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Cycloheximide (actidione) has an immediate inhibitory effect on amino acid
transport by nitrogen-starved or carbon-starved mycelium suspended in phos-
phate buffer. High concentrations of phosphate alone are slightly inhibitory;
cycloheximide appears to potentiate the effect of phosphate. Ca2+ reverses the
inhibition of transport caused by phosphate plus cycloheximide. Ca2+ did not
relieve the inhibition of protein synthesis. Cycloheximide promotes a continual
uptake of 45Ca2+ by the mycelium. The cumulative results suggest that (i)
membrane-bound Ca2+ is involved in amino acid transport, (ii) cycloheximide
labilizes the membrane-bound Ca2+, and (iii) phosphate forms a complex with
Ca2+ making it unavailable for its role in transport. The effect of cycloheximide
described above is observed within 1 to 2 min after addition of the antibiotic.
This initial inhibition occurs more rapidly with 10-a M cycloheximide than with
10-5 M cycloheximide. However, after a longer preincubation time, a curious
inverse relationship between cycloheximide concentration and amino acid
transport is observed. The mycelium incubated with 10-5 M cycloheximide
remains strongly inhibited (unless the antibiotic is washed away). The mycelium
incubated with 10' M cycloheximide recovers about 40% of the transport
activity lost during the rapid initial phase. We have no obvious explanation for
the inverse effect.

Cycloheximide (actidione) is a potent inhibi-
tor of protein synthesis in eukaryotic organisms
(14). Earlier work in our laboratory showed that
cycloheximide (i) stimulates a decay in the
activity of several derepressible transport sys-
tems in Penicillium chrysogenum over a period
of several hours (1, 3, 8), (ii) partially prevents
the substrate-induced "transinhibition" of fur-
ther substrate transport (10), and (iii) inhibits
the efflux of a-keto acid from nitrogen-starved
mycelium preloaded with a high concentration
of any hydrophobic amino acid substrate of the
general amino acid transport system (10). It is
not clear how these effects are related to the
ability of the antibiotic to prevent protein
synthesis, but some suggestions have been of-
fered (10). In this paper, we describe a very
rapid inhibition of L-leucine-'4C transport by
cylcoheximide. This effect is observable within
1 min after addition of cycloheximide to the
mycelial suspension and is most pronounced in

'Present address: Institute for Enzyme Research, Univer-
sity of Wisconsin, Madison, Wis. 53706.

phosphate buffer. In contrast, phenomena men-
tioned above are relatively long-term effects of
cycloheximide and persist even after the antibi-
otic is washed away. Recently, Evans (6) re-
ported a similar very rapid effect of cyclohexi-
mide on several transport systems in Euglena.
Several groups noted the long-term cyclohexi-
mide-induced decay in transport activity (1, 3,
7, 8, 12, 16).

MATERIALS AND METHODS
The experiments described in this paper were

carried out with P. chrysogenum, wild-type strain
PS-75. The cultivation techniques and permease
assays were described in detail in earlier papers (2, 3,
9). In general, transport rates were determined from
three samples taken at 20-s intervals immediately
after adding the labeled substrate. Transport rates are
reported on a cell (dry weight) basis. L-Leucine-'4C
(200 mCi/mmol) and 3"Pi (carrier-free) were obtained
from New England Nuclear Corp. These substrates
were diluted with unlabeled carrier to a specific
activity of 10, counts per min per Asmol for the
transport assays. 4"CaCl2 (2 x 10' counts per min per
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Mmol) was a gift from R. Baskin from the Depart-
ment of Zoology, University of California at Davis.
Cycloheximide was obtained from Mann Research
Lab., Inc. All other chemicals were the purest grade
available from commercial sources.

RESULTS
Effect of buffer and pH. When cyclohexi-

mide (10-5 to 10J- M) is added to a suspension
of nitrogen-starved mycelium in phosphate
buffer, the specific activity of the general amino
acid transport system is immediately reduced
(Table 1). The inhibition increases as the pH of
the phosphate buffer increases. Relatively little
inhibition is observed in 2-(N-morpholino)pro-
panesulfonic acid (MOPS) or arsenate buffers.
Carbon-starved mycelium (which are as fully
derepressed for the general amino acid trans-
port system as nitrogen-starved mycelium [9])
behave similarly. Protein synthesis (measured
by the incorporation of the labeled amino acid
into the boiling water-insoluble pool) is inhib-
ited >90% under all the above conditions. In
preliminary studies, we established that phos-
phate alone at >0.05 M inhibits L-leucine
transport, the pH pattern being the same as
that shown in Table 1. Thus, it appears that
cycloheximide potentiates or amplifies the ef-
fect of phosphate. (Results shown in Table 1
were obtained with 0.02 M phosphate, which by
itself is only slightly inhibitory. Furthermore,
the results are all relative to the buffer control
and, therefore, represent only the additional
effect of cycloheximide.)

TABLE 1. Effect of cycloheximide on L-leucine-14C
transport activitya

Inhibition of L-leucine-
14C transport (%)

Assay bufferb 10-3M

Cyclo- Cyclo-
heximide heximide

Potassium phosphate, pH 6 33 45
Potassium phosphate, pH 7 65 81
Sodium phosphate, pH 7 70 73
Potassium phosphate, pH 8 80 93
Potassium MOPSC, pH 7 21 20
Sodium MOPS, pH 7 17 18
Potassium arsenate, pH 7 0 29

a Nitrogen-starved mycelia were preincubated
under standard assay conditions in the buffers shown.
Cycloheximide was added 1 min before addition of the
labeled substrate (2 x 10-1 M). Transport activity
was determined from three samples taken at 20-s
intervals immediately after addition of the L-leucine-
14C

b Concentration, 0.02 M.
c MOPS, 2-(N-morpholino)propanesulfonic acid.

Effect of cations on cycloheximide inhi-
bition of L-leucine transport. Table 2 shows
that Ca2+ and Ba2+ (and to a lesser extent Mg2+
and Sr2+) are able to reverse the inhibition of
L-leucine transport by cycloheximide. Essen-
tially identical results were obtained with 10-5
M cycloheximide. Ca2+ at 10- 4 M was about half
as effective as 10-3 M Ca2+ in reversing the
effect of cycloheximide. The reversal was less
pronounced when the phosphate concentration
was increased. Ca2+ had no effect on-the inhibi-
tion of protein synthesis. Aniline by itself also
partially reverses the inhibition, whereas ani-
line plus Ca2+ almost completely restores the
specific transport activity to the original level.

Effect of cycloheximide on Ca2+ transport.
Results (Tables 1 and 2) suggest that the
inhibition of L-leucine transport by phosphate
may result from removal of Ca2+ from a strate-
gic location within the cell membrane. The
synergism exhibited by phosphate and cy-
cloheximide can be explained if cycloheximide
labilizes the membrane Ca2+, making it availa-
ble to form a complex with phosphate. Cy-
cloheximide is not known to be a chelator or
ionophore for Ca2+, although the antibiotic does
bear a slight structural resemblance to ammo-
nium purpurate (Murexide), a strong Ca2+ che-
lator (5). Experiments designed to demonstrate
the cycloheximide-stimulated efflux of 45Ca2+
from preloaded cells were inconclusive. This is
not surprising since only a small fraction of the
total cellular Ca2+ may be membrane bound. A
more conclusive result is shown in Fig. 1.
Cycloheximide clearly promotes a continual'
uptake of 15Ca2+ by nitrogen-starved mycelium.
The uptake could represent either net transport
or exchange with an unlabeled pool of cellular
Ca2+.

Effect of cycloheximide on L-lysine
transport. P. chrysogenum possesses a con-
stitutive transport system for basic amino acids
(9). This system is fully active in nutrient-suffi-
cient mycelium where the general amino acid
transport system (which also accepts lysine and
arginine as substrates) is relatively inactive.
Preliminary experiments established that (i)
10- 5M cycloheximide strongly inhibits L-lysine-
14C transport from phosphate buffer by nutri-
ent-sufficient mycelium, and (ii) 10' M Ca2+
almost completely reversed the inhibition by
cycloheximide.

Effect of citrate and EDTA. If phosphate
acts by removing Ca2+ from the cell membrane,
then other extracellular Ca2+ chelators might
work as well. When mycelium was suspended in
0.04 M potassium MOPS buffer, pH 7.0, the
addition of 0.02 M sodium citrate alone had
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TABLE 2. Effect of different cations on the
cycloheximide inhibition of L-leucine-"4C transport

activitya

L-Leucine- "4C transport rate
(jqmol per g per min)

Addition Plus
Minus Pu.ius cycloheximidecycloheximide (10- 3 M)

0.02M Phosphate 4.1 0.6
+ 1 mM CaCl2 3.6 2.6
+ 1 mM BaCl2 4.0 3.2
+ 1mMSrCl2 4.2 1.7
+ 1mM MgCl2 3.7 1.8
+ 1 mM MnCl2 2.8 1.2
+ 1 mM KCI 4.0 0.5
+ 10 mM Aniline 5.2 1.9
+ 10mM Aniline + 5.0 3.7

1 mM CaCl,

0.05 M Phosphate 4.3 0.8
+ 1 mM CaCl2 4.3 1.3

a Nitrogen-starved mycelium were suspended at a
density of 2 g/100 ml in phosphate buffer, pH 7. After
15 min of aeration, the labeled substrate was added at
an initial concentration of 2 x 10-I M. Cycloheximide
was added 1 min before the labeled substrate. The
salts were added 10 s before the labeled substrate.
Aniline was added 15 min before the labeled sub-
strate.
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FIG. 1. Nitrogen-starved mycelium was washed
and resuspended in 0.02 M K MOPS buffer, pH 7.0.
After 15 min of aeration, "Ca2+ was added at an
initial concentration of 2 x 10-5 M. Cycloheximide
was added 2 min before adding the labeled substrate.
Periodically, 5-ml samples were filtered, washed with
cold 10-3 M unlabeled CaCI,, and counted for radi-
oactivity.

little effect. but 0.02 M sodium citrate plus 10-'
M cycloheximide inhibited 56%. Similarly, 0.02
M ethylenediaminetetraacetic acid (EDTA)
alone had no effect, whereas 0.02 M EDTA plus
10-5 M cycloheximide inhibited 16%. In the
same experiment, 0.02 M potassium phosphate

plus 10-5 M cycloheximide inhibited 63%.
Citrate3- is a better chelator of Ca2+ than
HP042-, whereas EDTA is a far better chelator
than either citrate3- or HP042- (5). However,
the relative effectiveness as transport inhibitors
would depend on the ability of the chelator to
penetrate the membrane to the site of the bound
Ca2 . In this respect, it is unlikely that the
mycelium possesses a specific binding protein
for EDTA. Citrate transport was not measured,
but we do know that P. chrysogenum (strain
PS-75) will not grow in media containing citrate
as the sole carbon source.
Time and concentration dependence of the

cycloheximide effect. Figure 2 shows the time
course of the cycloheximide inhibition of L-leu-
cine transport from phosphate buffer. The ex-
periments with cycloheximide described above
were all performed within 1 min after adding
the antibiotic. During the first few minutes, the
higher cycloheximide concentration causes a
faster decline in specific transport activity,
which is not unexpected. We have no satisfac-
tory explanation for the inverse relationship
between specific transport activity and cy-
cloheximide concentration that is observed
after longer incubation times. Evans (6) re-
ported an identical inverse relationship for the
effect of cycloheximide on the uptake of 2,4-
dinitrophenol, phenylalanine, and glucose by
Euglena.

If the cycloheximide is washed away before
the transport assay is performed, a substantial
fraction of the initial rapid inhibition is elimi-
nated (Fig. 3). The continual decrease in speci-
fic transport activity from about 2 min on very
likely results from turnover of a permease com-
ponent, i.e., the long-term effect of cyclohexi-
mide noted by several workers (7, 10, 12, 16).

DISCUSSION
The effects of cycloheximide, phosphate, and

Ca2+ on membrane transport were observed
separately by other workers. For example,
Evans (6) showed that low concentrations of
cycloheximide inhibited the transport of L-
phenylalanine-14C by Euglena. The incubation
medium used contained 1.1 mM phosphate and
17.6 mM citrate. Evans (6) suggested that
cycloheximide might induce a redistribution of
intracellular ions, resulting in a disruption of a
pH gradient across the membrane. There is
some evidence that a proton or charge gradient
is involved in amino acid transport in P.
chrysogenum (11). Reilly, Furhmann, and
Rothstein (13) showed that cycloheximide
(0.1-2.0 mM) inhibits K+ transport by Sac-
charomyces cartsbergensis. The experiments
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FIG. 2. A suspension of nitrogen starved mycelium
(2 g [wet weightV100 ml) in 0.02Mphosphate buffer,
pH 7, was divided into two parts. Cycloheximide was

added to final concentrations of 10-' M or 10-3 M.
Periodically, samples were removed and assayed im-
mediately for L-leucine-'4C transport activity in the
same incubation medium. The initial L-leucine-"4C
concentration was 2 x 10-i M. The transport assay
took 1 min to perform (9).

INCUBATION TIE (MINI

FIG. 3. Cycloheximide (10-5 M) was added to a

suspension of nitrogen-starved mycelium in 0.02 M
phosphate buffer, pH 7. At the times indicated, two
samples were removed. One sample was assayed
immediately for L-leucine transport at 2 x 10-5 M
L-leucine-'4C. The mycelium in the other sample was

filtered off, washed, and resuspended in fresh phos-
phate buffer. After 15 min of aeration, the L-leucine-
14C transport activity was assayed.

were performed in phosphate buffer. Cameron
and LeJohn (4) presented strong evidence that
Ca2+ is involved in amino acid transport by the
fungus Achlya. These workers reported that
cycloheximide had no effect on amino acid
transport. However, the uptake assay was per-
formed in a tris(hydroxymethyl)aminomethane
acetate buffer that did not contain phosphate or
citrate. The cumulative results suggest that
membrane-bound Ca2+ may be directly in-
volved in transport (e.g., as a contributor to a

charge gradient that energizes membrane trans-
port or as an activator of a membrane adenosine
triphosphatase). Thus, phosphate, citrate, or
any other Ca2+ chelator that can penetrate the
membrane will act as a transport inhibitor.
Somehow, cycloheximide makes the mem-
brane-bound Ca2+ more available for chelation.
Alternately, Ca2+ may be involved in a passive
way (e.g., the ion may play a role in stabilizing
the cell membrane). The removal of Ca2+ may
result in ion movements that destroy a proton or
charge gradient driving force. The mechanism
of the anti-cycloheximide action of aniline is
unknown. The unionized species (which is lipid
soluble), may diffuse into a proton-rich com-
partment within the membrane where it be-
comes trapped as the R-NH3+ form. The posi-
tive species may then contribute to a charge
gradient (replacing the lost Ca2+) or, alternate-
ly, act as a proton reservoir (in the event that a
proton gradient is involved in energizing amino
acid transport in P. chrysogenum).
An unusual inverse relationship between cy-

cloheximide concentration and transport inhi-
bition is observed after longer incubation. It
appears that at 10-3 M cycloheximide, the
mycelium can recover partially from the initial
inhibition, but at 10-5 M cycloheximide no
recovery occurs (Fig. 2). At present, we have no
satisfactory explanation for this phenomenon.
Evans (6) reported a similar inverse effect.
Cycloheximide at 3.6,M significantly inhibited
L-phenylalanine-14C transport by Euglena,
whereas 360,M cycloheximide had relatively
little effect. Both concentrations inhibited pro-
tein synthesis.
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