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A cycloheximide-resistant mutant was isolated from the amoeba Acantha-
moeba castellanii Neff. Drug resistance was found to be due to a ribosomal
modification.

Acanthamoeba castellanii Neff is a small
free-living soil amoeba isolated in 1957 by R. J.
Neff (5). It has been reported to be sensitive to
a number of drugs including cycloheximide. Cy-
cloheximide-resistant mutants have been iso-
lated in several other organisms (3, 4, 7, 8) and
have been used to study the genetics of these
organisms. Since there are no reported genetic
analyses of A. castellanii, cycloheximide resist-
ance was selected as a possible starting point for
the investigation ofthe genetics ofthis organism.
A positive growth selection was employed after
mutagenesis, and a resulting resistant mutant
was then characterized by both in vivo and in
vitro studies.

Cultures of A. castellanii were grown in 250-
ml Falcon plastic tissue culture flasks with Neff
growth medium (6). Stock cultures (20 ml) were
transferred by thousand-fold dilutions at 5- to 7-
day intervals; cells for experimentation were
grown in 10-ml cultures with an initial density
of 2 x 104 to 4 x 104 cells/ml and were harvested
at 9 x 105 to 10 x 106 cells/ml. All cultures were
grown at room temperature (22 to 2500).

Cells were mutagenized in 50-ml tubes con-
taining the following: 2 x 107 cloned wild-type
cells, 30 ml of 6.65 mM phosphate buffer (pH
6.0) with 0.85% NaCl (phosphate-buffered sa-
line), 10 ml of glass-distilled water, and 2 mg of
N-methyl-N'-nitro-N-nitrosoguanidine, for 30
min at room temperature. To obtain cyclohexi-
mide resistance mutations, 50 ,ug of mutagen per
ml was used, which gave a survival of 8 to 10%
ofthe cells. The mutagenized cells were collected
by centrifugation (3 min at 400 x g) and sus-
pended in 140 ml of Neff growth medium. The
resulting cell suspension was dispensed into
seven 250-ml culture flasks and incubated for 6
days at room temperature (seven to eight gen-
erations) before applying selective pressure to
the culture. Cells were collected by centrifuga-
tion (3 min at 400 x g), resuspended at a con-
centration of 5 x 105 cells/ml, and dispensed

into 25-ml culture flasks (4 ml per flask). Cyclo-
heximide was added at a final concentration of
100 ,ug/ml, and the flasks were incubated at
room temperature. When exposed to 100 jig of
cycloheximide per ml, the growth of wild-type
cells is completely inhibited. After 24 h of ex-
posure to this drug dosage, about 50 to 70% of
the cells had undergone a morphological change
from the normal amoeboid shape to a rounded
form that often detached from the flask surface.
By 48 h, all the cells had rounded up, and all
but a few were detached from the flask. Cyto-
plasmic protrusions in the rounded cells ap-
peared to become lysis sites, and over a period
of 2 to 3 weeks cell destruction ensued. After 2
weeks, removal of the cycloheximide and resus-
pension in fresh Neff growth medium did not
rescue any of the cells.
These effects of cycloheximide on wild-type

cells provided the basis of a selection method for
resistance mutants. After 17 days of exposure to
100 jig of cycloheximide per ml, only resistant
cells were present as growing amoeboid cells.
Due to the nature of the selection procedure,
cultures of resistant cells could not be assumed
to be independent. Thus, pure cultures of the
isolated resistant cells were obtained by cloning.
Cloning was done by harvesting 2 to 3 ml of a
culture in a log phase (10W to 100 x 104 amoebas
per ml) and diluting it to a titer of 1 cell/ml,
with cycloheximide present at 7.5 jg/ml. Sam-
ples (100 ul) of the suspension were placed in
microtiter wells (Falcon plate no. 3040). The
plate was then sealed and incubated at room
temperature. Five to 10 days later, individual
clones were removed and transferred to 250-ml
culture flasks. This procedure resulted in clones
being recovered from 95 to 100% of the original
cells. One clone (Cyc R-1) was selected for fur-
ther characterization. Before characterization
the mutant was cultured for at least 12 genera-
tions without cycloheximide present. Upon reex-
posure of the cells to the drug at 100 jig/ml, few
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if any of the cells failed to grow.
The first step of characterization was to assay

the effect of cycloheximide on in vivo protein
synthesis of cloned Cyc R-1 cells compared to
cloned F 11 wild-type cells. Cells were collected
from 10-ml cultures with cell densities of 0.75 x
106 to 1.0 x 106/ml. After centrifugation (3 mi
at 400 x g), the cells were suspended in defined
medium DM 3 of Adams (1, 2) with 0.1 mM L-
methionine, at 2.3 x 106 cells/ml, and incubated
for 1.5 h at room temperature. After incubation,
0.9-ml samples of cell suspension were added to
tubes containing cycloheximide (final concentra-
tion ranging from 0 to 400 ug/ml) in 0.1 mil of
water, plus 50 pl of L-[3S]methionine (1,245 Ci/
mmol, 23.5 ,uCi/ml). The reaction mixture was
incubated at 240C for 30 min, and incorporation
was then terminated by chilling to 4°C in an ice-
water bath. After centrifugation at 4°C, the cell
pellets were dissolved by suspension in 1 ml of
0.9 M NaOH and incubated for 15 min at 370C.
A 2-ml volume of ice-cold 20% trichloroacetic
acid was added, followed by incubation for 10
min at 00C. Precipitates were collected on GF/
A filters and washed three times with cold 5%
trichloroacetic acid (Fig. 1). Fifty percent inhi-
bition of L-[&IS]methionine incorporation was
found at 11 ,ug of cycloheximide per ml for the F
11 wild type and 51 ,tg/ml for the Cyc R-1
mutant.

In vitro protein synthesis was assayed for the
two cell types, to distinguish whether the cyclo-
heximide resistance was due to a defect in the
protein synthetic apparatus or a change in mem-
brane permeability. Approximately 7 x 107 cells
were harvested from cultures with densities be-
tween 0.8 x 106 and 1.0 x 106 cells/ml and were
washed three times with 30 ml of ice-cold phos-
phate-buffered saline (pH 6.9). The pellet was
then suspended in 2 ml of ice-cold TKM buffer
plus ,B-mercaptoethanol (0.01 M KCI, 0.01 M
Tris [pH 7.6], 0.0015 M Mg9l2, and 2.8 mM f?-
mercaptoethanol) and allowed to swell for 10
min before being homogenized with 20 strokes
ofa Dounce homogenizer. After homogenization,
0.2 ml of ice-cold buffer P (1.2 M KCI, 50 mM
magnesium acetate, 200 mM N-2-hydroxyethyl
piperazine-N'-2-ethanesulfonic acid [pH 7.2], 50
mM /3-mercaptoethanol) was added, and the
crude homogenate was centrifuged for 10 min at
10,000 x g. The supernatant was decanted from
the pellet and stored in an ice-water bath until
assayed. The assay mixture (kept at 00C) con-
sisted of: 1.8 ml of supematant; 0.21 ml of ATP-
GTP solution (15 mM ATP, 2.8 mM GTP); 0.19
ml of energy regenerating solution (25.4 mg of
creatine phosphate and 2 mg of creatine kinase
per ml in TKM); 0.18 ml of amino acid solution
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CYCLOHEXIMIDE CONCQ,pg/mI
FIG. 1. In vivo cycloheximide inhibition of L-

[35S]methionine incorporation into acid-precipitable
material. Details of the experiment are in the text.
Incubation time with the label was 30 min; incorpo-
ration was linear over this time interval and was
insignificant without incubation. The results areplot-
ted as percent of incorporation relative to control
samples without cycloheximide present. The control
sample had 1.2 x 104 to 1.5 x 10 precipitable cpm.
Symbols: 0, F 11 wild type; *, Cyc R-1 resistant
mutant.

(1.08 mM alanine, 0.26 mM arginine, 1.08 mM
asparagine, 1.52 mM aspartate, 0.36 mM cys-
teine, 2.85 mM glycine, 0.97 mM glutamate, 1.03
mM glutamine, 2.50 mM histidine, 4.38 mM
isoleucine, 0.95mM lysine, 0.18mM methionine,
0.84 mM phenylalanine, 0.74 mM proline, 0.91
mM serine, 0.90 mM threonine, 0.16 mM tryp-
tophan, 0.44 mMA tyrosine, and 1.65 mM valine);
and 65 pl of L-['4C]leucine (324 mCi/mmol, 50
ICi/ml). Samples (80 pl) of the assay mixture
were placed into tubes containing cycloheximide
(final concentration ranging from 0.02 to 20 ,tg/
ml) in 20 pd of distilled water. Tubes were incu-
bated for 30 min at 240C; the reaction was ter-
minated by addition of 50 ,ul of 0.9 M NaOH
containing nonradioactive leucine at 1 mg/ml.
After incubation for 10 min at 370C, to discharge
all tRNA molecules, precipitation wikh trichlo-
roacetic acid was performed as described above.
Figure 2 shows that the concentration of cyclo-
heximide giving 50% inhibition of L-[14C]leucine
incorporation differs for the two cell types; 0.12
,tg/mi for the F 11 cells and 2.1 ,ug/ml for the
Cyc R-1 cells.
These results indicate that the modification in

the resistant mutant is cytoplasmic, affecting
either a soluble factor involved in protein syn-

VOL. 138, 1979



282 NOTES

CYCLOHEXIMIDE CONC.. pg/mI
FIG. 2. In vitro cycloheximide inhibition of L-

['4Clleucine incorporation into acid-precipitable ma-
terial. Details of the experiment are in the text. In-
cubation time with the label was 30 min; incorpora-
tion was linear over this time interval and was insig-
nificant without incubation. The results are plotted
as percent of incorporation relative to control sam-

ples without cycloheximide present. The control sam-
ples had 8 x 103 to 10 x 103 precipitable cpm. Each
point represents the average of duplicate samples
which agreed with ±10%. Symbols: 0, F 1I wild type;
0, Cyc R-1 resistant mutant.

thesis or the ribosomes. To distinguish between
these two possbilities, the cell-free extract was
fractionated, reconstituted, and assayed for L-
['4C]leucine incorporation. Approximately 7.5
x 107 cells were collected fom cultures with
densities between 0.80 x 10' and 0.90 x 106 cells/
ml, and cytoplasmic extracts were prepared as
described above. This extract was then centri-
fuged for 90 min at 300,000 x g. The top two-
thirds of the supernatant was removed and des-
ignated as high-speed cytoplasmic fraction; the
last third was discarded. The high-speed pellet
was washed with 0.3 ml of cold TKM buffer and
suspended in 1.5 ml of the same buffer (10 ml of
TKM buffer plus 2.8 mM,-mercaptoethanol),
using a small Dounce homogenizer. Separate
assay mixtures were made up with the four
different possible combinations of high-speed
supematants and pellet fractions from the mu-
tant and wild-type celLs. Composition of the
assay mixtures were (solutions as before): 0.5 ml
of high-speed supernatant fraction; 0.5 ml of
pellets (22.4 absorbance units at 260 nm per
mixture); 0.12 ml of ATP-GTP solution; 0.11 ml
of energy regenerating solution; 0.1 ml of amino
acid solution; and 36 pil of L-['4C]leucine. Eighty-
microliter volumes of the assay mixtures were
placed into tubes containing cycloheximide (fi-
nal concentration, 1.0 ,ug/ml) in 20 pl of water.
This concentration of cycloheximide (Fig. 2) al-
lows over 80% in vitro incorporation for the
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unfractionated Cyc R-1 extract but less than
10% incorporation for the unfractionated F 11
extract. The samples were incubated for 30 mi
at 24°C before incorporation was terminated by
addition of 50 j1 of 0.9 M NaOH containing
nonradioactive leucine at 1 mg/ml (Table 1). F
11-F 11 and Cyc R-1-F 11 cytopIasmic superna-
tant-pellet combinations gave approximately the
same incorporation, which is much less than
that for F 11-Cyc R-1 and Cyc R-1-Cyc R-1
combinations. These results show the modifica-
tion of Cyc R-1 is associated with the washed
pellet fraction, indicating that the modffied ele-
ment is most likely a ribosomal component.
This A. castellanii mutant joins a number of

other characterized cycloheximide-resistant mu-
tants of other organisms, including Saccharo-
myces (3), Physarum (4), Dictyostelium (8), and
Chinese hamster ovary cells (7). At least one
mutant of each of these organiss has been
shown to have modified ribosomes, with the
exception of Dictyostelium mutants which have
not been biochemically characterized. Cyclohex-
imide resistance mutations modifying ribosomes
in Saccharomyces (3) and Physarum (4) have
been shown to be recessive. In yeast, this modi-
fication is located in the 60S ribosomal subunit
(3). The Cyc R-1 A. castellanii cells were four-
fold more resistant to cycloheximide than the
wild-type amoeba. This increase in resistance
has been shown by our data to be due most
likely to a ribosomal modification, although the
exact site of the modification is not known. The
significant difference in sensitivity to the drug
we observed in in vivo versus in vitro translation
assays may indicate that Cyc R-1 actually is a
double mutant, with the other mutation affect-
ing permeability to the drug. However, differ-
ences of this type are commonly observed with
other eucaryotic translational systems and may
simply reflect intrinsic differences between the

TABLE 1. L-_[4CJleucine incorporation into acid-
precipitable material by recombinedpolyribosome

and high-speed supernatant fractions
Incorporationb

Hih-speed Pellet Inlhibi-
supematant - Cyclo- + Cyclo- tion

sourcea source hexiniide heximide (%)
(cpm) (cpm)

WT WT 713 281 61
WT Cyc R-1 620 404 35
Cyc R-1 WT 870 263 70
Cyc R-1 Cyc R-1 841 482 43

aWT, Wild type F 11; Cyc R-1, cycloheximide-re-
sistant cells.

b Averages from duplicate incorporation assays. Cy-
cloheximide, when present, was at 1 Ag/ml.
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conditions in which ribosomes are functioning in
the two instances.
The Cyc R-1 mutant, which is the first re-

ported for A. castellanii, opens the prospect of
further mutants being isolated. This organism
has already been used for a number of biochem-
ical studies and is easy to culture and manipu-
late. The development of a genetic analysis
would enhance its utility for further research.

We thank Robert Weisman for supplying us with a culture
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