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The role of magnesium ions in controlling mitochondrial structure and function in the fission yeast, Schizosaccha- 
romyces pombe, has been studied. Results show that in control cultures of S. pombe grown in the presence of 
magnesium, cells follow predominantly a fermentative pathway of metabolism. The mitochondria, as visualized by 
electron microscopy, are large but few in number, and appear irregularly branched with indistinct cristae. On 
depletion of the magnesium supply, cell division ceases after about 4 hours after which there is an increase in 
respiration. The mitochondria increase in number and become small with well-defined cristae. On replenishment of 
magnesium ions mitochondria seem to fuse and there is a gradual restoration of the respiratory metabolism 
characteristic of control cells. 

1. INTRODUCTION 

For many years, yeasts have served as a model 
system for studying aspects of mitochondrial 

structure and function. The fact that yeast cells 
are generally facultative anaerobes and are sus- 
ceptible to catabolite repression has also made 
them amenable to physiological and genetic stu- 
dies of mitochondrial biogenesis. Many studies 
have been carried out dealing with the effect of 
environmental parameters (including metal ions) 

on ultrastructure in mitochondria, but very few 

attempts have related alterations in ultrastruc- 

ture to respiratory competance in microbial cells 
in vwo (9). 

Magnesium is known to be important in main- 
taining mitochondrial structural integrity (for 
example ref. 5) and in energy yielding metabo- 
lism (1,3,16). The present study is concerned with 
the role of magnesium ions in governing mito- 
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chondrial structure and function in the fission 
yeast Schizosaccharomyces pombe. 

2. MATERIALS AND METHODS 
2.1. Organism and culture conditions 

Schizosaccharomyces pombe, respiratory- 
competent, glucose-repressible, haploid strain 
972h-, was originally obtained from Dr. JOR~EN 
FRUS, University of Odense, Denmark and was 
grown at 32 ~ in Edinburgh Minimal Medium 
No. 2 (EMM 2) (12). Viable stock cultures were 
maintained by monthly subculturing at 32 ~ on 
EMM 2 agar slopes and storing at 4 ~ when a 
sufficient number of colonies had formed. Expe- 
rimental cultures were initiated by inoculating 
small volumes of actively dividing precultures 
into fresh EMM 2 and aerobically propagating in 
Erlenmeyer flasks in a shaking water bath at 
32 ~ 

Magnesium free medium was prepared by 
omitting the MgC12 component from the EMM 2 
recipe and ensuring that only high purity rea- 
gents and fresh glass-distilled water constituted 
the remainder of the medium which was auto- 
claved in scrupulously clean Pyrex culture ves- 
sels. Such Mg-free EMM 2 contained an irreduc- 
ible minimum trace level of around 0.2 laM-Mg, 
as judged by flameless atomic absorption spec- 
trophotometry. 

2.2. Cell number determination 
Cell numbers (the mean of 3-4 counts of 150- 

200 cells) were determined using a BUrker-Ttirk 
hemocytometer employing the criterion of MIr- 
CHISON (12) in that a dividing cell is scored as two 
when the constriction is clearly observed between 
two daughter cells. 

2.3. Magnesium-depletion and refeeding 
Exponentially dividing cultures of S. pombe 

were harvested by Millipore membrane filtration 
(1.2 lam pore size) and washed on the filter with 
distilled water. Washed cells were then 
resuspended in pre-warmed Mg-free EMM 2 
and propagated as described above. After a set 
period of "exhaustion", usually 24 hours, suffici- 
ent MgCI 2 was added back to the culture to re- 
store the magnesium level to that in normal 
EMM 2 (0.3 mM). 

2.4. Electron microscopy 
Cultures of S. pombe (generally 200-500 ml) 

were filtered and resuspended for 2 hours at 32 
~ in glutaraldehyde fixation buffer: 2% glutar- 
aldehyde, 1 mM-GTP (guanosine triphosphate), 1 
mM-MgSO4, 2 mM-EGTA (Ethyleneglycol-bis- 
(13-aminoethyl ether)-N,N'-tetraacetic acid) and 
100 mM-PIPES (1,4-Piperazinediethane sulfonic 
acid) pH 6.9 (11). After fixation, cells were 
washed thrice with warm (32 ~ distilled water 
and the pellet mixed with approximately five 
times its volume of glass beads (0.45-0.50 mm 
diameter) (13). After vortex mixing for 10-15 sec, 
the cells were resuspended in 10 ml distilled wa- 
ter. The glass beads were allowed to settle before 
the supernatant was decanted and the cells 
pelleted by centrifugation at 2500 rpm in an 
MSE Mistral centrifuge. Cells were then post- 
fixed at room temperature in 1% osmium tetrox- 
ide in cacodylate buffer (pH 7.2) for 30 min, 
washed twice with distilled water and treated 
with 5 ml 2% uranyl acetate in distilled water at 
room temperature for 30 min. Cells were again 
washed twice and finally dispersed in 1 ml melted 
1.5% Noble Agar (Difco) in cacodylate buffer 
which had been cooled to 45 ~ After centrifu- 
gation as above at 45 ~ the agar pellets with 
cells layered in them were stored at 4 ~ over 
night. In general 3 distinct cell layers could be 
distinguished in the solidified agar block and 
samples of each layer were examined by light 
microscopy in order to select the region in which 
cells with obviously fractured cell walls were do- 
minating. From this layer small blocks (1 mm 3) 
were made and dehydrated in increasing concen- 
trations of alcohol followed by propylene oxide 
(10) prior to embedding in Vestopal-W (15). 
Thin sections of blocks were cut with glass knives 
on an LKB ultrotome III microtome and double 
stained with magnesium uranyl acetate (6) and 
lead citrate (14). The sections were examined in a 
Phillips 300 electron microscope at 60 kV. Expo- 
sures were made on 35 mm Kodak Fine Grain 
Release Positive film Type 5302 at primary mag- 
nifications of 1500 • and 9000 • and prints were 
obtained after photographic enlargement as de- 
sired. 

2.5. Respiration and fermentation 
Gaseous exchanges (uptake of 02 and produc- 
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tion of CO2) were assessed using the Warburg 
technique. Details of this method when applied to 
cultures of Schizosaccharomyces have been de- 
scribed elsewhere (7). The oxygen consumption 
of control cells was found to be 1.5 lal.h -~. 10 -6 
cells and the total CO2 production 13.6 
~11" h -t" 10 -6 cells; the RQ (the ratio of total CO 2 
produced to 02 uptake) thus equalled 9, in agree- 
ment with previous results (8). 

3. RESULTS 
3.1. Morphological studies 

As has been previously reported by WALKER 
and DUFFUS (17) S. pombe cells divide about 
once in magnesium-free minimal medium, then 
cease dividing. Inhibition of cell division is associ- 
ated with a failure of cells to complete mitosis, 
septum formation and cytokinesis. Cells will, 
however, continue to grow and synthesize protein 
(cf Figure 7, open circles) and appear abnormal- 
ly elongated after prolonged periods of magne- 
sium-deficiency. Light microscopy reveals many 
enlarged vacuoles in the cytoplasm of the cells 
(17). 

In the present study structural changes 
induced in Mg-deficient media were monitored 
by electron microscopy, and striking alterations 

were revealed in the number, location and mor- 
phology of mitochondria in comparison with con- 
trol cells from normal Mg levels. In addition, the 
cytoplasm of magnesium-deficient cells contains 
greatly increased numbers of vacuolar inclusions 
which often appear as an annulus around the nu- 
cleus (Figures 3 and 4). Mitochondria in control 
cells characteristically appear long and branched 
with occasional "horse-shoe" configurations 
proximal to the nucleus (Figures 1 and 2). Con- 
trol cells normally contain 4 of these mitochon- 
dria (4) in which cristae are rather poorly de- 
fined. By contrast, if cells are specifically deplet- 
ed of magnesium for 24 hours, the cytoplasm ap- 
pears packed with numerous small, round mito- 
chondria with well defined cristae (Figures 3 and 
4). 

On restoration of the magnesium supply, de- 
pleted cells recommence division after a lag as 
shown previously (17) and in Figure 8, lower set 
of curves. If cells are fixed and examined at pro- 
gressive stages during this recovery we can ob- 
serve associated changes in mitochrondrial ultra- 
structure. It appears that mitochondria gradual- 
ly revert to a more reticular type of morphology 
with less well-defined cristae (Figures 5 and 6) 
and that individual organelles fuse to produce the 
configurations found in control cells. 

LEGENDS TO FIGURES 
The electron micrographs, Figures 1-6, all show parts of cells of the fission yeast Schizosaccharomyces 
pombe. The sections were poststained with magnesium uranyl acetate and lead citrate. A double bar (=) on a 
micrograph represents 1 lam and a single bar (-) 0.1 lam. 

Figures 1 A and B. Longitudinal sections of cells grown in the presence of magnesium. 
The mitochondria are long and branched and appear to be located proximal to the cell nuclei. 15,000 x. 

Figure 2. A higher magnification of part of a longitudinal section through another control cell grown in 
magnesium-containing medium. 

Note the long and slender mitochondrion in the matrix of which cristae are almost indistinguishable. The 
mitochondrial outer membrane (MO) is well defined and so is the nuclear membrane (NM). R denotes 
ribosomes in the cytoplasm and CL the cortical layer of membranes. This particular cell has completely lost 
its cell wall during treatment with glass beads. 90,000 x. 

Figures 3 A and B. One longitudinally and two cross sectioned cellsgrown in medium depleted of magnesium 
for 24 hours. 

Note that the cytoplasm is packed with small round mitochrondria. An increased number of vacuolar 
inclusions is seen in one of the cross sectioned cells which apparently is sectioned close to the nucleus. 15,000 x. 

Figure 4. A higher magnification of part of a cell grown in medium depleted of magnesium for 24 hours. 
The well defined cristae (CR) of the small mitochondria are clearly shown. R denotes ribosomes. 90,000 x. 
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3.2. Respiratory metabolism studies 
In conjunction with these ultrastructural stu- 

dies, experiments were carried out to examine 
concomitant changes in respiration and fermen- 
tation on depleting and refeeding with magne- 
sium. In normally dividing control cells of S. 
pombe, the respiratory quotient, RQ, was found 
to remain constant at about 9 (8). As cells are 
propagated in magnesium-deficient medium, the 
0 2 uptake (Figure 7, closed squares), the CO 2 
production (open squares) and hence the RQ 
(triangles) remain unchanged in the initial 4-5 
hours as long as cell division continues (closed 
circles). After cessation of cell multiplication, 
however, the 02 uptake increases and the CO2 
production decreases causing a decrease in the 
RQ. After about 12 hours without magnesium, 
the RQ has dropped to between 2 and 3, while at 
24 hours the RQ is about 1 (cf Figure 8, trian- 
gles), which indicates a fully aerobic metabolism. 

Experiments in which magnesium was added 
back to cultures depleted for 24 hours revealed a 
transient decrease (1-2 hours) in the rate of oxy- 
gen uptake of about 25% immediately after re- 
addition of magnesium (Figure 8, closed 
squares). As shown (open squares) the rate of 
CO2 production increases abruptly about 1 hour 
after the addition, resulting in a gradual increase 
in RQ (triangles). After about 9 hours full recov- 
ery of the fermentation was observed. 

4. DISCUSSION 
It has been emphasized that the dynamic na- 

ture of mitochondria and the number and organi- 
zation of these organelles depend on many fac- 
tors including the oxygen and nutrient supply 
(9). Certainly, the dramatic change in mitochon- 
drial organization seen in the present study on 
limiting the magnesium supply serves to focus 
attention on this cation in addition to other 
known environmental effectors. 

Results relating changes in respiratory meta- 
bolism with mitochondrial ultrastructure corre- 
late with changes in magnesium supply. As 
shown (Figures 3, 4 and 7) magnesium depleted 
cells with the characteristic cristate mitochondri- 
al profile display a characteristic respiratory ca- 
pacity (RQ=I) whereas cells grown in normal 
medium have large mitochondria with indistinct 
cristae, and show a high fermentative capacity 
(high RQ). Thus, the magnesium induced chan- 
ges in mitochondrial ultrastructure appear to re- 
flect a switch from a fermentative to a respiratory 
mode of metabolism. 

These effects of magnesium deficiency on mi- 
tochondrial polymorphism may be related to the 
importance of this ion in the regulation of cellular 
metabolism, as stated by BWRAVE (3). Thus, the 
activity of the key enzymes of glycolysis (hexoki- 
nase, phosphofructokinase and pyruvate kinase) 
depends upon the magnesium concentration; 
however, magnesium is also necessary for the 
maintenance of the structural integrity of bio- 
membranes in general. Dow et al. (5) have re- 
ported a correlation between magnesium supply 
and mitochondrial swelling and contraction, and 
LLOYD (9) has noted that magnesium is necessa- 
ry to maintain mitochondrial integrity during 
cell breakage. Our results suggest greater 
dependency on magnesium of the enzymes of 
glycolysis than of those of respiration, or alterna- 
tively, a stronger tendency for magnesium to be- 
come membrane associated than to bind to solu- 
ble enzymes. This latter suggestion is supported 
by the finding of BALTSCHEFFSKY of in vitro 
strong binding of magnesium to mitochondria 
(1). 

The magnesium depleted cells appear to con- 
tain increased amounts of lipid deposits which 
could be employed for fat catabolism under con- 
ditions of magnesium deficiency. It is therefore 
conceivable that magnesium starved cells obtain 

Figures 5 A and B. Longitudinal sections of two cells grown after restoration of the magnesium supply of the 
medium. 

Note that the mitochondria are smaller than those of control cells, but that they appear to align as if 
preparing for fussion. 15,000 x. 

Figure 6. A higher magnification of part of a cell grown after restoration of the magnesium supply of the 
medium. 

The cristae of the mitochondria are ill-defined in the rather dense matrix. Ribosomes (R) are numerous 
and the nuclear membrane (NM) is well-defined. CW denotes cell wall. 90,000 x. 
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their energy by fatty acid oxidation which might 
have a lower magnesium requirement than glyco- 
lysis. 
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