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A B S T R A C T  

The formation of a soluble Ha-thymidine derivative pool has been examined in Tetrahymena 
pyrlforrnis as a function of macronuclear DNA synthesis during the cell life cycle. An auto- 
radiographic technique which allows the detection of water-soluble materials within a 
cell has shown that these cells do not take up and retain exogenous H3-thymidine during 
G1 or G2. Uptake of H3-thymidine is restricted to the S period of the cell cycle. Additional 
autoradiographic experiments show, however, that a soluble pool of H3-thymidine deriva- 
tives persists from the end of one DNA synthesis period to the beginning of the next syn- 
thesis period in the subsequent cell cycle. Since this persisting pool cannot be labeled with 
H3-thymidine, the pool does not turn over during non-S periods. 

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

Previous experiments with single Tetrahymena have 
shown that macronuclear DNA synthesis can be 
initiated in the absence of essential amino acids but 
that the DNA increase is limited to 20 per cent of 
the G1 value (10). For this 20 per cent increase, 
Ha-thymidine of the medium is not utilized. If 
amino acid deprivation is imposed after DNA syn- 
thesis has begun, synthesis goes to completion (100 
per cent increase) with no apparent impairment of 
incorporation of H3-thymidine of the medium into 
DNA. The experiments have been interpreted in 
the following way. Thymidine kinase and thy- 
midylate synthetase (and possibly other enzymes 
concerned directly with production of deoxyribo- 
nucleoside triphosphate pools) are normally syn- 
thesized at the beginning of DNA synthesis and 
disappear when DNA synthesis is completed. In the 
absence of essential amino acids, thymidine kinase 

and thymidylate synthetase cannot be produced, 
and DNA synthesis is limited by the size of the pre- 
existing deoxyribonucleotide pools carried over 
from the previous round of DNA synthesis in the 
preceding cell cycle. 

Although these results and interpretations are in 
agreement with several reports (1, 5, l 1) describing 
the cyclic appearance of thymidine kinase in rela- 
tion to DNA synthesis in the cell cycle, the inter- 
pretation would be considerably enhanced by 
direct demonstration of a continuing pool of 
thymidine derivatives and the lack of both pool 
formation and turnover during the G1 and G2 
periods. Consequently, we have investigated the 
soluble intracellular pool of H~-thymidine and its 
derivatives over the cell life cycle in Tetrahymena 
utilizing two different methods: (a) an autoradio- 
graphic procedure for detecting water-soluble 
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cel lular  mater ia ls ,  and  (b) a u t o r a d i o g r a p h y  of  the 
d i lu t ion  of labeled  D N A  dur ing  subsequen t  cell 

cycles. 

M E T H O D S  

Sterile stock cultures of Tetrahymena pyriformis H S M  
were mainta ined in a synthetic med ium (3) plus 0.04 
pcr  cent protcosc peptone.  Groups of cells (25 to 100 
dividing pairs) were synchronized with respect to 
division by selecting dividing cells with a braking 
pipette from an carly logarithmic culture, and  were 
incubatcd in capillary culture tubes at 29°C (9). 
U n d e r  these conditions thc average gencrat ion t ime 
is 225 minutes and macronuclcar  DNA synthesis oc- 

cupies a period extending from bctween 60 and 75 
minutes to between 135 and 150 minutes aftcr 

required from 10 to 15 minutes after the cells were 
removed from the labeled medium.  

Although details of the autoradiographic technique 
for detection and location of intracellular water-  
soluble materials have been described elsewhere (8), 
a brief description is given here. A thin film of 
emulsion was obtained by dipping a nickel-chrome 
wire loop (3.5 to 4 cm in diameter)  into NTB3 liquid 
emulsion at 30°C. The  film was allowed to air dry 
for an hour and then placed over the cells on the 
slide. Next, warm,  moist air (breath) was blown at the 
slide, causing the film to collapse against and to 
adhere to the slide and specimen. In  a test of the 
procedure,  labeled nucleosides which were dried 
down on a slide in a circumscribed area and covered 
with a dry film showed no detectable diffusion or dis- 
placement.  
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l~GtmE 1 Illustration of experimental design for the dilution of isotope through two cell cycles after 
labeling with Ha-thymidine. In some cases both daughter cells of the second division were killed; in 
others, one was killed and the other allowed to go to the third division. 

division. For more  detail of the cell cycle under  these 
conditions, see reference 10. 

Soluble Material Autoradiography 

To test whether  H3-thymidine is taken up into a 
soluble intracellular pool which is retained within the 
living cell, the following experiments were per- 
formed. Synchronized groups of cells were incubated 
at room tempera ture  for 15 to 60 minutes in 10/zc /  
ml HS-thymidine (New England Nuclear  Corp., sp. 
act. 6.6 c /mmole)  in the growth med ium at various 
times in the cell cycle. After incubation with H a- 
thymidine,  cells were transferred with a braking 
pipette through non-radioactive med ium to remove 
exogenous H3-thymidine. The  final dilution factor 
was always at least 10,000-fold. As a further  control 
on the efficiency of the washing procedure,  fresh cells 
(including cells in S) were cultured in the last wash 
medium.  Autoradiographs showed that  the control 
cells did not incorporate any radioactivity. The  
experimental  cells were then  air dried on slides by 
placing a single cell in a small drop of med ium and 
drawing off the excess med ium as rapidly as possible. 
The  actual drying of the cell took approximately 1 
second. The  washing and drying procedures together 

To demonstrate  soluble radioactive materials 
within a cell, a film of emulsion diluted 1:1 with 
H 2 0  was prepared as described and allowed to gel 
but  not dry. This film contained enough moisture to 
cause limited diffusion of water-soluble components  
out of the cell and into the surrounding emulsion. 
Exposure times were from 1 to 3 weeks. 

Dilution of Incorporated H3- Thymidine 
To determine whether  a soluble thymidine deriva- 

tive pool which can be used in DNA synthesis per-  
sists within this cell f rom one S period to the  next, the 
following experiment  was performed (Fig. 1). 
Individual  cells were equally labeled by incubating 
in HS-thymidine med ium (29°C) from 60 minutes 
after division (the beginning of S) until the ap- 
pearance of a cleavage furrow (the end of G2). The  
dividing cell was then  removed from the med ium con- 
taining isotope and throughly washed through several 
changes of fresh med ium using a braking pipette.  
U p o n  separation of the two daughter  cells, one was 
dried on a slide and its sister allowed to go th rough  
another cell cycle, which included another  D N A  
synthesis period. At the second division, both  daugh-  
ter cells were dried on a slide, or one daughter  cell 
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was dried and its sister allowed to go through yet 
another cell cycle and the resulting daughter cells 
were dried on a slide. All cells of one line were dried 
on the same slide, extracted for 1 to 2 hours with 3:1 
alcohol-acetic acid, then covered with liquid emulsion 
for autoradiography. 

R E S U L T S  

Soluble Material Autoradiography 

Cells which were incubated with H3-thymidine 
before (between 5 minutes and 60 minutes after 
division) or after (between 150 minutes after divi- 
sion and the next division) macronuclear DNA 
synthesis (S), washed thoroughly, dried rapidly on 
a slide, and then covered with dry emulsion film 
exhibited no radioactivity above background over 
the nucleus or cytoplasm (Figs. 2 and 3). These 
results indicate that during G1 (before DNA 
synthesis) and G2 (after DNA synthesis) either the 
cells are not able to take up H3-thymidinc of if 
they do take it up it can be washed out of the cell 
with non-radioactive medium. Cells incubated 
during macronuclcar DNA synthesis (75 to 90 
minutes after division) and then covered with a dry 
film showed heavy labeling over the macronucleus 
(Fig. 4). Cells which were similarly incubated with 
H3-thymidine and then thoroughly extracted with 
a large volume of acetic acid-aclohol before apply- 
ing dry emulsion arc shown in Fig. 5. Both ex- 
tracted and non-extracted cells show radio- 
activity only in the macronucleus. To answer 
the question whether all the radioactivity in 
the macronucleus in uncxtracted cells was incor- 
porated in a water- or acid-insoluble state, cells 
were incubated with Ha-thymidine during S, 
washed thoroughly, dried rapidly, and covered 
with the wet emulsion film, which allows limited 
diffusion of soluble radioactivity out of the cell. 
An example of the resulting autoradiographs is 
shown in Fig. 6. I t  can be seen that, although 
there still is a heavy concentration of grains over 
the macronuclcus, there is also a gradient of silver 
grains extending from the macronucleus over the 
cytoplasm and around the cell. 

To test whether a soluble pool continues after 
the S period, cells were incubated with Ha-thy- 
midine for 60 minutes toward the end of the cell 
cycle (from about 190 minutes after division to 180 
minutes). They were then washed thoroughly and 
allowed to continue to division. The dividing cells 
were air dried on slides and covered with gelled, 
wet emulsion. Fig. 7 shows that these cells still con- 
tained detectable soluble radioactivity at a time 

when the cells were not synthesizing macronuclear 
DNA. 

Because the cells used in the autoradiography of 
the soluble material were not fixed, the radioactive 
material diffusing into the emulsion might repre- 
sent degradation products resulting from endogen- 
ous DNase. To test this possibility, a logarith- 
mically growing culture of cells was incubated with 
H3-thymidine for 60 minutes, then washed thor- 
oughly by centrifugation, and samples were with- 
drawn at 9, 4, 3, 6, and 8 hours from the end of 
labeling time. During this sampling time, cells 
which were in S during the incubation period di- 
vided (generation time 225 minutes, S about 75 to 
90 minutes) and went through another S period in 
non-radioactive medium. After application of the 
wet, gelled emulsion, the number  of labeled cells 
showing pools decreased with increasing sample 
time. None of the labeled cells in the last sampling 
times exhibited pools. If the halos are produced by 
DNase activity, all labeled cells should have ex- 
hibited "pools" regardless of the time of sampling. 
The absence of radioactive halos in the last samples 
indicates that the radioactive pools demonstrated 
by this procedure consist of soluble components 
present in the cell at the time of drying and are not 
the result of DNase degradation of insoluble DNA 
at the time of film application. 

Dilution of Incorporated H 3- Thymidine 

The DNA dilution experiment (Fig. l) was de- 
signed to determine whether a thymidine deriva- 
tive pool which is used in DNA synthesis persists 
between succeeding S periods. If no continuing 
soluble pool of thymidine derivatives exists from 
one synthetic period to another, grain counts after 
acid-alcohols extraction should be reduced by 50 
pcr cent at each subsequent division. If a continu- 
ing, soluble pool does exist, the daughter cells of 
the second division would be expected to show less 
than a 50 per cent decrease in grain count. In  the 
latter case, the products of a third division would 
be expected to halve the grains of the second divi- 
sion if the thymidine derivative pool completely 
turns over within a single S period, but  should 
show less than a 50 per cent decrease if the pool 
takes more than one S period to turn over. 

The results of the labeled DNA dilution experi- 
ment (outlined in Fig. l) arc given in Tables I and 
II ,  which summarize two different experiments. 
Table I gives the number  of silver grains over the 
macronucleus of the first and second division 
daughter cells for 14 clones. Student's t test was 
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applied to determine whether the total number of 
grains over the two second division daughter cells 
was significantly different from the total number of 
grains over the first division daughter cell. This 
assumes that the daughter cells of the first division 
distributed the radioactivity equally between the 
two and does not allow for any variation between 
the two sister cells. However, the cells were ran- 
domly selected to cancel any prejudice for any 
given cell. The results of the test indicate that the 
total number of grains in the two second division 
daughter cells is significantly higher than in the 
first division daughter cell. In Table II  the same 
analysis is carried out on 9 cell lines that were al- 
lowed to reach the third division after labeling. In 
this test, the grain value for a single daughter cell 
which was dried at the second division was doubled 
and this value compared with that for the first 
division daughter cell. Again, Student's t test 
indicates significantly more total grains in the 
second division products than are present in the 
first division cell. However, when the same analysis 
is carried out on the third division products as com- 
pared with the second division daughter cell, the 
total number of grains is not significantly different. 

D I S C U S S I O N  

The role of D N A  precursors in controlling D N A  
synthesis has recently been reviewed by Lark (6). 
One general conclusion drawn is that synthesis of 
precursors for D N A  is temporally associated with 

D N A  synthesis. In our study on Tetrahymena, the 
observation that H3-thymidine enters a soluble 
pool only near the time of initiation of or during 
D N A  synthesis is consistent with this conclusion 
and with evidence that thymidine kinase is syn- 
thesized at the onset of D N A  synthesis in other cell 
systems (1, 5, 11). This is also in agreement with 
another study on Tetrahymena (7) in which cells 
were exposed to H3-thymidine in G I, washed 
thoroughly, and allowed to continue to division. 
Autoradiographs of such cells showed no incorpo- 
ration of the isotope into D N A  during macro- 
nuclear S, indicating that during G 1 the thymidine 
did not enter a cellular pool which could be re- 
retained and utilized by the cell in D N A  synthesis. 

One question posed by these observations is 
whether the formation of a precursor pool plays a 
role in initiating D N A  synthesis or is a consequence 
of D N A  synthesis. Earlier work (10) on Tetrahy- 
mena cells deprived of essential amino acids in G 1 
showed that there is an increase in D N A  (micro- 
spectrophotometry) although the cells do not util- 
ize exogenously supplied H3-thymidine. This has 
been interpreted to mean that D N A  synthesis is 
initiated at the expense of a preexisting pool and 
that amino acid deprivation interferes with the 
synthesis of new thymidine kinase and thymidylate 

synthetase and therefore prevents continuation of 
D N A  synthesis. The  results contained in the pres- 

ent report show more directly that a soluble pool 

of H3-thymidine derivatives is present from the 

FIGURES ~ AND 3 Cells exposed to H3-thymidine for 15 minutes in G1 (Fig. 2) and G~ 
(Fig. 3), washed thoroughly in cold medium, dried, and covered with dry emulsion. The 
G~ cell had started cytokinesis by the time of drying. The absence of label in both instances 
indicates that thymidine does not enter a soluble thymidine derivative pool during these 
stages of the cell cycle. Fig. 2, )< 900; Fig. 3, )< 800. 

FIGURE ~ A cell incubated with HS-thymidine during S, washed, dried on a slide, and 
covered with dry emulsion film. Essentially all the silver grains are located over the macro- 
nucleus. X 750. 

FrGURE 5 Cells treated as in Fig. 4 except that they were extracted with 3:1 alcohol- 
acetic acid before being covered with dry emulsion. )< 900. 

FIGURE 6 A cell treated as in Fig. 4 except that wet emulsion film rather than dry fihn 
was applied. A comparison with Fig. 4 indicates that a soluble component was extracted 
from the macronucleus by the wet film. )< 600. 

FIGURE 7 A cell pulse-labeled during S, washed, and allowed to go to division before 
being dried and covered with wet emulsion film. The halo of grains indicates that a sol- 
uble component has remained in the cell through G~. X 800. 
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end of one D N A  synthetic period to the next  but  
does not  turn  over dur ing G2 or G 1. Our  observa- 
tions also indicate tha t  this persisting pool is util- 
ized in D N A  synthesis dur ing  the next S period and  
is turned over completely dur ing one S period or 

less. 
Accordingly, the sequence of events in Tetra- 

hymena is probably  the following: (a) D N A  synthe- 
sis is init iated and  continues for a short t ime at  the 

T A B L E  I 

Comparison between the Number of Silver Grains 
over the Nucleus in First and Second Division Cells 

Div i s ion  1 : D i v i s i o n  2 : S u m  div.  2 d 
1 cell  (TI)  2 s is ter  cells (T~) (T~ --  T1)  

102 47, 57 104 -I-2 
23 11, 11 22 --1 
62 32, 30 62 0 
36 24, 22 46 +10 
28 19, 25 44 -}-16 
28 16, 21 37 -I-9 
48 30, 32 62 +14 
40 24, 21 45 + 5  
18 15, 18 33 +15 
54 38, 25 63 + 9  
70 33, 29 62 --8 
23 12, 10 22 --1 
17 11, 14 25 + 8  
21 13, 12 25 -}-4 

+82 

d = 5.85 Sd = 1.86 
t = 3.136 P = 0.01-0.001 

expense of a pool formed dur ing the preceding S 
period, and  (b) the turnover  of the pool stimulates 
the synthesis of addi t ional  phosphorylated precur-  
sors, thus producing the uptake of exogenous thy- 
midine into the intracel lular  pool. According to 
this interpretat ion,  the immedia te  precursor pool 
would have no influence on the ini t iat ion of D N A  
synthesis, bu t  ra ther  D N A  synthesis would be the 
stimulus for the turnover  of the thymidine  deriva- 
tive pool. 

The  evidence tha t  Tetrahymena utilizes a pre- 
existing pool of thymidine  derivatives for some 
DNA synthesis in each cell cycle raises the possi- 
bility tha t  S may actually begin at  an  earlier point  
in the cell cycle than  is indicated by the uptake  of 
H~-thymidine. If  the appearance  of thymidine  
kinase depends upon  the ini t iat ion of D N A  syn- 
thesis with  consequent  depletion of the preexisting 
pool, it is possible tha t  D N A  synthesis may be in 
progress for some minutes  before the incorporat ion 

of H3-thymidine (from the medium) into D N A  

can be detected. 

By using a dry emulsion film, we have also been 

able to show tha t  the soluble thymidine  derivative 

pool exists exclusively in the nucleus. This  is also 

in agreement  with  other  studies which  indicate 

tha t  thymidine  nucleotides are localized mainly in 

the nucleus (2, 4). 

Research sponsored by the United States Atomic 
Energy Commission under contract with the Union 
Carbide Corporation. 

Dr. G. E. Stone carried out part  of this work during 

T A B L E  II  

Comparison between the Number of Silver Grains over the Nucleus in First, Second, and 
Third Division Cells 

Divis ion 1 : Division 2 : 2 X div. 2 dl Division 3 : S u m  div. 3 d2 

1 cell (T1) 1 cell (T2) (T2 -- T1) 2 sister cells (T3) (T~ -- 1~ T2) 

39 31 62 +23 11, 13 24 --7 
44 34 68 -}-24 18, 14 32 --2 
58 27 54 --4 12, 23 35 + 8  
27 23 46 -[-19 12, 13 25 + 2  
51 31 62 -t-ll 14, 25 39 -[-8 
46 30 60 -+-14 8, 12 20 --10 
30 15 30 0 4, 8 12 --3 
30 27 54 -t-24 13, 16 29 -[-2 
81 61 122 -t-41 27, 29 56 --5 

+160 --7 

da = 17.77 Sdl = 4.109 22 = 0.777 Sd2 = 2.09 
t = 3.7136 P = 0.01-0.001 t = 0.3703 P = 0.80-0.70 
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