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ABSTRACT 

The question of amino acid requirements for DNA synthesis and cell division has been 
studied in Tetrahymena pyriforrnis by depriving cells of histidine and tryptophan at defined 
stages in the interdivision interval. Deprivation any time before DNA synthesis does not 
prevent the initiation of such synthesis but completely inhibits the following division and 
limits the increase in DNA, as measured microspectrophotometrically, to 20 per cent. H 3- 
thymidine added to the medium is not incorporated during the 20 per cent increase. 
Deprivation after DNA synthesis is initiated does not prevent the continuation (to completion) 
of DNA synthesis, and cell division ensues. H3-thymidine added to the medium under these 
conditions is incorporated into macronuclear DNA. The data indicate that some amino acid- 
dependent event occurs, about the time of the beginning of the DNA synthesis period, 
which is not essential for initiation of DNA synthesis but which is essential for the mainte- 
nance of synthesis once it has begun. These results are further discussed in terms of 
enzymes required to convert thymidine (and possibly the other three deoxyribonucleosidcs) 
to the immediate precursor of DNA synthesis. 

I N T R O D U C T I O N  

The initiation of DNA synthesis is currently the 
earliest recognizable, definitive step in prepara- 
tions leading to cell division. The control of 
synthesis has sometimes been discussed in terms of 
nucleotide pools, conversion of DNA to a primer 
condition, and the induction of DNA polymerase 
activity, but the biological basis for control of the 
initiation of DNA synthesis remains to be de- 
termined. The possibility that the synthesis of 
some new proteins might be required in each 
cycle for the initiation and/or maintenance of 
DNA synthesis has been investigated in Escherichia 
coli, but the experiments have not given com- 
pletely satisfactory answers. In two experiments 
(3, 8), protein synthesis was found necessary for 

initiating DNA synthesis but not for the main- 
tenance of synthesis already in progress; in another 
experiment (6), the inhibition of protein synthesis 
by deprival of an essential amino acid stopped 
DNA synthesis already in progress. In the latter 
case the effect of amino acid deprivation on DNA 
synthesis could be reversed by chloramphenicol, 
and this puzzling situation cannot yet be 
explained. 

We have taken up the question of amino acid 
requirements for DNA synthesis and cell division 
in Tetrahymena. This cell type is large enough to 
be handled individually, synthesis of DNA in 
single cells can be detected by autoradiography or 
microspectrophotometry, and the position of each 
individual cell within the cell life cycle can be 
estimated with reasonable certainty. 
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M A T E R I A L S  AND M E T I t O D S  

Stock cultures of Tetrahymena pyriformis, strain HSM, 
were maintained at 29°C and subcultured daily. 
Three different media were used in the experiments 
and are defined as follows: (a) synthetic medium 
(2) enriched with 0.04 per cent w/v proteose peptone 
(stock cultures were maintained in this medium); 
(b) synthetic medium containing 0.05 per cent v/v 
Tween 80 (the addition of Tween 80 eliminated 
lysing of cells when transferred frmn enriched medium 
to synthetic medium); and (c) synthetic medium 
lacking histidine and tryptophan. 

Groups of 20 to 25 cells in an early stage of fission 
were selected with a braking pipette and injected 
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FIGURE 1 Generation time of cells transferred to 
different media at various stages of cell cycle. Open 
circles, cells transferred to medium lacking histidine 
and tryptophan; open triangles, cells transferred to 
complete synthetic medium; solid circles, cells trans- 
ferred to enriched synthetic medium. All cells bad been 
incubated in enriched synthetic medium up to time 
of transfer. 

into capillary culture pipettes according to the 
methods described for handling single Tetrahymena 
(14). The use of capillary culture pipettes prevents 
contamination or evaporation of the medium during 
the experiment and allows individual cells to be 
observed with a dissecting microscope. The selection 
of a group of dividing cells took 3 to 5 minutes. 
For marking the age of each group of cells in the 
cell cycle, zero time was considered as the point at 
which one-half of the cells in the group had com- 
pleted cytoplasmic fission. 

Cells were deprived of amino acids by washing 
through a medium lacking histidine and tryptophan 
immediately before injection into capillary culture 
pipettes or by removal frmn a capillary pipette, 
washing in amino acid-deficient medium, and 

reinjection into a capillary pipette. In either case, 
the dilution of histidine and tryptophan was 5,000- 
to 10,000-fold. 

To detect protein and DNA syntheses, cells were 
incubated in medium containing 10 ]~c/m[ H 3- 
leucine (New England Nuclear Corp., Boston, 5.0 
c/mM) or 10 #c/ml H3-thyirfidine (Schwarz Bin- 
Research, Inc,, Mount Vernon, New York, specific 
activity, 6.0 e/m~a), washed free of excess isotope, 
and air dried on subbed slides. Cells labeled with 
HMeucine were fixed in 3:1 alcohol:acetic acid, 
extracted in hot 5 per cent trichloroacetic acid for 
5 minutes, thoroughly rinsed in water, and air dried. 
Cells labeled with H3-thymidine were fixed for 30 
minutes in three changes of 3:1 fixative, left in 70 
per cent alcohol for several hours, and air dried. 
Autoradiography was done with NTB2 or NTB3 
liquid enmlsions (Kodak, Rochester) according to 
the procedures described by Prescott (10). 

The total Feulgen-positive material was determined 
nficrospectrophotometrically with a Canalco micro- 
spectrophotometer using the two-wavelength method 
of Patau (9). 

R E S U L T S  

1. Effects of Amino Acid Deprivation on Cell 

Division 

Fig. 1 describes the effects on the cell cycle of 
three types of medium transfer: from enriched 

synthetic medium, (a) to a fresh aliquot of the 
same medium, (b) to synthetic medium, and (c) 
to synthetic medium lacking the two amino acids, 
histidine and tryptophan. A transfer of type (a) 
did not cause a change in the generation time and 
demonstrates, therefore, that the manipulations 

involved in transfer are without detectable con- 
sequence. Transfer from enriched synthetic 
medium to type (b) resulted in a 10 per cent 
increase in generation time, although such a 
transfer during the last 20 per cent of the inter- 
division interval caused no increase. This type of 
medium transfer serves as the specific control 

against which the effects of amino acid deprivation 
are to be evaluated. Cells which had completed 
0, 13, 27, 40, 53, 67, or 80 per cent of the inter- 
division interval were transferred from enriched 
synthetic medium to type (c) and observed for 
cell divisions over the subsequent 24 hours. 
Deprivation of the amino acids at 0, 13, or 27 
per cent completion of the cycle resulted in 
complete inhibition of the next cell division. 
Deprivation at 40, 53, and 67 per cent of the cycle 
produced division delay, but there was no sig- 
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nificant difference in the amount  of delay among 
the three groups (the generation time was in- 
creased about 75 minutes over the generation time 
for cells transferred from enriched synthetic 
medium to synthetic medium). Cells deprived of 
histidine and tryptophan at 80 per cent com- 
pletion of the cycle fell into two groups: those that 
divided with 75-minute delay, i.e., identical to 
the previous three groups, and those that divided 
without any delay. In all cases, the effects of 
transfer were evaluated against the generation 
time of cells subjected to the same type of medium 
shift but without amino acid deprivation. 

the cell cycle under our experimental conditions. 
Therefore, groups of 30 to 40 cells were introduced 
into medium containing H~-thymidine at 15-- 
minute intervals after division, incubated for 30 
minutes, washed, air dried, and processed for 
autoradiography. This procedure permitted defini- 
tion of the initiation and termination of DNA 
synthesis with an accuracy of 4-6 or 7 minutes. 
The results are given in Fig. 2. About 90 per cent 
of the cells begin incorporating H3-thymidine 
between 27 and 31 per cent completion of the 
cycle and continue to incorporate radioactivity 
until 60 to 67 per cent completion of the cycle. 
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]TIGIJItE ~ Per cent cells incorporating H3-thymidine into macronueleus after a 30-minute labeling 
time at various intervals in the cell cycle. The vertical marks represent the beginning and end of exposure 
to the isotope. 

~. Effects of Amino Acid Deprivation on Pro- 

tein Synthesis 

To obtain an indication of the effects of depriva- 
tion on general protein synthesis, dividing cells 
were transferred to synthetic medium or to syn- 
thetic medium lacking the two amino acids. At 
various times after transfer, cells from each 
situation were incubated for l0 minutes in H 3- 
leucine, washed, and dried on slides. Autoradio- 
graphs showed that, within the first 15 minutes 
of deprivation, H3-1eucine incorporation had 
dropped by 86 per cent. With  45 minutes of 
deprivation, incorporation of H3-1eucine was no 
longer detectable. 

3. Effects of Amino Acid Deprivation on D N A  

Synthesis 

Determination of this effect required knowledge 
of the position of the DNA synthesis period within 

To determine the effect of amino acid depriva- 
tion on DNA synthesis, cells were transferred 
immediately after division and at 40 per cent 
completion of the cycle to medium lacking the 
two amino acids. Samples of cells deprived at 0 
time were then incubated for 1 hour in H a- 
thymidine every hour for 24 hours. Immediately 
following exposure to H3-thymidine, the cells were 
air dried on slides, and prepared for autoradiog- 
raphy. Autoradiographs showed substantial 
incorporation of radioactivity into the cytoplasm 
(see Figs. 3, 4) during the first 2 to 3 hours of 
deprivation but no incorporation that could be 
clearly ascribed to the macronucleus. The cyto- 
plasmic radioactivity was not extracted by acid or 
ribonuclease but could be removed by DNase 
treatment, a somewhat surprising finding for 
which no explanation is available. Beyond 3 

hours of deprivation, no Ha-thymidine was in- 
corporated into either the nucleus or cytoplasm. 
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Samples of cells deprived at 40 per cent com- 
pletion of the cell cycle were tested for incorpora- 
tion of H~-thymidine (30-minute incubations at 
various intervals up until cell division). All 
samples incorporated radioactivity into macro- 
nuclear DNA. The extension of the DNA syn- 
thesis period up to cell division is not an effect of 
amino acid deprivation because it also occurs 
normally in complete synthetic medium, although 

per cent completion of the interdivision interval 
(just before DNA synthesis) and incubated for 
24 hours, and (d) cells deprived at 40 per cent 
completion of the interdivision interval (during 
the early part of DNA synthesis) and allowed to 
continue through the next division. The data are 
summarized in Fig. 5 with 95 per cent con- 
fidence limits of mean of the relative amounts of 
Feulgen-positive material in the macronucleus 

FIGURE 3 Cells incubated with H~-thymidine in enriched synthetic medium for 80 minutes. Note the 
radioactivity confined to the nucleus. Approx. X 1200. 

FIGURE 4 Cells incubated with H3-thymidine under deprived conditions. Note the radioactivity over 
the cytoplasm and lack of concentration over the nucleus (M). Approx. X 1000. 

the total D N A  synthesis time in deprived cells is, 
in fact, 75 minutes longer since this is the amount  
by which division is delayed. In enriched syn- 
thetic medium, DNA synthesis is completed by 
60 to 67 per cent completion of the cycle. 

The relation of amino acid deprivation to 
D N A  synthesis was also studied by spectrophoto- 
metric measurement of Feulgen-positive material 
in the macronuclei of (a) cells which had just 
completed division in enriched synthetic medium, 
(b) cells deprived of the two amino acids im- 
mediately after division and incubated for 24 
hours, (c) cells deprived of amino acids after 22 

plus micronucleus. Cells deprived at 0 time or at 
22 per cent completion of the cycle and incubated 
for 24 hours are not significantly different from 
each other in DNA values but contain about 20 
per cent more DNA than normal cells measured 
immediately after division. This means that, under 
conditions of amino acid deprivation, these cells 
were able to initiate DNA synthesis but were not 
able to carry synthesis beyond more than a 20 
per cent increase. Cells deprived of the two amino 
acids at 40 per cent completion of the cycle are 
capable of division, and Feulgen measurements 
on the two daughter cells from such a division 
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show that DNA had doubled in amount, i.e., 
D N A  synthesis had proceeded to completion in 
the absence of two essential amino acids. 

D I S C U S S I O N  

The inhibition of cell division by deprivation of 
histidine and tryptophan appears to be mediated 
through effects on DNA synthesis. In this respect, 
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FIGURE 5 Relative units of Feulgen-positive material 
of: cells measured immediately after division (control); 
cells deprived at 0 time and incubated for ~4 hours, 
and then measured; cells deprived at ~ per cent com- 
pletion of the cell cyele (just prior to DNA synthesis) 
and incubated for 24 hours, and then measured; and 
cells deprived at 40 per cent completion of cell cycle 
(after DNA synthesis has been initiated) and allowed 
to continue through division. The values for the 
daughter cells were doubled, as were the 95 per cent 
confidence limits, in order to illustrate directly that 
cells deprived at 40 per cent completion did double 
their DNA. 

the period around the beginning of the DNA 
synthesis is critical. Amino acid deprivation after 
this critical time does not prevent the continuation 
(to completion) of DNA synthesis, and cell division 
ensues. Amino acid deprivation before this critical 
time of the cycle does not inhibit the initiation of 
DNA synthesis, but it does prevent a doubling in 
DNA (limited to a 20 per cent increase), and it 
does prevent cell division. The data indicate that 
some event occurs about the time of the beginning 
of the DNA synthesis period which is not essential 

for initiation of DNA synthesis but which is 
essential for the maintenance of synthesis once it 
has begun. 

In the same context, the criticalness of the time 
at which DNA synthesis begins is also demon- 
strated by the change in the utilization of H 3- 
thymidine of the medium for macronuclear D N A  
synthesis. Amino acid deprivation before DNA 
synthesis begins prevents the subsequent uptake of 
H3-thymidine into macronuclear DNA although 
macronuclear DNA increases about 20 per cent. 
Deprivation of amino acids after synthesis has 
begun has no inhibitory effect on the utilization 
of exogenous H3-thymidine of the medium for 
macronuclear DNA synthesis. The critical transi- 
tion point as defined by these experiments takes 
place between 27 and 40 per cent completion of 
the cycle; DNA synthesis begins between 27 and 
31 per cent completion of the cycle. 

These data on amino acid deprivation in rela- 
tion to the initiation and maintenance of DNA 
synthesis and the utilization of H3-thymidine of 
the medium are explicable in terms of enzymes 
required to convert thymidine (and possibly the 
other three deoxyribonucleosides) to the im- 
mediate precursor of DNA synthesis. In view of 
the work of Hotta and Stern (4), we are inclined 
to believe that the limiting enzyme is thymidine 
kinase (and possibly the other deoxyribonucleoside 
kinases). On  this basis, the limited amount  of 
DNA synthesis that can be initiated after amino 
acid deprivation would be independent of thymi- 
dine kinase and occur at the expense of pre- 
existing nucleotide pools. It  should be noted that 
there is about a 20 per cent increase in D N A  
whether the cells are deprived at 0 time or at 22 
per cent completion of the cycle. This is con- 
sistent with some additional findings that the 
pools of thymidine derivatives are present and 
unchanging through the full cell cycle but turn 
over only during DNA synthesis (G. E. Stone and 
O. L. Miller, Jr. ,  unpublished results). The 
nucleotide pools presumably would not be refilled 
because of the absence of the appropriate kinases, 
and DNA synthesis (20 per cent increase) would 
come to a stop when the pools were exhausted. 
Separate studies (5; Stone and Miller, unpublished 
results) suggest that the thymidine mono- 
phosphate, diphosphate, and triphosphate pools 
are large enough to support this amount  of DNA 
synthesis. 

The explanation requires (a) that thymidine 
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kinase be absent from Tetrahymena at least between 
cell division and the beginning of DNA synthesis, 
(b) that new kinase be synthesized at the beginning 
of each DNA synthesis period, and (c) the kinase 
be destroyed when DNA synthesis is over. "[hese 
assumptions are consistent with earlier findings 
that show H~-thymidine is not taken up into the 
nucleotide pools of Tetrahymena during non-DNA 
synthesis parts of the cycle (Stone and Miller, 
unpublished results), and that uptake normally 
begins close to the time of initiation of DNA 
synthesis. Thymidine kinase may, in fact, be 
formed shortly after DNA synthesis has begun. 
Induction of this enzyme may be related to the 
beginning of depletion of the thymidylic acid 
pool. In any case, amino acid deprivation at 27 
per cent completion of the cycle is able to block 
H3-thymidine utilization although DNA synthesis 
normally begins at 27 to 31 per cent completion 
of the cycle. Once DNA synthesis has begun, 
amino acid deprivation becomes ineffective, 
presumably because there is sufficient kinase 
present to carry the cell through the full DNA 
synthesis. 

The immediate effect of amino acid deprivation 
in these experiments is not surprising because of 
the absence of free histidine or tryptophan in 
Tetrahymena (7, 15, 16). 

In the absence of histidine and tryptophan, the 
incorporation of HMeucine by Tetrahymena 
declines to an undetectable level within 45 minutes 
of deprivation. We interpret this to mean that 
DNA synthesis can be initiated without protein 
synthesis, and conclude tentatively that the 
initiation of DNA synthesis is not dependent upon 
the formation of any new enzymes. This does not 
tell us what brings about DNA synthesis but 
suggests that we look to other events besides 
enzyme formation. The finding that inhibition of 
DNA synthesis by amino acid deprivation in 
E. coli can be reversed by chloramphenicol 
perhaps points in the same direction. Finally, our 
results differ from the two investigations on E. coli 
(3, 6, 8) to the extent that amino acid deprivation 
in Tetrahymena does not block the initiation of 
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