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Effects of Fcj1-Mos1 and mitochondrial division
on aggregation of mitochondrial DNA nucleoids

and organelle morphology

Kie Itoh, Yasushi Tamura*, Miho lijima, and Hiromi Sesaki
Department of Cell Biology, Johns Hopkins University School of Medicine, Baltimore, MD 21205

ABSTRACT Mitochondrial DNA (mtDNA) is packaged into DNA-protein complexes called
nucleoids, which are distributed as many small foci in mitochondria. Nucleoids are crucial for
the biogenesis and function of mtDNA. Here, using a yeast genetic screen for components
that control nucleoid distribution and size, we identify Fcj1 and Mos1, two evolutionarily
conserved mitochondrial proteins that maintain the connection between the cristae and
boundary membranes. These two proteins are also important for establishing tubular mor-
phology of mitochondria, as mitochondria lacking Fcj1 and Mos1 form lamellar sheets. We
find that nucleoids aggregate, increase in size, and decrease in number in fcj1A and mos1A
cells. In addition, Fcj1 form punctate structures and localized adjacent to nucleoids. More-
over, connecting mitochondria by deleting the DNM1 gene required for organelle division
enhances aggregation of mtDNA nucleoids in fcj1A and mos1A cells, whereas single deletion
of DNM1 does not affect nucleoids. Conversely, deleting F1Fo-ATP synthase dimerization
factors generates concentric ring-like cristae, restores tubular mitochondrial morphology,
and suppresses nucleoid aggregation in these mutants. Our findings suggest an unexpected
role of Fcj1-Mos1 and organelle division in maintaining the distribution and size of mtDNA
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nucleoids.

INTRODUCTION

Mitochondria possess their own genome, called mitochondrial
DNA (mtDNA), which encodes several essential components of
oxidative phosphorylation. mtDNA is exposed to oxidative stress in
mitochondria, and its mutations are associated with many human
diseases (Wallace, 2010; Nunnari and Suomalainen, 2012). Like
chromosomes for the nuclear genome, the mitochondrial genome
is packaged into nucleoprotein complexes called nucleoids to pro-
tect from deleterious, oxidative damage (Chen and Butow, 2005;
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Spelbrink, 2010). Nucleoids are also important for the biogenesis
of mtDNA, as they contain proteins that mediate DNA replication,
repair, and recombination. Proteomic studies have identified
>50 different proteins associated with nucleoids (Kaufman et al.,
2000; Wang and Bogenhagen, 2006). Defects in these nucleoid
proteins result in loss of MtDNA, demonstrating the importance of
nucleoids for the maintenance of mtDNA (Gilkerson, 2009; Solieri,
2010).

Cells have multiple copies of mtDNA, and its copy number varies
depending on the cell type. For example, yeast haploid cells con-
tain ~30 copies, whereas human cells have ~300 copies (Chen and
Butow, 2005; Spelbrink, 2010). mtDNA nucleoids are relatively uni-
form in shape and size. In yeast cells, one or two copies of mtDNA
are packaged into each nucleoid (MacAlpine et al., 2000). Nucleoids
are visualized as small discrete foci of ~0.3 ym in diameter along
mitochondrial tubules when stained by DNA-binding fluorescent
dyes (MacAlpine et al., 2000). Such distribution of nucleoids ensures
that each mitochondrion carries mtDNA (Chen and Butow, 2005). In
addition, even distribution of nucleoids also facilitates efficient
transmission of mtDNA into daughter cells during cell division. Be-
cause mtDNA cannot be synthesized de novo, faithful inheritance of
mtDNA is essential for the maintenance of mitochondrial functions.
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Despite its importance, the molecular mechanisms that control the
distribution of mtDNA nucleoids are largely unknown. Here we in-
vestigate how the size and distribution of mtDNA nucleoids are
maintained.

RESULTS

Fcj1 and Mos1 are required for maintaining

mtDNA nucleoid size

To identify mitochondrial components that control the size and dis-
tribution of mtDNA nucleoids, we selected 69 strains with reported
alterations in mtDNA maintenance and/or inheritance from a yeast
collection in which individual nonessential genes are deleted. These
deletion strains include aimA (altered inheritance of mitochondria),
rrgA (required for respiratory growth), and fmpA mutants (found in
mitochondrial proteome; Supplemental Table S1; Sickmann et al.,
2003; Hess et al., 2009; Merz and Westermann, 2009). To visualize
mtDNA nucleoids, we incubated live yeast cells with 4’,6-diamidino-
2-phenylindole (DAPI), which preferentially labels mtDNA in the ab-
sence of chemical fixation (Adams et al., 1997). Most strains (i.e.,
63 strains) displayed normal-sized mtDNA nucleoids. However,
5 strains (aim10A, aim15A, rrg2A, rrg4A, and rrg8A) exhibited de-
creased amounts of mtDNA, but their nucleoid size was unaffected
(unpublished observations). More important, a strain lacking the
FCJ1 gene (also called AIM28) possessed larger nucleoids. We gen-
erated independent fcjTA strains and examined their phenotypes.
In wild-type (WT) cells, the average diameter of mtDNA nucleoids
was ~0.3 um, with structures >0.5 pm not observed. However, 7% of
fcj1A cells displayed nucleoids >0.5 um in diameter (Figure 1, A and
B). Among them, ~15% of fcj1A cells contained a single or a few
large mtDNA nucleoids with diameter of >1.0 pm. Total fluores-
cence intensity was greater in these large mtDNA nucleoids, sug-
gesting that these larger structures may result from nucleoid aggre-
gation or incomplete nucleoid division (Figure 1A). Overexpression
of Fcj1 from the GALT promoter did not affect nucleoid size
(Supplemental Figure S1). mtDNA is located near the mitochondria—
endoplasmic reticulum (ER) contact sites between these organelles
and observed next to the tethering complex containing Mmmf1,
Mmm2, Mdm10, and Mdm12 (Youngman et al., 2004; Kornmann
et al., 2009; Nguyen et al., 2012). In cells lacking these proteins,
mtDNA do not form nucleoids and diffuse in the matrix. We found
that enlarged nucleoids are still located next to Mmm1-GFP in fcj 1A
cells (Figure 1C), suggesting that the mitochondria-ER contact site
remained in fcj1A cells and enlarged nucleoids do not result from
the loss of the contact site.

Fcj1 (called mitofilin in mammals) is a conserved mitochondrial
inner membrane (IM) protein enriched at the cristae junction (CJ),
which connects the cristae and boundary membranes. Fcj1 binds to
other mitochondrial proteins, including Mos1/Mio10/Mcs10 (called
MINOS1 in mammals), Mos2, Aim5, Aim13, and Aim37 (Rabl et al.,
2009; Harner et al., 2011; Head et al., 2011; Hoppins et al., 2011;
von der Malsburg et al., 2011; Alkhaja et al., 2012; An et al., 2012).
Loss of these proteins disconnects the cristae membrane from the
boundary membrane, and their effects vary among different
mutants, with the largest effect observed in f¢jTA and mos1A cells
(Rabl et al., 2009; Harner et al., 2011; Hoppins et al., 2011; von der
Malsburg et al., 2011). In addition, in fcjT1A, mos1A, mos2A, aim5A,
aim13A, and aim37A cells, mitochondria change their morphology
from tubules to lamellar sheets (Figure 1A; Rabl et al., 2009;
Hoppins et al., 2011). We found that mos1A cells showed enlarged
mtDNA nucleoids similar to fcj1A cells (Figure 1, A and B). However,
only ~1% of aim5A, aim13A, aim37A, and mos2A cells contain
mtDNA nucleoids >0.5 pm in diameter (Figure 1, A and B). Thus
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Fcj1 and Mos1 are required for maintaining the size of mtDNA nu-
cleoids. Although F¢j1 also interacts with Mia40, an intermembrane
space (IMS) protein that mediates protein import (von der Malsburg
et al., 2011), the depletion of Mia40 did not change nucleoid size
(Supplemental Figure S2), showing that the nucleoid phenotype is
not due to import defects in fcj1A cells.

When we generated fcjTAmos 1A double-deletion cells, the num-
ber of cells with larger (>0.5 pm) mtDNA nucleoids increased to
~12%, with 40% of them exhibiting a single large mtDNA nucleoid
with diameter of >1.0 um (Figure 1, A and B). These results suggest
partially overlapping functions for Fcj1 and Mos1 in the mainte-
nance of mtDNA nucleoid size. In fcj1A, mosTA, and fcjTAmos1A
cells, mtDNA was still associated with Abf2, an HMG box—contain-
ing, DNA-binding protein required for packaging mtDNA into nu-
cleoids (Miyakawa et al., 2010), as DAPI staining colocalized with
Abf2—green fluorescent protein (GFP; Figure 1D). Therefore the en-
larged morphology of mtDNA nucleoids was not due simply to dis-
sociation of Abf2 from mtDNA. Finally, Southern blotting showed
that WT, fcjTA, mosTA, and fcjTAmosTA cells contained similar
amounts of mtDNA (Supplemental Figure S3). Thus increased size
of nucleoids appears not to affect the maintenance of mtDNA in
these mutants.

Fcj1 is located adjacent to mtDNA nucleoids

To examine the spatial relationship of mtDNA nucleoids with Fcj1
and Mos1, we replaced chromosomal FCJ1 and MOST by FCJ1-
GFP and MOS1-GFP, respectively. GFP was fused to Fcj1 and Mos1
at their C-terminus, which faces the IMS. Both Fcj1-GFP and Mos1-
GFP were functional, as cells expressing these GFP fusions showed
normal morphology of mitochondria and nucleoids (Figure 2A) and
grew normally (Supplemental Figure S4). A fraction of Fcj1-GFP
formed punctate structures in mitochondria, with 80% located adja-
cent to mtDNA nucleoids (n = 120; Figure 2A). The formation of
Fcj1-GFP puncta depended on Mos1, but not Aim5, Aim13, Aim37,
or Mos2 (Figure 2B). In contrast, Mos1-GFP was uniformly distrib-
uted in mitochondria, similar to an IMS protein, Ups1-GFP (Figure
2A; Sesaki et al., 2006; Tamura et al., 2009). Because FCJ1 and
MOS1 deletion has additional effects on nucleoid size, Mos1 likely
has roles in addition to Fcj1-GFP puncta formation. Consistent with
our finding that Fcj1-GFP puncta is closely positioned to nucleoids,
a proteomic study showed that Fcj1 binds to the nucleoid protein
Abf2 in yeast (von der Malsburg et al., 2011). Another study showed
that mtDNA nucleoids purified from Hela cells contained a mam-
malian homologue of F¢j1, mitofilin (Wang and Bogenhagen, 2006).
However, we found that Fcj1 and Mos1 do not associate with nucle-
oids in sucrose density gradient centrifugation and that Abf2 does
not interact with Fcj1 or Mos1 in coimmunoprecipitation studies
(unpublished observations). Therefore either only a small fraction of
Fcj1 or Mos1 bind to nucleoids or their interactions might be
labile.

Mitochondria form large, hollow spheres in fcj1A and mosTA
cells that contain large mtDNA nucleoids

When we examined mitochondrial morphology in fcjTA, mosTA,
and fcjTAmosTA cells that contain large mtDNA nucleoids (>1.0 pm
in diameter), essentially all of the cells displayed previously unchar-
acterized, enlarged spherical mitochondria (Figure 3, A and B).
These mitochondria appeared to be hollow by matrix-targeted Su9-
red fluorescent protein (RFP) and had mtDNA nucleoids around the
rim. The spherical structures were clearly observed by differential
interference contrast (DIC) microscopy (Figure 3A, asterisks). To fur-
ther characterize the hollow, spherical mitochondria, we targeted
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Fcj1 and Mos1 are required for mtDNA nucleoid size. (A) WT, fcj1A, mos1A, fcj1Amos1A, aim5A, aim13A,
aim37A, and mos2A cells expressing Su9-RFP (Mt) were grown in SGalSuc medium to early log phase and stained with
DAPI. Cells were examined by DIC and fluorescence microscopy. Dotted lines outline cells based on DIC images.

(B) Quantification of cells with larger mtDNA nucleoids. Cells that have nucleoids with diameter of 0.5-1.0 um (white)
and >1.0 um (gray) were scored. At least 200 cells were examined in each experiment (n = 3). (C) WT and f¢j1A cells
expressing Mmm1-GFP were grown to log phase in SGalSuc medium and stained with DAPI for 15 min. Cells were
viewed by fluorescence microscopy. (D) WT, f¢j1A, mos1A, and fcjTAmos1A cells expressing Abf2-GFP were stained with
DAPI.

GFP fusion proteins to different mitochondrial compartments, in-  the IM. OM45-GFP was observed along the rim of spherical mito-

cluding the outer membrane (OM45-GFP) and the IMS (Ups1p-GFP) chondria and mtDNA nucleoids. The IMS marker, Ups1-GFP, and
in fcjTAmos1A cells (Figure 3C). We also used MitoTracker to stain ~ MitoTracker also stained the contour of the spheres and showed
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Fcj1p-GFP forms puncate structures next mtDNA
nucleoids. (A) GFP fusion proteins of Fcj1, Mos1, and Ups1 were
expressed by integrating the GFP gene at their 3’ end in
chromosomes. The GFP strains were transformed with Su9-RFP (Mt),
grown to log phase, and stained with DAPI. Boxed regions show
magnified images. (B) Fcj1-GFP was expressed in WT, mos 1A, aim5A,
aim13A, aim37A, and mos2A cells. The GFP strains were transformed
with matrix-targeted Su9-RFP (Mt). Cells were grown to log phase,
stained with DAPI, and observed by fluorescence microscopy. Boxed
regions show magnified images.

some overlap with DAPI staining, similar to the matrix-targeted Su9-
RFP. Remarkably, none of these markers labeled the interior of the
spherical mitochondria. As expected, markers for vacuoles (FM4-64;
Molecular Probes, Eugene, OR), the ER (Sec63-GFP), and the cyto-
sol (GFP) did not label these spherical structures in fcjTAmos1A cells
(Figure 3D). This hollow mitochondrial sphere is, to the best of our
knowledge, a novel morphology not reported in any yeast mutants
examined previously.

The frequency of spherical mitochondria increased in fcjTAmos 1A
cells (~5%) compared with fcjTA and mos1A cells (~1%; Figure 3B),
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correlating with the increased occurrence of mtDNA nucleoids with
a diameter >1.0 pym (Figure 1B). In fcj1A, mosTA, and fcj1AmosTA
cells that contained normal nucleoids (<0.5 pm in diameter) or mod-
estly enlarged nucleoids (0.5-1 pm), mitochondria showed normal
tubular structures or large lamellar sheets (Figure 3A), as reported
previously (Hoppins et al., 2011).

To understand whether the formation of hollow, spherical mito-
chondria requires mtDNA, we examined mitochondrial morphology
in fcjTAmosTA cells with (rho*) and without (rho® mtDNA. As de-
scribed, ~5% of rho* f¢jTAmos1A cells possessed enlarged, spheri-
cal mitochondria (Figure 3, E and F). However, these large, spherical
mitochondria were missing in rho® fcj1TAmos1A cells. Moreover, la-
mellar structures of mitochondria were not found in rho® fcjTAmos 1A
cells, consistent with previous observations showing that dimeriza-
tion of F1Fo-ATP synthase mediated by Atp20 and Atp21 (therefore
mtDNA that encodes subunits of this enzyme complex) is required
for the formation of lamellar mitochondria (Hoppins et al., 2011).
These results suggest that the generation of enlarged, spherical mi-
tochondria requires mtDNA and that hollow, spherical mitochondria
might derive from lamellar mitochondria.

Loss of Atp20 and Atp21 rescues nucleoid defects in cells
lacking Fcj1 and Mos1

Because Atp20 and Atp21 control the structure of cristae mem-
branes and loss of these proteins suppresses growth defects in fgj1A
cells (Rabl et al., 2009), we examined nucleoid morphology in cells
lacking these proteins. atp20A and atp21A cells exhibited normal-
sized nucleoids (Figure 4, A and B). It is striking, however, that loss
of Atp20 or Atp21 rescued nucleoid defects in fcjTAmosTA cells
(Figure 4, A and B). The inhibitor of F1Fo-ATP synthase, oligomycin,
did not affect nucleoid size in fcjTAmos1A cells, showing that di-
merization of this enzyme, rather than its activity, is important
(Supplemental Figure S5). In terms of mitochondrial morphology,
atp20A and atp21A cells displayed lamellar or partially fragmented
mitochondria (Figure 4C). As described earlier, fcjTAmos1A mito-
chondria displayed lamellar sheets, hollow spheres, and small frag-
ments (Figures 1A and 3A). These morphological defects were mu-
tually suppressed in fcjTAmosTAatp20A and fcjTAmosTAatp21A
cells (Figure 4, A and C). Taken together, these results suggest that
Fcj1-Mos1 and Atp20-Atp21 play opposite roles in determining
nucleoid size and organelle shape.

Blocking mitochondrial division exacerbates nucleoid
defects in f¢j1A, mos1A, and fcj1Amos1A cells

Large nucleoids might arise from incomplete division or aggrega-
tion of nucleoids in cells lacking Fcj1 and Mos1. To distinguish these
two possibilities, we examined nucleoids in cells defective in mito-
chondrial division. We reasoned that, if nucleoid division decreased,
connecting mitochondria would not affect nucleoid size. In contrast,
if nucleoids became aggregated, connecting mitochondria might
accelerate nucleoid aggregation. We disrupted the DNM1 gene,
which is required for mitochondrial division, in fcj1A, mosTA, and
fcjTAmosTA cells. dnm1A cells contained a single mitochondrion
with interconnected tubules due to an imbalance that favors fusion
over division and normal size of nucleoids, as reported (Bleazard
et al., 1999; Sesaki and Jensen, 1999; Figure 5, A and B). We
found that additional loss of Dnm1 increased the number of larger
nucleoids to 35-40% in dnmiAfc1A, dnmTAmosTA, and
dnm1AfcjTAmos 1A cells (Figure 5B), compared with 7-12% in fcj1A,
mosTA, and fcjTAmosTA cells (Figure 1B). In contrast, only slight
increases in the number of enlarged nucleoids were observed in
dnm1Aaim5A, dnm1Aaim13A, dnm1Aaim37A, and dnmT1Amos2A

Distribution of mtDNA nucleoids | 1845



DAPI Mt (Su9) Merge DIC
< 7.5
E *kk
w
WT 2 50
Q
g
2
§ 25 *kk
E *kk
: [ ﬁ
foj1A g ©°
o 2, 8 % 5
> » e
v > 4
7 ’%%)
v
mos1A D
fcj1A
mos1A
DIC Vacuole & Merge
C »
*,‘ -
o ?‘>
oM DIC Cytosol & Merge
(OM45)
()
@
IMS
(Ups1)
IM F
(Mito 7
-tracker) © 6 T
ke}
2z °
59 ¢
£ 23 3
rho* rho® g% 2
j=3e}
WT  fcjlAmosiA WT  fej1Amos1A é'é :)
a 8 U -
= =
'J‘) U‘)
v v
rho* rho®

Round, hollow mitochondria are formed in f¢j1A, mos1A, and fcjTAmos1A cells that contain large mtDNA
nucleoids. (A) WT, f¢j1A, mos1A, and fcjTAmos1A cells expressing Su9-RFP were grown in SGalSuc medium to early log
phase and stained with DAPI. Cells were examined by DIC and fluorescence microscopy. Large spherical mitochondria
are indicated by asterisks. (B) Quantification of cells that contain large, hollow mitochondria. At least 600 cells were
examined in each experiment (n = 3). (C) Large, hollow mitochondria were analyzed by several mitochondrial markers,
including OM45-GFP for the outer membrane (OM), Ups1-GFP for the IMS, and MitoTracker for the IM, in fcjTAmos1A
cells. mtDNA was labeled by either DAPI (with OM45p-GFP and Ups1p-GFP) or Abf2-GFP (with MitoTracker). (D) The
ER, vacuoles, and the cytosol were marked by Sec63-GFP, FM4-64, and GFP, respectively. (E) WT and fcjTAmos1A cells
with (rho*) or without (rho® mtDNA expressing Su9-RFP were examined by fluorescence microscopy. Dotted lines
outline cells based on DIC images. Large, spherical mitochondria are indicated by an arrowhead. (F) Quantification of
cells containing large, hollow mitochondria. At least 600 cells were examined in each experiment (n = 3).

cells (Supplemental Figure S6A). We also observed synergistic in-  for the separation of individual nucleoids, and loss of these proteins
creases in diameter of nucleoids in cells lacking Fcj1, Mos1, and  might induce nucleoid aggregation. It appears that more nucleoids

Dnm?1 (Figure 5C). Thus Fcj1 and Mos1 are most likely important ~ were gathered and formed large nucleoids when mitochondrial
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cal mitochondria was suppressed in
dnm1Afcj1Aatp20A and dnm1AfcjTAatp21A
cells (Supplemental Figure S7). Lamellar mi-
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B >1.0pm tochondria were still observed in the triple-
knockout cells, although it was technically
difficult to clearly distinguish net-like mito-
chondria from the sheet-like mitochondria.
Ultrastructural analysis of cristae
To analyze cristae organization, we per-
wn formed electron microscopy. We observed
lower densities of CJs in fcjTA, mosTA,
%%%@7@% @é@é m.OSZA, aimbA, aer aim37A cells compared
T %om%m with WT cells, with the largest decreases
K %/9% seen in fcj1A and mosTA cells (Figure 6, A
c%v 2, and C), consistent with previous studies
(Harner et al., 2011; Hoppins et al., 2011;
von der Malsburg et al., 2011). Indistinguish-
O Tubular able densities of CJs were observed in WT,
B Fragmented
O Lamellar atp20A, and dnmT1A cells; however, the
O spherical number of cristae membrane tips was de-

creased in atp20A cells (Figure 6A), as re-
ported (Rabl et al, 2009). fcjlAmos1A
and fcjTAmosTAdnm1A cells exhibit similar
CJ densities, which is less than those of
fcj1A and mos1A cells. We observed large,
hollow mitochondria in fcjTAmos1A and
fcj1AmosTAdnm1A cells (Figure 6B), consis-
tent with our findings made by light micros-
copy (Figures 2 and 5). In these large mito-
chondria, less-electron-dense compartments
were surrounded by remnants of cristae. In
fcjTAmos1Aatp20A cells, we found dramatic
increases in the frequency of cristae mem-
brane that formed concentric ring-like struc-
tures (Figure 6, A and C).

mtDNA nucleoids (B) and mitochondrial morphology (C). At least 200 cells were examined in

each experiment (n = 3).

division is blocked in cells lacking Fcj1 and/or Mos1. Because a sig-
nificant fraction of f¢jlTAmosTAdnm1A cells still has normal-sized
nucleoids, there are likely additional mechanisms by which mtDNA
nucleoids remain separate from each other to maintain their distri-
bution within mitochondria.

In addition to enlargement of nucleoids, we also noticed that
dnm1Afc 1A, dnm1AmosiA, and dnm1Afcj1Amos1A cells more fre-
quently lose mtDNA. When we spotted cells onto yeast/peptone/
glycerol/ethanol (YPGE; a nonfermentable medium that requires
mtDNA) and yeast/peptone/glucose (YPD; a fermentable medium
that does not require mtDNA), fcjTA, mosT1A, and fcjTAmos1A cells
grew very slowly on YPGE medium when DNMT1 is additionally de-
leted, suggesting decreases in respiratory functions in dnm1Afcj1A,
dnm1Amos1A, and dnm1Afcj1Amos1A cells (Figure 5D and Supple-
mental Figure S6B). To more directly examine mtDNA maintenance,
we grew cells in the nonfermentable YPGE medium and then trans-
ferred these rho* cells to a fermentable medium (SGalSuc). After
culture for 2 d in SGalSuc medium, cells were stained with DAPI.
Fcj1 or Mos1 deficiency increased the frequency of mtDNA loss in
dnm1A cells (Figure 5E).

As observed for fcjT1A and mosTA cells, increased nucleoid size in
fcjTAdnm 1A cells was decreased with the additional loss of Atp20 or
Atp21 (Figure 5, A and F). Moreover, the formation of hollow, spheri-
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DISCUSSION

Fcj1 and Mos1 are involved in the mainte-
nance of crista junctions, which may be critical for mtDNA nucleoid
distribution. For example, in WT mitochondria, organized, peri-
odic arrays of cristae membranes along the boundary membrane
may function as partitions to make small compartments for mtDNA
nucleoids in the matrix. When these partitions are greatly de-
creased in cells lacking Fcj1 and Mos1, a small but significant frac-
tion of MtDNA nucleoids aggregate and increase in size. mos2A,
aim5A, aim13A, and aim37A cells modestly decrease the number
of cristae junctions and maintain normal nucleoids. Therefore
there may be a threshold for the density of crista junctions required
for the maintenance of nucleoid distribution. Second, it is also pos-
sible that tubular morphology of mitochondria helps keep nucle-
oids from aggregation, since Fcj1 and Mos1 also function as tu-
bule-forming components in mitochondria. In sheet mitochondria,
nucleoids may collide more frequently due to increases in the di-
rection of their movements in the matrix. Third, in f¢j1A and mos1A
cells, cristae membranes that are detached from the boundary
membrane may push nucleoids toward the edge of lamellar sheets,
leading to aggregation of nucleoids. Finally, nucleoids may be an-
chored to the IM to keep nucleoids in such small compartments
formed by crista membranes, since mtDNA nucleoids are located
adjacent to Fcj1. Whether Fcj1 and Mos1 mediate this potential
anchoring mechanism awaits further studies. In the absence of
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Connecting mitochondria enhances aggregation of nucleoids in f¢jTA, mos1A, and fcj1Amos 1A cells.
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(B) Quantification of cells that contain increased size of mtDNA nucleoids. At least 150 cells were examined in each
experiment (n = 3). (C) Quantification of average nucleoid diameter in the indicated cells. At least 150 nucleoids were
examined in each experiment (n = 3). (D) Serial dilutions of cells were spotted onto YPD and YPGE medium and
incubated at 30°C for 2 and 5 d, respectively. (E) Quantification of cells that contain mtDNA. At least 600 cells were
examined in each experiment (n = 3). (F) Quantification of cells that contain increased size of nucleoids. At least 150 cells

were examined in each experiment (n = 3).

Fcj1 and Mos1, mitochondrial division appears to help the separa-
tion of mMtDNA nucleoids by creating physically separated organ-
elles, maintaining nucleoids in separate mitochondria. This model
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is consistent with previous observations showing that nucleoids
are dynamic and mobile in mammalian mitochondria (Garrido
et al., 2003; Legros et al., 2004). Given that we found that cells
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FIGURE 6: Ultrastructural analysis of mitochondria. (A, B) Electron micrographs of mitochondria
in WT and the indicated mutants. Boxed regions show magnified images in B. An arrow
indicates a vacuole in B. (C) Quantification of the density of crista junctions and concentric
ring-like cristae relative to the length of mitochondrial perimeter. At least 22 mitochondria were

analyzed for each genotype.

only partially lose their ability to maintain normal mtDNA nucleoid
size in the absence of Fcj1, Mos1, and Dnm1, there are likely ad-
ditional mechanisms that control the size of mtDNA nucleoids that
function alongside these proteins. It will be important to identify
these mechanisms in future studies.
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The nucleoid phenotypes of cells lacking
Fcj1 and Mos1 appear to be different from
those observed in several mutants with pre-
viously reported increased mtDNA nucleoid
size. In yeast, Hsp60, a mitochondrial heat-
shock protein associated with nucleoids,
was proposed to participate in nucleoid di-
vision (Kaufman et al., 2003). In tempera-
ture-sensitive mutants of Hsp60, nucleoids
are larger and exhibit a dumbbell-shaped
morphology reminiscent of incomplete nu-
cleoid division. In addition, cells lacking
Abf2 showed defects in nucleoid packaging
and therefore contained swollen nucleoids
(Miyakawa et al., 2010). Mmm1, Mmm?2,
Mdm10, and Mdm12, which have been sug-
gested to participate in ER-mitochondria
tethering, mitochondrial shape, and phos-
pholipid metabolism, also regulate mtDNA
nucleoids (Kornmann et al., 2009; Nguyen
et al., 2012). However, cells lacking Mmm1,
Mmm2, Mdm10, and Mdm12 display dif-
fusely distributed mtDNA and Abf2 within
the matrix of their large mitochondria, sug-
gesting that these four proteins may also be
involved in the packaging of mtDNA into
nucleoids (Youngman et al., 2004).

How the hollow mitochondrial sphere is
formed in the absence of Fcj1 and Mos1 re-
mains to be determined. We speculate that
cristae membranes disconnected from the
boundary membrane may fuse with each
other and create additional compartments
inside mitochondria. This additional com-
partment is not accessible by proteins im-
ported from the cytosol, as indicated by the
lack of staining on the interior of these
spheres by the markers we tested. Note that
the large, round mitochondria in f¢j1A and
mosTA cells are different from those found
in mmm1A, mmm2A, mdm10A, mdm12A,
and mdm33A cells, as the interiors could be
stained with matrix markers (Berger et al.,
1997; Hobbs et al., 2001; Messerschmitt
et al., 2003). In addition, the formation of
large, spherical mitochondria depends on
the presence of mtDNA in fcj1A and mos1A
cells, whereas mitochondrial shape in
mmm71A, mmm2A, mdm10A, and mdm12A
cells is independent of mtDNA.

MATERIALS AND METHODS

Strains and media

Yeast strains, plasmids, and primers used in
this study are listed in Supplemental Table
S2. Disruption of complete open reading
frame was performed using the HIS3,

kanMX4, and URA3 genes as disruption markers as described
(Sikorski and Hieter, 1989; Brachmann et al., 1998). Cells that carry
kanMX4 were selected on YPD (1% yeast extract, 2% polypeptone,
and 2% glucose) containing 500 pg/ml G418. rho® cells were gener-

ated by incubating in YPD medium with 25 pg/ml ethidium bromide
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for 2 d. Cells were grown in YPD medium, SD medium (0.67% yeast
nitrogen base without amino acids and 2% glucose), SCD medium
(0.67% yeast nitrogen base without amino acids, 0.5% casamino
acid, and 2% glucose), and SGalSuc medium (0.67% yeast nitrogen
base without amino acids, 2% galactose, and 2% sucrose) with ap-
propriate supplements (Adams et al., 1997).

Microscopy

Cells were viewed on an Olympus BXé1 upright microscope
(Olympus, Tokyo, Japan). Fluorescence and DIC images were cap-
tured with a CoolSnap HQ charge-coupled device (CCD) camera
(Roper Photometrics, Tucson, AZ) using SlideBook software, version
5.0 (Intelligent Imaging Innovations, Denver, CO) and processed
with Photoshop CS3 (Adobe, San Jose, CA; Tamura et al., 2010). For
electron microscopy, cells were fixed, processed, and embedded in
Epon resin, as described (Bauer et al., 2001). Ultrathin sections were
obtained using an Ultracut E (Reichert-Jung, Germany), stained with
2% uranyl acetate and lead citrate, and viewed on a Hitachi H-7600
transmission electron microscope (Hitachi, Tokyo, Japan) equipped
with the dual AMT CCD camera (Wakabayashi et al., 2009; Kageyama
etal., 2012).

Southern blotting

DNA was extracted from yeast cells using the Yeast DNA Extraction
Kit (Thermo Scientific, Waltham, MA). Then the DNA (5 pg) was di-
gested with EcoRI, resolved by electrophoresis, and transferred to
nitrocellulose membrane. Hybridization was performed using the ECL
Direct Nucleic Acid Labelling and Detection System (Amersham,
Piscataway, NJ) according to the manufacturer's instructions. The
probe used for mtDNA corresponds to position 245-676 of the ATP6
gene, and the PCR primers corresponding to this probe were
5-TGCTTAAAGGACAAATTGGAGG-3" and 5-TCATAGCTAAAGG-
TACAAAACCGA-3". The probe used for nuclear DNA corresponds to
position 399-779 of the 185 rRNA gene (RDN18), and the primers
corresponding to this probe were 5-AAACGGCTACCACATC-
CAAG-3" and 5'-ACGCCTGCTTTGAACACTCT-3".

Statistics
Values are mean = SEM (n = 3). The p values were determined using
the Student’s t test: *p < 0.05; **p < 0.01; ***p < 0.001.
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