG
ATGTGAGCC-3) (Sundaresan, Simpson et al, 2015). To directly
label mtDNA, trace amounts of fluorescently labeled nucleotides
(ChromaTide Alexa Fluor 488 5-dUTP, Thermo Fisher Scientific)
were added to the PCR reaction [50 ul reaction containing 10 ng of
total DNA, 0.2 uM forward primer, 0.2 pM reverse primer, 1 x LA
Takara buffer, 400 uM unlabeled dNTPs (each), 2 uM 488-labeled
dUTP (to fluorescently label), 0.5 ul Takara polymerase and PCR-
grade water]. Reactions were performed at 94°C for 1 min, 30 cycles
of (i) 94°C at 30 s, (ii) 55°C for 15 s, (iii) 68C for 11 min, followed
by 72°C for 10 min and chilled at 4°C. mtDNA fragments were gel
extracted after gel electrophoresis and post-staining with EtBr.
mtDNA gel fragments were further purified with Zymoclean Large
Fragment DNA Recovery Kit (Zymo Research) and eluted in low-salt
buffer (20 mM Tris-HCl, 0 M NaCl, pH 7.5). Unlabeled mtDNA
concentration was measured using a Qubit dsDNA HS assay kit
(Molecular Probes) on a Qubit Fluorometer, while labeled mtDNA
was measured using a DeNovix (DS-11 FX+). For mtDNA that was
not labeled with fluorescent nucleotides, DAPI was used to visualize
DNA and added in the no salt buffer in trace amounts.

Nucleic acids

Single-stranded DNA from calf, RNA from calf, RNA from yeast,
double-stranded DNA from E. coli, and double-stranded DNA from
calf were obtained (Sigma). Free dNTPs (TaKaRa) were mixed with
trace amounts of ChromaTide Alexa Fluor 488-5-dUTP (Thermo
Fisher Scientific). Nucleic acids and free dNTPs were resuspended
in 20 mM Tris, 0 M NaCl, pH 7.5 buffer. To fluorescently label
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nucleic acids, SYBR Gold (Thermo Fisher Scientific) was added in
trace amounts prior to mixing.

Phase separation assays in vitro

Frozen aliquots of protein were thawed at room temperature.
Protein solutions were concentrated and buffer exchanged (20 mM
Tris-HCl, 500 mM NaCl, pH 7.5) using 0.5 ml Centrifugal filters 3-
and 10-kDa (Amicon) using a table top centrifuge at 4°C. Final
protein concentration was measured by Bradford Assay using BSA
standards (Bio-Rad) on a DeNovix spectrophotometer. To induce
phase separation, concentrated protein solutions were added to
low-salt buffer (20 mM Tris-HCI, 0 M NaCl, pH 7.5) to yield
final protein concentrations of 1-50 uM and NaCl concentrations of
150-300 mM. For TFAM-mtDNA experiments, the low-salt solution
was prepared first, followed by addition of mtDNA (final concentra-
tion 1-100 ng/ul) and protein was added last. Solutions were mixed
gently and centrifuged prior to imaging. For TFAM-mtDNA under
crowded conditions, 5% PEG (Sigma, MW ~3K) was added to the
buffer. For 1,6 hexanediol experiments, 10 and 20% 1,6 hexanediol
(Sigma) was added to the buffer.

For high-throughput assays, ~10-50 pl of protein solution were
pipetted to wells of a 384-well plate (PerkinElmer) and covered with
50-100 pl of mineral oil to prevent evaporation. Pipetting was done
either manually or in an automated manner using the ECHO525
liquid handler (Labcyte) into 384 wells. For laser scanning confocal
and structured illumination microscopy experiments, 3—6 ul of solu-
tion were added to the center of a 4.5 mm diameter x 0.6 mm depth
silicone isolator (Grace-biolabs) on a coverslip and sealed with a
glass slide prior to imaging.

Dextran-FITC (3-5 kDa, 40 kDa, 500 kDa, Sigma) solutions were
prepared in 1 mg/ml in water. For partitioning experiments, dextran
was first was added to the low-salt buffer, followed by concentrated
protein, to obtain a final concentration of 0.1-0.3 mg/ml. Dextran
intensity was measured inside and outside of the droplets to obtain
a partition coefficient, which accounted for background intensity.
The partition coefficient as a function of dextran size was fit to an
exponential to obtain a characteristic length scale.

To capture fusion of droplets, time-lapse movies were performed
at 2-min intervals for several fields of view on 384-well plates using
high-throughput confocal microscopy immediately after mixing.
Fusion events captured within the first 1-2 h were manually identi-
fied, and the aspect ratio as a function of time was quantitatively
analyzed using Matlab. The characteristic time scale, 7, and the size
of the drop, 1, were used to estimate the inverse capillary velocity,
7/l=n/y (Brangwynne et al, 2011).

To determine the mobility within the droplets, a ~1 um spot was
photobleached precisely 30 min after mixing. The fraction recovered
was measured as a function of time and normalized to obtain a
characteristic time scale, T (Phair, Gorski et al, 2003).

Live-cell imaging

For live-cell imaging, primary skin fibroblasts and HeLa cells were
seeded 1-3 days prior to the experiment in 8-well imaging chambers
(Thermo Fisher Scientific). Cells were washed a few times with pre-
warmed complete media lacking phenol red to replace the original
cell media prior to imaging. For FRAP experiments, HeLa cells
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expressing TFAM-mKate2 were incubated with PicoGreen 0.3%
(vol/vol) (Ashley, Harris et al, 2005) and 100 nM MitoTracker Deep
Red at least 1 h prior to imaging on the LSM780. For coarsening
experiments, HeLa and primary HGPS cells were also pretreated
with MitoTracker Deep Red (100 nM), PicoGreen (0.3% vol/vol) for
~1 h, and/or with Ethidium Bromide (1 pg/ml) for ~0.5-1 h prior to
imaging with either laser scanning confocal microscopy or Airyscan
confocal microscopy (Ashley & Poulton, 2009). To osmotically
induce mitochondrial swelling, normal media were replaced with DI
water and live cells were immediately imaged.

Immunofluorescence

Cells were seeded in 96-well or 384-well plates (PerkinElmer) or in
12-well dishes 24 h prior to fixation. To label the mitochondrial
network, cells were incubated with 100 nM MitoTracker Red/Deep
Red (Thermo Fisher Scientific) for 15-30 min at 37°C. Cells were
immediately washed with PBS and fixed with 4% PFA for 10 min.
Cells were washed and permeabilized with 0.1% Triton X for
10 min. Cells were washed and incubated with primary antibodies in
PBST with 5% BSA for 1 h at room temperature or overnight at 4°C.
The following antibodies were used: anti-DNA (EMD Millipore, clone
AC-30-10), anti-TOMM20 (Sigma, HPA011562), anti-TFAM (Sigma,
HPA063684), anti-TFB2M (Sigma, HPA028482), anti-SSBP1 (Sigma,
HPA002866), anti-TOPIMT (Sigma, HPAO001915), anti-HSPD1
(Sigma, HPA001523), anti-LONP1 (Proteintech, 154401-A), anti-
CLPP (Thermo Fisher Scientific, PA5-52722), anti-HSP10/EPF (RND
Systems, MAB3298), anti-mtHSP70 (Thermo Fisher Scientific, MA3-
028). Cells were washed 1 x with PBST and 2 x with PBS followed
by incubation with secondary antibodies for 1 h at room tempera-
ture. The following secondary antibodies were used: anti-rabbit
(Thermo Fisher Scientific, as purchased) and anti-mouse (Thermo
Fisher Scientific, as purchased). Cells were washed 1x with PBST
and 2 x with PBS followed by an incubation with DAPI for 30 min.
Cells were stored in PBS at 4°C. 96-well plates were sealed for use in
high-throughput imaging, while coverslips were mounted onto glass
slides with VectaShield mounting medium (Vectorlabs) and sealed
with nail polish or with ProLong Gold Antifade Mountant (Thermo
Fisher Scientific), as purchased, and left to cure for > 24 h for use in
super-resolution imaging. For all high-throughput microscopy, all
immunofluorescent experiments had three technical replicates with
> 4 fields of view per well and three experimental replicates. For
super-resolution imaging, at least two experimental replicates were
performed on three or more cells per condition.

RNA FISH

Custom Stellaris® FISH Probes were designed against mt-12S and
mt-COI by utilizing the Stellaris® RNA FISH Probe Designer
(Biosearch Technologies, Inc., Petaluma, CA) available online at
www.biosearchtech.com/stellaris designer (version 4.2). Primary
cells in 96-well plates or in 12-well plates were hybridized with the
mt-12S and mt-COI Stellaris RNA FISH Probe set labeled with
Qusar-670 (Biosearch Technologies, Inc.), following manufacturer’s
instructions available online at www.biosearchtech.com/stella
risprotocols for sequential immunofluorescence and RNA FISH.
Briefly, cells were fixed in 4% PFA for 10 min and permeabilized
with 0.1% Triton X for 10 min. Immunofluorescence was performed
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first without blocking agents, and cells were fixed again for 10 min
with 4% PFA. Manufacturer’s instructions were followed for subse-
quent FISH labeling and samples were stored in PBS.

BrU incorporation

Cells were incubated with 2.5 mM BrU (Sigma) for 1 h in cell
media. Media were removed and replaced with media containing
100 nM MitoTracker Red for 15-30 min to label the mitochondrial
network and remove any diffuse BrU (Jourdain, Koppen et al, 2013;
Ramos, Motori et al, 2019). Cells were subsequently washed briefly
with PBS, fixed 10 min with PFA and permeabilized with 70%
ethanol for 1 h at 4°C followed by 10 min of 0.5% Triton X at room
temperature. Primary antibodies for anti-BrdU (Sigma, 11170376001)
and anti-TFAM (Sigma, HPA063684) were applied for 1 h at room
temperature followed by secondary antibodies without the use of
blocking agents.

Light microscopy techniques

High-throughput confocal imaging was performed on fixed cells in
96- and 384-well plates (PerkinElmer) and on phase separation
assays on 384-well plates (PerkinElmer) using the fully automated
Yokogawa CV7000S spinning disk microscope using a 60x water
immersion objective with 405, 488, 561, and 647 nm laser lines as
well as with brightfield imaging. Images were acquired as maximum
intensity projections of 6-10 z-slices with 1 um thickness.

Structured Illumination Microscopy (SIM) was performed on
fixed cells and TFAM-mtDNA droplets using ELYRA PS.1 on an
AxioObserver Z1 inverted microscope controlled by ZEN software.
A 63%x/1.4 NA oil Plan Apochromat objective was used with 405,
488, 561, and 647 nm laser lines.

Laser scanning confocal microscopy was performed using a Carl
Zeiss LSM780 inverted microscope controlled by ZEN software and
with definite focus. Live cells were imaged using either 63x/1.46 NA
oil objective and a 100x/1.46 NA objective for FRAP experiments with
488, 561, and 633 nm laser lines using a CO2/heating control stage
insert. TFAM phase-separated droplets were imaged on a 60 X objec-
tive with 594 laser lines and in brightfield/DIC. For in vitro FRAP
experiments, a ~1 um spot corresponding to TFAM-Dylight-594 and/
or mtDNA-Alexa 488 was bleached using 488 and 561 nm light within
the center of the droplet using maximum laser power and recovery
was monitored over a period of 10-30 min. For in vivo FRAP experi-
ments, a ~0.5 um spot corresponding to TFAM-mKate2 was bleached
using 488 and 561 nm light inside mt-nucleoids using maximum laser
power and recovery was monitored over a period of ~10 min.

Airyscan confocal microscopy was performed using a Carl Zeiss
LSM880 inverted confocal microscope controlled by ZEN software
and with definite focus. Coarsening experiments in live cells were
imaged using a 63x/1.46 NA oil objective with 488, 561, and 633
laser lines and inside of an incubation chamber.

Image analysis

Images and time-lapse movies were visualized and created using
Fiji, Zen, Matlab, and Imaris software. For representation in figures,
some images were filtered using standard Gaussian, mean, and/or
band pass filters. For Figs 1D-F, 1H-I, 1J-K, 2B-D, 3C and D, 3H
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and I, 4A-H (green channel only), SA-E, and 7A-E the same bright-
ness/contrast settings were used across conditions from the same
experiment. For Figs 1A and B, 2G, 3E-G, 6A-C, and 6D-E, the
same brightness/contrast settings were not used, but rather adjusted
for each panel for clarity.

All quantitative image analysis was performed using custom-
built Matlab code. Image analysis of phase-separated droplets
consisted of measuring the average intensity, size, aspect ratio, and
number of droplets per field of view. These values were averaged
for > 4 fields of view per well.

For analysis of high-throughput images, nuclear markers, such
as DAPI, were used to identify individual cells while cytoplasmic
markers, such as MitoTracker Red, were used to segment cells using
a watershed algorithm. To quantify the extent of morphological
damage to the nucleus, the mean negative curvature of the nucleus
was obtained for each cell following a published method (Driscoll,
Albanese et al, 2012), and mean intensity within the nucleus was
also computed. To detect damaged mitochondria, the mitochondrial
network was filtered with a Gaussian filter, segmented and thinned.
The mitochondria within each cell were analyzed based on their
size, brightness and shape to identify the phenotype of interest:
swollen, bright mitochondria. The number of damaged mitochon-
dria per cell was averaged across all cells within a well. All wells
were averaged per technical replicate (total of three technical repli-
cates per condition) and then averaged for all experimental biologi-
cal replicates, where n = 3.

Within each cell, individual mitochondrial nucleoids labeled with
anti-DNA were detected and analyzed using adapted Matlab Multi-
ple Particle Tracking Code adapted (see https://site.physics.george
town.edu/matlab/code.html) (Crocker & Grier, 1996). The coordi-
nates of identified mt-nucleoids were mapped onto the channel
containing signal of mt-nucleoid protein markers, such as TFAM, to
correlate integrity intensity of anti-DNA with that of the associated
protein. Similar analysis was performed to quantify RNA transcript
levels, where mt-nucleoids were identified with anti-TFAM that
were later correlated with the intensity in the channel labeled by
FISH or anti-BrU. The mt-nucleoids were then mapped on to the
mitochondrial network to identify if they were in a normal or
damaged mitochondrion. Similar analysis was performed on UPR™
markers, except mean intensity of the UPR™ marker for each
segmented mitochondrion was used instead of intensity at the mt-
nucleoid. On a per cell basis, the average intensity of mt-nucleoid
markers from damaged mitochondria was compared to the average
intensity of mt-nucleoid markers from undamaged mitochondria.
Average values were computed for each technical replicate and then
averaged for all experimental replicates. Intensity values were
normalized to the average intensity values of the WT-1 cell line.

Colocalization of mutants was quantified using Pearson’s correla-
tion coefficient for specified pairs of channels using intensity values
for all pixels within the brightest z-plane for each segmented mt-
nucleoid (Dunn, Kamocka et al, 2011). Correlation coefficients were
averaged for all mt-nucleoids (n ~ 20-40) in 4-5 cells per construct.

Western blot
Cells were collected, washed in PBS, dissolved in 2 x Laemmli

Sample Buffer (Bio-Rad), and denatured for 5-10 min at 95°C and
stored at — 20°C. Samples were loaded onto a 10-well 4-12% Bis-
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Tris Protein Gel at 150 V for 1 h and transferred to a membrane via
wet transfer at 250 mA for 90 min. Antibodies used were Lamin A/
C (Santa Cruz, 376248), p-actin (Sigma, A2228), TFAM (Sigma,
HPA063684), HSPD1 (Sigma, HPAO001523), and ATF5 (Abcam,
ab60126). Western blots were performed on three-six independent
experimental replicates, and band intensities were quantified using
Bio-Rad Image Lab software.

mtDNA copy number

Total DNA (both genomic and mitochondrial) was purified using
the DNeasy Blood and Tissue Kit (Qiagen). DNA concentration was
measured using a Denovix. JPCR was performed on 50 ng of DNA
in a 20 pl mixture on 96-well plates using a CFX Real-Time PCR
instrument (Bio-Rad). Primers for mtDNA tRNAM"(VUR) (57 cacc-
CAAGAACAGGGTTTGT-3' and 5 TGGCCATGGGTATGTTGTTAA-
3’) and nuclear 18S rDNA (5 TAGAGGGACAAGTGGCGTTC-3’, 5'-
CGCTGAGCCAGTCAGTGT-3') were used as previously described
(Xiong et al, 2016). Six independent experimental replicates were
performed, each with three technical replicates. Bio-Rad CFX
Maestro Software was used to determine the average C; for each
experiment. The relative mtDNA copy number was obtained as
2 x 28 where AC,=CruclearDNA _ cmiDNA - (Gongzalez-Hunt et al,
2016).

Estimating concentration of TFAM and DNA in a
single mitochondrion

A single mitochondrial nucleoid has a diameter of ~100 nm and is
estimated to have 1 molecule of mtDNA and ~1,000 molecules of
TFAM (Kukat et al, 2011). Based on these measurements, the
volume of a spherical mitochondrial nucleoid is ~5 x 107%* m> or
~5x 107" 1, which yields a concentration of approximately
cucleoid 3 mM or ~100 pg/ul. Mitochondrial DNA is roughly 16 kb,
which has a molar mass of ~10Mg/mol, which yields
crudeoid  3mM or 30 pg/ul inside a mitochondrial nucleoid. This
gives a molar ratio of ~0.001 and a mass ratio of DNA/TFAM =~ 0.3
within the nucleoid. To determine the diffuse concentration of
mtDNA and TFAM if a single mitochondrial nucleoid was fully solu-
bilized in the mitochondrion, we assume a unit mitochondrion to be
a cylinder with 1 ym in length and 0.2 um in radius, which gives a
unit volume of ~1 x 107" m® or ~1 x 107'° 1. Assuming all 1,000
molecules of TFAM and 1 molecule of mtDNA are uniformly distrib-
uted in the unit mitochondrion, we obtain concentrations of
Cmitochondria 50 M or 0.5 ug/ul and CToRmdra ~ 50 M or 0.2 pg/ul,
which also gives a molar ratio of ~0.001 and a mass ratio of
DNA/TFAM =~ 0.3 that is comparable to the conditions used in our
in vitro experiments.

qPCR analysis

RNA was isolated from primary cells using a RNeasy Plus Micro Kit
(Qiagen), and cDNA was obtained from 1 pg of RNA after reverse
transcription using an iScript cDNA Synthesis Kit (Bio-Rad). 10 ul
RT-PCR reactions containing a SYBR Green Master Mix (Bio-Rad)
were dispensed using an Echo 525 Liquid Handler (Labcyte) into
Hard-Shell 384-well PCR plates (Bio-Rad). JPCR was performed on
a CFX384 Touch Real-Time PCR Detection System (Bio-Rad), and Ct
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values were obtained using CFX Maestro Software (Bio-Rad). Each
qPCR reaction had three technical replicates, and data were aver-
aged for three biological replicates (Taylor, Nadeau et al, 2019). 12S
and mt-COI transcripts were analyzed relative to ACTB, ATF5 was
normalized relative to TUBB1, and all other UPR™ transcripts were
analyzed relative to TBP. Primers are listed in Appendix Table S1.

Mitochondrial oxygen consumption

Cells were plated at 50,000/well in 96-well Seahorse cell culture
plate containing DMEM media with 15% FBS, 2 mM GlutaMAX,
and 1 mM Sodium Pyruvate (Gibco). Cells were incubated overnight
for 18 h before media were replaced with Seahorse base XF medium
containing 2 mM GlutaMAX, 1 mM Sodium Pyruvate, and 25 mM
Glucose, at pH 7.4. Cell plates were then placed into a non-CO2
incubator at 37°C for 1 h for equilibration before running the XF96
Extracellular Flux Analyzer standard mitochondrial stress test. The
three injection drugs were administered as follows: Port A) Oligo-
mycin: 2.5 uM; Port B) FCCP 2 uM; Port C) Antimycin A 2 pM. In
our studies, the outermost wells in each 96-well plate were not used
as a precaution against hypothetical temperature inequality/edge
effects. At the end of seahorse run, the medium was removed, and
50 ul of 1 x RIPA lysis buffer was added to each well, the plate was
frozen at — 20°C, then thawed at 4°C on a shaker for 1 h, the lysate
was collected into 1.5 ml microcentrifuge tube, spun down, and the
supernatant was collected to measure protein concentration by stan-
dard BCA method. The determined protein concentrations from
each well were used to normalize oxygen consumption rates.

Mitochondrial membrane potential and reactive oxygen
species generation

Mitochondrial membrane potential (MMP) and mitochondrial reac-
tive oxygen species (ROS) were measured by a BD FACSCanto II
flow cytometer. HGPS cells were plated in 6-well plate at a conflu-
ence of 200 K cells/well. On the day of experiment, cells were
washed in PBS and harvested by trypsinization, washed once more
with PBS, and resuspended in DMEM without phenol red (Invitro-
gen). Cells were incubated with dyes tetramethylrhodamine, methyl
ester (TMRM) (40 nM for 15 min) to detect MMP, and mitoSOX
(3 pM for 30 min) for mitochondrial ROS (all from Life Technolo-
gies), fluorescence was determined with flow cytometry from
1 x 10* cells. Data were analyzed using FCS Express 4 software.

Statistical methods

For high-throughput imaging experiments with fixed cells, three
technical replicates were performed, each with > 5 fields of view,
and averaged to obtain the measurement for that experiment. These
experiments were repeated independently three times (n = 3), and
the values for each experiment were averaged. For high-throughput
experiments with in vitro droplets, each condition was assayed per
well, with > 9 fields of view. Measurements from each field of view
were averaged together per experiment, and each experiment was
repeated independently at least three times. For all experiments,
measurements were repeated on > 3 days. For FRAP experiments,
all FRAP measurements were pooled together and averaged. For
mitochondrial functional testing, three experimental replicates (each
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with technical replicates) were performed for each cell line and
averaged. The data for WT and HGPS cell lines were pooled for
some measurements as indicated. For all experiments, error was
reported as standard deviation or standard error of the mean as indi-
cated. Number of damaged mitochondria, mitochondrial membrane
potential, and mitochondrial ROS were compared using a single-
factor analysis of variance (ANOVA) statistical test, and the P-value
for the test statistic was determined using Excel and R and was
reported in the figure legend. Pairs of means were determined statis-
tically significant using the two-sided Fisher’s least significant dif-
ference (LSD) method and indicated graphically. P-values were
determined for basal respiration, maximal respiratory capacity, and
reserve capacity using a two-sided Student’s t-test based on the stan-
dard deviation from experimental replicates.

Data availability
No primary datasets have been generated and deposited.
Expanded View for this article is available online.
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