Curr Genet (1993) 24:141-148

Current Genetics

© Springer-Verlag 1993

Normal mitochondrial structure and genome maintenance in yeast
requires the dynamin-like product of the MGM]I gene
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Abstract. The isolation and characterization of MGM1,
an yeast gene with homology to members of the dynamin
gene family, is described. The MGM 1 gene is located on
the right arm of chromosome XV between STE4 and
PTP2. Sequence analysis revealed a single open reading
frame of 902 residues capable of encoding a protein with
an approximate molecular mass of 101 kDa. Loss of
MGM]I resulted in slow growth on rich medium, failure
to grow on non-fermentable carbon sources, and loss of
mitochondrial DNA. The mitochondria also appeared
abnormal when visualized with an antibody to a mito-
chondrial-matrix marker. MGM1{ encodes a dynamin-
like protein involved in the propagation of functional
mitochondria in yeast.
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Introduction

The assembly and propagation of functional mitochon-
dria require coordinate input from the nuclear and mito-
chondrial genomes. In yeast, a large number of mutants
affecting mitochondrial function have been isolated and
characterized (Dujon 1981; Tzagoloff and Dieckmann
1990). Since yeast is able to grow anaerobically, cells with
severely defective mitochondria are still viable if grown
on fermentable carbon sources. For example, mutants
that have lost the entire mitochondrial genome (g°) still
grow anaerobically. Although the mitochondrial genome
1s dispensable under these conditions, mitochondrial
functions encoded in the nucleus are required. Nuclear
and mitochondrial gene mutations that lead to the gener-
ation of ¢° mutant strains have been described. The
proteins encoded by these genes include those required
for mitochondrial DNA replication and mitochondrial
protein synthesis (Myers etal. 1987; Tzagoloff and
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Dieckmann 1990). Recently, Jones and Fangman (1992)
isolated a gene from Saccharomyces cerevisiae, MGM1,
that is predicted to encode a protein with sequence simi-
larity to members of the dynamin protein family. Loss of
MGM1 results in the loss of the mitochondrial genome.
In this report, we describe a further characterization of
the MGAM!{ gene and a sequence that differs from the one
reported by Jones and Fangman (1992). Immunofluores-
cence studies using an antibody to a mitochondrial ma-
trix-localized protein (hsp58) revealed that the morphol-
ogy and intracellular localization of mitochondria is af-
fected by the loss of Mgmip.

The first dynamin protein to be described, D100, was
isolated from bovine brain by virtue of its property of
being released from microtubules on the addition of ATP
(Shpetner and Vallee 1989; Scaife and Margolis 1990).
However, a number of properties distinguish dynamins
from true microtubule motor proteins (Vale et al. 1985a,
b; Schnapp and Reese 1989; Vallee et al. 1989). Dynamins
bind GTP, rather than ATP which is the preferred nucle-
otide triphosphate for kinesin and dynein microtubule
motors. Although microtubules have been shown to stim-
ulate dynamin GTPase activity (Shpetner and Vallee
1992), it has not been possible to observe a microtubule-
dependent mechanochemical motor activity using highly-
purified dynamin preparations.

The isolation and characterization of Drosophila and
yeast dynamin mutants has revealed a number of cellular
processes mediated by dynamin protein. A yeast dy-
namin-like gene, VPS1, was identified in a genetic screen
for mutants defective in vacuolar protein sorting (Roth-
man and Stevens 1986; Rothman et al. 1990). In addition
to mis-sorting of proteins destined for the vacuole, the
vps! mutant displays abnormal intracellular membrane
organization and the cells are temperature-sensitive for
growth. VPS{ was independently isolated in a screen for
sporulation mutants and named SPO15 (Yeh et al. 1986).
SPQO15 mutants initiate the early events of meiosis, such
as recombination, but arrest prior to the meiotic division.
The protein encoded by VPS71(SP015) is 45% identical
to the rat brain dynamin, D100 (Obar et al. 1990; Roth-
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man et al. 1990; Yeh et al. 1991) period Mutations in the
Drosophila gene shibire result in a reversible temperature-
sensitive paralysis. Shibire encodes a dynamin homolog
with 69% amino-acid sequence identity to rat D100
(Chen et al. 1991; Poodry and Edgar 1979; van der Bliek
and Meyerowitz 1991). Paralysis results from an endocyt-
ic defect at the nerve terminus. Thus, the mutant pheno-
types of the dynamin genes characterized to-date suggest
roles for dynamins in vesicle trafficking, endocytosis, and
sporulation. Our study and that of Jones and Fangman
(1992) suggest that a role for dynamin-like proteins in
mitochondrial function be added to the list. Deletion of
MGM1 causes respiratory deficiency, loss of mitochon-
drial DNA, and altered mitochondrial morphology.

Materials and methods

Yeast strain construction. The yeast strains used in this study are
listed in Table 1. Standard procedures for yeast mating, sporulation,
and scoring of tetrads were used (Sherman et al. 1986). Yeast was
grown in either rich medium [YEPD; 1% yeast extract, 2% Bacto-
peptone (Difco Laboratories)] or synthetic medium (SC-AA: 0.67%
yeast nitrogen base without amino acids) supplemented with amino
acids to satisfy auxotrophic requirements. Glucose (2%) was used
as the carbon source except in the experiments testing growth on
non-fermentable carbon sources in which case glycerol (2%) and
ethanol (2%) were used. Yeasts were transformed by the lithium
acetate procedure (Ito et al. 1983).

Cloning and sequence analysis. The 14-kb lambda clone that harbors
MGM 1, was originally isolated from a A-dash yeast genomic library
(Stratagene) based on homology to a DNA probe from a protein
tyrosine phosphatase gene (PTP2), designated QGP5 (Guan et al.
1992). The QGPS probe was obtained by the polymerase chain
reaction (PCR) using two degenerate oligonucleotides to conserved
regions found in tyrosine phosphatases. Details concerning this
probe can be found in previous reports (Guan et al. 1991, 1992).
The YPTP2-4 clone was mapped by restriction digestion and frag-
ments were subcloned into either M13mp18 or M13mp19 for se-
quence determination. A series of synthetic oligonucleotides were
used as sequence primers to derive a complete sequence of both
strands of the gene. Sequencing was performed by the dideoxy
chain-termination method using Sequenase (US Biochemicals). Se-
quence analysis was performed using the Wisconsin GCG software
package and Microgenie (Beckman). Unless otherwise noted, all
DNA modifying enzymes were purchased from New England Bio-
labs. Standard procedures were used for DNA manipulations (Sam-
brook et al. 1989).

Plasmid construction and gene replacement. MGM1 was subcloned
into pUC19 to obtain pMGM1. The clone pMGM1 encompasses
4.47 kb of DNA that includes 121 bases upstream of the proposed
initiator ATG, and 1.6-kb downstream from the translation stop.
To create an MGM{ gene disruption with the LEU2 gene, pMGM 1
was digested with PszI, and the resulting 3’ overhangs were convert-
ed to blunt ends with T4 DNA polymerase. A 2.2-kb XhoI-Sall
fragment of LEU2 was cut from YEp13. The ends of the LEU2
fragment were converted to blunt ends with the Klenow fragment
of DNA polymerase and ligated to the PstI-cut pMGM1 plasmid
(see Fig. 1). To create an MGM1 gene disruption with the URA3
gene, pMGM1 was cut with HindIII and a 1.2-kb HindIII fragment
of yeast URA3, isolated from YEp24, was inserted. Gene disrup-
tions were performed by transforming the indicated diploid with
linear fragments of DNA, using a lithium acetate transformation
protocol (Tto et al. 1983; Rothstein 1983). The integration sites were
confirmed by Southern blots (Southern 1975) using yeast DNA

Table 1. Strains used in this study

Strain Genotype

RJIY264* MATaM AT, leu2fleu2, ura3/ura3, his3/his3,
lys1/LYS{

RJIY310* MATaM AT, leu2/leu2, ura3jura3, his3/his3,
Iyst/LYS1

RJY389* MATaM AT, leu2/leu2, ura3jura3, his3/his3

RJY382P MATaMATo, leu2/leu2, ura3jura3, his3/his3,
Iyst{LYS1, MGM1|mgm1.:URA3

RJY390° MATaM AT, leu2/leu2, ura3jura3, his3/his3,
lys1/LYS1, mgmi::URA3/mgmi::URA3

RJIY463¢ MATaMATw, leu2/leu2, ura3jura3, his3/his3,
MGM1/mgmi::LEU2

RJY555¢ MATaM AT, leu2fleu2, ura3fura3, his3/his3,
mgmli::LEU2[/mgmi::LEU2

RIY545¢ MATaMATa, ¢°, leu2/ LEU2, ura3/URA3,
met4d| MET4

RJIY386% MATa, leu2, ura3, his3, mgmi::URA3

RJY387¢ MATa, leu2, ura3, his3

RJIY559h MATa, leu2, ura3, his3

RJIY560% MATa, leu2, ura3, his3

RIY561% MATu, leu2, ura3, his3, mgmi::LEU2

RJY562". MATw, leu2, ura3, his3, mgmi::LEU?2

KL14-4B* MATa, ¢°

2 Laboratory diploid strains

® Obtained by transformation of RJY264

¢ Obtained by crossing segregants derived from sporulating
RJY382

¢ Obtained by transformation of RJY389

¢ Obtained by crossing segregants derived from sporulating
RJIY463

f KL14-4B was crossed with RJY387, the resulting dipoid was
sporulated and two g° segregants were crossed to create the ho-
mozygous ¢° diploid

& Obtained by sporulating RJY382

B Obtained by sporulating RIY463

' From M. Crivellone; see Myers et al. (1987)

isolated by the method of Hoffman and Winston (1987). The plas-
mid pMGM1 was labeled by the random primer method using
32p_deoxyadenosine triphosphate (Amersham). The filters were ex-
posed using Kodak XAR film with an intensifying screen.

RNA isolation and Northern hybridization. Total yeast RNA was
isolated from an exponentially-growing culture of RIY310 follow-
ing the method of Schmitt et al. (1990). Poly A* RNA was purified
by oligo d(T)-Sepharose chromatography (Pharmacia LKB Bio-
tech.). The RNA was resolved by electrophoresis in a 1.2% agarose-
formaldehyde gel, transferred to a nitrocellulose membrane, and
hybridized with the **P-labeled MGM { probe derived from labeling
the 3-kb BamHI fragment of MGM 1. The transcript size was esti-
mated by comparison to RNA molecular weight standards (Bethes-
da Research Labs) loaded in an adjacent lane.

Protein immunoblot. Total protein extracts were prepared from
RJY389 and RJY390 essentially as described (Deschenes and
Broach 1987; Stimmel et al. 1990). Total cellular protein was sepa-
rated by SDS-PAGE on a 12.5% gel and electrophoretically trans-
ferred to Westran (Schleicher and Shuell). The filter was probed
with anti-hsp58 antibody as previously described (McMullin and
Hallberg 1988), and specific immune complexes were detected by
chemiluminescence using horseradish peroxidase conjugated to
Protein A (Amersham ECL kit).

Fluorescence microscopy. Logarithmically-growing cells were pre-
pared for immunofluorescence microscopy essentially as described
by Pringle et al. (1991). Nuclei were stained with 4,6-diamidino-2-
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Fig. 1. Physical map of Saccharomyces cerevisiae chromosome XV
in the region of MGM{. The top map is the 14-kb region of the right
arm of chromosome XV that surrounds MGM 1. The genes include
a subunit of RNA polymerase Il (RETY), a protein tyrosine phos-
phatase (PTP2), a § subunit of a heterotrimeric G-protein (STE4),

phenylindole (DAPI, Sigma) at a final concentration of 40 ng/m! for
5min, followed by three washes with PBS-BSA (phosphate-
buffered saline containing 10 mg/ml bovine serum albumin). Mito-
chondria were stained with 2-(4-dimethylaminostyryl)-1-methyl
pyridinium iodide (DASPMI) by published procedures (McConnel
et al. 1990). Immunofluorescent staining of mitochondria was per-
formed using an immunopurified, anti-hsp58 polyclonal antibody
(1:500 dilution), kindly provided by Dr. Richard Hallberg (State
University of New York-Syracuse). Rhodamine-conjugated goat
anti-rabbit IgG (Cappel Laboratories), diluted 1:1000 in PBS-BSA
was used to visualize specific immune complexes. Cells were exam-
ined by phase-contrast and fluorescence microscopy using either
a Zeiss Axioscope, or a BioRad MRC-600 confocal microscope
utilizing a 568 nm laser source to detect rhodamine conjugates.

Results
Isolation and sequence analysis of yeast MGM1 gene

The MGM 1 gene was isolated as part of a genomic frag-
ment of chromosome XV that carries RETI, PTP2,
MGMI, and STE4 within a contiguous 14-kb region
(Whiteway et al. 1990; James etal. 1991; Guan et al.
1992; Jones and Fangman 1992). A map of this region is
shown in Fig. 1. The DNA sequence of 3.015kb sur-
rounding the MGM1 gene was determined (Fig. 2). A
single large open reading frame was found beginning with
ATG at nucleotide 1 and ending with a TGA stop codon
at nucleotide 2706. This open reading frame potentially
encodes a protein of 902 amino acids with a predicted
molecular mass of 101.5kDa. We have tentatively as-
signed this ATG as encoding the initiator Met because no
other in-frame ATG occurs upstream before encounter-
ing a stop. It is unlikely that an intron interrupts this
region because there are no consensus splice sites within
it and an MGM1-specific RNA of 3.0 kb is detected by a

Northern blot, which is in agreement with the predicted -

size of the MGM transcript (Fig. 3). A second in-frame
ATG codon occurs at the 22nd codon of the open reading
frame and we cannot be certain at this time which of these

and MGAM]1. The restriction enzyme sites are: BamHI (B), EcoRI
(RI), Pvull (PII), PstI (Pst), Kpnl (K), Hind1I1 (H), Sphl (Sph), Scal
(Sca), and EcoRV (RV). The two bottom maps show how a 2.2-kb
LEU2 fragment was used to create a gene replacement between the
two PstI sites of MGM 1

methionines initiates translation. If the first ATG is used,
the protein would be 902 amino acids whereas if the sec-
ond is used, the protein would be 880 residues long. In
either case, the protein product predicted by our sequence
is larger than the 843 amino acids reported earlier (Jones
and Fangman 1992). After consulting with the authors,
we have confirmed that the previous report contained a
sequence error and the correct sequence is as shown in
Fig. 2.

The MGM!1 gene encodes a protein with homology
to the GTP binding domain of dynamin

As pointed out by Jones and Fangman (1992), Mgm1p
shares significant sequence homology with rat dynamin
(D100) (Obar etal. 1990), mouse interferon-inducible
gene Mx1 (Nakayama etal. 1991), and the yeast dy-
namin-like protein, Vpsip(Spo15p) (Rothman et al.
1990; Yeh et al. 1991). The region of Mgm1p most similar
to other dynamins includes a near perfect match with the
consensus sequence required for GTP binding. The bind-
ing site consists of three elements; Element I (GX,GKS)
participates in binding phosphate, Element II (DXXG)

* coordinates Mg? ", and Element III (TKXD) binds the

nucleotide base (Dever et al. 1987). These elements are
found in Mgm1p beginning with residues 238, 338 and
406, respectively (Fig. 2). It is interesting to note that the
spacing of the conserved elements varies between mem-
bers of the family. There is a 50 amino-acid insertion
between Element I and II in Vpsfp that is missing in
Mgmip and D100. The percentage of identical residues
is 48% between Mgmlp (residues 220-440) and either
D100 (residues 23—239) or Vps1p (residues 19—282). The
homology extends beyond the GTP binding domain at a
lower, but significant, level. Excluding the non-ho-
mologous amino-terminus of Mgm1p, the sequence iden-
tity is 26% and 25% with D100 or Vpslp, respectively
(Jones and Fangman 1992). The optimal alignment oc-
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gatcaatatgcaagttgttaatattteccttgtaccgttaaaaacaaaatagtagegttotattgaaaggeaagacataatcagetaggaa
ggttcacaccagttaacgggagaacacgaaaaagectettttigggtagtacagatatcattttattettaggettttecattotttteg
tacttataatatagcctegeatattcaccataatactotgaaagcATCACTAATTCTACTTCATTAAGGGCCATCCCAAGAGTGGCGAAC
M 8 N s T8 L RATIUPI RV AN
TATAACACATTAGTAAGGATGAATGCGAGCCCAGTACGECTTTTAATTCIGACARGACAGCTTGCTACGCATCCGGCCGATACTATATAGC
¥ N T L VRMNASZ PV RILULTII LRI ROQILATHU?PATIUILY S
TCTCCTTACATCAARAGTCCOTTCCTECACTTACACAGCCECATCGACCAATGTTCACAGAT CAGCACATGCCAATGCT T TGAGTTITCTT
S P Y I K § P L VHL HSRMSDNV HRSAHADNATLSTUFV
ATCACCAGGAGATCGATATCACATTTTCCTAAAATTAT AT CTAAAATTATTAGCGTTACCCATATATGTGEGETECCGEGATGECTCCTGCA
I ™" R R S I 8 HF P KITI S X I I RL PI Y VGG G M AAA
CGGEAGTTATATAGCTTATAAGATGGAAGAAGCTAGCTCTTTTACTAAGGACAAACTAGATCCAATCAAGCATTTAGCTGAATCGATCAAG
G 8§ ¥ I A Y XKMEEA ASSU FT KD KILDZ RTIIZ KUDTLGTESMEK
GAAAAGTTTAATAAAATGTTTTCCGGTGATAAGTCACAAFACGEGTCCTCATGCAAACGATGEAACCGTCCCAACTECTACTCTAATAGCC
E K F NKMVFS¢EDI KS QDGEGE HGNTDGEGETVPTATTILTIA
GCTACATCACTCGACGATGACGAARGTAAGAGCCAACGAGAT CCTARAGATCATGACCACGAAGATGATCATGACGAGCGATGATGAAARC
A TS L DDUDUES KR QGDUPXDDDDEDUDUDUDETDTUDTE N
ACCAAAGATTCTGTAGATACAACGCAAGACCAAATGTTAAACTTACAAATGATTGARATTAGAACTATTTTGAATARAGTEGACTCTTCT
D sVDpDTTQDE EMILDNILTTI XQMTIZETIRTTITILNI KUV VDS S
TCTECACATTTAACTTTACCAT CTAT TG TCETGATAGETTCACAATCEGTCTGETAAAT CCTCAGTACTAGAATCCATTGTTCCEAGGGAA
¢ AHL TILUP S I VVIGgE S Q & 8 ¢ K § 858 VL ES IV EGEGRE
TTCITACCAAAAGGTTCCAACATGGTCACAAGAAGACCCATTGAATTGACTTTGGTCAATACACCTAACTCGAATAATGTAACAGCTGAT
F L P X 668 NMV TRRUPTIEULTULVDNTZPNSDNDNVYVTHATD
TTTCCAAGCATGCCTCTATACAATATCAAGGACTTTAAAGACGCTGAAAAGAATCCT AATGEGAACTGAACATGGCCETTCCCGACTTCAGAG
F P S MRILYNTIIXKXKDV F XK EV K RMILMETLNMAVYVU®PTS E
GCTETTTCAGAGGAGCCTATTCAATTGACAATCARATCETCCCGCETTCCAGAT TTAT CATTGATECATCTACCTGGCTATATACARAGTG
AV S E E PI Q L TTIT X S SRV PDUL SUL V D L P &Y I QV
GAAGCGGCAGACCAGCCAATAGAACTCAAAACAAAAAT CCETGACCTCTGCCARAAATATT TGACTGCACCTAATATTATTTTAGCAATT
EAADOQPI EL KT K I RDLCEIZ KYILTAZ®PNTITITUILATI
TCTECTECCCATETTCGACCTCECTAATAGTTCTGCT I TGAAAGCTICTAAAGCCGCACATCCTARAGECTTCACAACGATAGGTGTCATT
S AADVDILA AN SS AL KAS KA AAMDUP K GLIRT®TIGUVI
ACCAAACTCGATTTCCTGCATCCTGAAAAAGCAAGAAGCATCITCAATAATAAAAANTATCCTCTCAGTATGCGCTATCTACGGACTCGATT
T K L pL YV DPEIZ XK AR STIILU NNIEKI KXY Y?PTLSMGY YV GG VI
ACTAAGACACCAAGTAGTATAAACAGAAAACACCTACGTCTTTTCECTCAAGCACCTTCTTCETCATTAAGTGCGATATTTTCARAAGGC
T K T P 8 8 I NRKHLGIL F G EAUPS S SL 8¢ I 8 K G
CAGCACCECCAAAGTAGCCCAGAAGAAANTACCAATGCTTTAAAACAAATTGTGTCTCAT CAATTTCARABAGCTTATTTCAARGAAAAC
Q H G g 8 8 G EENTDNGTILZ XK QI VS HQPFEI KA AYTFI KEN
AAAAAGTATTTTACCAATTGCCAAGTTTCCACTAAGAAATTGAGAGAAAAGTTGATCAAAATCITGCAGATTTCCATGTCAAATGCGCTG
XK K Y FTDNOCQV ST K KLREZ KT LTIIZ KTITILETIU SMSNDNA AL
GAGCCGACTTCAACACTTATTCAACAAGAGTTCCATGATACTTCT AT T TCT T TAAAGTAGACT TTAACGACAGGCATCTAACTCCTARA
E P TS TLIQQQ ELDDT S Y L F XKV EVFNUDZ RUHETLTZPZK
TCATACCTTTTGAATAATATAGATGTACTAAAGTTGCGTATTARAGACTTTCAGCAAAAAT T ICATAGAAATCGARCTCAAAT CAATCTTG
$ YL L N NIDVLIXTILSGTIZ XEVFQEIZ KT FHRNETLTZ KSTIHIL
AGAGCAGAATTGCATCAGAAACTTTTACATETT T TGECTACACGETATTCGAAGCATGATAATCTT CAGGATCTATCTT'CCTCTAAGCTC
R A EL DOQ XK VLDV LATRYWI XKDDUNILUGCDULS S S KL
GAAAGTGATACCGATATGCTATATTEGCATAAAAAATTCGAACTCGCATCATCCEGCTTAACTARAATCGECAT TGETAGATTATCTACA
E §$ DTDMUIL Y WHU XK XL ELASSGLTIXMOGTIGGRTULST
ATGCTTACTACCAATCCAATT T TAAAGGAGCTAGATAACATTCTGGAGTCTACT CAACTAAAAAACCATGAACTGAT CAAAGACCTTGTT
M L T TNATIILI KELDNTITLUESTT QLI XKNHIETLTII KDTLYV
AGCAATACAGCCATTAACGTTCTAAACAGTAANTACTATTCAACGGCTGATCARCTTGAGAACTGTATCAAACCCTTCAAGTATGAAATT
S NTAI NV L NS KYY s TADUGQVEDNTGCTIIZ KU®PTFI KU YETI
GATTTCCAAGAAAGAGACTGEAGCCTTGCTCETCAACATTCCATTAATTTAATAARGCARGAATTACGTCAATGTAACT CAARGETACCAG
DL EERDWSILAROQHSTIDNILTII KU ETZEU LI RZOQUCNZSZRYQ
GCARTCAAAAATGCOETTCGCAGTAAGARAT TAGCAAATGTAATCGGCTATTTAGAAAATGAATCAAATTTGCAAAAAGARMACACTIGGC
A I K NAVGEGS K KILANVMGYLENESZ SDNTILOGQEKTETTL G
ATGTCCARATTACTATTGGAAAGAGECTCTGAAGCTATT IICCTGGATAAAACCTGCAAAGTCTTAT CGTTCAGATTAAANATGTTGARA
M § K L L. L, ERGSEAIV FLDI KR RCIKVYVYULSFRTLI KMTILEZK
AACAAATGTCATTCGACAATTGAGAAGGATCCTTETCCASAGGTATTTCTATCTGCAGTTAGTCGATAAATTGACCTCCACAGCTGTTTTA
N K ¢CH s TIZEZXUDU&ROCPEVV FILS§AV SDI KTILTSTAVL
TTCCTTAACETTGAATTATTAAGCGATT I TTT T TATAACTTCCCTATTCAATTAGACAGAACCT TAACATTCTTCGCAGATCGARCAAGTG
P L N VEILILSDVFVF YNV F?PIETLD R RILTTULILUGDEQUV
GARATGTTTGCTAACGGAAGATCCGAAGATTTCAAGGCATATTGAATTGCAAMAGAGARAGGAGCTCTITAGAATTAGCCTTCGAGAARAATA
EMFAZX EDPI KIS RHTIETLO QI XK RIEKZETLULEILA ATLTETKTI
GATTCAATCTTGCTTTTCAACARAAGCTACAAGGGCGTCTCCAAAARTTTATGAt gtaaaataaatagtgtcat tagagaatttgtaaat
D 8§ I L V. # K K8 Y K@V s KNL *
agcattttttaccgttatataattactagggtgtatttttetgaaaaaataaaggeatacccttcatctaagetotttottatagtatac
sagtctcttatatogeacgatgtaacatotacatacttoctttategtettgaagagtaaacaaaagatatatatatattattitetatt
attttggaagagaatggtattoctacagtatgoagagacacatctggtteatacttoctttategtcttgaagagtaaacaaaagatata
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Fig. 2. DNA and deduced amino-acid sequence of MGM1. The
DNA sequence of 3015 bases encompassing MGM I was determined
from both strands of overlapping fragments subcloned into either
M13mp18 or M13mp19 phage (see Materials and methods). The
proposed MGM1 protein-coding region begins at nucleotide 1 and
terminates at nucleotide 2706. Nucleotide and amino-acid numbers

curs when the carboxy-terminal three quarters of Mgm1p
is lined up with the amino-terminal three quarters of
D100 and Vpslp.

The amino-terminus of Mgm1p is very basic; there are
15 lysines and arginines, but no acidic residues, in the first
113 residues. In addition, this region is rich in hydroxylat-
ed amino acids (17 serine and threonine). These are char-

(in parenthesis) are given on the right side of the sequence. Three
conserved amino-acid sequence elements characteristic of proteins
binding GTP are indicated by underlined italics in the sequence.
These sequence data are available from EMBL/GenBank/DDBJ
under accession number 107419

acteristics of proteins that are localized to the mitochon-
dria (von Heijne 1986; Glick and Schatz 1991). Although
we currently do not know whether Mgm/ip localizes to
the mitochondria, the mitochondrial defect of the mgm
mutant (see below) makes this an attractive possibility to
consider. The basic amino-terminal domain of Mgm1p is
connected to the rest of the protein by a stretch of 13
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Fig. 3. Northern hybridization of poly A* RNA isolated from
RJY310. RNA isolated from RJY310 was blotted to nitrocellulose
and probed with a 2.5-kb 32P-labeled probe generated by labeling
a PCR fragment which covers nearly the entire MGM1 gene. Ethid-
ium bromide-stained RNA standards (BRL) were loaded to esti-
mate transcript sizes. Lane 1 is 5 pg of poly A* yeast RNA and lane
2is 5 ug poly A”RNA (RNA not bound to the Oligo-dT column).
The gel was exposed for 3 days with an intensifying screen using
Kodak X-Omat AR film

acidic residues. The significance of this cluster is not
known.

The mitochondrial genome is absent in strains
lacking Mgmip

The loss of MGM{ results in loss of the mitochondrial
genome (Jones and Fangman 1992). To analyze further
the consequence of mutating MGM 1, we constructed an
MGM1 gene disruption by inserting LEU2 into the
protein-coding region. The resulting heterozygous
diploid was sporulated and the tetrads were dissected.
Figure 4A shows a Southern blot confirming that the
gene was disrupted and the expected 2:2 segregation of
the two alleles occurs. Colonies arising from the tetrad
dissection segregate into large and small when plated
onto YEPD (Fig. 4B). In each case, the small colonies
corresponded to strains prototrophic for leucine indicat-
ing that they arose from the MGM7 null strains. The slow-
growth phenotype was shown to be the result of a mito-
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Fig. 4A, B. Characterization of an MGM1 gene replacement.
Strain RJY389 was transformed with pMGM1::LEU2 to create
RJY463, a heterozygous MGM{/mgmi::LEU2 diploid. RJY463
was sporulated and tetrads were dissected. Panel A is a Southern
blot of DNA isolated from a typical tetrad. The DNA was digested
with Pyull, resolved on a 1.0% agarose gel, blotted to nitrocellulose
and hybridized with a 3*P-labeled pMGM1 probe. Panel B shows
the colomnies from the tetrad dissection revealing 2:2 segregation of
the petite-growth phenotype. The cells are plated on YEPD medium

chondrial defect by plating cells on medium containing a
non-fermentable carbon source (YEP-2% glycerol/2%
ethanol); (Jones and Fangman 1992). To further examine
the mitochondrial defect associated with deieting
MGM1, we crossed RIY386 to a ¢° strain, K1.14-4B. If
the mitochondrial DNA is unaffected by the loss of
MGM1, then the diploid created between RJY386 and
KL14-4B should be respiratory competent. However, we
found that diploids arising from this cross remained res-
piratory deficient (data not shown). Therefore, loss of
Mgmlp results in a complete loss of the mitochondrial
genome (¢°).

Abnormal mitochondrial-morphology results
Jrom deleting MGM 1

Nuclear and mitochondrial DNA was examined by stain-
ing cells with DAPI (Fig. 5). Mitochondrial DNA is read-
ily observed in wild-type yeast (RTY389) stained with
DAPI, appearing as punctate staining, localized through-
out the cytoplasm of the cell (Fig. 5, panel b). As expect-
ed, based on the genetic assays described above, mito-
chondrial DNA staining was not observed in RJY390, in
which MGM has been deleted (Fig. S, panel d). There-
fore, two lines of evidence, one genetic and the other
involving direct microscopic visualization with DAPL, re-
veal that deletion of MGM{ results in the complete loss
of the mitochondrial genome.

We attempted to visualize mitochondria with DASP-
MI, a dye that fluoresces when it partitions into function-
al mitochondria (Bereiter-Hahn 1976). Wild-type cells
(RJY390) stained with DASPMI in a pattern that was
distributed similarly to the DAPI staining described
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Fig. 5a—d. Light micrographs of DNA staining of wild-type and
mgm! mutant cells. A wild-type MGM 1 diploid, RJY389 (panels a,
b) and an mgm1 mutant diploid, RIY390 (panels ¢, d), were visual-
ized by phase-contrast microscopy (panels a, ¢) or following staining
with DAPI (panels b, d)

above. However, staining was not observed in RJY 390,
which lacks Mgm1p, indicating that the mitochondria in
these strains are defective (data not shown). Therefore,
an immunofluorescence method that does not require
that the mitochondria are functional was used to visual-
ize mitochondria. Cells were reacted with antibody to
hsp58p, a yeast heat-shock protein that is localized to the
mitochondrial matrix (McMullin and Hallberg 1988).
The mitochondria of wild-type cells (RJY389) appear as
bright spots, dispersed in tracts throughout the cyto-
plasm of both mother and bud (Fig. 6, panel a). The
same general pattern is observed in the ¢° diploid strain,
RJIY545 (Fig. 6, panel b). However, strains lacking
Mgmlp exhibited a dramatically different pattern. The
fluorescence signal was concentrated in dense clumps,
rather than in the dispersed pattern observed in the wild-
type (Fig. 6, panel ¢). The mitochondrial-like structures
in the mutant partition to the daughter cells at cell divi-
sion.

We have not conclusively determined that the hsp38
staining in the mutant corresponds to mitochondria.
However, one indication that hsp58p localizes to a mito-
chondrial compartment, even in the mutant, comes from
an analysis of the protein by Western blotting (Fig. 7).
Import of hsp58p into the mitochondrial matrix is associ-
ated with proteolytic processing of an amino-terminal
localization signal (McMullin and Hallberg 1988). When
a Western blot of protein from wild-type cells (RTY389)
was probed with anti-hsp58p, a single immuno-reactive
band of approximately 58 kDa was observed (Fig. 7),
whereas in the mutant two bands were present. The bot-
tom band of the doublet co-migrated with mature
hsp58p, suggesting, but not proving, that hsp58p is pro-
cessed and transported into mitochondria-like structures.
The lower efficiency of import could be the result of fewer
mitochondria or else of a protein-import defect in the
mutant cells.

Fig. 6a—c. Immunofluorescence staining of MGM1 wild-type and
mgmi mutant cells with anti-hsp58 antibody. Cells from wild-type,
RJY389 (panel a), a ¢° diploid, RIY545 (panel b), or the mgmi
mutant diploid, RIY555 (panel ¢), were reacted with anti-hsp58
antibody and observed by confocal microscopy. Fluorescent com-
plexes were generated with a secondary antibody, rhodamine-conju-
gated goat anti-rabbit IgG (Cappel Laboratories)

Discussion

In this report, we describe our work to further the under-
standing of a dynamin-related gene MGM1, from S. cere-
visinze. The MGM1 gene is predicted to encode a 902-
residue polypeptide with an approximate molecular mass
of 101 kDa. This size is 7 kDa larger than that predicted
by an earlier reported MGM 1 sequence (Jones and Fang-
man 1992). Consistent with the results of Jones and
Fangman (1992), creation of a null allele of MGM caus-
es a mitochondrial defect that leads to the loss of the
mitochondrial genome. We also found that deleting
MGM 1 resulted in a dramatic structural alteration in the
mitochondria and a defect in protein import, as evi-
denced by the accumulation of a mitochondrial protein
precursor.
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Fig. 7. Immunological detection of hsp58 protein in extracts of
wild-type and mgm1 mutant cells. Total celtular protein was isolated
as described in the Materials and methods. Approximately 50 ug of
protein from RIY389 (lane 1) or RIY390 (lane 2) was resolved by
SDS-PAGE on a 12.5% gel. The gel was electroblotted to nitrocel-
lulose and probed with anti-hsp58 antibody (1:2000 dilution). Fol-
lowing washing, specific complexes were detected with HRP-conju-
gated Protein A and chemiluminescence. The migration position of
a set of prestained molecular weight markers is given in kilodaltons
to the left of the gel. Hsp58 runs with an apparent molecular weight
larger than the reported size (McMullin and Hallberg 1988)

Although the original dynamin protein, D100, was
isolated based on its nucleotide-dependent interaction
with microtubules, there is little direct evidence that dy-
namins function as microtubule-based motors. Analysis
of the mutant phenotypes of Drosophila shibire and yeast
VPS1 suggests a role for dynamin proteins in intracellu-
lar vesicle movement. The finding that another member
of the family, MGM1, is involved in mitochondrial activ-
ity raises additional questions regarding the function of
these proteins. Is there a role for microtubules in mito-
chondrial function? Electron micrographs showing mi-
crotubules in close proximity to mitochondria have been
observed suggesting that the cytoskeleton may play a role
in some aspect of mitochondrial function (Ball and Sing-
er 1982; Lin et al. 1990). One possibility is that micro-
tubules and Mgm1p are needed for intracellular move-
ment of mitochondria. Mutations have been described
that effect mitochondrial partitioning at cell division
(McConnell et al. 1990). However, in yeast, the transport
of mitochondria into the bud is independent of micro-
tubules (Huffaker et al. 1988; Jacobs et al. 1988). Our
results are not consistent with a role for Mgm1p in mito-
chondrial partitioning. If deletion of MGM1 interfered
with mitochondrial inheritance, then a heterogeneous
population of cells would result. Some cells would have
mitochondrial function, while others would be respirato-
ry deficient. However, DAPI staining revealed a uniform
lack of mitochondrial DNA staining in a population of
mgmi mutant cells. In addition, the genetic crosses be-
tween the mgm! deletion strain and the ¢° tester would
have resulted in complementation of the respiration de-
fect, and this was not observed. Therefore, the defect is
not due to uneven segregation of a population of func-
tional mitochondria, but rather the mitochondria have
undergone a uniform loss of mitochondrial DNA as a
result of mutating the MGM1 gene.
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A direct role for Mgm1p in mitochondrial DNA syn-
thesis predicts that it is localized to the mitochondria.
The subcellular localization of Mgm1p is not known, but
the amino-terminal sequence of the protein has a number
of features found in mitochondrial localization signals.
Proteins destined for the mitochondria are usually rich in
basic and hydroxylated amino acids, lack acidic residues,
and may form amphiphilic helixes (von Heijne 1986;
Glick and Schatz 1991). Two regions near the amino-ter-
minus of Mgm1p exhibit these features. One region, be-
tween residues 8—26, contains three Arg, two hydroxy-
lated amino acids, and no acidic residues. If this region is
modeled as an « helix and scored for its amphiphilic
character by the method of von Heijne (1986), a p,; value
of 5.1 is obtained. Values ranging from 5.1 to 12.5 have
been reported for proteins in which the mitochondrial
localization signals have been mapped. The second re-
gion that might constitute a mitochondrial targeting se-
quence occurs between residues 78 and 95. Its u, value
for amphiphilicity is 13.7, which is even better than values
reported for authentic mitochondrial localization se-
quences. This region was recognized by Jones and Fang-
man (1992) to be a potential mitochondrial targeting se-
quence. However, the corrected sequence predicts that
this region is farther from the amino-terminus of the
protein than originally thought, whereas mitochondrial
localization sequences are generally closer to the amino-
terminus (Glick and Schatz 1991). A more favorable po-
sitioning of this putative mitochondrial targeting se-
quence could occur if one of the internal methionines
initiated translation. Examples of alternative initiator
methionine utilization creating mitochondrial and non-
mitochondrial forms of a protein have been reported
(Beltzer et al. 1988).

A second way in which Mgm1p could affect the mito-
chondrial genome may be indirect. For example, Mgm1p
may be required for the efficient import of proteins re-
quired for replication or partitioning of the mitochon-
drial genome. A total block in protein import is not ex-
pected because mutations in genes that totally abolish
mitochondrial import are lethal (Yaffe and Schatz 1984).
However, partial inhibition of the import of a critical
factor needed for replication or partitioning of the mito-
chondrial genome could result in the generation of the ¢°
phenotype we observe. One indication that mitochon-
drial protein import is affected is the observed accumula-
tion of hsp58 precursor in the mgm{ mutant. Transport of
hsp58 is accompanied by cleavage of the amino-terminal
leader sequence. We find that this processing is slower in
the mgm! mutant, suggesting that transport is defective
in the absence of MGM1. Alternatively, the inefficient
protein transport might be explained by fewer mitochon-
dria rather than by a specific defect in the import path-
way. We are unable to distinguish between these possibil-
ities at this time.

Yeast mitochondria undergo dramatic changes in size,
shape, and DNA content, depending on growth condi-
tion (Dujon 1981; Stevens 1981). Rapidly-growing cells
that are glucose repressed have few mitochondria and
they are dispersed in the peripheral cytoplasm. Under
conditions of aerobic growth, the percentage of the cyto-
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plasm occupied by mitochondria increases from 3% to
12% and the mitochondrial DNA can increase five-fold
(Stevens 1981). Proliferation of mitochondria is accom-
plished by fusion events that form a reticular network of
mitochondria. The signals that trigger this event and the
biosynthetic machinery that must be activated to accom-
plish this elaborate proliferation are not understood.
Mgmlp could play a role in this process. Two of the
dynamin proteins that have been described play a role in
vesicle trafficking. Drosophila shibire affects endosomes
while yeast VPS7 protein affects the organization of
membranes required for vacuole formation. Although
vacuoles appear normal in mgmi{ mutant cells (R.J.D.,
unpublished results), the intracellular distribution of mi-
tochondria is altered in the mutant. Instead of the fairly
uniform, dispersed appearance of the mitochondria
around the periphery of the cell, mitochondria in the
mutant appear in condensed structures (Fig. 6). Perhaps
Mgm1p plays a role in the biogenesis or reorganization of
mitochondria following a change in carbon source. Ge-
nome loss might be a secondary consequence of that de-
fect.
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