
solved and controversial question. Selective 
stimulation of y8 T cells by carbohydrates 
has been suggested (16). Our studies dem- 
onstrate that these ligands are phosphorylat- 
ed metabolites of a thymidine-containing 
nucleotide conjugate named TUBag4. To 
our knowledge, thymidine-containing nu- 
cleotide conjugates had not been previously 
reported in nature. They may be involved in 
a metabolic pathway related to DNA, such 
as cell proliferation or nucleic acid repair. 
Such molecules would fit with the "stress 
antigens" or "conserved primitive stimuli" 
theoretically expected for y8 T lymphocytes 
(1 7). Understanding their metabolic func- 
tion in the producing cell may help to 
elucidate the physiological role of reactive 
y8 T cells. Our results may also provide clues 
to understanding autoimmune diseases, for 
example, T cell help for production of 
pathogenic immunoglobulin G to DNA in 
lupus patients frequently involves y8 T cells 
(18), and this may be triggered by TUBags 
or structurally related stimuli. 
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Telomere-Led Premeiotic Chromosome 
Movement in Fission Yeast 

Yuji Chikashige, Da-Qiao Ding, Hironori Funabiki, 
Tokuko Haraguchi, Shinro Mashiko, Mitsuhiro Yanagida, 

Yasushi Hiraoka 
The movement of chromosomes that precedes meiosis was observed in living cells of 
fission yeast by fluorescence microscopy. Further analysis by in situ hybridization revealed 
that the telomeres remain clustered at the leading end of premeiotic chromosome move- 
meht, unlike mitotic chromosome movement in which the centromere leads. Once meiotic 
chromosome segregation starts, however, centromeres resume the leading position in 
chromosome movement, as they do in mitosis. Although the movement of the telomerefirst 
has not been observed before, the clustering of telomeres is reminiscent of the bouquet 
structure of meiotic-prophase chromosomes observed in higher eukaryotes, which sug- 
gests that telomeres perform specific functions required for premeiotic chromosomal 
events generally in eukaryotes. 

T h e  centrornere is generally believed to 
be a uniaue chromosomal site that leads 
the chromosome movement. Here we re- 
Dort a situation in which telomeres Dro- 
ceed first in the direction of travel during 
chromosome movement. We examined 
the chromosome dynamics during the pro- 
cess of meiosis in living and fixed cells of 
fission yeast by the use of a computerized 
fluorescence microscope system with a 
cooled charge-coupled device (CCD) . Our 
results reveal that telomeres cluster at the 
leading end of the chromosome movement 
during premeiotic stages. 

In fission , veast , Schirosaccharomvces 
pornbe, haploid cells of the opposite mating 
type, h+ and h-, conjugate upon nitrogen 
starvation and enter the process of meiosis 

(zygotic meiosis); alternatively, hf /h-  dip- 
loid cells can be directly induced to undergo 
meiosis (azygotic meiosis) (1-3). A charac- 
teristic elongated nuclear morphology, gen- 
erally called horse tail, is observed during a 
certain period preceding meiotic divisions 
(Fig. 1) (4). The horse-tail period includes 
meiotic prophase defined in higher eukary- 
otes, during which the association and re- 
combination of homologous chromosomes 
take place (1, 2). 

We first examined chromosome dynam- 
ics during meiosis in individual living cells. - - 
Fission yeast cells were induced to undergo 
meiosis and stained with a DNA-specific 
fluorescent dye, Hoechst 33342; meiotic 
processes in the stained cells were allowed 
to proceed on a microscope slide (5) .  In live 
meiosis, the noticeable movement of nuclei 

Y. Chikashige, D.-Q. Ding, T. Haraguchi, S. Mashiko, 
was observed during karyogamy and the 

Y. Hiraoka, Kansai Advanced Research Center, Com- horse-tail period. Selected frames of chro- 
munications Research Laboratorv. 588-2 Iwaoka, mosome dvnamics in zveotic meiosis are , ---  - - -  - ," 
Iwaoka-cho, Nishi-ku, Kobe 651-24, Japan. shown for the period of karyogamy (Fig. 
H. Funabiki and M. Yanagida, Department of Biophys- 
ics, Faculty of Science, Kyoto University, Kyoto 606, 2A) and for the (Fig. 2B) and 
Japan. meiotic chromosome segregations (Fig. 
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2C). The same results of chromosome dy- 
namics were obtained from azygotic meio- 
sis, except for the lack of karyogamy. Dur- 
ing karyogamy, two separate nuclei move 
together along the long axis of the zygote 
and fuse after several rounds of oscillatory 
movement (frames at 0 to 20 rnin in Fig. 
2A). Immediatelv after nuclear fusion. nu- 
clei turn into the horse-tail shape and start 
the movement (frames at 22 to 28 rnin in 
Fig. 2A). During this movement, a specific 
portion of the nucleus, which can be seen 
as a bright spot (indicated by an arrow in 
Fig. 2B), is kept at the leading end of the 
movement and makes a U-turn at the end 
of the cell, when U-shaped or J-shaped 
morphology can be observed (Fig. 2B). The 
speed of the leading end of the horse-tail 
movement was about 5 p,rn/min along the 
long axis of the cell. Before the first meiotic 
division, a horse-tail nucleus stops move- 
ment at the center of the cell and then 
condenses into the spherical shape (frames 
at 0 to 70 rnin in Fig. 2C). Shortly after 
chromosome condensation, the first mei- 
otic division starts (frames at 80 to 120 rnin 
in Fig. 2C), and the second meiotic divi- 
sion follows after an interval of 60 rnin 
(frames at 180 to 210 rnin in Fig. 2C). The 
observations were made at room tempera- 
ture, 22°C in this example. 

With the use of the nuclear morphology 
observed in live meiosis as a landmark. the 
spatial arrangement of chromosomes in 
fixed specimens was examined in relation to 

Zygotic meiosis Azygotic meiosis 

Haploid Haploid Diploid 
(TI (7) (7) 

h+/h- 
h* y knjugation 

n 
1 Karyogam~ 

[+1 
1 Horse tail 

b 

1 
[ Eel 

b 
( 5 )  (7) 

4 Meiotic dhrision~ 1 
(0'7) (n) 

b b (m.0) (-1 
Fig. 1. Premeiotic and meiotic processes in 
fission yeast. From nuclear morphology alone, 
the horse-tail period cannot be classified into 
the meiotic stages cytologically defined in high- 
er eukaryotes (16-18). In this report, to distin- 
guish from the subsequent period of meiotic 
chromosome segregation, we include karyo- 
gamy and the horse-tail period within the pre- 
meiotic stage, although the horse-tail period 
includes not only premeiotic interphase but 
also meiotic prophase defined in higher eukary- 
otes (1, 2, 8). 

the nuclear movement. The nuclear local- 
ization of centromeres and telomeres was 
determined by fluorescence in situ hybrid- 
ization to chromosomal DNA (6) ,  with 
DNA probes of a centromeric repetitive 
sequence and a telomere-adjacent sequence 
(7); nuclear DNA was counterstained with 
4,6'-diamidino-2-phenylindole (DAPI). 
The position of the spindle pole body (SPB), 
a centrosome-equivalent structure in fungi, 
was determined by indirect immunofluores- 
cence microscopy to serve as a marker of the 
leading end of nuclear movement (6). It has 
been shown by electron microscopy that the 
SPB is located at the leading end of ap- 
proaching nuclei during karyogamy (8-1 0). 

The Dosition of telomeres and cen- 
tromeres within horse-tail nuclei is shown in 
Fig. 3A. Similar to those observed in live 
meiosis (compare with Fig. 2B), nuclei at 
this stage have various morphologies: elon- 
gated ones migrating along the long axis of 
the cell (Fig. 3, A to C and F) and U-shaped 
or J-shaped ones making a turn (Fig. 3, D to 
F). In any cases of horse-tail nuclei, telo- 
meres were clustered at a single location 
close to the SPB (Fig. 3, A to F), whereas 
centromeres were separated from the SPB 
(Fig. 3, G and H). At the first meiotic 
division, however, centromeres resumed 
their proximity to the SPB (Fig. 3J), whereas 
telomeres became separated from the SPB 
(Fig. 31). In the control experiments in 
mitotic diploid cells, centromeres were clus- 
tered at a single locus near the SPB (Fig. 3L) 
and telomeres were located at several loci 
separated from the SPB (Fig. 3K) (7). 

We also examined the behavior of cen- 
tromeres and telomeres during karyogamy. 
For the entire process of karyogamy, telo- 
meres were clustered near the SPB located 

at the leading end of approaching nuclei 
(Fig. 4, A to D), whereas centromeres were 
clustered at a location separated from the 
SPB (Fig. 4E). Two sets of the SPB and the 
telomere cluster in the approaching nuclei 
are shownin Fig. 4, A and B. One fused 
SPB with two separate clusters of telomeres 
at the middle of the dumbbell-sha~ed nu- 
cleus can be seen in another example (Fig. 
4C). A single cluster of telomeres (Fig. 4D) 
represents the association of homologous 
sets of telomeres. Thus, the association of 
homologous telomeres is completed as early 
as the end of karyogamy. This finding is 
consistent with the result that only one 
signal for telomeres was observed in all 
cases of at least 200 horse-tail nuclei exam- 
ined (Fig. 3, A to F). On the other hand, 
one or two signals for centromeres were 
observed in a horse-tail nucleus (Fig. 3, G 
and H, and Fig. 4, F and G). We presume 
that one spot and two spots of centromeres 
represent the paired and unpaired state of 
homoloeous sets of centromere clusters. 
respectively. The behavior of centromeres, 
telomeres, and the SPB is summarized in a 
schematic diagram in Fig. 5. 

We have demonstrated premeiotic chro- 
mosome movement revealed by DNA-spe- 
cific vital staining in fluorescence microsco- 
py. Previous observations of fixed speci- 
mens by light and electron microscopy have 
documented that nuclei at the  rem meiotic 
stage are heterogeneous in their shape and 
position within a cell (8-1 0). Our observa- 
tions in living specimens clearly indicated 
that different morphology simply reflects 
transitional stages of a single moving nucle- 
us. Electron microscopy studies have shown 
that a bundle of microtubules is located 
along the horse-tail nucleus with the SPB at 

Fig. 2. Chromosome dynamics 
observed in live meiosis. Selected 
frames of chromosome dynamics 
during (A) kalyogamy, (B) horse- 
tail, and (C) meiotic chromosome 
segregations in three independent 
sets of experiments. Each column 
is a time-lapse series obtained 
from a single cell. The numbers at 
the right side of each column are 
time in minutes. The scale bar 
represents 5 p.m. 

- 
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one end of the nucleus (8-1 0). Immunoflu- 
orescence microscopy has also shown that 
an aster of microtubules radiates from the 
SPB in the horse-tail stage (I I). In addi- 
tion, the chromosome movement in karyo- 
gamy and the horse-tail period was inhibit- 
ed by the addition of thiabendazole, an 
inhibitor of microtubule polymerization 
(I 2). These observations suggest that the 
chromosome movement during katyogamy 
and the horse-tail stage is led by the SPB 
migrating on an array of microtubules. 

Our results show that drastic nuclear 
reorganization switching the leading posi- 
tion in chromosome movement takes place 
during the process of meiosis. In a prelude 
to meiosis, telomeres lead in chromosome 
movement; once meiotic chromosome seg- 
regation starts, however, centromeres lead 
chromosome movement as they do in mito- 
sis. These telomere dynam~cs contrast with a 
generally believed picture that centromeres 

are kept engaged with the SPB throughout 
the life cycle in fission yeast (7). Because 
telomeres lead in chrommome movement 
only during the karyogamy and horse-tail 
stages, telomeres may function specifically in 
premeiotic chromoxnnal events such as the 
association and recombination of homologous 
chrom060mes. 

The clustering of telomeres is reminis- 
cent of the bouquet structure of meiotic 
chromosomes observed in a wide range of 
animals and plants [reviewed in (13-18)j; 
chromosomes are kept bundled at the te- 
lomere to form the bouquet-like arrange- 
ment in meiotic prophase, during which 
the interlocking of chromosomes disappears 
and the pairing of homologous chromo- 
somes is completed (1 6-18). The chromo- 
some movement preceded by telomeres has 
not been demonstrated before. However, 
there is an implication in old literatures 

Flg. 3. Position of centrorneres and telomeres 
relative to the SPB. Whereas red spots represent 
the SPB in all cases, green spots represent hy- 
bridization signals for either telomeres or cen- 
tromeres. Some spots appear yellow when a 
green spot of telomeres overlaps a red spot of the 
SPB. Whole cells are displayed in which the 
nuclear region is brightly stained in blue on a faint 
background of cytoplasm. (A to H) Horsetail 
stage; (A to C) telameres in zygotic horse tail and 
(D to F) in azygotic horse tail; (G and H) cen- 
tromeres in azygotic horse tail. (I and J) First 
meiotic division; (I) telomeres and (J) cen- 
trorneres. (K and L) Diploid mitosis; (K) telomeres 
and (L) centromeres. The number of fluorescent 
signals was examined in a three-dimensional data 
set, although a single focal plane containing all 
signals is displayed in the figure for a more simple 
view. The scale bar represents 5 pm. 

Rg. 4. Pairing of homologous telomeres and 
centromeres: (A to E) karyogamy and (F and G) 
horse-tail stage. Green spots represent hybrid- 
ization signals for (A to D) telomeres or (E to G) 
centromeres, while red spots represent the 
SPB. Nuclear chromatin is displayed in blue. 
The scale bar represents 5 rm. 

that meiotic telomeres are clustered near 
the centrosome, for example, in mantis 
(19), suggesting that our findings may be 
general in eukaryotes [reviewed in (17, 
18)]. Why the telomere proceeds first in 
these chromosome movements is unknown, 
but it is tempting to speculate that the 
linearly aligned configuration of chromo- 
somes pulled by telomeres may facilitate the 
pairing of homologous chromosomes by 
shuffling and resolving interlocked chromo- 
somes. These studies provide a new way of 
screening and characterizing mutants from 
a dynamic aspect. Thus, combined with 

Horse tail 

@F+, 

Rg. 5. Behavior of telomeres and centromeres. 
Shaded areas represent nuclear chromatin. At 
the time of induction to meiosis, telomeres are 
located at several loci separated from the SPB, 
while centromeres form a single cluster near 
the SPB (A). During karyogamy when parental 
nuclei approach each other, telomeres form a 
single cluster close to the SPB and cen- 
tromeres are separated from the SPB (8). The 
association of homologous chromosomes be- 
gins at the telomeres led by the SPB during 
karyogamy (C and D). Chromosomes have the 
polarized telornere-centromere configuration 
with the orientation opposite each other in pa- 
rental nuclei. After several rounds of oscillation. 
parental sets of chromosomes are suddenly 
pulled by the SPB moving to one direction and 
turn into the horse-tail shape (D and E). By this 
motion, parental sets of chromosomes now 
have the same orientation of the polarized 
telomere-centromere configuration in a horse- 
tail nucleus. Homologous centromeres become 
paired at a later stage (F). The proximity of 
centromeres to the SPB is resumed before or 
during the first meiotic division (G and H). 
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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 lntramitochondrial 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 LONgene 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 uroteins within mitochon- 
dria remains poorly understood. Early work 
suggested that all mitochondrial proteins 
are degraded at the same rate ( I ) ,  but later 
studies have shown that different mito- 
chondrial uroteins have different half-lives 
(2). As mitochondria appear to have 
evolved from endosvmbiotic bacteria. selec- 
tive degradation of mitochondrial proteins 
mav be mediated bv uroteases similar to , . 
thdse of present-day bacteria. Indeed, 
Goldberg, Kuiela, 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 

homolog from Saccharomyces ceyeoisiae. 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 p~ote ln  product 
was markedly similar to the human and 
bacterial Lon proteins. This 1.2.-k6 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 uroteases from 
Bacillus brevis, Myxococcus xanthus, and 
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