genetic approaches, such studies will lead to
an understanding of molecular mechanisms
for meiotic chromosomal events.
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Requirement for the Yeast Gene LON
in Intramitochondrial Proteolysis and
Maintenance of Respiration

Carolyn K. Suzuki,* Kitaru Suda, Nan Wang, Gottfried Schatz

The role of protein degradation in mitochondrial homeostasis was explored by cloning of
a gene from Saccharomyces cerevisiae that encodes a protein resembling the adenosine
triphosphate (ATP)—dependent bacterial protease Lon. The predicted yeast protein has a
typical mitochondrial matrix—targeting sequence at its amino terminus. Yeast cells lacking
afunctional LON gene contained a nonfunctional mitochondrial genome, were respiratory-
deficient, and lacked an ATP-dependent proteolytic activity present in the mitochondria of
Lon™ cells. Lon~ cells were also impaired in their ability to catalyze the energy-dependent
degradation of several mitochondrial matrix proteins and they accumulated electron-dense

inclusions in their mitochondrial matrix.

The turnover of proteins within mitochon-
dria remains poorly understood. Early work
suggested that all mitochondrial proteins
are degraded at the same rate (1), but later
studies have shown that different mito-
chondrial proteins have different half-lives

(2). As mitochondria appear to have

evolved from endosymbiotic bacteria, selec-
tive degradation of mitochondrial proteins
may be mediated by proteases similar to
those of present-day bacteria. Indeed,
Goldberg, KuZela, and their colleagues
have found that the mitochondrial matrix
contains an ATP-dependent protease re-
sembling the Lon protease of bacteria (3,
4). Bacterial Lon plays an important role in
the controlled degradation of short-lived or
abnormal proteins (5).

To assess the physiological importance
of the ATP-dependent mitochondrial pro-
tease, we sought to clone a LON gene
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homolog from Saccharomyces cerevisiae. We
designed degenerate oligonucleotide prim-
ers (Fig. 1, arrows), exploiting the sequence
conservation between different bacterial
Lon proteases and the recently identified
Lon homolog from humans (6). Using these
primers in the polymerase chain reaction
(PCR), we amplified a 1.2-kb fragment
from both genomic yeast DNA and from a
yeast complementary DNA (cDNA) library
(7). The partial sequence of this fragment
indicated that the potential protein product
was markedly similar to the human and
bacterial Lon proteins. This 1.2-kb frag-
ment was used to clone the full-length gene
from a yeast cDNA library (8). This gene,
which we have designated LON, contains
an open reading frame encoding a protein
of 1133 amino acids.

The sequence of the yeast Lon protein is
~60% similar to the Lon proteases from
Bacillus brevis, Myxococcus xanthus, and
Escherichia coli and 65% similar to the hu-
man Lon homolog. Two regions are highly
conserved among all homologs: the puta-
tive ATP-binding motifs between amino
acids 633 and 730, and the region surround-
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targeting signal. Yeast Lon differs from all
other homologs by the presence of a highly
charged insert between the ATP-binding

ing a serine at the putative catalytic site
(Fig. 1). In contrast to the bacterial Lon
proteases, the predicted protein of S. cere-

visiae has an NH,-terminal extension that
can potentially form a basic amphipathic
helix, typical of a mitochondrial matrix—

and the catalytic domains (amino acids 839
to 883).

Fig. 1. Amino acid se- *+ * + + + o+ We inactivated one of the two chromo-

quence encoded by MURTRTTKTL STVARTTRAL QYYRSIAKTA AVSQRRFAST LTVRDVENIK somal LON genes in a diploid yeast strain

the yeast LON gene. PSHIIKSPTW QEFQHQLKDP RYMEHFAQLD AQFARHFMAT NSGKSILAKD 100 by replacing an internal 745-base pair (bp)

Sﬁgfiv;esrig:t?; ti;gtzte DSTSQKKDED VKIVPDEKDT DNDVEPTRDD EIVNKDQEGE ASKNSRSSAS f;agmc‘l’—‘]‘;) w\i;l;]the }I;Egzlg?c;‘e (9)f(Fig. Z,

' 3 A and B). When the diploid transformants

ing tsequen?g of the GGGQSSSSRS DSGDGSSKQK PPKDVPEVYP QMLALPIARR PLFJGFYRAV 200 were sporulated and the resulting asci dis-

)rlr?:ried pér;,e-:.n sigirse VISDERVMRA IKEMLDRQQP YIGAFMLKNS EEDTDVITDK NDVYDV{VLA sected onto glucose-containing rich medi-

The amino acid resi-' QITSAFPSKD EKTGTETMTA LLYPHRIKI DELFPPNEEK EKSKEQAKDT 300 um, all four spores were viable (Fig. 2C,

dues identical among YPD). However, two spores of each tetrad

S. cerevisiae, Homo  DTETTVVEDA NNPEDQESTS PATPKLEDIV VERIPDSELQ HHKRVEATEE were unable to grow on plates containing

sapiens, MyxOCOCCUS  ESEELDDIQE GEDINPTEFL KNYNVSLVNV LNLEDEPFDR Kspvinajrs 400 the nonfermentable carbon sources ethanol

xanthus, Bacillus brev- and glycerol, suggesting that they were

is,and Escherichiacoli ~ BTUKVFKELS OfNTMFREQT ATPSASIQSA TTNIFEEfAR §afiraravea respiratory deficient (Fig. 2C, YPEG).

are shaded. AITOWS,  Grrperfjprf ssLNIEHJE KSLLVLKKJL MNARLQNKIS KDRRTKIOKR 500  These two spores were always leucine pro-

o orato olomicia.  GRefviMRL XJk@iiz> BORDRLIDFY KERTKSLKL® DSVOKIFDDE totrophs (Fig. 2C, SD-Leu~), indicating

ggemragir:;'?sonuaz; QKI_ that they had inherited the disrupted LON

made for the amplifica- ITKLSTLETS MSEFGVIRN§ LIWLTSIPWG KHSKEQVSIP RARKIfoEf} 600  allele.

tion of the yeast se- Tipvoviiclr Ersiliors axvoerzle VRN ToxbriRln The ifz;l:“tﬁ'Egzt)he haploid LON n‘fiis'

. sin — ruptants : to grow on nonfer-

aru.:ce’enﬁ;lgy Ptgz Sk%'f Berriesvill wrfvali- S0 ‘“""M 700 mentable carbon sources can be explained

binding motifs ident-  rffjzcucers Al ElEEinsh. ol sxfgvclag by aberrations in their mitochondrial DNA

fied in the bacterial (mtDNA): polarographic measurements

protease; hatched un- suerili-@l. SEvieu fasolvids sovfvearx saceNsavo 800 confirmed that the disruptants lacked cya-

derline, the 'putatlve wrEpaTTALM KyficflsGfR NLKKHIEKIY RKAALQVVKK LSIEDSPTSS nide-sensitive respiration; absorption differ-

ﬁzt;jmltche S:Z}in: gl  ADSKPKESVS SEERAENNAK SSSEKTKDNN SEKTSDDIEA LKTSEKINVE 900 elrllce sgetchtra gf their i;c:Lated .?itlc:chgn.dﬁa

showed the absence of the mitochondrially

::seerﬁ;sltgratt:g atcc;wl?n; zsgrxoyv fervyrrors verreefvie [iiledllc shrvisvizo encoded cytochromes b and aa;; and mating

of the bacterial Lon  PLHNCKHPTF mmx‘vsp ARMYLAQRFP ENRFFERAS] 1000  Of tlllw ldisiugtants w,iAfhf li?dN cells tl}at

rotease. totally lacked mtDNA failed to comple-

P Merufacy xsioervall) g menty;he respiratory deficiency (10). These

RIfiirfiav Afcjsfarr: 1rjrofungy ERLPONVEEG §EPLAADWYN 1100  combined characteristics indicate that the

DIFQKLFKDV NTKEGNSVWK AEFEILDAKK EKD lon::LEU2 distuptants belong to a class of

mutants that are respiratory-deficient be-

cause of the absence of mtDNA (p° or

A B WT LEU* extensive deletions in mtDNA (p~) (11).

1960 bp Pt Staining of the lon::LEU2 cells with the

Hind Il B e Xba | ay fluorescent DNA stain 4,6-diamino-2-phe-

1 h 1 N =T <40 npylindole (DAPI) indicated that mtDNA

- S - was still present (10). Thus, disruption of

Hindlll -~ it Xba | . the yeast LON gene results in a p~ pheno-
- . wsad — v~ |@me= = [<20  type and the loss of respiratory function.

- 2215 bp ' We tested whether lon::LEU2 cells had

lost the ATP-dependent proteolytic activ-

ity previously identified in the mitochon-

C Rk A drial matrix (4, 12). We first converted

YPD

123456

YPEG SD-Leu

Fig. 2. Disruption of the LONgene in S. cerevisiae prevents growth on a nonfermentable carbon source.
(A) The diploid yeast strain YKBS5 was transformed to leucine prototrophy with a disrupted fragment of
the yeast LON gene (open arrow) (9). (B) Southem blot analysis of genomic DNA from the diploid Leu*
transformants (digested with the restriction enzymes Hind Il and Xba I) confirmed the presence of one
wild-type copy (1.96 kb) and one disrupted copy (4.2 kb) of the LON gene. Molecular sizes (in kilobases)
are indicated at right. (C) Diploid transformants carrying a disrupted copy of the LON gene were
sporulated. The spores from six tetrads were grown at 30°C on YPD plates (glucose-containing rich
medium; left) and replica-plated onto YPEG (rich medium containing ethanol and glycerol; middle) or
onto SD-leu~ (glucose-containing synthetic medium lacking leucine; right).
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the LON cells to p~ mutants by acriflavin
mutagenesis (LON p~) (13) to ensure that
the physiological states of the LON and
lon::LEU2 cells were as similar as possible.
Mitochondrial matrix from LON and
lon::LEU2 cells was partially purified on
Q-Sepharose and assayed for the ability to
degrade !#I-labeled casein to acid-soluble
peptides in an ATP-dependent fashion
(14). The proteolytic activity of the wild-
type fraction was stimulated twofold by 2
mM ATP. The activity of the mutant
fraction was not stimulated by ATP and
was similar to the ATP-independent ac-
tivity found in the wild-type matrix frac-
tion (14). This difference was not caused



by unequal recovery of chromatographed
matrix proteins because the respective col-
umn eluates contained comparable
amounts of protein and very similar pro-
tein composition as judged by SDS—poly-
acrylamide gel electrophoresis (PAGE).
Thus, loss of a functional LON gene is
accompanied by the significant loss of an
ATP-dependent proteolytic activity in the
mitochondrial matrix.

To determine whether the LON gene
product controls selective mitochondrial
protein turnover in vivo, we examined the
stability of various mitochondrial proteins
in LON p~ and lon::LEU2 cells. After cells
were grown in galactose-containing rich
medium at 30°C, the levels of several ma-
trix proteins were measured by immuno-
blotting before and after a 1-hour chase at
39°C in the presence of cycloheximide
(CHX), an inhibitor of cytoplasmic protein
synthesis. Two matrix proteins proved to be
unstable in LON cells: the B subunit of the
general matrix peptidase (MPPB) (Fig. 3,
hatched bars) and the F,—adenosine tri-
phosphatase (ATPase) B subunit (F,B)
(Fig. 3, Gal and Glu with hatched bars). In
LON cells, 60% of MPPB was degraded
during the 1-hour chase; in the lon::LEU2
disruptants, degradation of this protein was
insignificant (Fig. 3, black bars). Degrada-
tion of mitochondrial proteins in LON cells
appeared to be selective: Other matrix pro-
teins such as aconitase, a-ketoglutarate de-
hydrogenase, and mitochondrial hsp70, as
well as the mitochondrial inner membrane
enzyme cytochrome c,, remained stable un-
der these conditions (10).

Lon-dependent degradation of matrix
proteins is energy-dependent in vivo. When
galactose-grown LON cells were chased in
the presence of glucose and CHX, about
50% of F,B was degraded. In contrast, when
cells were chased in the presence of 2-de-
oxyglucose and azide (to deplete intracellular
ATP), degradation was only 10% (Fig. 3).
The stability of F;B in the energy-depleted
LON cells was thus comparable to that in
energy-sufficient lon::LEU2 cells (Fig. 3).
Taken together, these results suggest that
the LON gene encodes an ATP-dependent
protease that mediates the selective turnover
of mitochondrial matrix proteins.

Loss of the LON-encoded function
markedly affects the morphology of mito-
chondria. Thin-section electron microsco-
py of LON respiratory-competent (p*) cells
revealed typical mitochondrial profiles with
numerous cristae (Fig. 4A). In LON cells
containing mtDNA with internal deletions
(p~ mutants), cristae were infrequent; the
inner membrane was either undiscernible or
appeared to transect the mitochondrial pro-
files (Fig. 4B), or formed concentric lamel-
lae (15). The mitochondria of lon::LEU2
p~ cells in many ways resembled those of

LON p~ cells. However, their mitochon-
dria often appeared more irregular and their
matrix space was filled with electron-dense
inclusion bodies (Fig. 4, C and D). Such
inclusions were much less frequent and less
extensive in LON p~ cells. The chemical
composition of these electron-dense depos-
its is unknown, but it is tempting to spec-
ulate that they represent aggregated mito-
chondrial proteins that accumulate in the
absence of Lon-mediated proteolysis.

The results presented here begin to reveal
the fundamental importance of the Lon
protease for mitochondrial function. We do
not know whether the LON-encoded func-

Fig. 3. ATP-dependent proteolysis in vivo is
controlled by the LON gene. (Left) Respiratory-
deficient LON (hatched bars) and /lon::LEU2
(black bars) cells were grown at 30°C to mid-log
phase [absorbance at 600 nm (Agy,) ~1.0] in
YPGal. A sample was withdrawn (¢ = 0) and the
culture was shifted to 39°C. After 30 min, cyclo-
heximide (CHX) was added to 100 pg/ml; 1 hour
after addition of CHX, another sample was with-
drawn (t = 1). The elevated temperature was
chosen to enhance intracellular protein degra-
dation. After each time point the cells were
harvested; their proteins were extracted (717)
and analyzed by SDS-PAGE and immunoblot-
ting for the B subunit of the general matrix
peptidase (MPPB). (Right) Respiratory-deficient
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tion is required directly or indirectly for
maintaining an intact mitochondrial ge-
nome. Additional unanswered questions are
how the protease selects its substrates,
whether its function in vivo requires other
protein components, and whether its own
synthesis in the cytosol is induced by abnor-
mal proteins inside mitochondria. The mo-
lecular cloning of the LON gene from yeast
and the availability of a Lon null mutant will
help to answer some of these questions.

Note added in proof: Van Dyck et al. (16)
report the cloning of the PIMI gene in S.
cerevisiae that is identical with the LON
gene described in our study.
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LON (hatched bars) and lon::LEUZ (black bars) cells were grown to an Ag,, of 1.0 in YPGal at 30°C.
The cultures were then shifted to 39°C. After 30 min, a sample was withdrawn (¢ = 0). The lon::LEU2
sample was directly supplemented with CHX, and the LON culture was divided into three equal
portions. The first portion was directly supplemented with CHX; the second was centrifuged and the
cells were resuspended to the original volume with YP containing 5% glucose and CHX; the third
was resuspended in 5% 2-deoxyglucose (DOG), 1 mM NaN,, and CHX. The samples were
incubated for 1 hour at 39°C, after which another time point was taken (¢t = 1). Cellular proteins were
extracted and the B subunit of F,-ATPase (F,B) was visualized by immunoblotting.
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Fig. 4. lon::LEUZ cells accu-
mulate electron-dense in-
clusions in their mitochon-
drial matrix. (A) LON p*
cells, (B) LON p~ cells, and
(Cand D) lon::LEU2p~ cells
were grown in YPGal medi-
_um at 30°C to mid- or late
P log phase (Ag = 110 3),
mixed with an equal volume
of 4% glutaraldehyde, 4%
formaldehyde, 2 mM MgCl,,,
2 mM CaCl,, 0.2 M sodium
cacodylate (pH 6.8), and in-
cubated on ice for 60 min.
The cells were washed, in-
cubated with 1% KMnO,, for
60 min, washed again, incu-
bated with 2% uranyl ace-
tate for 60 min, dehydrated,
5 infiltrated” with Spurr's low
P viscosity resin, sectioned at
40 to 50 nm, and contrasted
with Reynold's lead citrate.
Bars, 0.5 pm.
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~ Soluble B-Amyloid Induction of Alzheimer’s
Phenotype for Human Fibroblast K* Channels

René Etcheberrigaray, Etsuro lto,* Christopher S. Kim,
Daniel L. Alkont

Although B-amyloid is the main constituent of neurite plaques and may play a role in the
pathophysiology of Aizheimer’s disease, mechanisms by which soluble g-amyloid might
produce early symptoms such as memory loss before diffuse plaque deposition have not
been implicated. Treatment of fibroblasts with g-amyloid (10 nM) induced the same po-
tassium channel dysfunction previously shown to" occur specifically in fibroblasts from
patients with Alzheimer’s disease—namely, the absence of a 113-picosiemen potassium
channel. A tetraethylammonium-induced increase of intracellular concentrations of calci-
um, [Ca2*],, a response that depends on functional 113-picosiemen potassium channels,
was also eliminated or markedly reduced by 10 nM B-amyloid. Increased [Ca2*]; induced
by high concentrations of extracellular potassium and 166-picosiemen potassium channels
were unaffected by 10 nM B-amyloid. In Alzheimer’s disease, then, -amyloid might alter
potassium channels and thus impair neuronal function to produce symptoms such as
memory loss by a means other than plaque formation.

The protein B-amyloid (BAP) is implicated
as a key factor in the pathophysiology of
Alzheimer’s disease (AD) (I, 2). It is the
main component of the neurite plaques
which, together with the neurofibrillary tan-
gles, constitute the neuropathological features
that confirm AD (3). Mutations of the amy-
loid precursor protein (APP), from which
BAP originates, are present in a limited num-
ber of AD cases (1 to 5%) (4), and altered
APP processing has been proposed to result in
the generation of amyloidogenic protein frag-
ments (5). . '

Soluble BAP can be the product of normal
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proteolytic processing (2, 6), whereas an ex-
cess of BAP is released from a mutant APP
(7). Proposed mechanisms for BAP’s deleteri-
ous effects include direct neurotoxicity (8, 9),
induction of calcium metabolism derange-
ments leading to enhanced excitotoxicity
(10), membrane permeability enhancement
(11), and formation of Ca’* channels that
would lead to abnormally high cytosolic
Ca’* concentrations and subsequently cell
death (12). Nevertheless, mechanisms by
which BAP causes symptoms such as mem-
ory loss without plaque formation have not
been implicated.

A 113-pS tetraethylammonium (TEA)-
sensitive K* channel is functionally absent in
fibroblasts from AD patients (13). As a con-
sequence, the increase in [Ca?*]; observed
after depolarization induced by TEA in fibro-
blasts derived from control individuals [in-
cluding fibroblasts from young individuals
(YC), age-matched individuals (AC), and






