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CLASP regulates mitochondrial distribution
in Schizosaccharomyces pombe
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ovement of mitochondria in Schizosaccharomy-

ces pombe depends on their association with the

dynamic, or plus ends, of microtubules, yet the
molecular basis for this interaction is poorly understood.
We identified mmd4 in a screen of temperature-sensitive
S. pombe strains for aberrant mitochondrial morphology
and distribution. Cells with the mmd4 mutation display
mitochondrial aggregation near the cell ends at ele-
vated temperatures, a phenotype similar to mitochondrial
defects observed in wild-type cells after microtubule de-
polymerization. However, microtubule morphology and
function appear normal in the mmd4 mutant. The mmd4

Introduction

Mitochondria proliferate by growth and division and cannot be
synthesized de novo, so mitochondrial inheritance is required for
cell proliferation. Mitochondrial inheritance and mitochondrial
dynamics depend on the movement and positioning of mito-
chondria at specific cellular locations and on modifications of
mitochondrial morphology (Yaffe, 1999; Cerveny et al., 2007).
Changes in morphology, including the frequent fusion and fis-
sion of mitochondria (Shaw and Nunnari, 2002), are associated
with cell cycle progression, alterations in metabolism and envi-
ronment, and segregation of the organelle during division (Yaffe,
1999; Lee et al., 2007). Although many of the molecular details
underlying mitochondrial fusion and division have been eluci-
dated (Okamoto and Shaw, 2005), mechanisms mediating mito-
chondrial movement and positioning remain poorly understood.

Microtubules facilitate mitochondrial movement in most
eukaryotic cells. This function has been characterized best in
neurons in which mitochondria travel along axon microtubules
using kinesin and dynein (Hollenbeck and Saxton, 2005; Pilling
et al., 2006). These molecular motors also mediate mitochon-
drial movement in other eukaryotic cell types (Tanaka et al.,
1998; Fuchs and Westermann, 2005). Microtubules also mediate
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lesion maps to pegl*, which encodes a microtubule-
associated protein with homology to cytoplasmic linker
protein—associated proteins (mammalian microtubule plus
end-binding proteins). Peg1p localizes to the plus end of
microtubules and to mitochondria and is recovered with
mitochondria during subcellular fractionation. This mito-
chondrial-associated fraction of Peg1p displays properties
of a peripherally associated protein. Peglp is the first
identified microtubule plus end-binding protein required
for mitochondrial distribution and likely functions as a
molecular link between mitochondria and microtubules.

mitochondrial distribution in Schizosaccharomyces pombe (Yafte
et al., 1996), but motors do not appear to be involved (Brazer
etal., 2000; Yaffe et al., 2003). Instead, mitochondrial movement
depends on microtubule dynamics and on the interaction of
mitochondria with the microtubule plus ends in S. pombe (Yaffe
et al., 2003). The molecular basis for this interaction of mito-
chondria with dynamic microtubules has been unknown.

To identify components that regulate mitochondrial mor-
phology and distribution in S. pombe, we isolated temperature-
sensitive (ts) mutants that display aberrant mitochondrial
morphology after incubation at an elevated temperature. In this
study, we present an analysis of one of these mutants, mmd4,
and identify a specific microtubule-associated protein that facil-
itates normal mitochondrial distribution.

Results and discussion

mmd4 cells display defects in mitochondrial
morphology and distribution

A novel S. pombe mutant, mmd4, was isolated by microscopic
screening of a collection of ts strains. The mmd4 mutant displayed
mitochondria massed in two aggregates toward the cell ends after
4 h of incubation at 37°C (Fig. 1 A). These aggregations appeared
as fragmented mitochondria and very small mitochondrial
tubules. In contrast, mmd4 mutant cells incubated at 25°C, and
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Figure 1.  Mitochondrial morphology in the mmd4 mutant and identification of peg 1*. (A) Wildtype (SCP181-3D) and mmd4 (SCP181-3A) cells express-
ing COX4-GFP and sad 1-RFP were observed by confocal microscopy at 25°C and after 4 h at 37°C. Z projections of representative whole cells are shown.
Sad1p-RFP was used as a control for interphase cells. (B) The original complementing fragment (pCom4), deletion fragment (pCom4A), extended fragment
(pTZ-pegl), and mutated fragment (pTZ-peg1-M4) derivatives were introduced in SCP130. Growth and mitochondrial distribution were analyzed after
incubation at 37°C. gDNA indicates a map of the genomic vicinity of the peg 1* gene. Boxes indicate ORF, and shaded regions represent introns. Arrows
show the gene orientations. The asterisk represents the mutation peg 1-M4. Bar, 5 pm.

wild-type cells grown at either 25 or 37°C contained normal
tubular mitochondria distributed throughout the cell (Fig. 1 A).

Genetic analysis involving multiple backcrosses of the
mmd4 mutant to the wild-type parental strain revealed that ts
growth and defects in mitochondrial morphology and distribu-
tion were caused by a single recessive nuclear mutation. Crosses
with mmdl, mmd2, and mmd3 mutants confirmed that mmd4
was a novel mutation defining a gene distinct from those identi-
fied in an earlier screen (Weir and Yaffe, 2004).

To identify the molecular basis for the mmd4 phenotypes, the
mmd4* gene was cloned by complementation of the ts growth
defect using a genomic DNA plasmid library. One plasmid,
pCom4, was found to complement growth at 37°C and partially
restore wild-type mitochondrial morphology. DNA sequencing
and comparison of sequences with the S. pombe genome data-
base identified the genomic insert as a fragment of chromosome 1,

including an alanine-tRNA gene and the 5’ 96% of the pegl*
gene (Fig. 1 B). A plasmid derived from pCom4 in which most
of pegl* was deleted (pCom4A) failed to complement the growth
of mutant cells at 37°C, supporting the identity of the comple-
menting activity with peg/™.

DNA sequence analysis of the peg! gene from both the mu-
tant and wild-type strains revealed a single change in mmd4 cells,
a transition of G to A at nucleotide 370 on the cDNA, resulting in
a change of Glu'* to Lys. This new pegl mutant allele is desig-
nated pegl-M4.

Further support for the identity of mmd4 as an allele of
pegl™ was obtained by examining mutant cells that harbored
a second, integrated copy of the gene. The pegl* gene from
the genomic insert was completed in the integrative plasmid
pTZura4, which was then integrated at the ura4 locus in pegl-M4
cells. These cells showed normal growth and mitochondrial
morphology at 37°C. When the peg-M4 mutation was reintro-
duced in the pTZ-peg1 plasmid and integrated in the mutant, the
resulting transformants displayed all of the mutant phenotypes.
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These results confirm that the peg/-M4 mutation is responsible
for the ts growth and mitochondrial morphology defects in
the mutant.

The pegl™ gene encodes a homologue of the microtubule
plus end—tracking proteins (+TIPs) cytoplasmic linker protein—
associated proteins (Grallert et al., 2006). The peg/-I mutant
was previously shown to be defective in the formation of mi-
totic spindle (Grallert et al., 2006; Bratman and Chang, 2007).
Grallert et al. (2006) also reported Peglp as a destabilization
factor for interphase microtubules.

Microtubules play a central role in mitochondrial morphology
and distribution in S. pombe (Yaffe et al., 1996), and because
Peglp function has been linked to interphase microtubule dy-
namics and spindle formation (Grallert et al., 2006; Bratman and
Chang, 2007), mitochondrial alterations found in pegl-M4 cells
might be secondary to changes in the microtubule cytoskeleton.
To examine this possibility, we analyzed mitochondria and micro-
tubules in peg/-M4 mutant cells by indirect immunofluorescence
after 4 h of incubation at 37°C. Many peg/-M4 mutant cells dis-
playing microtubule arrays of apparently normal structure show
severe defects in mitochondrial distribution and morphology
(Fig. 2 A). Further examination of the microtubule morphology
revealed an apparent defect in cell cycle progression; 21% of mu-
tant cells incubated at 37°C for 4 h lacked microtubules or con-
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Figure 2. Morphology of mitochondria and
microtubule cytoskeleton. Indirect immuno-
fluorescence microscopy after 4-h shift at 37°C
using the antibodies TAT1 and anti-F1B. (A) Repre-
sentative Z projections of MYP179 cells classified
as having severely aggregated, moderately aggre-
gated, lightly aggregated, and predominantly
tubular mitochondria. (B) Quantitative analysis of
mitochondrial morphology during inferphase in
the different mutant strains. The strains analyzed
include MYP116, MYP179, IH3505, DHC105,
SCP177-2C, SCP178-1A, UFY135, ARC1687,
and ARC3176. n, number of cells analyzed.
Bar, 5 pm.
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tained malformed short spindles, whereas such a phenotype was
apparent in only 1% of wild-type cells. However, incubation for
4 h at 37°C did not significantly affect the fraction of cells dis-
playing typical interphase microtubule arrays (76% in the mutant
compared with 81% in the wild type).

For quantification of defects in mitochondrial morphology
and distribution, cells displaying classic interphase microtubule
arrays were assigned to four different classes, including those
whose mitochondria were primarily tubular, slightly aggregated,
moderately aggregated, and severely aggregated (Fig. 2). In wild-
type cells after 4 h at 37°C, 69% of cells (n = 500) possess tubular
mitochondria, 22% show slight aggregation of mitochondria, 8%
have moderate aggregation, and 1% of cells show severe aggrega-
tion. In contrast, the pegI-M4 mutant analysis revealed only 20%
of cells (n = 500) with tubular mitochondria, 30% with slight ag-
gregation, 29% with moderate aggregation, and 21% with severe
aggregation. The same analysis performed on cells harboring the
pegl-1 allele (Grallert et al., 2006) revealed similar defects in
mitochondrial morphology and distribution (Fig. 2 B). These re-
sults indicate that peg/ mutations lead to altered mitochondrial
morphology and distribution without causing apparent changes in
the microtubule cytoskeleton. In contrast to these results, we have
analyzed the mitochondrial distribution in wild-type cells after
complete microtubule depolymerization by thiabendazole. After
80 min of thiabendazole treatment, cells displayed no micro-
tubules and showed mitochondrial aggregation similar to the
pegl mutants (Fig. 2 B), indicating that the absence of micro-
tubules can lead to a mitochondrial aggregation similar to the
malfunction of Peglp.

CLASP MEDIATES MITOCHONDRIAL MORPHOLOGY
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Figure 3. Development of the mmd4 mitochondrial phenotype. Wild-type (A, MYP101) and peg1-M4 mutant (B, SCP128-2C) were grown at 25°C without
thiamine for 48 h and then with thiamine for 16 h and were shifted at 37°C for 2 h. Samples were subjected to time-lapse microscopy at ~37°C. 0.4-pm
Z sections were captured at 5-min infervals, and Z projections are shown. Arrows indicate mitochondrial aggregations. Arrowheads identify the initial stage

of spindle formation. Bars, 5 pm.

To explore the possibility that minor changes in microtubule
dynamics caused by the mutation of peg/ can contribute to the
mitochondrial phenotype, we took advantage of the genetic inter-
action between the genes peg/ and dhcl. Defects in microtubule
dynamics caused by the peg/-1 mutation were reported to be de-
pendant on dynein function and to disappear when either the light
or heavy chain of dynein is deleted (Grallert et al., 2006). There-
fore, we examined dynein dependency of the mitochondrial pheno-
type. Loss of dynein heavy chain (Dhclp) has been described to
have no effect on microtubule morphology or microtubule func-
tion during mitosis (Yamamoto et al., 1999). Analysis of the Adhc1
mutant revealed no effect on mitochondrial distribution or mor-
phology (Fig. 2 B). However, both double mutants, peg!-1 Adhcl
and pegl-M4 Adhcl, show mitochondrial morphology and distri-
bution defects similar to the peg/ mutants (Fig. 2 B), indicating
that the effects of peg/ on mitochondrial morphology are indepen-
dent of dynein function. These results further support the conclu-

sion that mitochondrial alterations observed in peg/ mutant cells
are not secondary effects of changes in microtubule dynamics.

Because mitochondrial movement depends on the interaction of
mitochondria with the plus ends of microtubules (Yaffe et al.,
2003) and Peg1p has been shown to interact with the +TIPs Mal3p
and Tiplp (Grallert et al., 2006), we examined whether other
+TIPs might contribute to mitochondrial dynamics. Mitochondria
were analyzed in cells deleted for tipl, mal3, teal, or tea2. No
significant differences in mitochondrial morphology between the
mutants and wild-type cells were apparent (Fig. 2 B). The Atip1,
Amal3, and Atea2 mutants do possess shorter microtubules as
previously described (Verde et al., 1995; Beinhauer et al., 1997;
Brunner and Nurse, 2000), and consequently, mitochondria in
these cells do not extend to the cell ends but are restricted to
the areas of growth and shrinkage of the microtubules. However,
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Figure 4. Microscopic localization of Peglp. Indirect immunofluorescence of Peg1p, microtubules, and mitochondria in SCP164 using rabbit anti-myc
antibody (A and B) and mAb TAT1 (A) or mAb HSP&0 (B). 3DParticles software (Smith et al., 2005) was used to generate the 3D rendering. Bars, 5 pm.

mitochondria in these cells are found as normal tubular structures.
Microtubules in Azeal cells are generally longer than wild type
(Mata and Nurse, 1997), but defects in mitochondrial morphol-
ogy and distribution were not observed. These results indicate that
Peglp plays a unique role and appears to be the only microtubule
plus end-binding protein to have a direct effect on mitochondrial
morphology and distribution in S. pombe.

During mitosis in wild-type cells, mitochondria become concen-
trated toward the cell ends as a consequence of spindle elongation
(Yaffe et al., 2003). Because of the similarity of this temporary
mitochondrial distribution to the aggregations found in pegl-M4
mutant cells, we examined whether development of the mutant
phenotype required passage through mitosis or was linked to the
cell cycle. Live mutant cells with fluorescently tagged mitochon-
dria and microtubules were analyzed by time-lapse confocal
microscopy, whereas cells were incubated at the nonpermissive
temperature. During the experimental time course with wild-
type cells, mitochondria formed a tubular network that extended
along the sides of the cell until formation of the spindle (Fig. 3 A,
arrowhead). During spindle elongation, mitochondria became
aggregated near the cell ends (Fig. 3 A, arrow) until cytoplasmic

microtubules reformed, and mitochondria again were distributed
throughout the cell. In the peg/-M4 mutant cells (Fig. 3 B), spindle
elongation occurred but was often delayed compared with wild-
type cells. In some cells, the spindle failed to elongate for >110
min, whereas other cells formed aberrant spindle structures after a
long delay (unpublished data). However, mitochondria became
aggregated toward the cell ends (Fig. 3 B, arrows) before spindle
formation (Fig. 3 B, arrowheads). These observations indicate that
mitochondrial aggregation observed in the peg/-M4 mutant does
not require progression through mitosis and that mitochondrial
displacement by the spindle is not required for development of
the phenotype.

To confirm the independence of the mitochondrial pheno-
type from mitotic events, cells were synchronized in interphase
by nitrogen starvation, and mitochondria were observed after in-
cubation at 37°C. Mitochondria aggregated in the mutant cells
(unpublished data), supporting the conclusion that aberrant mito-
chondrial distribution is independent of cell cycle progression.

Two previous studies addressed the localization of Peglp, using
GFP fusions and CFP or Cherry tubulin constructs (Grallert
et al., 2006; Bratman and Chang, 2007). Their conclusions differ

CLASP MEDIATES MITOCHONDRIAL MORPHOLOGY
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Figure 5. Peglp association with mitochondria. (A) Subcellular fractionation of strain SCP164 by differential centrifugation (left) and mitochondrial purifi-
cation by banding in a Histodenz gradient (right). Subcellular fractions include low speed pellet (LSP), mitochondria (Mito), intermediate speed pellet (Int),
high speed pellet (HSP), and cytoplasm (Cyto). Numbers indicate the relative amount of material (in cell equivalents) loaded on the gel. (B) Fractionation
of Tealp and Mal3-GFP. Strain UFY596 was subjected to subcellular fractionation by differential centrifugation as in A. (C) Mitochondrial membrane as-
sociation of Peg1p. Mitochondria isolated by differential centrifugation were washed with 0.6 M mannitol solution or the same solution supplemented with
0.3 M NaCl or 0.3 M KCl, and pellet (P) and supernatant (S) fractions were isolated by centrifugation.

concerning the localization of Peglp on microtubules. In this
study, indirect immunofluorescence was used to determine the
localization of Peglp. We constructed a strain expressing a Myc-
tagged version of peg ™ expressed from the endogenous promoter
as the only copy of this essential gene. These cells are completely
wild type with respect to growth and mitochondrial morphology
and distribution (unpublished data). The unavailability of appro-
priate S. pombe antibodies prevented simultaneous localization of
Peglp, mitochondria, and microtubules. Therefore, we assessed
the relative localization during interphase of Peglp with micro-
tubules and with mitochondria individually. As previously re-
ported (Grallert et al., 2006), we found a substantial fraction
of Peglp in the nucleus and also detected the protein at or close
to the plus ends of the microtubules (Fig. 4 A). A fraction of cyto-
plasmic Peglp was also localized to mitochondria (Fig. 4 B). This
mitochondrial-associated Peglp appeared in discrete patches and
punctuate structures rather than being uniformly distributed along
mitochondria (Fig. 4 B). These results indicate that Peglp local-
izes to both the plus ends of microtubules and to mitochondria.

JCB « VOLUME 182 « NUMBER 1 « 2008

The same localization pattern was observed for Mal3p and Tealp
(unpublished data).

Peg1p is peripherally associated with
mitochondria
To further analyze the interaction of Peglp with mitochondria,
the protein was also localized by subcellular fractionation.
Cells expressing Myc-tagged Peglp were homogenized, and the
homogenate was fractionated by differential centrifugation. Peglp
was recovered substantially in the mitochondrial fraction together
with the mitochondrial marker protein Tom70p (Fig. 5 A, left).
Peglp was also found in the intermediate fraction, which con-
tains some mitochondria, and a trace was detected in the high
speed pellet (HSP; Fig. 5 A). A similar mitochondrial localization
of Peglp was detected using an antibody raised against the au-
thentic Peglp protein (unpublished data).

Peglp has been shown previously to localize partially in
the nucleus and also along the microtubules in the vicinity of
the nucleus, with some colocalization with the spindle pole body



Table I.  Yeast strains used in this study

Strain Genotype Source
972h" h~ Yaffe laboratory
FY254 h™ ade6-M210 ura4-D18 leu1-32 canl-1 S. Forsburg
FY261 h* ade6-M216 ura4-D18 leu1-32 canl-1 S. Forsburg
Jwio084 h™ ade6-M210 ura4-D18 leu1-32 sad1::mRFP1-Kan® 1.Q. Wu
ARC1687 h™ ura4-D18 Ateal::urad+ P. Nurse®
ARC3176 h™ adeé- ura4-D18 leu1-32 his3-D1 Atea2::his3+ P. Nurse®
Atip1 h* ura4-D18 Atip1::Kan® P. Nurse®
AY1491-1B h™ ade6-210 lys1 vra4 Adhc1-d4::urad+ Yamamoto et al., 1999
DHC105 h* his2 vra4 Adhc1-d2::ura4+ Yamamoto et al., 1999
OM1602 h™ ura4-294 P. Russell®
UFY135 h* ade6-M210 ura4-D18 leu1-32 his34 Amal3::his3+ U. Fleig®
UFY596 h™ ade6-M210 ura4-D18 leu1-32 his3D1 mal3-pkGFP:ura4+ U. Fleig®
IH3505 h™ ura4-D18 leu1-32 peg -1 Grallert et al., 2006
641 h™ ade6-M210 ura4-D18 leu1-32 his3-D1 ars1::nmt-atb 1 GFP:LEU2 R. Mclntosh?
MYP100 h* ade6-M216 ura4-D18 leu1-32::nmt1::COX4RFP:leu T+ Yaffe et al., 2003
MYP115 h™ ade6-M210 uvra4-D18 leu1-32::nmt1::COX4GFP:leu 1+ Weir and Yaffe, 2004
MYP116 h* ade6-M216 ura4-D18 leu1-32::nmt1::COX4GFP:leu+ Yaffe laboratory
MYP154 h™ ade6-M210 ura4-D18 leu1-32::nmt1::COX4RFP:leu T+ Yaffe laboratory
MYP160 h* ade6-M216 ura4-D18 leu1-32::nmt1::COX4RFP:leu1+ nmt]::atb1GFP:LEU2 Yaffe laboratory
MYP179 h* ade6-M216 ura4-D18 leu1-32::nmt1::COXAGFP:leu 1+ peg 1-M4 EMS mutant of MYP116
SCP119-1C h™ ade6-M210 ura4-D18 leu1-32 canl-1 peg1-M4 Spore from MYP179/FY254
SCP125-4A h* ade6-M216 leu1-32::nmt1::COX4RFP:leu 1+ Spore from MYP100/972h~
SCP126-6A h* ade6-M216 ura4-294 leu1-32::nmt1::COX4RFP:leu T+ Spore from SCP125-4A/OM1602
SCP127 h* ade6-M216 urad-294 leu1-32::nmt1::COX4RFP:leu T+ Diploid from SCP126-6A/MYP154
h™ ade6-M210 ura4-D18 leu1-32::nmt1::COX4RFP:leu 1+
SCP128-2C h* ade6-M216 ura4-D18 leu1-32::nmt1::COX4RFP:leu 1+ nmt]::atb 1GFP:LEU2 peg1-M4  Spore from SCP119-1C/MYP160
SCP130-1D h* ade6-M216 ura4-294 leu1-32::nmt1::COX4GFP:leu1+ canl-1 peg1-M4 Spore from MYP179/OM1602
SCP147 h* ade6-M216 ura4-294 leu1-32::nmt1::COX4RFP:leu ]+ Apeg 1 ::Kan® Transformant of SCP127
h™ ade6-M210 ura4-D18 leu1-32::nmt1::COX4RFP:leu 1+
SCP164 h? ade6-M21? ura4-294::pSC144(peg1-13myc):ura4 leu1-32::nmt1::COX4RFP:leu T+ Spore of SCP147 + pSC144
Apeg1::Kanf
SCP177-2C h? ade6? lys1? ura4-D18 leu1-32 Adhc1-d4::ura4+ peg1-M4 Spore from MYP179/AY1491-1B
SCP178-1A h? ura4-D18 leu1-32 Adhc1-d2::urad+ pegl-1 Spore from IH3505/DHC105
SCP181-3A h? ade6? ura4-D18 leu1-32::nmt1::COX4RFP:leul+ sad1::mRFP1-Kan® peg 1-M4 Spore from MYP179/JW1084
SCP181-3D h? ade6? ura4-D18 leu1-32::nmt1::COXARFP:leu 1+ sad1::mRFP1-Kan® Spore from MYP179/JW1084

“The Rockefeller University, New York, NY.

bThe Scripps Research Institute, La Jolla, CA.

“Heinrich-Heine Universitdt Disseldorf, Disseldorf, Germany.
dUniversity of Colorado, Boulder, CO.

(SPB; Grallert et al., 2006; Bratman and Chang, 2007). To elimi-
nate the possibility that the mitochondrial Peg1p reflected nucleus
and SPB contamination of that fraction, the distribution of Sad1p,
anuclear membrane SPB protein, was also analyzed. Sad1p puri-
fied predominantly with the low speed pellet, which contains un-
broken cells and nuclei (Fig. 5 A). Only traces of Sadlp were
present in the mitochondrial and intermediate fractions. To con-
firm copurification of Peglp with the mitochondrial fraction and
to eliminate any possible contamination by the nuclear mem-
brane, the mitochondria were further purified by banding on a
discontinuous Histodenz gradient. Peglp copurified with the
mitochondrial fraction (Fig. 5 A, right), whereas Sadlp was un-
detectable in this fraction.

Localization of the two other +TIPs, Tealp and Mal3p,
was also assessed by subcellular fractionation. As with Peglp,
the two +TIPs are substantially recovered in the mitochondrial
fraction as well as in the intermediate fraction (Fig. 5 B). Mal3p

was also recovered in the HSP. The SPB protein Cutl2p is only
faintly present in the mitochondrial and intermediate fractions
and corresponds to nuclear contamination. These results reveal
that the +TIPs Peglp, Tealp, and Mal3p copurify with the mito-
chondrial fraction and suggest an interaction of these proteins
with the mitochondria. However, because of the interactions
between various +TIPs (Feierbach et al., 2004; Grallert et al.,
2006), the recovery of Tealp and Mal3p in the mitochondrial
fraction may occur indirectly via their interaction with Peglp.
The wild-type mitochondrial morphology observed in the ab-
sence of Mal3p, Tiplp, or Tealp indicates that these proteins
are not required for mitochondria and microtubule interactions.

To further analyze the association of Peglp with mito-
chondria, isolated mitochondria were extracted with sodium
chloride and potassium chloride. Washing with either salt led to
the recovery of Peglp in both supernatant and pellet fractions
(Fig. 5 C). Under these conditions, the transmembrane protein

CLASP MEDIATES MITOCHONDRIAL MORPHOLOGY ¢ Chiron et al.
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Tom70p remains in the pellet fraction. These results demon-
strate that a significant fraction of Peglp displays properties of
a peripheral membrane protein.

Our results suggest a model in which Peglp acts as a
linker between mitochondria and microtubules, which is consis-
tent with the recent electron microscopy data (Hoog et al.,
2007). Although it could play a supporting role in the loading or
assembly of other proteins that actually comprise a molecular
bridge, the recovery of Peglp as a mitochondrial peripheral
membrane protein suggests its direct involvement. Such a func-
tion as linker between microtubules and membranes has already
been documented for the mammalian Peglp homologues cyto-
plasmic linker protein—associated proteins in HeLa cells and in
motile fibroblasts (Lansbergen et al., 2006). We propose that
Peglp can play a similar role by binding to microtubule plus
ends and simultaneously to the mitochondrial outer membrane.
The future identification of a mitochondrial membrane protein
that serves as a Peglp receptor and other factors that modulate
Peglp interactions should lead to a more complete understand-
ing of mechanisms that mediate mitochondrial behavior.

Materials and methods

Strains and genetics techniques
The yeast strains used are listed in Table I. Media, growth conditions, and ge-
nefic methods for S. pombe were described previously (Moreno et al., 1991).

Isolation of mmd4

Mutagenesis of S. pombe strain MYP116 and isolation of ts mutants dis-
playing mitochondrial defects were performed as previously described
(Weir and Yaffe, 2004). Candidate mmd mutants were backcrossed
three times to the wild-type parental strain, yielding the mmd4 mutant
strain MYP179.

Cloning and analysis of peg1*

The pegl* gene was cloned by complementation of the ts phenotype using
a pURT9 genomic DNA library (Barbet et al., 1992). The rescuing plasmid,
pCom4, was recovered, and the ends of the insert were sequenced. pCom4A
was created by deleting the 3.4-kb BsaAl fragment. The peg1* gene was
completed by PCR in pTZura4 (provided by S. Forsburg, University of Southern
California, Los Angeles, CA), yielding to pTZ-peg1. pTZ-peg1M4 was cre-
ated by in vitro mutagenesis of pTZ-peg1 (QuikChange; Stratagene).

peg1* gene replacement and tagging
A deletion cassette containing the kanamycin resistance gene flanked by the
5’ (442 bp) and middle (454 bp) regions of peg1* was created in pCRII-
TOPO. This cassette, allowing the replacement of peg 1* fragment from base
290 to 2,622, was amplified by PCR and transformed into diploid SCP127.
The disruption of one copy of peg 1™ in the resulting strain, SCP147, was
confirmed by PCR.

A version of peg1* was engineered to encode Peg1p tagged at its
C terminus with 13 copies of the c-myc epitope. A Pacl restriction site was
created in the STOP codon of peg1*in pTZpeg1, and the 13Myc of plas-
mid pFA6a-13MyckanMX6é was cloned into Pacl. The resulting plasmid,
pSC144, was linearized with Stul and transformed into SCP147. Sporula-
tion of the transformant led to haploid segregant SCP164, expressing only
a single tagged copy of peg1 under its own promoter.

Microscopic analysis

Confocal microscopy was performed on a microscope (Axiovert 200M; Carl
Zeiss, Inc.) equipped with a Plan-Apochromat 100x NA 1.4 oil objective
(Carl Zeiss, Inc.), a spinning disk confocal head (QLC-100; Yokogawa), and
an argon/krypton laser (Melles Griot) coupled to an acoustooptical tunable
filter (Neos Technologies). Images were captured with a camera (CoolSNAP
HQ; Photometrics) and Metavue software (MDS Analytical Technologies).
Live cell microscopy was facilitated by the expression of COX4-GFP or
COX4-RFP and/or GFPtubulin (Yaffe et al., 2003). For time-lapse imaging,
cells were recorded on a YES (yeast extract supplemented) agar pad, and
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the coverslip was sealed with VALAP. For indirect immunofluorescence, cells
were fixed by methanol (Hagan and Hyams, 1988). Microtubules were de-
tected using the mouse mAb TAT1T (Woods et al., 1989). Mitochondria were
detected with rabbit F,3-ATPase antibody (Jensen and Yaffe, 1988) or the
mouse mAb HSP60 (Sigma-Aldrich). The c:Myc epitope was detected using
the rabbit anti-Myc (Abcam). Secondary antibodies included FITCconjugated
donkey anti-mouse and Texas red-conjugated donkey anti-rabbit (Jackson
ImmunoResearch Laboratories).

Subcellular fractionation and biochemical analysis

Subcellular fractions were isolated as previously described (Chiron et al.,
2007) with the following modifications. Cells were grown in YES media.
The lysis buffer was composed of 0.6 M mannitol and 20 mM Hepes, pH
7.4, supplemented with 1 mM PMSF and protease inhibitor cocktail
(Sigma-Aldrich). The pellet from step 13 was saved as the low speed pel-
let fraction. The supernatant from step 16 was centrifuged at 26,000 g
for 15 min to yield the intermediate pellet. The supernatant was centri-
fuged at 164,000 g for 1 h to yield an HSP and cytosol fractions. In some
experiments, mitochondria were further purified by banding in a His-
todenz (Sigma-Aldrich) gradient as described previously (Pagliarini et al.,
2005). For mitochondrial elution experiments, isolated mitochondria
were treated with 3 vol of lysis buffer supplemented with 0.3 M NaCl or
0.3 M KCl for 10 min at 4°C, and then supernatant and pellet fractions
were recovered by centrifugation at 12,000 g for 15 min. Western blot
analysis was performed using goat anti-Myc (Abcam), rabbit anti-GFP
(Affinity BioReagents), Tom70p antibody, Sad1p antibody (provided by
M. Shimanuki, Okinawa Institute of Science and Technology, Okinawa,
Japan), and Tealp antibody (Mata and Nurse, 1997).
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