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The energy-dependent transport and accumulation of K+ in respiring mito-
chondria has been found to inhibit the S-adenosylmethionine:A24-sterol methyl-
transferase enzyme of Saccharomyces cerevisiae. Potassium cation translocation
is discussed as a possible regulatory mechanism over the biosynthesis of
ergosterol.

The intracellular regulation and control of
ergosterol biosynthesis in yeast has received
little attention by comparison with the large
volume of literature dealing with sterol biosyn-
thesis. Yet, because of the known correlations of
respiratory functions in yeast with ergosterol
synthesis (10), the mechanisms regulating sterol
synthesis may be instrumental in deciding the
respiratory fate of the cell. Ergosterol has been
implicated indirectly as a negative feedback
inhibitor (9), and several acidic lipids have been
shown to inhibit the cell-free incorporation of
acetate into the sterol pool (5). However, due to
the complexity of the sterol synthetic pathway,
and the importance of ergosterol to the cell,
other control mechanisms are likely to exist,
especially in the terminal stages of the pathway.

Recently, we reported that at least one of the
enzymes involved in the terminal stages of
ergosterol maturation in yeast was located
within the inner mitochondrial membrane (12).
This enzyme, S-adenosylmethionine: '2-sterol
methyltransferase, was also shown to be inhib-
ited in vitro by monovalent cations (e.g., Na+
and K+) normally found in yeast in relatively
high concentrations (2). Since intramitochon-
drial potassium translocation has been shown to
be an energy-linked process (8), we felt that
transport and accumulation of cations in yeast
mitochondria might represent a regulatory
mechanism over ergosterol biosynthesis.
Pressman and his colleagues have shown that

the antibiotic valinomycin will induce the ac-
tive transport of potassium in respiring rat liver
mitochondria (8, 11). This transport appears to
be a general phenomenon phylogenetically, and
recently several groups have shown intact mito-
chondria from strains of Saccharomyces cerevis-
iae also to possess this ability (4, 7). This
communication reports the effects of potassium
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translocation in respiring yeast mitochondria on
the sterol methyltransferase enzyme.

MATERIALS AND METHODS
S. cerevisiae strain 3701-B, a haploid auxotroph

requiring uracil, was used for these studies. The
organism was grown in a complete medium consisting
of 1% tryptone, 0.5% yeast extract, and 2% glucose.
Ethanol (2%, vol/vol) was substituted as a carbon
source to allow mitochondrial development. All cul-
tures were grown at 30 C.

Mitochondrial isolation procedures have been de-
scribed (12). Zymosterol was isolated as previously
reported (12).

Potassium flux studies of mitochondria were per-
formed by allowing freshly isolated mitochondria to
respire in 0.5 M sorbitol which was buffered at pH
6.75, at a final protein concentration of 3 to 5 mg/ml.
The buffer also contained 10 mM tris(hydroxy-
methyl)aminomethane (Tris)-maleate, 3mM Tris-ace-
tate, 0.5 mM ethylenediaminetetraacetate, 1 mM
KCI, and 2 mg of dialyzed bovine serum albumin per
ml. After 10 min of preincubation and equilibration,
Tris-succinate was added to 3 mM as an energy
source. Samples (1.0 ml) were then taken periodically
and analyzed for potassium uptake by the methods of
Haslam et al. (4). A Perkin-Elmer model 306 atomic
absorption spectrophotometer was used to monitor
K+ levels. Valinomycin (10 M&g) and 2,4-dinitrophenol
(0.1 mM) were added sequentially during the incuba-
tion period. Portions of the reaction mixture (2.0 ml)
also were removed at 5-min intervals and incubated
for 30 min in the presence of both '4C-labeled S-
adenosylmethionine and unlabeled zymosterol to
measure the sterol methyltransferase activity (2).

Substrate uptake into respiring mitochondria was
measured by incubating the mitochondria in the
presence of either [methyl-"4C JS-adenosylmethionine
or ['H Jzymosterol. Samples were filtered periodically
through either 0.45-tm Schleicher and Schull mem-
brane filters (type B6) or Whatman glass fiber filters
(2.4 cm, type CF/C). The latter permitted passage of
the sterol in solution as the zymosterol adheres to the
membrane-type filters. After one wash with the cold
sorbitol buffer (4 C), the filters were dried, and the
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CATION EFFECTS ON STEROL SYNTHESIS

radioactivity was determined in a Packard Tri-Carb
3214 liquid scintillation spectrometer.

Tritium-labeled zymosterol was prepared by first
forming the ketone derivative using Jones reagent (6)
and then eluting the ketone through an alumina
column activated with ('1H),O. The product was
reduced with LiAlH4 (1), and the desired ,-isomer
was separated from the a-form by silica gel thin-layer
chromatography (cyclohexane-ethyl acetate, 85:15).
S-adenosyl-L-(Me- ['4C ])methionine was purchased
from International Chemical and Nuclear Co. Vali-
nomycin, 2,4-dinitrophenol, and Silica Gel G were
products of Sigma Chemical Co. All other chemicals
were commercially available and of the highest ob-
tainable purity.

RESULTS AND DISCUSSION
Our previous investigations with Na+ and K+

had shown both cations to be potent inhibitors
of in vitro sterol transmethylation activity. To
determine if any succeeding enzymes in the
pathway were inhibited by these cations, we
analyzed the ratio of the "4C-labeled sterolic
products from an in vitro assay of the methyl-
transferase enzyme. Ergosterol, the end product
of yeast sterol synthesis, and fecosterol, the
immediate product of sterol transmethylation
(14), were the only two labeled sterols detected
in our assay system. Although the presence of
monovalent cations lowered the total incorpora-
tion of the [methyl-"C Jgroup of S-adenosyl-
methionine into the sterol pool, the ratio of
labeled ergosterol to fecosterol remained unaf-
fected. We interpreted this to mean that only
the transmethylation step was being inhibited
by the cations.
The mitochondrial isolation techniques that

we employed gave mitochondria capable of
respiration as long as 0.5 M sucrose was used in
all steps after the cell breakage. It also was
important that the pH be maintained below
neutrality. We routinely used pH 6.75 for all
buffers. Kovac and his colleagues (7) have
reported that there is apparently some damage
to mitochondria at alkaline pH reactions, as
evidenced by a much faster pH equilibration
period. At pH 6.75, we had no problems demon-
strating valinomycin-induced potassium trans-
location, whereas at alkaline pH values we were
able to show very little transport.

Figure 1 shows the typical response of respir-
ing mitochondria to the antibiotic valinomycin
when added in the presence of exogenous potas-
sium. There was generally an immediate two- to
threefold increase in the intramitochondrial
potassium content which was maintained until
the uncoupler 2,4-dinitrophenol was added.
Subsequently, the potassium concentration re-

ceded to a level slightly lower than that found

prior to the valinomycin addition. However, we
observed that the level of potassium in our
mitochondria was somewhat higher than that
reported by Haslam and his co-workers (4).
Whereas they reported between 80 and 160 ng of
K+ ion per mg of protein, we found 200 to 500 ng
of K+ ion per mg.
The sterol methyltransferase enzymic activ-

ity was also assayed throughout the course of
the incubation period. A dramatic reduction in
the sterol methyltransferase activity was
brought about by the potassium uptake and
accumulation in respiring mitochondria. Table
1 shows a typical experiment. The average

values reported are from duplicate methyl-
transferase assays performed during each time
period. A 20 to 30% reduction in enzymic
activity was consistently seen as a result of the
potassium uptake. This inhibition was reversed
by the addition of the uncoupling agent 2,4-
dinitrophenol. Figure 1 also summarizes the

c 8
._

0
bcL 6
C

4

c' 2
o

ValInomycin 2,4-DNP

18 .

14 X
0N

10
0.

5 10 15 20 25 30
TIME(mE )

FIG. 1. Potassium translocation in respiring mito-
chondria. Samples were taken periodically, and the
intramitochondrial potassium concentration was
measured as detailed in the text. At the indicated
times, valinomycin (10 Mg) and 2,4-dinitrophenol (0.1
mM) were added. Additional details are given in the
text. Symbols: (0), intramitochondrial potassium
level; (A), sterol methyltransferase activity (counts
per minute incorporated into the non-saponifiable
lipids per hour).

TABLE 1. Sterol methyltransferase enzyme velocity
as a function of the intramitochondrial potassium

concentrationa

Time period Incubation Avg enzyme velocity
(min) conditions (counts/min per h)

0-10 Normal 2,200
10-20 + Valinomycin 1,720

(10 pg)
20-30 + 2,4-Dinitro- 2,470

phenol (0.1 mM)

a Enzyme activities reported are averaged from duplicate
assays performed at 5-min intervals during the course of an
experiment. A 22% reduction in enzyme velocity is observed
with valinomycin addition.

607VOL. 122, 1975

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

b 
on

 2
2 

M
ay

 2
02

3 
by

 5
2.

53
.2

38
.1

10
.



BAILEY AND PARKS

inverse relationship between potassium ion con-
centration and the methyltransferase activity.

Control experiments were run to ascertain if
the change in enzymic velocity was caused by
altered substrate uptake instead of the cation
translocation. Figures 2 and 3, showing sub-
strate uptake in respiring mitochondria, dem-
onstrate, respectively, that both [14C IS-
adenosylmethionine and [3H]zymosterol show
identical uptake kinetics whether or not vali-
nomycin or 2,4-dinitrophenol are present. We
have thus concluded that the observed changes
in enzymic velocity were not due to limiting
substrate concentrations.
A lipid-free enzyme preparation was also

made, as reported earlier (13), and the sterol
methyltransferase enzyme was assayed in the
presence of both valinomycin and 2,4-dinitro-
phenol. No inhibitory effects of these com-
pounds could be detected on the enzyme activ-
ity.
This communication has presented evidence

that one enzyme found in the terminal stages of
ergosterol biosynthesis may be regulated in vivo
by potassium translocation and/or mitochon-
drial accumulation of the cation. We have
demonstrated an inverse relationship between
the intramitochondrial potassium cation con-

25 -

20

o /
a-

O 10
N 0O A-CM

4 8 12 16 20
Time (min)

FIG. 2. [Methyl- 14CJS-adenosylmethionine uptake
in mitochondria. At time 0, 1.0 MCi of [14CS_
adenosylmethionine (19 nmol) was added to respiring
mitochondria and samples were taken as detailed in
the text. The samples were rapidly filtered and
washed, and then the radioactivity remaining on the
filters was determined. Symbols: (0), control; (0),
plus 0.1 mM 2,4-dinitrophenol; (A), plus 10 Mg of
valinomycin.
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FIG. 3. ['H]zymosterol uptake in mitochondria.
Same procedure used as in Fig. 2, except that glass
filters were used in place of the cellulose type.
Symbols: (0), control; (A), plus 10IAg of valinomycin;
(0), plus 0.1 mM 2,4-dinitrophenol.

centration and the enzymic velocity of S-
adenosylmethionine: A 24-sterol methyltransfe-
rase. Furthermore, the reduction in enzyme
activity with the concomitant rise in intramito-
chondrial potassium level is not due to an
altered rate of substrate uptake caused by the
antibiotic valinomycin. Likewise, neither vali-
nomycin nor 2,4-dinitrophenol inhibit the en-
zyme when it is assayed in a lipid-free system.

Carafoli (3) has suggested recently that cal-
cium transport by mitochondria may serve a
regulatory role in controlling several different
mitochondrial reactions sensitive to the cation.
Based on our evidence, we feel that K+ translo-
cation also may function in such a role. This
type of control would necessarily be finite, as
there appears to be an upper limit to the
amount of K+ that mitochondria will accumu-
late, and we were only able to show a 30% in-
hibition. Efforts to link these observations to a
working mechanism for the regulation of ergos-
terol biosynthesis are continuing in our labora-
tory.
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