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Fig. 3. Quantitative effects of ACTH and 
cylic AMP on fractions 11 and 14. Total 
area of the stained protein was fraction- 
ated by acrylamide-gel electrophoresis and 
the area under each peak was determined 
by planimetry (13). The change in the 
relative contribution of each fraction is 
shown for cells harvested 15, 30, and 60 
minutes after exposure to ACTH (open 
bars) and cyclic AMP (closed bars). 
Standard errors are indicated by the line 
extending from each bar; there were at 
least five electropherograms in each group. 
The statistical significance of differences 
was estimated with Student's t-test for in- 
dependent means (18). 

of stimulatory amounts of either hor- 
mone or nucleotide in the tissue culture 
medium, both suggest that protein syn- 
thesis is involved in the induction of, 
rather than the maintenance of, in- 
creased steroidogenesis. Since there was 
no effect on fractions 11 and 14 when 
steroid production was increased by ad- 
dition of reduced nicotinamide-adenine 
dinucleotide phosphate or A,5-pregne- 
nolone to the culture medium, the 
possibility that changes in intracellular 
steroid concentrations were responsible 
for the effects on protein synthesis can 
be ruled out. 

There is already evidence that cyclic 
AMP can selectively affect protein syn- 
thesis in its mediation of glucagon and 
catecholamine effects on liver (15) and 
in the synthesis of galactosidase in 
Escherichia coli (16). Our findings 
show that the action of cyclic AMP 
in steroidogenic cells also includes 
specific effects on protein synthesis. 
The discovery of rapid positive and 
negative changes of only a few protein 
fractions, before any effect on amount 
or labeling of total cytosol proteins or 
total cell proteins, is consistent with our 
observations of the effect of ACTH on 
guinea pig adrenal cortex in vivo (17) 
and with Farese's concept of two labile 
adrenocortical cytosol proteins, one a 
promoter of cholesterol side-chain 
cleavage and the other an inhibitor (5). 
The proteins of fractions 11 and 14 
may have such effects on an adreno- 
cortical mitochondrial system. 

Discovery that the principal intra- 
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cellular mediator of ACTH action and 
the hormone itself have similar effects 
on protein synthesis (when the lag in 
the steroidogenic effect of the nucleo- 
tide is accounted for) encourages the 
suspicion that these two protein frac- 
tions play a role in regulating the in- 
duction of increases in steroidogenesis. 
Perhaps target cells for other polypep- 
tide hormones will also show such 
changes when similarly examined. Evi- 
dence that labile proteins are important 
in the control of steroid biosynthesis is 
still, however, no more than circum- 
stantial. 
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Biochemical and physiological investi- 
gations on cell division and mitosis have 
benefited from the use of agents which 
interact with cellular components 
needed for normal chromosome segre- 
gation. The colchicine family of alka- 
loids has wide use in such studies as a 
mitotic poison for animal and plant cells 
(1). Use of radioactive colchicine has 
allowed identification and partial puri- 
fication of a protein component of the 
microtubules of the mitotic apparatus 
which binds the drug (2). It seemed 
reasonable to try to apply these drugs 
to a study of the mitotic apparatus of 
a microbial eucaryotic cell. The species 
desired should combine features of 
chromosome segregation of higher cells 
with the genetic flexibility of microbes. 
Initially, several microbial eucaryotes 
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appeared to offer equivalent advantages 
of ease of cultivation and genetic anal- 
ysis. 

Colchicine induces abnormal cell 
morphology in Chlamydomonas euga- 
metos (3) and inhibits regeneration of 
flagella in C. reinhardi (4). It inhibits 
and then synchronizes cell division (5) 
and inhibits regeneration of cilia in 
Tetrahymena pyriformis (6). We had 
elected to work with the fission yeast, 
Schizosaccharomyces pombe, because 
its mode of cell division seemed to 
favor the detection of aberrancies of 
this process and because of its suitabil- 
ity for genetic analysis (7). We now re- 
port the sensitivity of this yeast to 
colchicine and its N-deacetyl-N-methyl 
derivative Colcemid (Ciba), and the iso- 
lation of drug-resistant mutants. 
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Colcemid Sensitivity of Fission Yeast and the 

Isolation of Colcemid-Resistant Mutants 

Abstract. Cell division of the fission yeast, Schizosaccharomyces pombe, is re- 
versibly inhibited by the antimitotic agent Colcemid (N-deacetyl-N-methylcolchi- 
cine) in nutrient medium. Cell growth continues until all cells become nonseparat- 
ing cell doublets in a V configuration. Mutants have been isolated capable of unin- 
hibited growth in the presence of concentrations of Colcemid mycostatic for the 
parent strain. 
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Fig. 1. Turbidity of a culture of S. 
pombe. Cells were growing in YEG medi- 
um at 32?C with aeration (open circles), 
and with 5 X 10-'M Colcemid (crosses) 
added to a portion at -the time indicated 
by the arrow. Values of turbidity are in 
Klett-Summerson units obtained with a 
No. 42 blue filter and a cell suspension of 
14-mm path length. 

Cultures of S. pombe in medium 
containing 0.5 percent Difco yeast ex- 
tract and 3 percent glucose (YEG) 
are inhibited in their growth when ex- 
posed to concentrations of Colcemid 
greater than 3 X 10-aM (Fig. 1). Dur- 
ing the initial 3 hours after cultures are 
exposed to the drug, the turbidity 
doubles at the same rate as that of 
cultures of untreated cells and then 
reaches a plateau. Synthesis of DNA, 
RNA, and protein generally follows 
the changes in turbidity (8). 

Microscopically, the treated cells as- 
sume a "V" configuration in which two 
cells remain attached at a joint terminus 
off the major axis of the cells (Fig. 
2, left); only a small percentage of the 
untreated cells are in the V configura- 
tion (Fig. 2, right). The V configuration 
of cell doublets is resistant to agitation 
in a Vortex mixer and appears to be a 

sensitive indication of Colcemid inhibi- 
tion since it can be detected at drug 
concentrations insufficient to inhibit 
markedly overall increases in optical 
density. After addition of 5 X 10-3M 
Colcemid, the number of single cells or 
cells with normal division appearance 
decreases, while the number of V dou- 
blets increases steadily from a base line 
of 5 percent of the cells until all the 
cells have this appearance (Fig. 3). 
These observations suggest that there is 
a late stage in the cell division of this 
yeast, which is critically sensitive to the 
drug rather than some general inter- 
ference with macromolecular metab- 
olism. 

Although the consequences of long- 
term incubation in YEG-Colcemid have 
not been studied fully, the inhibition 
can be reversed. A Poisson distribution 
analysis of the viability of cell doublets 
formed by 3 hours' exposure to Colce- 
mid indicated that about 20 percent of 
them could form morphologically nor- 
mal progeny when diluted into fresh 
YEG medium free of Colcemid. 

Inhibition by Colcemid was also 
observed with cell cultures spread on 
YEG agar plates to which different con- 
centrations of Colcemid were spotted. 
Inhibition of growth on solid medium 
and production of cell doublets by col- 
chicine (Sigma) in liquid medium re- 
quired higher concentrations ;(above 
5 X 10-2M) than Colcemid. For this 
reason, most of the inhibition studies 
in vivo were made with Colcemid. 

The resistance of S. pombe to vin- 
blastine, a different mitotic poison, was 
studied. In microdroplets of YEG 
medium, vinblastine at 1 X 10-3M pro- 
duced cells with a shriveled appearance 
rather than attached cell doublets. 

Although plant cells are generally 

Fig. 2. Cells of Schizosaccharomyces pombe treated as in Fig. 1. (Left) Cells 3 hours 
after exposure to 5 X 10-Ml Colcemid in growth medium; (right) cells in growth 
medium without Colcemid. 
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more resistant than animal cells to the 
colchicine alkaloids and require concen- 
trations greater than 10-4M to delay 
the -metaphase stage of mitosis (9), we 
wished to be sure that the high concen- 
trations of Colcemid needed to inhibit 
S. pombe did not harbor a different in- 
hibitory impurity. Ascending chroma- 
tography of Colcemid preparations on 
thin-layer silica-gel sheets (Eastman 
chromagram No. 6060) revealed one 
fluorescent major component with an 
Rp of 0.72 in solvent system A and 
with an Rp of 0.78 in solvent system B 
(10). A minor component of about 1 
percent or less of the preparation stayed 
near the origins. Inhibitory activity was 
found only with material eluted from 
the main component region and at con- 
centrations similar to the original Col- 
cemid preparations. Inhibitory activity 
was absent from the remainder of the 
chromatogram. Since the two solvent 
systems used in these separations were 
not used in the original commercial 
purification of Colcemid, we feel that 
the growth-inhibiting agent in our prep- 
arations is indeed Colcemid. 

The sensitivity of S. pombe to Colce- 
mid was not increased by use of Glusu- 
lase-induced protoplasts (11), by prior 
treatment of the cells with 10-2M 
ethylenediaminetetraacetate, or by con- 
comitant exposure to 1 percent di- 
methylsulfoxide. No useful difference 
was seen over a pH range of 4 to 6. 

Other yeast strains were examined 
for their sensitivity to Colcemid in 
anticipation of a direct applicability of 
this approach. Surprisingly, although 
different isolates of S. pombe of both 
mating types were sensitive to Colce- 
mid, identical treatments were ineffec- 
tive with Saccharomyces carlsbergensis, 
S. cerevisiae, S. chevalieri, S. italicus, 
S. lactis, S. marxianus, Hansenula win- 
gei, and Torula monosa (12). The char- 
acteristic budding form of cell division 
of these other yeasts obscured determi- 
nation of V configurations of cell dou- 
blets, although abnormal doublets were 
clearly not formed in increased num- 
bers. 

When YEG agar plates supplemented 
with 8 X 10-3M Colcemid are inocu- 
lated with a few hundred cells of S. 
pombe and incubated at 32?C, micro- 
colonies containing a few to a few hun- 
dred progeny cells form. Variable pro- 
portions of these microcolonies develop 
to about 0.2 to 0.5 mm in diameter in 
the course of incubation for a week. 
When inocula of the order of 108 cells 
are used, about ten colonies are readily 
distinguishable from the background of 
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Fig. 3. Percentage of V-shaped doublets 
in cells of a culture of S. pombe exposed 
to Colcemid as in Fig. 1. 

yeast microcolonies by their more rapid 
growth. The drug concentration used 
is not fully inhibitory, so that the spon- 
taneous mutation rate per cell division 
need not be unusually high for this 
frequency of appearance. Other isolates 
were made by first enriching for growth 
of resistant cells in liquid YEG medium 
containing 5 X 10-3M Colcemid. When 
the presumptive mutant colonies are 
picked and streaked on YEG-Colcemid 
plates, colonies are readily visible in 
1 to 2 days and are 2 mm in diameter 
by 3 days. A similar tolerance to Colce- 
mid in YEG agar is shown by mutants 
previously grown on YEG agar alone, 
and hence the resistance is an inherited 
trait. The residual sensitivity to Colce- 
mid of different mutants is readily 
measured by streaking them along 
YEG plates containing a lateral gradi- 
ent of drug concentrations (13). Con- 
centrations tolerated by the mutants are 
estimated by the range of the gradient 
which permits yeast growth. Resist- 
ance among mutants varies (up to 
10-2M Colcemid) by this definition. 

Unlike colonies of sensitive cells, 
colonies of mutants on YEG agar con- 
tain single cells, numerous cell doublets, 
and cohesive aggregates of cells. When 
the mutants are grown on YEG agar 
with Colcemid, elongated cells with 
several division plates are frequent. 
Fortunately, the mutants have retained 

-normal characteristics of fertility and 
ascospore formation when crossed with 
wild-type cells, and they appear to be 
suitable for further genetic analysis. 

Our observations with S. pombe sug- 
gest that it may be suitable for a study 
of mitosis in which antimitotic agents 
are used. Its choice on the basis of cell 
division characteristics proved fortui- 
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tous since a priori there was no reason 
to believe it would be more sensitive 
than other Ascomycetes. The inertness 
of other yeast species to Colcemid is 

unexplained, and in a formal sense they 
behave as Colcemid-resistant strains. 

Cytological examinations of S. pombe 
and of other yeasts have revealed micro- 
tubular elements within the nucleus 
(14). A presumptive mitotic target for 
the colchicine alkaloids appears to be 
present, although it remains to be iso- 
lated and more directly demonstrated. 
The main argument for a mitotic ap- 
paratus in yeast species still rests on 
the need for a mechanism to carry out 
the observed equipartite distribution of 
a number of genetic linkage groups. 
The extent to which the responsible 
structure in yeast resembles that of 
higher cells remains to be determined. 
The immediate question that we are 
led to ask is whether Colcemid inhibits 
cell division in S. pombe by interacting 
with a mitotic apparatus, or whether 
the observed inhibition is secondary to 
some other property of the drug. 

Caution is warranted on the inter- 
pretation of the resistant mutants. The 
explanations that must be considered 
include permeability changes and de- 
toxification mechanisms as well as 
structural changes in the mitotic ap- 
paratus which might affect either the 
binding of Colcemid or the functioning 
of a possible complex between Colce- 
mid and the mitotic apparatus. There 
is a possible analogy with strepto- 
mycin resistance in bacteria, where 
there are separate mechanisms involv- 
ing either a detoxifying modification of 
the drug or a change in a protein sub- 
unit of the bacterial 30S ribosome, so 
that protein synthesis is no longer in- 
hibited by the drug (15). Until we can 
assign appropriate mechanisms of re- 
sistance, we propose the designation 
cid for mutants which differ from wild- 
type in N-deacetyl-N-methylcolchicine 
inhibition of division. 
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behave as Colcemid-resistant strains. 

Cytological examinations of S. pombe 
and of other yeasts have revealed micro- 
tubular elements within the nucleus 
(14). A presumptive mitotic target for 
the colchicine alkaloids appears to be 
present, although it remains to be iso- 
lated and more directly demonstrated. 
The main argument for a mitotic ap- 
paratus in yeast species still rests on 
the need for a mechanism to carry out 
the observed equipartite distribution of 
a number of genetic linkage groups. 
The extent to which the responsible 
structure in yeast resembles that of 
higher cells remains to be determined. 
The immediate question that we are 
led to ask is whether Colcemid inhibits 
cell division in S. pombe by interacting 
with a mitotic apparatus, or whether 
the observed inhibition is secondary to 
some other property of the drug. 

Caution is warranted on the inter- 
pretation of the resistant mutants. The 
explanations that must be considered 
include permeability changes and de- 
toxification mechanisms as well as 
structural changes in the mitotic ap- 
paratus which might affect either the 
binding of Colcemid or the functioning 
of a possible complex between Colce- 
mid and the mitotic apparatus. There 
is a possible analogy with strepto- 
mycin resistance in bacteria, where 
there are separate mechanisms involv- 
ing either a detoxifying modification of 
the drug or a change in a protein sub- 
unit of the bacterial 30S ribosome, so 
that protein synthesis is no longer in- 
hibited by the drug (15). Until we can 
assign appropriate mechanisms of re- 
sistance, we propose the designation 
cid for mutants which differ from wild- 
type in N-deacetyl-N-methylcolchicine 
inhibition of division. 
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