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ABSTRACT 

The growth rates of. Amoeba prdteus, Escher.ichia coli 
. . . -- 

bacteria, and two species of yeast are chan.ged by. the presence of 

. .  kinetin and (or),  the plant auxin, indolleacetic acid. 

The growth.r,ate of Afnoeba proteus i s  increased by the presence 

of kinetin. Indoleacetic acid has no. apparent effect on this cell. 

Kinetin increases the growth rate of Escherichia coli in a 

. salts-glucose medium. Adenine also accelerates growth. However, 

isotopic-competition experiments indicated that kinetin does not compete 

with adenine; it must be incorporated into different compounds. 

IAA depresses the culture growth ra te  of the yeasts Saccharomyces 

cerevisiae and Schizosaccharomyces pombe. This decrease can be 

accounted for entirely a s  a change in the interphase growth ra te  of the 

individual cell. 

Kinetin, by itself, has no apparent effect on yeast growth. Hn 
\ 

the presence of PAA,. kinetin, over a wide concentration range, greatly 

s1ows:culture growth for several  generations. The growth ra te  progressively 

approaches and eventually exceeds the control rate. The individual ceils 

'of the .early log population grow at  the 'same sate a s  those in I A A  but 

either . a re  completely blocked f rom dividing o r  f a k c  . longer .to :hivide. 

when. these inhibited cells a r e  washed .and resuspended'in control medium, 

the growth rate exceeds the control rate for three or .four generations. 

Also, i f  'inhibited cells f rom late log phase. a r e  resuspended in . f resh medium 

containing I A B  plus kinetin, they grow at a ra te  faster  than-the controls 

even in the presence of the chemicals. Although .the fast-growing cells 



have a normal growth ra te  during interphase, they also continue to 

enlarge during the division period. This enlargement during division 

i s  caused by the premature initiation of daughter cell  growth (before the 

completion of cytokinesis); in the inhibited cells the s tar t  of interphase 

is delayed. 

In yeast,  it was shown that kinetin does not serve  a s  a source of 

purine, since it did not support growth of eight adenine-requiring mutants. 

The observed increase o r  decrease in the t ime between mitosis 

and daughter-cell growthmay,be ascribedb-an action on a g r u w l h -  

regulating sys tem whichiij~duplicated at this stage of the cell  cycle. It 

i s  postulated that ribonucleoprotein i s  the key component in .this system, 
. , 

and there is  evidence that kinetin may a l ter  i t s  metabolism. 

Finally, the g r u w l h  of individual yeast cells.  in. n, otarvation 

medium .was studied. The resul ts  were interpreted .as showing the 

existence of this specific growth-regulating apparatus, which i s  

duplic'ated, o r  doubles i t s  activity, during cell  division. This 'apparatus . 

appears to consist of p r imary  units which regulate the synthesis of 
. . 

secondary units which then regulate macromolecule synthesis. It 

appears  that these secondary ones a r e  not synthesized during nitrogen 

starvation. 
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INTR ODUCTION 

Xighty years  ago Charles ~ a r A n .  showed. that some influence 

was transmit ted.from the upper to the 10,wer . .. part  of seedlings exposed 

to one-sided illumination. T h i s  ~~inf luence  " l e d t o  the o'bserved bending 
' ' 

1 ... 
of the plant. The concept of a hormonal regulation of growth originated 

almost a century ago wi th . Ju l ius .Sa~hs  in his pioneering studies of plant 
.. . 

differentiation. However,. i t  was forty years  before Fitting began the 

reseai-eh which. culminated, through .the efforts of Laibach, Boysen- . - .  - .. 

Jensen, Paal ,  Went, and many others ,  in the quantitative measurement 
2 of .the activity of various "auxins. 

.Indoleacetic acid, IAA, (Fig. 1) i s  the most widely studied.natura1 

auxin and is:found .in most i f  not al l  plants as. well .as, in various animal 

t issues and urine. The re . a r e  severa l  recent reviews qf t 'he.li terature on 
394,  5 auxins. ) . 

KineJin (Fig. 2 )  was f i r s t  extracted, f rom autoclaved o r  decomposed 
6 .desoxyribosenucleic -acid (DNA) samples. It was isolated a s  a substance 

which, in the presence of IAA, could cause normally nondividing tobacco 
7 pith. t i ssue  to divide rapidly. 

If significant and reproducible alterations in the growth of certain . 

microorganisms could be shown, these would be ideal mater ia l  to use  

for biochemical and genetic analysis of the'sy.stems..involved. As i s  to 

be fiawn for both IAA and kinetin, no defiriite'. concl~s ions .  about (their effect 

. on the growth.of microorgan.isms can be drawn f rom an examination 

of the li terature..  For  convenience this introduction includes a concise 

discussion of the l i te ra ture  on each of these chemicals.  

4~ 
~ r e d o c t b r a l  Fellow, Public Health Service, ~ a t i o n a l  Cancer Institute. 

t Present  address  : Department of Bacteriology, Harvard Medical . .  2 

School, Boston, Mass. 
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Indoleacetic acid 

Fig. 1, 





Known Effects of Indoleacetic Acid on. Plants 

All auxins (as defined by Thimann) a r e  organic substances which 

' s m . .  promote growth, i. e. , i rreversible increase in volume along the 

longitudinal axis,  when applied in low c~ncentra t ions  to shoots of plants - 
freed as  far  as  practical from their own inherent growth-promoting 

substances. Auxins may and generally do have other properties, but 
8 this one i s  critical. Some of,these other properties can be mentioned. 

On a cellular level the f irst  apparent action of auxin is  to increase 

tho ratc of protoplasmic streaming. The promotion of cell division by 

auxin is_ generally limited to the cambial tissues in the spring. Auxin 
9 was first shown by Snow , to be necessary for this activity although it  

probably acts  in conjunction with other factors. Apical dominance 

of the top buds, which causes the lower buds to be inactive, i s  mediated 

via auxin. Cellular differentiation, such a s  the production of xylem 

t issue f rom parenchyma, occurs only in the presence of auxin. Auxins 

a r e  involved in various other processes many of which.such a s  leaf 

abscission, a r e  activated via a direct effect on cell elongation. 

Known Effects of 1,AA. on MicroorgaAisrns 

Algae 

Chlor ella has been studied, with conflicting results ,  since Yin 

f i rs t  showed an increase in average cell s ize of Chlorella vulgasis but 

little change in suspension density; l o  IAA concentrations of 1 to 10 

mg/liter were used. 

Pra t t ,  Brannon and Bartsch, l 2  and Brannon and'selll  found 

rather l a rge  increases  i n  gro'&h r a t e  and final cell. concentrations of 

various Chlorella cultures, with I U  concentrations ranging from 1 to 

50 mg/l i ter ,  but found 200 mg/l  toxic. However, Roborgh and Thomas 
14 

and ~ h o t s k ~ ' ~  found no effect of IAA from 20 mg/liter to very low con- 

centrations.on growth.rate o r  final cell concentration. Roborgh and u' 

Thomas agreed with Yin that there was cell enlargement 'of Chlorella, 

while the lat ter  studied.twelve species of algae including Chlorella vulgari- 



16 R ecently and~~simultaneously, Bach .and Fellig . and. Street ' 
17  

et al. independently concluded, that .the reported.increases in growth of 

various. species of Chlorella were due to.the alcohol used.as. a solvent for 

the. auxin. . From a caieful examination .of the various results .the effects 

reported.for: t han01  do. explain, : in general,. the ear.lier. findings. found with 

I B A  but leave certain details unanswered. One i s  reminded of the classical 

controversy: over the existenc.e o r  nonexistence of. the Golgi Apparatus. 

On other algae there a r e  more  conclusive reports.  IAB stimulates 

growth of Euglena gracilis only when the organism is  photosynthesizing 

in..the presence of light but not of the non- chlorophyll- containing relative, - -. . 

Khawkinea halli. '"ikewise, the marine alga. Acetabularia 

rnediterranea%:. is. affected .by HAB to an. extent which.is dependent 
. .  . 
again on the light intensity and also upon the season.of..the year. 1 9 .  

Yeast 

F i r s t  reports were by Nielsen, who in 1930 used. rhizopin, which 

was la ter  .shown to . . be.$;BA, frorrl a- Rhizopus fungus, in the broth medium 

used for  b r ewerq  s 20 He observed a twofold increase in dry m a s s  

as  measured, apparently, in the stationary phase. .He did not know the 

concentrations of  IAB in the rhizobin extract. 
, 

The next major study reported no. effect of I A B  on eight-species 

of yeast (not including : h k e r D s  yeast) grown in synthetic medium with 
2 1 concentrations f rom 50 mg/liter to 0.1 mg/liter. 

Following the German and French works, the third paper was by 

the Russianbiologists, Kholodny and Beltiukova. 22 They observed that 

in the light potato tuberkbecome green and insusceptible to rotting 

bacteria, and simultaneously release phytohoymone. Therefore, for 

practical agricultural reasons, they made an extensive study of the 

effects of auxins (corn-seed, endosperm extracts o r  IAA) on a variety 

of bacteria .as well a s  Saccharom+ces cerevi'siae. It was found that the 

yeast cultures showed decreased cell counts in log and stationary phases 

with the auxin extract. I U  at 30 mg/liter to 2 mg/liter produced larger  

cel ls , :  but the ra te  of ,populatio'n gi.0wt.h; wasnot.  measured. 



Loveless et  a l . ,  in a survey .of the effects of chemicals on yeast 

and Escherichia coli bacteria, found that IAA at 5000 mg/liter in 

synthetic medium reduced the growth of Saccharomyces cerevisiae 

but did not affect i ts  'd i v i"i .i.'o n ... 23 The method of measurement was 

crude and the con'centration was high enough to be completely toxic. 

The only metabolic studies with yeast have shown that IAA 
2 4 

increases the fermentation rate of Saccharomyces cerevisiae in 

complete medium as  well a s  the uptake of oxygen in low-glucose 

medium. 
25 

Fungi 

Auxin, a t  fairly high.concentrations, lowers the growth ra te  or  

inhibits growth in lower fungi, e. go , Phycomyces blakesleeanus, 
- 
26 

~ s ~ e r ~ i l l u s  candidus, and Neurospora tetrasperma. 

Bacteria 

Escherichia coli suspensions were reported to reach twice the 

control stationary concentration when IBA at 0.1 mg/liter .to .l .0 mg/liter 
9 7 
La 1 was present in the salts-glucose medium. 

I-Iowever., Dubos reported inhibition of growth by IAA at 10 to 100 

mg/l, in yeast extract-casein hydrolyzate medium, of Mycobacterium -- 
tuberculosis, Streptococcus haemolyticus, Streptococcus salivarius, 

and Shigella paradysenteriae. 28 The inhibition was relieved by tryptophane 

at  ten times the I A B  concentration, indicating a competitive relation with 

. the parent cdmpound. 

To determine i f  tryptophane-requiring bacteria a r e  affected 

differently by I A B  than the wild-type, various bacteria were used. It 

was 'found that Aerobacter.aerogenes cells which did not require the 

amino acid were the most strongly inhibited. This co?rld mean an 

interference with the synthesis of tsyptophane. Escherichia coli, 

Lactobacillus caseii ,  Lactobacillus arabinosus, Streptococcus faecalis, 

and Aerobacter i e rogenes  were all  inhibited .in growth by 1000 mg/liter 



I U ,  but. no stimulation of. E. coli growth at the levels reported by Ball. 

was found. 29 The competition of IAA with tryptophane may not be related 

to i ts  action. a s  an auxin. On the other hand, the fact that tryptophane 

competes. with.IAA in. these cells does not mean .that IAA i s  not performing 

. a specific function othe'r than substituting .for the amino acid. 

To add another contradiction, Loveless et  al. in the previously 

mentioned work23 found no inhibition of E. coli growth a t  the high 

Conclusions from Known Effects of IAA 

-It can .be. s.een.that there i s  a wide divergence of results for the 

responses reported with. a given.organism. These may be, explained 
. . 

from such considerations as :  

a .  The age of the culture when the chemical i s  added and when 

the growth i s  measured. 

b. The duration of the chemical' s presence. 

c .  The use of undefincd media and a ucirrow range of concentrations. 

A complete experiment should include the effect on all  three stages of 

culture growth: lag time, logarithmic growth rate,  and final population 

density. Actually none of the papers mentioned told of specifically measuring 

the rate of growth, which i s  probably the only variable of physiological 

significance for thestudy of a particular factor on the growth processes 

of a cell, The lag time alone is  primarily a reflection of the adaptability 

of the cell and the medium to each other, while the stationary cell concentra- 

tion i s  an indication of the ability of the medium to support the growth of 

a particular.cel1. Both of these a r e  under the influence of a wide variety 

of chemical and physic.al factors, most of which have little relation to 

metabolic processes specifically associated with growth except .in:':- . 

s~:,:fal: as:.th,ey - affect the cells at the particular stage. 



Except for repofts of the effects on the glycolysis and respiration 

of liver slices3' the biological action of IAA appears restr icted to plant 

t issues and th e pri&iiti'v& microorganism's. There i6  a conspicuous 
, 

absence of positive ifeports. on protozdan and metazoan' cel.lk eventhou,gh . 
IAA has been ejrtracted from various animal sources. This could be 

due. to- rea l  physiological .differences betwe.en plants and animals, o r  to- : 

the difficulty of obtaining controlled growth environments for protozoans 

in order to assay the effects of a chemical. Tetrahymena ~ ~ r i f o r r n i s  

ia llle cri~ly ciliatc that can lao gsovm in a c h e ~ i r a l l y  d e f i n e d  mediu~n.  

Nevertheless, the .result has .been to initiate many theories .of 

auxin action which have had a s  their basis a consideration of the 

characteri,sfici; .of. plant ccl:l:g~nwth, ' e .  g; ; the uptake70f .watei-' durii-. . . c . ~ . : c .  . 

: . . . cell e2ongatio.n-., - . . .. . .- :  ., . ' . . . - , . . . . . , . . I .  _ 

The-. Discovery of. Kinetin 

From extensive *dies on the growth and differentiation of tobacco 

callus and s tem t issues cultured in vitro, it '  was found that there .was a 

quantitative balance between IAA, adenine, and vasicsois other sGbstanccs. 3 1 

It was further shown that this was not due to a competitive relationship 

between auxins and purines. 3 2  
Likewise, pith tissue could be induced 

to divide in the presence of PAA only i f  vascular t issue was near by to 

allow the diffusion of substances to pith. 33 In a search for an IAA-purine 

complex i t  was found that a factor f rom aged DNA samples of herring 

sperm could substitute for the vascular tissue. This compound was 

named kinetin because it induced rapid cell division in the inert pith cells. 

Since then various effects have.been reported, but this irltroduction 

considers the studies which have shown a direct action on growth and cell 

division of plant and animal material.  Some of the other effects a r e  

considered in  .the section covering the possible mechaniur~~s  of action. 



sk,&ogf s group has made further- studies aimed .at under standing 
34 

the nature of the s.timulation i'n tobacco pith tissue. .Using micro-  

spectrophotometric analysis of ~ e u l ~ e n - ~ t a i , n e d . ~ r e p a r . a t i & s  ,. they 

concluded that "in pith t issue kinin i s  required for mitosis and cytokinesis, 

and possibly- DNA doubling, and that auxin i s  necessary for DNA doubling 

and 'mitosis. v v  

Known Effects of Kinetin 

A Polish group has .made a rough. but comprehensive. survey of 

the effects of kinetin on various animal and plant materials .  
35,36 

Kinetin, given subcutaneously .to mice (50 to 100.mg/kg weight), inhibited 

hair  growth .in.the region of the injection, and caused premature oes t rus  in 

females  and spermatogenesis in .males ,. a s  well a s  increased numbers of 

erythrocytes in the circulation. Frog,  tadpoles were reported to grow.  
-8 faster  in s.olutions of. 10 g/ml of kinetin. Baker. 's  and :brewerv s yeast 

had .higher cell  concentrations after 24 to 48 hours (presumbly. stationary 
-5 -9 

phase) with. concentrations ,of kinctin, between 10 ard 10 - g/ml, while 

three s trains of bacteria were not affected. The resul ts  with yeast were 

not found in my experiments. Various protozoans had increased cell 

numbers ..at the end of ,6 days : Paramecium caudatum, Ochromonas 

malhamensis , and Euglena gracilis.  

Another group la ter  found that the generat iontime of Paramecium 

caudatum was sensitive to a range of kinetin concentrations :from 

5 x 1 o - ' ~  g/ml up. 37 The maximum positive promotion was at a con- 

centration which agreed with that of the Pol ishwork g/ml). - - 
The regeneration of Hydra was found to be inhibited by kinetin, 5 8  

a s  also was.. that of anucleate, nucleate, o r  whole Acetabularia fragments.  39 

Ogawa . reported an increased mitotic r a te  of Yoshida sarcoma 

cells transplanted into ra t s ,  4 0  while Lettre  and Endo reported negative 

.. resul ts  on various. mammalian cells in the presence of kinetin. 4 1 

Kinetin and other 6-substituted purines augment the growth 

inhibition of pteridine -inhibited Lactobacillus. arabinosus cells. 
42 



These. authors propose .the hypo.thesis. that kinetin. suppresses. the 

. synthesis of thymidine. This implies a .direct  role in ' .  DNA synthesis. 

However ,. .the. resul ts  with a ,  par-ticular mutant should. be generalized 

with. caution. 
, 0 . ,  .. . 

. . 

Conclusions f rom Known Effects of Kinetin 

1, Kinetin, a s  opposed to IAA, has been shown to modify the growth 

of severa l  animal cells.  

2 .  The fact that other purine compounds, including exogenous adenine 

itself,  exhibit activity in severa l  of the systems studied points to a 

purine-containing compound in the cell  which can be modilled ur illl.~ibi&~el 

f rom formation o r  activity by a certain class  of compounds wliicll Ismy 

include adenine its elf. 

3. It i s  interesting that in some, cases.kinetin requires ' the  presence of 

exogenous IAA (tobacco pith ;tissue, yeast, callus t issue of pea root), 

whereaa-in others  it does not (bacteria,  Paramecium, Hydra, sarcoma cells, 

Acetabularia). This difference may be illusory. It may be due to 

variation of endogenous levels of IAA, o r  differences in the ability of 

some cells to metabolize. the xompound. A good example i s  f rom experi- 

ments being done on pea root t issue. ~ 0 r 1 - e ~ ~ ~  and  ense en^^ have found 

that dividing, meristematic  t issue,  which. contains endogenous. IAA,is 

inhibitcd by kinetin alone. However, near -by norldividing callus t issue,  

which contains no internal auxin, requires IAA plus kinetin to he stimulated 

to divide. 

4. There have been no real ly detailed studies made on the quality o r  

magnitude of the response of a particular organism to either of these 

chemicals in a well-defined medium. 
\ 



,. . . . .  Purpose . of These Experiments 

The following experiments were done to understand the type of 

physiological response of one cell  ra ther  than to .sample a la rge  number 

of cells.  Perhaps the. coriclusi'ons drawn f rom one o r  two' cells.  which 

a r e  bas.ed on  accurate resul ts  can then be extended-to other cells and 

t issues.  . . 

Microorganisms a r e  excellent test  material  for the study of 

physiological proces-ses for a number @f reasons. They a r e  generally 

fast -gko wing, relatively homogeneous populations, and have genetical 

and biochemical characteris t ics  which .are  quite well known. 

In particular,  the yeast cell  was chosen for more  detailed study 

because of the very  large and reproducible effects of both compounds on 

the growth of yeast suspensions. 

F rom the preceding revie,w of the studies. made with IAA and with 

kilietin a s  well a s  fP'om the experiments to be reported, .it can be seen 

that inhibition of growth. o r  cell division i s  a s .  common a s  i t s  augmentation 

when these chemicals are used on biological material .  It has long been 

known that auxin can either stimulate o r  inhibit the main types of plant 

growth--bud formation, s t em elongation, and root development--depending 

on the concentrations used. 45 Not only i s  the concentration of growth 

factors cr i t ical  but also the presence or ab&ce of tother chemicals 

such a s  adenine can obscure o r  r everse  the effect. 

Modern concepts of the regulation of growth and differentiation 

emphasize quantitative relationships between various physical and chemical' 

substances in determing the type of response of the organism (for further 

'discussion, see  Skoog and Miller. 46) ' This i s  contrary to the classical  

concept of specific organ-forming hormones ,. but i t  does not detract :: ..... 

f rom the importance of specific growth.substances; it mere ly  s t r e s s e s  
! 

the impor.tance of the interactions between them. For  example, kinetin 

has been shown to counteract. the inhibition of bud development by auxin, 

according to a recent study of apical dominance in i,whole plants. 4 7 ~ k o o g  

and Miller, working with tobacco callus t issue in vitro found that there ' 



i s  a delicate balance -between IAA, kinetin, various amino acids, and 

other factors in the control of bud formation. 46 In the experiments 

on yeast reported here,  kinetin and IAA seem to be acting synergistically 

to cause inhibition of growth of the yeast cultures. 

'Therefore, it i s  not surprising that kinetin increases the cell- 

division ra te  for some cells but reduces it  for others. The difference 

i s  undoubtedly due to the presence of different levels of endogenous 

auxin, inactivating enzymes, vitamins, etc. in different cells. Also, 

augmentation of a particular process in a cell can either be a benefit o r  

a: detriment to i ts  -survival o r  ra te  of growth, depending on the limiting 

factors. . This: lat ter  p o i n t i s  discussed. again in the .  conside'i-qtion of 

mechanisms of kinetin action. 



PROCEDURES, RESULTS AND CONCLUSIONS 

Amoeba proteus 

Methods and. Materials 

Single cel ls  f r o m  a common clone were placed in 1 - c m  pet r i  

dishes containing amoeba medium described by Prescot t .  48 The food 

organism was the cil iate,  Tetrahymena pyriformis ,  which was grown', 

by use  of s t e r i l e  technique, in 2% proteose-peptone and washed by 

centrifugation before addition to  the amoebae . . about e v e r y  two days. 

. Amoeba cel ls  were not maintained in . s t e r i l e  solution, although the 

bacter ial  population was kept low by. the ciliate. However,. Amoeba 

ce l l s  were transfep.red by a micropipet to f r e s h  medium every  two days. 

The number of cell  divisions' was 'followed by.  counting individual ce l l s  

every  day under a dissecting microscope. The experiments  were p e r -  
0 formed a t  19 C, a t  which the normal  generation t ime  is about 36 hours ,  

and a lso  at  14OC, at  which i t  i s  s eve ra l  days. 

Effects'of IAA and Kinetin on Growth in  Amoebae 

The f i r s t  o rganism stud2ed ms Amoeba proteus,  . a  single-.celled 

animal which has  been a favorite object of investigatiori by cel l  
- 6 

physio~.ogists s ince the las t ,century .  It was found that kinetiin a t  10 

g/ml increased  the r a t e  o f  cell  division slightly over  the control ra te .  
-6 -6 Concentrations used were  between 5 x 10 g/ml and 1 x 10 g/ml,  

-6 
with the best resu l t s  a t  10 g/ml. A typical experiment is shown in  

Fig. 3. 

IAA a t  10 mg/l i ter  produced no change i n c e l l  courits nor did . 
- 6 

adenosine. at  10 g/ml IAA plus kinetin was not. tested. 

The significance of the resu l t s  with kinetintalone can be tes ted  

by using s imple t e s t s  for s tandard deviation. There  were nine separa te  

experiments with kinetin. alone, such a s  ^that sh6.w in:E'ig. ' 3 .  The:; 

tjotal:numb,er,s,-qf. cells: at  t h e  s t a r t  and. at. the end of each experiment 



. . 
Days 

Fig. 3.  , A  logari thmic plot of the number of Amoeba proteus 
ce l l s  on successive days in the presence 'of  kinetin at  
l om6 g/ml. Control cel ls  a r e  cLltured in amocba 
medium with no added compound. 



a r e  presented 'in Table I. The .length'of t ime for each experiment and 

the tempe.rature used a r e  given. In o r d e r . t o  t e s t  the signifi.cance of 

the resu l t s ,  it  i s  necessa ry  to  consider the .cell number .for each day, 

. since the end,of each experiment was a rb i t r a r i ly  decided. A . 

simple standard-deviation t e s t  can be used. Let the rat io  of the 

total  number of cel ls  in .the dishes containing,kinetin to  the total  

number of  control cel ls  fop. any experiment on any given day of the 

experiment be used a s  a measure  of the effect of the chemical on 

the cell  number.  (Thus, 1.0 would: mean. "0 effect. ")' T h e r e  a r e  

9. experiments ,  covering .39. "experiment-days " (excluding day ze ro ) .  

The average ra t io  for a l l  these  experiment-days i s  1.13, which 

r ep resen t s  a 137'0 increase.  The s tandard deviation i s  

and the s tandard deviation of' the mean ' i s  

Here d is defined a s  the difference between 1.13.and the ra t io  for  a 

cer ta in  day of a given experiment ,  and n . i s  the total  number of experi-  

ment-days,  which was 39. Thus; 6870 of the experiment-days should 

.give ra t ios  of 1.13*.03. This i s  s ta t is t ical ly  significant, and indicates 

that the duration of the experiment .was not cr i t ical .  . . 

Therefore,  i t  i s  concluded that kinetin by . i t se l f ,  and at the 

concentration used, dec reases  the generation t ime  of Amoeba proteus 

cel ls .  

To t e s t  the .effect on the fpod organism Tetrahymena pyriformis ,  
-6  

growth curves  with and without kinetin a t  10 g/ml , in 270 proteose-  

peptone were determined;ti-haemacytometer chamber was used to count 

. the cel ls .  The re  was no observable  change in growth rate .  



Table I 

Effects of kinetin on generation t ime. a s  indicated b y  number of cel ls ,  for Amoeba proteus.  

Experiment Tempt$  Duration NUMBER O F  CELLS % Incr  e a s e  
EXP (Day s) CONTROL KINETIN A ~ - A ~  da3 

Start  End AC Star t  ' ~ h d -  AK Ac 



Escherichia  coli Bacteria' (str.ain B) 

Methods and Materials : : 
. .  

0 
Cells were s tored a t  4 - C on agar  slants consisting, of 27% Bacto . 

Nutri.ent Agar (Difco). The experimental growth. solutions (long been 

u s e d i n  these laboratories)  contained .Na2HP04 . 7HZ0,  (5 .94g) ,  

KH2P04 (4 .54g) ,  MgS04 .  7H20(0 .433 g) ,  NaCl : . .  ' >  

(0.5 g). NH4C1 (1.0 g),. glucose (4.0 g),  1000 m l  disti l led H20. The 

glucose was autoclav.ed separately.  Cultures were maintained under 
0 aeration in t e s t  tubes which were immersed  in a 37 bath. For  a given 

experiment,  log phase cel ls  f rom a 12-hr culture were inoculated into 

control and experimental tubes to  the s a m e  final cel l  density. This was 
3 

approximately 5x10 cel ls  per .  ml .  The control generation t ime was 

approximately 50 minutes under these conditions. Growth was measured  

by turbidity on a Beckman DU Spectrophotometer at  650 m p  and 

viability by plate count. 

The radioactivity of the bacter ial  cel ls  in the isotopic-competition 

experiment was determined, The cel ls  were washed five o r  s ix  t imes  by 

fas t  kentrifugation in disti l led water to  remove any t r a c e s  of isotope f r o m  

the medium, and 0.1 -ml  portions of the washed su'spension were pipetted 

onto aluminum ,planchets, dr ied  in  a i r ,  and counted in a gas -flow counter. 

The specific activity is he.re. defined as the activity pe r  unit m a s s  of 

bacter ial  cel ls  and was obtained by 

(Activity p e r  ml., ce l l s )  / (Calibrated turbidity reading) 

The specific activity has no importance except for. relative measurements .  

Effects of Kinetin on Growth in Bacter ia  

~ s c h e r i c h i a  coli bacter ia  cultures in a salts-glucose medium. show 
-6 

: an accelerated .growth r a t e  when kinetin. at 10 g/ml i s  present  (Fig; 4). 

In this  -minimal  medium,. adenine--which se rves  as a control compound-- 

a l so  promotes growth. F r o m  previous studies on the nutritional r e -  

quirements  of this cell ,  i t  is known that adenine se rves  a s  a source  of 
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Fig. 4. Growth of F s c h e r i c h i a  coli bac ter ia  in the p resen  e of 
kinetin (10- - ,  in the presence  of adenine (10" g/rnl), 
and with no addition. Groivth is  measured  by a calibrated 
optical density. (All cul tures  r each  the sanie linal 
culture density. ) 



- 24- 

nucleic acid purine (about 9070 goesiinto the nuclei acids).  49 

I 
Although the curves were s imi lar  i4 general,  there  were reproducible 

. \ 

differences in  growth of thi bacteridl cultures in  the presence of kinetin 
. . 1 
o r  adenine: the kinetin-containing suspensions had a longer lag t ime 

but grew at a fas ter  r a t e  to  reach ' the  same  final cel l  concentration. 

The Relation of Kinetin to  Adenine 

Therefore,  an experiment was done to  determilie i f  this  difference 

was r e a l  on the biochemical level. Specifically, one would like to know 

if kinetin is being hydrolyzed to adenine and thus mere ly  serves-  a s  a 

purine source for E. co1.i. If this were t rue ,  then it  should compete 

with the parent compound for uptake by -the cell. This 'was tes ted  by 
14 

using C -adenine as a masker  and comparing the specific activity 

of one growth flask containing the labeled adenine plus nonlabeled 

adenine to  a second flask containing c 1 4  -adenine andkinet in.  The con- 

centrations of c14 - adenine were the same  in each flask as were those 

of the unlabeled compounds. 

The curves show that a t  no t ime during growth of the cultures 

was i t  possible to  obse rve  competition between kinetin and c 1 4  -adenine 
14 

(Fig. 5). In other words,  while :cl -adenine competes with C -adenine 

in an  equivalent way, kinetin does not reduce the specific activity of 

the cel ls .  The curves follow the general shape expected: a rapid 

increase  during the dilution of the original nonlabeled cell9 followed by 

a level region of maximum labelirig and then a logarithmic decrease  

when t h e  c 1 4  -adenine is depleted and the labeled cel ls  become diluted. 

If kinetin did not compete with adenine, the increase  in specific 

activity for the experiment whose curve i s  shown would theoretically 

be 65.3% before the period of logarithmic decreas'e,  a s  computed . 

f rom the. relationship 

activity in kinetin flask per  unit mass 

' activity in adenine flask per  unit m a s s  

- - 0.027 m g  c~~ -adenine/(0.027 m g  c 1 4  -adenine + 0.108 mg adenine) 
14 0.027 m g  c 1 4  -adenine/(0.027 m g  C -adenine + 0.196 mg adenine) 
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Fig. 5. The specific activity, (counts pe r  unit m a s s  of ce l l s )  in 
f lasks containing c1 4-adenine plus ~1 2-adenine and 
c14-adenine plus kinetin. Between Hour 2 and Hour 3 the 
initial inoculum of nonlabeled ce l l s  has become 
insignificant compared with the new labeled cells.  At 
Hour 5 the c14-adenine i s  depleted and fur ther  divisions 
produce ~ lo~ l l abe led  cells.  



(Sinc:.e. the :impor,t~nt v.axi.ablei i s  the ratio of labeled to unlablled .:.. 

adenine:-&he .molar: concent:ration of 0eithe.r. .. adenixte ..nor ikinetii?:. .'.::: 

is-rkqui:red..).,.Th,e .fi;r s t  s ' e v e n  :.e.x,p~e:.rime:n..t:~a1~:;~.q9i~rit~;s~~.,g:.ave 

an average increase of 59.30/0, which.is remarkably close to the 

theoretical increase,  in.consideration of the possible loss of activity' 

with. extensive washing. The experiment was repeated, using different 

ratios of labeled to unlabeled adenine, with the same resul t  (see .Table 11). 

Therefore it is. concluded .that no. major competition exists 

between kinetin and the parent compound, adenine, in the bacfer-ial . 

cell. This i s  important, since one can conclude that kinetin i s  not 

being used.in the bulk of the adenine-containing mater ia l  of the cell. . 

  his does not exclude the possibility that i t  i s .  acting a s  an :anaiog to 

a specific compound which.is a derivative of adenine. 

Yeast 

Methods and Materials 

Saccharomyces cerevisiae (S. - c )  (s t ra in  X495), a budding 

yeast, and Schizosaccharomyces pombe (S. - .  p. ) (s train NCY C 132), 
0 a,fiss.ion yeast,  were s tored on yeast extract-dextrose agar  at 4 C. 

A few preliminary experiments with kinetin alone were done in a 

complete br:.6,t.'h.:!medium of 27'0 yeast extract,  4% glucose, and 

0.57'0 KH2 PO4, the- glucose being autoclaved .separately. All other 

experiments (except in starvation media) were done in a complete 

synthetic medium containing only' compounds necessary for .the normal 

growth of yeast (Wickerham's synthetic medium, U. S. Dept. 

Agric. Techn.  Bull. No. 1029.1951) '.(Difco "Yeast Nitrogen Basew'). 
-4 

Inositol a t  10 g/li ter,  which. i s .  a requirement for S o  p. , was added - 
when this. cell  was be.ing studied. This medium, which contains.seve.ra1 

vitamins and inorganic sa l t s  a s  well a s  some amino acids, was f i l ter-  

s ter i l ized along with glucose which.is used as.  a carbon source.  (This 

medium was prepared at 1 Ox strength and stored at 4 ' ~ .  ) - Cultures 



Table I1 

Isotopic competition: diffdrezces (in YO) between speciflc activities in cultures with kinetin 
and in cultures g r o ' m  'with adenine 

Period of experiment 

Experiment 

1 

2 

3 

Expected 
increase  in 
Periods I and 
I1 i f  kinetin 
did not 
compete with 
adenine 

(70) - 

34.8 

320. 

63.8 

111 

During l o ~ r i t h m i c  
decrease of speciiic 
activitl- 

14-9 -13.8 -4.8 10.1 9.9 

181 5'4.9 29.0 34.8, 3Q. ah- 
14.5 -2.61 13.5 C1.0 

I 

Before maximum 
specific activity 

- - -  95.8 

- - - 
74.3 58.2.40.0. 80.7- 

Ave. 
exptl. 
increase ,  
I and I1 

(%I 

47.6 

291.0 

59.3 

I 

I I 

During maximum 
specific activity 

- 35.3 28.6 30.6 

- - 291.0 

'54.7 44.5 62.6 



were grown in Er lenmeyer  flasks with vigorous shaking o r  swirling 

(no special  aerat ion) .  The flasks were maintained at  30°c, which i s  

optimal for  these yeasts .  Fo r  a given. experiment ,  log-phase cel ls  

f r o m  a YED agar  plate,  which.had been s t reaked  about 24 hours 

previously f o r  .S. p. . o r  12 hours  for S. c. , were collected on' a loop 

and suspended.in about 1 m l  of distilled water to  the des i red  concentration. 

A volume of 0.1 m l  of these  cel ls  was inoculated into each of the flasks.  

The inoculum was usually about 2 x 1 0 ~  cells/ml.  Growth was measured  

by turbidity on a Beckman DU Spectrophotometer a t  650 mp. Viability 

was determined by plate .count. Total cel l  counts were made by d i rec t  

counting in  a 'clinical. haemacytometer.  

.The volume of individual S. p. ce l l s  was determined with an  
5 9 

eyepiece mic romete r  a f te r . the .method descr ibed by Mitchison, except 

that in  m y  experiments  the cel ls  were grown in  liquid instead of agar .  

An aliquot of approximately'O. 5 m l  of the culture whose cel ls  were  to  

be observed was pipetted onto the elevated portions and channels of a 

clinical haemacytometer with coverslip.  When the haemacytometer 

was floodcd this way, grvwing cel ls  were s tat lonary on the elevated 

gr id  and could be observed for  5 hours without drying (o r ,  if: necessa ry ,  

additional suspension f r o m  the original culture coul'd be added indefinitely 

, without disturbing the cel ls  under observatiorl). Growth remained normal  

for a t  leas t  8 hours  (the longest interval  followed), judging f r o m  the 

constancy of the generation t ime.  Since the width of the cel l  remains  

constant during growth, the volume i s  direct ly  proportional to the length. 

Hence, the. e r r o r  in  the volume measurement  i s  direct ly  proportional 

to the e r r o r  in the length measurement ,  which in  these studies was.::: 
. . ,  

maximum wheq the .cB.l.ls .h&.:.jGgt: div'.ided:.'but *a',+ hever,-moi.& than'-'' e . .  

about 8YL..... r:. . : .. , , 

(To avoid confusion f r o m  t h e . t e r m  "growth,"ll individual cel l  

growth" will always re fer  to volume growth of the individual cel l  (unless  

otherwise s tated) .  "Culture gromth, I I  of cour se ,  concerns the inc rease  

in protoplasmic m a s s  in  a suspension of millions of microorganisms.  ) 



Effects of IAA on Culture Growth in Yeast 

The logarithmic'growth ra te  of suspensions of Schizosaccharomyces 

pombe (abbreviated he re  . S. p. ) o r  of Baker s yeast,  ~ a c c h a . r o m ~ c e s  

cerevisiae (abbreviated here  S. c. ), is decreased by ' the  addition of 

IAA over a range of concentrations - -0.02 mg/l i ter .  to 20 mg/l i ter ;  

160 mg/l i ter  i s  toxic (Fig. 6). The difference in the growth'curves 

is, due to growth ra te  only; the lag-phase t ime and final cel l  concentration 

a r e  the same a s  the controls. This i s  not in agreement with Kholodny 
2 2  

and Beltiukova, who found a reduced final cel l  concentra'tion. 

Different growth conditions (such as media used), may account for this. 
0 The corllrul rkneraticn t ime at 30 of S. p. i n  synthetic medium 

is 2 hours 50.minutes. With IAAat  20 mg/liter it i s  very  cluse to 4 

hours throughout the log phase. These t imes  do not differ by more  than 

15 minutes f rom experiment to  experiment. The generation t ime,  a s  

measured.by total cel l  count o r  viability, agrees  with that found f rom 
. 

turbidity measurements .  The fact that the fraction of cells which a r e  

viable in the 1A;A cultures does not increase  markedly during ex- 

ponential growth ru les  out the determination of the final curve by a 

process of selection, whereby only a very  few cells in  the' inoculum 

grow at the control r a t e  and the r e s t  a r e  inviable. This point is shown 

rriore definitively by the individual-cell studico to be discus ssrl .  

Effects of Kinetin on. Culture Growth in Yeast 

The addition of kinetin by itself to  synthetic medium o r  yeast 

extract-dextrose broth produces no reproducible change in the growth 

curves u l  S .  p. o r  S. c. cultures.  These may be a slight decrease  - .- 

in the lag t ime but it i s  not significant. 

However, in  the presence of various concentrations of IAA, 

kinetin produces a marked decrease  of the growth ra te  below that 

with IAA alone (Fig. 7). For  each of the above-mentioned IAA con- 
-5 centrations, kinetin was added in a wide range of values (10 g/ml 
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Fig.  6 .   h he effect of various concentrations of IAA on the culture 
growth of S .  p. cel ls  in  iynthetic medium. ' Growth i s  
measured  b y o p t i c a l  density. . . . 



to  10'12 g/ml). . The lowest level  of kinetin to  give a marked response 
-1 1 

was at  10 g/ml, .  which gave the maximum inhibition for  the s e r i e s  

of concentrations of IAA at 20 mg/li ter.  

The re  i s  a synergis t ic  relation between IAA and kinetin. F o r  

maximum inhibition the lower the concentration of one, the higher 

the concentration of the other has  to  be (Fig.  8). Figure 9 shows that 

a t  a very  low IAA concentration kinetin has  no effect even at  the highest 

kinetin concentrations used. 

The r a t e  of growth i n  the presence  of the two chemicals  is not 

l inear  on a log plot but approaches o r  even exceeds the control r a t e  

a f te r  s eve ra l  generations.  Fur thermore ,  the cel ls  a r e  almost  twice 

a s  heavy a s  control ce l l s  a t  the s t a r t  of the log phase,  when the 

inhibition i s  grea tes t ,  but become progressively l ighter to  approach 

control weight a s  the effect lessens  during log growth (Table 111 and 

Fig.  7 ) .  The cel l  weight h e r e  i s  the average d r y  weight per  cel l  of 

a population of millions of cells.  F o r  bet ter  understanding of the 

increased  mean m a s s  per  cel l ,  accurate  volume measurements  were 

made of approximately -150 control cel ls  and cel ls  f r o m  cul tures  with IAArplus - 
kirietin i n .  ear ly '  lo'. gr-o.wth';. "Giant Is cel ls  which have marked  

morphological abnormali t ies  were found in the t rea ted  cultuyes. The 

increased  s ize is due to an inc rease  in width but not often in  length. 

The high values for  the average m a s s  per  cell  in these suspensions 

can be accounted for by the presence of these  giants,  which causes 

a proportional inc rease  in  average volume per  cell .  The IAA-plus- 

kinetin ce l l s  a r e  heavier ,  not due to  an inc rease  in density, but r a the r  

. t o  a r e a l  i nc rease  in s ize  of a proportion of the population. ' 

As f a r  a s  could be dete,rrnined by' indiGidual cel l  s tudies ,  these 

giant cel ls  were  inviable. Furthermor.e,  they apparently were not 

formed to any extent in log phase but during the lag phase,  s o  that they 

became diluted out of the population a s  ~riultiplicatiorl progressed .  
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Fig. 7.  The effect on culture growth of a relatively high and 'a  very 
. low concentration of kinetin added to a particular con- 

. c.entration of IAA (20  m g / l ) .  Growth- i s  measured  by . . 
optical density; If t he re  had ,been a smal le r .  initial inoculum, 
the gradual increase  of the growth r.ate to equal o r  exceed 
the c o n ~ i . ~ l  r a t e  woulg be shown. ' The numbers along the 
curves represent  the average d ry  weig'ht per  cel l  in the 
culture a t  that stage of cul ture ,  growth. 
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Fig. 8. The synergism bet ween IAA and kinetin to  produce a 
maximunl inhibition of culture growth rate .  For  example, 
at an IAA concentration of 20 m g / l ,  thc concentration of 
kinetin that produces a maximum effecit i s  between 
10- lo  g/rnl and 10-11 g/ml. 
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Fig .  9.  The concentration of IAA must  be above 'a cer ta in  . , 

minimum level for  kinetin, added with i t , .  toproduce -an 
additional effect. Growth is measured  by optical density. 



Table 111 

-Average d ry  weight per  cel l  (in ppg;cell) 

Date 
- 

Drying 
temp. 
("c) 

Control Cell ' -1M- 
conc. .(20 mg,/l) 

c e l l  IAh 
conc. plus kinetin 

Cell 
c0n.c. 
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Individual- Cell Growth Studies 

Individual-cell studies were done to determine the stage in the 

ce l l  cycle a t  which the .compounds- were acting. Mitchison recent ly 

studied the volume and m a s s  growth of individual S. p. cel ls .  50 The - 
change in volume can be followed easi ly  by measuring the change in 

length, since this cell  has  a.constant: diameter .  The interphase volume 
. . 

growth i s  followed :: by a constant-volume o r  plateau period during cel l  

division. 

Control growth is shown in Fig. 10. The interphasic  growth 

i s  not l inear ,  but shows a gently inc rease  in r a t e  as interphase 

p rogresses .  The generation t ime  for  the individual cel ls  i s  2 hours  and 

40 minutes ,  which ag rees  closely wi1:h the cul ture  generation t ime  and 

indicates almost  100% viability in logarithmic cul tures .  The constant - 
volume t ime i s  about 39 minutes ,  leaving 2 hours  for interphase cell  

growth. Mitchison' s .  values were slightly different because of 

differences in medium and tempe:ratu.re. 

Indoleacetic acid by itself . l ecreases  the interphasic  ce l l  

growth r a t e  (Fig.  1 l ) ,  while the t ime required for cel l  divis ion ' is  

unaffected. . The generation t ime  for  the individual. cel l  ag rees  with 

that  for  the m a s s  cul ture  (four hours)  which shows that all the cel ls  

a r e  being, affected, and fur ther  that.  they a r e  being inhibited equally. 

Cells which..are growing in medium containing IAA plus 

kinetin have the s a m e  growth . ra te  a s  those with IAA alone but 

now m o r e  t ime  is spent in  the constant-volume period. F u  r t h e  r m o  r e , 
t h e  i n c r e a s e d  t i m e  i s  p r i m a r i l y ,  i f  n o t  a l l ,  i n  t h e .  

period between the appearance of the cell  plate and subsequent 

fission (Fig.  1 I).. It should be pointed out, however, that this  la t te r  

conclusion i s  based upon the t ime  a t  which the cel l  plate f i r s t  becomes 
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.Fig. 10. The growth in volume of an individual S .  p. ce l l  in 
synthetic medium. "Plate" r e f e r s  to the-st appearance 
(under these optical conditions) of the t r ansve r se  cel l  
plate during the plateau period. ,Cleavage into two ce l l s  
m a r k s  the end of this  period. Volume i s  measured  by 
cel l  length ( see  text).  
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Fig. 11. The growth in volume of individual S S  cel ls  in  
synthetic medium, synthetic medium plus IAA 
(20 mg/l) ,  and synthetic medium plus IAA 

. . (20 mg/l)  and kinetin (10- .g/ml). It i s  not shown 
he re  that some of the la t te r  cel ls  remain  in the plateau 
phase indefinitely without di.vi.ding. . . 1, 



visible,which could not b e  determined with great  accuracy under the 

optical conditions used here. .The generation t ime of the individual 

cell  (4 hours 30 minutes) in the presence of IAA plus kinetin does not 

agree  with that of the culture growth. This i s  because some o'f.the 

cel ls  (anywhere f rom 70% during early log gro.wtb to none after severa l  

generations) a r e  blocked in  the .constant-volume stage indefinitely, o r  
I 

for a long time. Some of these cells. a r e  very large  arid morphologically 

abnormal. The . res t  s f  the cells .(th,e growing population) show a very 

exact increase  in. the t ime spent in the constant-volume ,stage (63  minutes 

, compared with 39 rnjnutes for controls). . The increase  in  plateau 

t ime  i s  exactly the s ame  in  cultures of very high kinetin concentratiu~l 

a s  in those of very  low kinetin concentration. As culture ,growth ,, 
progresses  a lower percentage of cells i s  completely~blocked.from 

dividing,' and ultimately the retardation i s  r.ever sed and culture growth 

i s  fas ter . than that of control suspensions. 

. . 

Alteration of Cells by Kinetin 

In some experiments this rever 'Sal of the inhibitibn seemed to 

occur ea r l i e r  in the log phase than in  others.  .Efforts were made to 

determine the cause of this variability. It was found that stationary 

cel ls  inoculated into medium with IAAplus ki'netin. retain'the very  slow 

growth ra te  longer than do cells f rom rapidly divi'ding cultures. 

Various changes in culture -aeration. and cell-aeration history were 

studied .with. c o ~ i f l i c t i n ~  resul ts .  Howeyer, i t  i s  -believed that aerat ion 

i s  an important variable in  these studies. ' .  . , 

The wearing off of the inhibition i s  not a simple depletion of the 
- 5  

chemical, since exactly the same shape of curve i s  obtained at 10 g/ml 

a s  a t  10- g/ml (a millionfold diffe rence i n .  =oncent ration). 

Ms'o, i f  cells that have reached the rapid growth phase a l ter  

growing in IAA-plus-kineti.n solutions for 'several genesations a r e  
. . . . . . 

washed thoroughly and t rans fe r red  to  new' I P L A - ~ ~ ~ S  -kinetin solutions, 

they grow at  a grea ter  r a te  t'han the controls; thus it i s  evident 

that it i s  not a depletion of the, chemical, but ra ther  an actual physiological 
. .  . 

adaptation'of the  cells.  . :. . , . 
- .  



This s m . e  acceleration of growth occurs  when cells f rom k.iil.tures 

yith-,.IAA plws.iRinetin ini any stage of log o r  stationary phase a r e  washed 

and reinoculated into control medium. The generation t ime for these 

"activated" cultures i,s. 1 hour and 50 minutes,  compared with the 2- 

hour-50-minute cycle of the control suspensions. This rapid culture 

growth l a s t s  for three or . four  generations and then is.followed by a 

r a t e  1ower:than that of the controls (Fig. 12). The nature of this 

"relapse" to  a slower ra te  has not been studied, but individual cell  

studies were made of the fast-growing cells to .better understand this 

intcrcsting reve i sd l  of the inhibition. 

The formerly inhibited cells had the same  growth ra te  a s  the 

controls.but now lit t le o r  no t ime was spent in. the period of constant 

volume (Fig. 13). ,The constant-volume t ime was not uniform in this  

population of cel ls ,  a s  i t  had been in the previous individual-cell - 
studies.  For  the cell  shown.there was no plateau, whereas for others  

there.  were plateaus of shor t  duration. 

The acceleration of culture growth in .IAA plus kinetin has not 

been studied on an individual-cell basis.  Presumably . these cells 

would show the same pattern .as tha t  found for cel ls  which have .had 

the. chemicals removed f rom their  environment. 

Cytological Considerations 

In o rde r  to  interpi-et these resul ts  i t  i s  necessary  to c.onsider 

the cytology of this cell .  . A s  is the case  with yeasts in general , :  there  

is considerable confusion among cytologists a s  to the nature of mitosis  

in  S. p. Mitchison observed that the clear  vacuole-like s t ruc ture  in . the  

center  of the cel l  divides and re - fo rms  in the two 'halves by the time of 

the appearance of the cell  plate, .This ::p~:I~a:t.:e;:. i s  f i r s t  visible 

approximately one -third of the.- way thrbugh .the constant-volume stage. 

With.thi's same yeast Rustad showed, by using a fluorescent nuclear 

dye, that the nuclear mater ia l  i s  in . this  s t ructure.  51 However, most  

yeast cytologists would not agree  that this "vacuole" i s  the nucleus 
52 

itself,  although it  may be associated with it .  



\ 

I - 1 1 1 1 1 1 1 1 1 1 ~ ~ 1 ~ ~ ~ ~ ~ 1 1 ~ ~ ~ 1 ~ 1 -  - - - - 
- - 
- - 
- -0 - 0 -  '-'-a-• - 

Optical 
Density i 

- 

\Con fro1 

0 6 12 18 24 30 36 42 48 54 
Hours 

MU- 1639.3 

Fig. 12. cu l tu re  growth of S. p. ce l l s  in  synthetic medium. The 
control r ep resen t s  c e l l s  which had been growing in 
s yi~thetic mcdium before inoculation; the elevated curve,  
cel ls  which had been growing in synthetic medium containing 
IAA (20 m g / l )  plus kinetin (10- l o  g/ml). 
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Fig. 13. The growth in volume of individual S. p. ce l l s  which a r e  
growing in synthetic medium after being t r ans fe r red  f rom 
synthetic medium to which had been added IAA (20 mg/l)  
plus kinetin (1 0- l o  g/ml).  Note that the t ime f r o m  plate 
to  cleavage into two cel ls  i s  the same a s  in the control cells.  



It i s  generally agreed that the nuclear membrane remains intact 

during division, and some workers believe that chromosomes a r e  
52, 53, 54, 55 segregated by mitosis within the nucleus. 

For the purposes of this analysis it is enough to know that by the 

t ime  of the. appearance of the cel l  plate, mitosis has already reached 

.telophase. This appearance provides a convenient marker  to denote 

the end of anaphase. There follows an even longer t ime of no cell  growth 

.(two -thirds of the plateau t ime)  when, presumably, the ciafighter cel ls  
I 

a r e  reorganizing for interphasic growth. 

Interpretation of Results 

Kinetin increases  the t ime required for division and this  i n c ~ e a s e  

is pr imar i ly  , if not al l ,  in  the period between the appearance of the cell  

plate and subsequent fission. This i s  interpreted f rom the foregoing 

cytological discussion to  be a delay in a postanaphase process.  . This 

does not ru le  out effects of kinetin on an ea r l i e r  stage of the cell  cycle. 

On the other hand, removal  of the chemicals from, the medium gives 

cel ls  with li t t le o r  no constant-volume period, i. e .  , cell  growth i s  

uninterrupted throughout division. Since mitosis  of the mother cel.1, i s  

well advanced very  ear ly  in the plateau period, growth in this period 

must  represent  a premature  gro-wth of the daughter cel ls .  That this  

ea r ly  growth i s  not a resul t  of an 'accelera ted  cleavage i s  evident f rom 

the fact that the t ime required for cytokinesis, a5 measured  from the 

appearance, of the cell  plate to subsequent fission, i s  the same as  in  the 

control cel l  ( see  Fig. 13). Daughter cells begin. to grow.before the 

parent has finished dividing. 

Thc inhibition of the culture g r ~ w t . h  r a t e  by kinetin during tne 

f i r s t  severa l  generations is caused entirely by a blocltage o r  delay 

in the initiation 0.f daughter -cel l  growth. In inhi'bj.tinn, ila wevei-, the re  

is also a corresponding delay in  the completioll of cytokinesis, i. e .  , 
cleavage. In other words, the mother cell  i s  delayed in cleaving 



exactly a s  long a s  the daughter cells, a r e  delayed in s t a r t i n g t o  grow 
. . 

This i s  the situation in  normal  cel ls  when final ,cleavage occurs  

simultaneously with the s t a r t  of daughter-cell  groyth.  That .these 

events a r e  concurrent indicates that the two processes  a r e  related. 

Ei ther  one necessi ta tes  the other ,  o r  e l se  they both a r e  dependent on 

a th i rd  system. In the f a ~ t - ~ r o w i * ~  cel ls  it can be. observed that the 

daughters s t a r t  growing before cleavage occurs ,  so  that growth cer tainly 

can commence without final separation. (P rematu re  growth of this  cel l  

before cleavage has  been observed in other  conditions. 56 Prematu re  

cleavage has neve'r been observed. ) 'Th6 re.sult.s':gre ?:imply ,summarlzed 

in .th.e:;stat.ement. that: grq wth, do es ,not. .r,equir e .cle av.age~ f o have '.o c.cu&r ed 
.+I..* i . 

.but c1e.avage:;do.e~ ,not begin before growth. 

It thus seems  reasonable that final separat ion may  depend, .in- 

direct ly  a t  leas t ,  on the inception of :functional autonomy of the daughter s - - 
specifically, metabolic growth a t  the i r  own determined rate: If this i s  

t rue ,  the final separat ion of the cel ls  i s  delayed by kinetin because of a 

delay in the operation of the, sys tems o r  systems,  that determine the 

growth r a t e  of the individual cell. . . 

Therefore,  kinetin produces an observable effect on. the t ime  

between the end of .mitosis and the s t a r t  of ' interphase growth. It:.may' 

a l so  prolong t h e  t ime  for  the final separat ion of the mother.  cel l ,  but I 

believe that this  i s  probably a resu l t  of a delay in  the initiation of 

daughter. growth. Certainly the converse i s  not t r u e ,  i. e . ,  the s t a r t  of 

growth i s  not mediated via cleavage, since (as  was pointed out) growth 

can commence before cleavage, and therefore  i s  not dependent on it.  

The discussion of thes,e resu l t s  considers  the possible nature of a growth- 

regulative sys t em a s  well a s  evid.ence for i t s  existence. 



. .Specificity of Kinetin. . .  . . . *  ) . . . .  

Finally, it'. svoG1d be sf inf e res t  bio~h'emic:all-~ to know the r e -  

' lationship of kinetin, to adenine ili yeast. Ili bacter ia  it' was shown that 

' kinetin .does not enter  the bulk of the adenine-containing comgounds 

e i the r ' a s  adinine o r  2s i n  analog.  o ow ever, i t  is possible that kinetin 

could be .used. a s  adenine only' when the.., la t ter  dompouid. i's limiting in 

the cell. This question was investigated by the* following experiment 
>:c 

. . with,yoaei, Eight adonino Poquirini mutant0 of S, o, wcro glatod on 
agar  contain& synthetic medium. minus adenine 'but with kinetin at 

. . various conc.entrations. The control consisted.of adenine in place of 
. . 

. kinetin. All cbntrol plates showed some ,irowth.even at  very  low 

adcninc lcvclo, whilc lzinctin oupportcd.no growth .c&n s t  high con- 

centrations. . . 
! 

  here fore, it i s  concluded that the cornpound cannot. be hydrolyzed 

to  adenine even when the lat ter '  is absent o r  is present only in very . 

smal l  quantities,. i. e .  ,. they a r e  not in reversible  equilibrium. 

If we generalize the' resul ts  for bacteria.  and yeast, ,  i t  appears 

that kinetin plays :a specific chemic'al role  in the cell. This i s  also 

indicated by .thk fact that' i t  ' i s  effective at' concentrations that a r e  
. . .  

extremely low compared with other physiologically important .compounds 
-11 a s  well as nibst drugs. At 10 g/ml, ,  the. lowest concentration found 

, to  have a profound influence, i t  can be calculated--,if one assumes  that 

. . the chemical' is just depleted by .the end of exponential. growth--that on 

' the o r d e r  of 10 to 1000 molecules enter each.cel1 at  each.division. 

On the other hand, 'adenine itself produces a' slight inhibitory 

effect in yeast as 'wel l  a s  in some of the 'other cel ls  used to study kinetin 

(the original studies. with pith t issue were initiated to find an  adenine. 

complex which was m o r e  active than adenine). This could implicate 

an. adenine- containing chemical in..the cell. 

"I , .I- -,* 
Kindly supplied by Dr. Robert Mortimer,  Donner Lab oratory. 



. e DISCUSSION 

. . . . 

. . Indoleacetic Acid 

This work has shown that IAA modifies the interphase growth 

ra te  of the yeast cell  but not the t ime spent in cell  division; ' This agrees 

with the majority of findings on t issues of higher plants, in which the 

multifold responses a r e  due'to a pr imary action'on cell  InL.= 

fact,  . the  .prkviBusly , . quoted .defiriitson;-of a n  auxin. (p, .9) &akes cell  - . -. -) 

No effort  i s 'made  .here to interpret  the mechanism'of auxin 

action in the 'yeast cell; there  a r e  already many theories of auxin 

action. A l t h ~ u ~ h ' ~ t  one t ime the most popular theories' were' conc'erned 

with. biophysical activity such as  pe.rmeability, cell-wall extension, 'and 

osmotic pumps', the most accepted hypothesks, a t  present ,  a r e  based on 

biochemical considerations. 

Thimann pr.oposes a deep-seated alteration of the cellular ::. i. , 

metabolism, specifically a t  the level of the four -carbon organic acids. 

The addition of auxin to the plant medium has been found, in severa l  

types of mater ia l  studied, to cause depletion of four-carbon acids 'and 

reducing sugars and an . increase of lipids. Also, it appears  to' be, the 

synthesis of protein that i s  blocked in cases  o f  inhibition. 56   his.. theory, '  

then, .  centers  attention on the intermediary metabolism of protein, 

carbohydrates,  and lipids. 

Even though there i s  not always a correlation between growth 

and oxygen . c ~ n s u m ~ t i o i ~ ; ~ ~  there  a r e  many reasons to bel ieve  that 

auxins do act primari ly on certain oxidative systems?,although they may 

not be affecting the total respiration of a cell. For  example, anaerobic 

bacteria  a r e  far  more  resis tant  to auxin inhibition than a r e  aerobic 

bacteria.  
58 

Likewise, r i ce  seed, which has an anaerobic metabolism, 

i s  resis tant ,  while barley seed, which has an aerobic- metabolism, i s  

sensitive to 2 ,  4-D inhibition. 59  

Recently, a very fine study has shown that there  i s  an immediate 

increase in high-energy phosphate, which i s  accountable a s  ATP, upon 



the addition of IAA to pea s'ee.dlings. This increase i s  followed by a 

decline of the compound a s  equilibrium with the metabolic needs of 

growth i s  reached. These observations point to activation of growth 

via a primary action on oxidative mechanisms rather than the reverse .  60 

This interpretation, however, i s  still a major point of contention. 
h 1 

As has. been .mentioned ear l i e r , .  IAA has been shown to increase 

, . the fermentation ra te  of Saccharornyces ce;evisiaeZ4.as well a s  to in- 

c rease  the uptake of oxygen i n  low- glucose medium. 2 5  Also, the 

glycolysis and respiration of liver t issue can be modified by exogenous - - 

auxin. 'O Of course, these may not b e p s i n a r y  effect's. 

The influence of anaerobic versus aerobic. conditions on the 

response.of yeast to IAA has not been'studied with, conclusive results.  

. . It would seem reasonable for the effect on the growth ra te  to be a function 

of the presence o r  absence of oxygen i f  IAA influenced fermentative 
. * 

mechanisms of this cell. 

So far. as the nature of the physiological response i s  concerned, 

IAA does not appear to. effect a permanent. change in the yeast cell. 

Cells that .have been growing,in a medium.contafining both cornpounds 
. . 

resume the normal control interphase growth .immediately upon r e  - 
. . 

rnoval of IAA and kinetin. Since IAA changes onlythe interphase growth 

ra te ,  it shows that there i s  no carry-over of the chemical9 s influence 

af ter  i ts  removal. This agrees  with .the Iindirigs ol: Mitchell, et al; 
. . 

that the inhibition by: auxin of oxygen uptake in root and stem. slices of 

several  plant species i s  readily reversed by simply washing the  
62 tissue. Also, the early experiment of Audus shbwed that root-growth' 

63 
inhibition by 2,4-D i s  also rev.ersible. 

-These results  in c.onjunctikn with 0v.r knowledge of.auxins point 

to an action of.IAAon certain basic metabolic p r h c e s . e s  of the cell, 

sibly oxidative systems. , .  . The action o f  IAA results  in an increased 

o r  decreased growth rate. Finally, it acts by modifying some system 
. . - .  



which i s  in dynamic equilibrium with the environment . . so that the r e -  

. moval of the auxin resul ts  in an immediate return to the normal growth 

rate .  

In yeast, kinetin has been observed to:produce .a visible effect 

only at a specific stage of the cell cycle,. i. e.  ,.:between.anaphase of the 

parent and interphase growth .of the daughters. . This . . stage i s  longer 

for cells in slow-growing cultures and i s  absent f rom or.  shorter  for 

cells of the f a ~ t - ~ r o w i n ~  cultures .than i t  i s  in cells of control cultures.  

Thus, while IAA exerts  a continuous effect during, and-only during, the 

entire interphase growth of the ceil ,  kinetin.does not al ter  th'e ra te  of 

growth .but only .the time between the formation of the two new nuclei. 

and the commencement of 'interphase growth. It i s  not known whether 

bacteria  and amoebae a r e  affected at the same stages of their cell  

cycles a s  yeast. 

Probably -the most important assignment in this period of 

telophase (or i t s  equivalent in yeast) i s  the by the mother 

cell  of apparatus that will insure the interphase growth of her  daughters. 

At least  we know, f rom studies of the growth. of individual cells o r  

synchronous populations, (see p. 49 ) , that usually there  i s  an abrupt 

change f rom a lx ra te  for  a mother cell  to a 2x ra te  for the sum of i t s  

daughters. Considered in t e rms  of protoplasm and not simply cel ls ,  

1 . this means'that the system or  "machinery" that regulates the ra te  of 

protoplasmic synthesis is duplicated o r  activated to a 2x value during 

cel l  division. Kinetin a l t e r s  either the ra te  of this duplication o r  the 

, moment when the machinery f i r s t  be.gins to function. 

.While this i s  .the observed resul t  of i t s  presence,. kinetin may 

I produce. this ,effect via a pr imary action on any of the various general 

p,rocesses of the cell  such.as the ra te  of cell  wall synthesis, perme-  

ability, o r  even internal pH--but i f  .this was so i t  would mean that these 



factors suddenly became important to the cell  a t  this t ime but had no 

effect on the previous over-all  cell-growth rate.  Although this may be 

true,.' it would be senseless to t r y  to discuss the infinite number of 

physical and.chemica1 events which could be the ultimate t r igger  (if 

such exists)  for the initiation of gruwlll. Rather ,  wc havo a considcsahl~ - 
body of evidence that ribonucleic acid, a s  a specific component of the 

cell, i s  directly involved in determining not only the type of proteins 

that a r e  polymerized in the living cell  but also the ra te  of their  synthesis. 

In addition, there  i s  evidence (although fragmentary) f rom other work 

that kinetin may be altering the metabolism of this nucleic acid. 

F i r s t ,  let  us review some of rhe experilllclltal data that a r e  

used to justify a growth-regulating role for R N A  Lefoi-e wc c~ramine 

the available evidence for the hypothesis that kinetin affects the 

initiation of growth via R NA. 

.Ribonucleic Acid and P ~ o t e i n  Synthesis . 

Direct biochemical studies on cell extracts have shown the 

ability of I mixtures of a low-molecular - weight R NA plus cellular 

enzymes at the correc t  pH to form activated amino acid complexes. 

It i s  further 'postulated that this amino acid i s  t r ans le r red  f rom this 

. R N A  to a high-molecular-weight RNA of the microsomes to participate 

in peptide linkages. 
64 

Blocking RNA metabolism causes an interference with the 
65,66 

synthesis of induced enzymes in bacteria  and yeast . Various 

studies have been made on the relation of RNA to general protein 

synthesis in bacteriab7 and in mammalian t issues.  
68 

Very elegant work has been done during the las t  severa l  years  

by Gale and Folkes on disrupted-cell suspensions of staphylocucci. 

Here the ability of the susperlsions to incorporate amino acids into 

protein i s  lost when they a r e  t reated with DNase o r  RNase. However, 

protein synthesis, a s  measured by induced o r  constitutive enzyme 

formation, can be r e s to r edby  adding to the suspension DNA, RNA, o r  

a mixture of -nucleotides, depending on the particular protein. 69,70 



Physical chemical studies a r e  under way to  determine the 

nature of the chemical bond between RNA a i d  specific amino acids.  7 1 

Although the hypothesis that t he re  is a d i rec t  relation between 

R NA and protein synthesis i s  well founded, the conclusion that R NA 

regulates the type and .amount of i t  i s  s t i l l  in the test ing stage. Ea r ly  

Girbrk .showed that the r a t e  of protein synthesis,  and thus of.growth, i s  

- proportional to  the average total  amount of RNA per  cell: 
72, 73, 74 

Fast-growing cel ls  contain m o r e  R NA than slow-growing ones. However: 

t he re  a r e  undoubtedly many components of the cell-  - such . a s  high-energy 

compounds, enzymes,  . and. "machinery substances " in general'- -which 

inc rease  in  concentration to  allow maximal  growth. The f i r s t  s t ep , in  

shovc;ing, a causal  relationship is to  demonstrate  a proportionality between 

r a t e  of protein synthesis and amount of RNA o r  i t s  r a t e  of synthesis,  

not in the average  cel l ,  but in the individual cell. It has been m o r e  ' 

difficult to f ind.a  direct  re.lation between these components f r o m  a study 

of them in the individual cel l  o r  in synchronous populations of cel ls .  It 

i s  necessa ry  to  review our  knowledge of the cel l  cycle. 

. Mitchison, measur ing  the d ry  weights of individual S. p. cel ls  in  

h i s  original work, found. that the m a s s  increased  l inearly until division, 

when it abruptly doubled i t s  r a t e  of inc rease . to  correspond to two ce l l s  

instead of one. The individual-cell volume growth was not quite l inear ,  . 

and showed the charac ter i s t ic  plateau during division. He in terpre ted  

this  finding of a discontinuous m a s s  'curve a s  indicative of the duplication 

of some component of the cel l  which de termines  the r a t e  of m a s s  

synthe'sis. He postulated the mic rosomes ,  but other  organel les  a r e  
I 



* 
worthy of consideration. 

F rom work on other cells,  also, there  i s  evidence, although 

there  a r e  possible exceptions, that growth i s  not normally autocatalytic. 

That i s  to say that the machinery for cellular syntheses produces new 

protoplasm at a uniform ra te  throughout interphase and then is dl1plicaLet.l 
- 

at  division to supply the needs of two cells instead'of one. 

Most other studies of individual cell  growth also show non- 

autocatalytic growth bet ween dlvis ions, indi catirrg the dupli cation, at  

division, of growth-controlling machinery which controls the ra te  of 

growth uritil the next division. For  example: 

1 .  Prescott  found the mass  and volume to increase at a slowly 

decreasing ra te  for individual Amoeba proteus cells.  
76 

- 

2. Tlil: same author otudied protein synthesis, in  individual 

Tetrahymena cel ls ,  using autoradiography, and found a 
77 
I I 

straight-line increase during interphase. 

3 .  .Zeuthen found respirat ion of synchronous cultures of 

Te.i$rahymena to be, l inear .:.during growth, and i d  level off 

just before division.78 However, Scherbaum and Zeuthen : .  

reported volume increase and protein growth were exponential - - 

between divisions. 7 9  These same authors questioned their 

method of measuring protein synthesis (dye uptake). The 

inore recent work of Prescott  i s  probably more  accurate.  

4. Maruyama studied syntheses in synchronous cultures of 

R & L i  bacteria; . Th; curves for and total 

* 
.Professor Mazia pointed.out in discus.sion that the growth, a s  

measured by volume in yeast., a s  well a s ' m a s s  and volulxie of Amoeba, 

seems to follow a ra te  of 1 ,0 ,  2 for the peri'ods of interphase, division, 

and two daughters. 1f we assume that. the r a t e ' i s  goverrled by a functioning 

organelle, the 'nlost obvious if not'the.only apparent 'unit i s  the nucleolus, 

of which there  a r e  1, 0, 2 for .the s a m e  perio.ds.'. :The'nucleolus i s  the 
7 5 

si te .  of the  most metabolically active ' R NA. . . . . 



nitrogen were interpreted a s  being nonlinear, although.more 

points .were needed .for a conclusive determination. Recently, 

Abbo, using synchronous populations of the same cell ,  found 
81 a linear increase in protein .during interphase: 

. . It i s  important to recognize .that the. cell growth ra te  may show 

marked.differences when growth i s  measured according to different 

variables,  such .as respi ra tory  ra te ,  uptake of a metabolite, dry weight, 

volume, etc. For  the purposes of a study of the .regulation 'of macro- 

m o l e c u l e ~ s y n t h e ~ i s  in the life of a cell, protein synthesis itself i s  

probably the i-i~ost: illrpurLanl: variable, and may not be proportional to 

uptake of a metabolite. o r  any of the other variables mentioned. I 

believe that, for  the fission yeast used, volume growth.is actually a '  

more  accurate measure  of macromolecule synthesis than .is the dry 

weight. 

Therefore i f  the growth-regulating machinery douples at division, 

and i f  ribonucleoprotein i s  a major  part  of i t ,  one might expect to find 

a major  synthesis of - RNA during the late stages of division. This 

question has been investigated in the following works. 

1. Maruyama found that.  R NA i s  synthesized during and 

immediately-following cell  division of synchronized 

E. coli bacteria.  Furthermore,  protein synthesis 

commences just after R NA synthesis has leveled off. 
80 

2. The R.NA content of Amoeba proteus cells was not found 
8.2 . . 

to change during .the division process.  

3. Iwamura found. that ' R NA increases at a ra te  proportional 

to the growthin Chlorella cells,83 while Prescott  observed 
' ' 

a sharp  increase in R NA content per  cell  during the las t  

third of interphase, o r . p r i o r  to division,. in Tetrahymena 
7 7  
I I 

pyriformis. 

4. .'.With t h e ,  S .  p. yeast cells Mitchison has found a steady 
84 

increase of RNA during growth and division. 

Therefor.e, f rom these and other works, .there i s  not much 

experimental evidence of doubling of R NA at o r  just following division. 



Due to the early work of Caspersson on mass  cultures mentioned 

ea r l i e r ,  many workers have assumed that the ra te  of growth i s  proportional 

to the absolute amount of RNA o r  of a component of which i s  i s  a part.  

It can .be seen that for the individual cell this  i s  not ' true. However, 

i t  i s  possible (and in fact probable) that RNA i s  bound o r  inactive in - 

the cell until activated by some factor. 

One hypothesis to explain the cbublingof the growth ra te  at the 

t ime of division i s  the passage of material  f rom nucleus to cytoplasm at 

division itself. An interesting finding in Amoeba proteus i s  that nuclear 

R NB material  appears  to be dumped into the cytoplasln during division, 

leaving the nucleus 'FbareU,as seen by a u t ~ r a d i o ' ~ r a ~ h i c  and staining 

techniques. At this t ime a considerable proportion of t h e  R N A  nf the ' 

cell  i s  t r an s f e r r ed  +-om nucleus to cytoplasm. 85 

Mazia and.Presco&t suggested that nuclear protein synthesis 

may merelyZreflect  production of ribonucleoprotein, which then passes 

to cytoplasmic centers  to be functional in the synthesis of other proteins. 
86 

If growth is not autocatalytic, the nucleus would be expected to deposit 

this  in a noncontinuous fashion. However, the actual synthesis of cellular 

nucleoprotein may be occurring at a uniform ra te  o r  at a t ime and .a ra te  

that could not be correlaFed with the degree of -protein synthesis. 

Another c lass  of hypothcses supposes that the amount of RNA in the 

cytoplaom i o  not limiting but that i t s  activity is  a function of 9 0 ~ ~  c n n t r i -  - 
bution f rom the nucleus. Nuclear division could conceivably involve the 

doubling of the acti.vating mechanism and therefore be responsible for a 

switch f rom a l x  to a 2x ra te  of growth. 

This would .mean that,, a t  .any time during the cell  cycle, most 

of. a . c e l l g  s R NA i s  not functioning, i. e. , i t  i s  waiting to be transported 

and (or)  activated to centers  of protein synthesis. In this connection, it 

has been proposed that bacterial RNA may become inert  af ter  i t s  initial 

use  in protein synthesis, 65  and s yllthesis of nonfunctio'nal R NA has been 
87 proposed.for a particular mutant. . . 

Therefore,  if ribonucleoprotein i s  responsible for protein 

synthesis, i t s  activation o r  r e lease  by a factor during division.may be 

a s  important a s  i t s  synthesis, so  .far a s  correlating an event with. a 

simultaneous increase in the ra te  of protein synthesis i s  concerned. 

The formation of the two nucleoli during telophase could.be this event. 



Kinetin.. and. R ibonuc1e.i~. Acid 
, . 

To complete this line of 'reasoning there  i s  evidence that kinetin 

affects.  R NA metabolism. 
. . 

Guttman, using meristematic  t issue of onion root,  found that 

kinetin increased mitoses a s  well a s  .modified the relative duration of 

i t s  stages. , F r o m  statistical analyses she inferred that prophase was 
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shortened and telophase lengthened. $he proposed .an .effect on 

.chromosomal coiling via chromosomal R NA. The lat ter  conclusion 

came f rom the fact that t reated cells showed large  amounts of nuclear 
g% 

RNA . associated specifically with the chromosomes. Although she .  

had.no evidence for a coiling role,  the proposal of an effect on.chromosoma1 

R N A .  during telophase i s  in agreement with the ideas presented. about 

the resul ts  with yeast. 

Pea  root mer.istematic t issue c e l l s  a r e  inhibited . from dividing 

bykinet in and. show abnormally high. concentrations of R NA. This 

concentsation.could be due to an inability of  the . RNA to be distributed . 

f rom the nucleus to the cytoplasm, simply to a.piling up of thenucle ic  

acid, o r  to a higher ra te  of synthesis. 

Recently, autoradiographic studies of onion root cells have shown 
14 that kinetin causes an al tered uptake of C -adenine. 90 G r a i ~  counts 

were made.over the cytoplasm, nucleolus, and nucleus. It was found 
14 that the compound, when added with C -adenine, causes an increased 

synthesis o r  turnover of c RNA in the nucleolus during the f i rs t  5 hours 

and a decreased activity in the nucleus and cytoplasm. Similar ' resul ts ,  

except for  a t ime differenc'e, could be obtained by pretreatment of the 

t i ssues  with.kinetin, It would be difficult to  interpret  these resul ts  in 

t e r m s  of an indirect action on RNA metabolism, and.they give signifi- 

cance to the pr.evious findings of increased amounts of cellular :'. R N A  in  

onion and pea tissue. 



Kinetin in. Biological k ate rial 

It is important to know i f  kinetin o r  i t s  product is a normal  

constituent of the cell  o r  i s  acting a s  an  abnormal analog to a normal  

constituent. 

There  a r e  a great  many s imi lar  compounds (6 -substituted purines) 

which have been investigated a s  possible antitumor agents , especially 
. . 

6-mescaptopurine. 919 92  A direct  competitive relationship with the 

natural  purines appears  to exist heye. However, in this work it has 

been shown that kinetin i s  certairlly 110t competing with adenine in yeast 

o r  bacter ia  in any direct  way. 

It would be very  difficult to prove the presence of very  low 

concentrations o f  kinetin in, cells.  There i s  indirect evidellce for its 

presence in yeast and vascular t i ssue  of tobacco. F i r s t ,  i t  has been 

shown to be present  in  yeast exUract. .There it, either i s  present  in  

yeast a s  such o r  i s  an  artifact produced i.n conversion to an  extract.  
7- 

In the original works of Skoog, i t  was found that od many compounds 

k&d:dnlyrL kinetin replaces sulrle factor which diffuscs f rom vascular 

t i ssue  to act on inert  pith cells in the presence of.1A.A. 3 3 2  46 Therefore 

the evidence points to the presence of kinetin in biological mater ia l ,  

but i t  i s  not conclusive. 

WllcLl.ies 01- not kinctin i o  a normal  constituent of ce l l s ,  t he re  i s  

an  adaptation of the cel ls  to  the levels present  in  the medium, i. e. , 
kinetin produces a permanent o r  sem.ipermanent change in the cells. On 

.semilog plot the growth is not' a s t raight  l ine, ' but af ter  severa l  generations 

approximates o r  exceeds the control slope. As pointed out previously, 

this i s  not a simple depletion of the chemical but, r a the r ,  points to  an  

adaptation of the yeast cel ls  to the new conditions. Also, when the cells 

a r e  t r ans fe r red  from medium in  whlch the inhibiting chemicals a r e  

present  to  control medium, the re  i s  an immediate increase  in growth 

ra te  for th ree  o r  four generations. Clearly these cel ls  a r e  physiologically 

dsffereht f r o m  untreated ones (controls).  



Therefore, whereas the effect of IAA on. the 'over-al l  metabolism 

.is ,nonpermanent and im.medi'ately reversible ,  kinetin appears to a l te r  

the cell. 

Kinetin and .Cell Division 

Should kinetin be regarded a s  a cell-division tr igger  ? 

There is abundant evidence that the processes  of cel l  division.should be 

considered a s  partially independent of =.ell growth, or  at  least  concerned 

with different systems in the cell. '' Maeia defines a t r igger  mechanism 

as ". . . silrlply the ,achievement of somk condition which precipitates 
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division irrevocably. In i t s ' f i r s t  known role a s  a factbr that causes 

dormant pith cells' to divide rapidly kinetin seemed to meet  the ex- 

pectations of a trigger: admirably. The fact..that in  other circumstances 

it  blocks or  slows the same  processes  should.not detract  f rom i t s  im-  

portance as  a cell-division factor. 

In fact,. kinetin.appears to act a s  a moderator of cell-division ra te  

The chemical stimulates cel ls  which.have stopped dividing to divide 

again (e. g. , tobacco pith and pea root callus t issue) ,  and inhibits o r  

slows cel l  division in rapidly dividing cel ls  (e.  g . ,  mer is temat ic  t i ssue  . 

and yeast). This i s  not unusual, Promotion and inhibition a r e  two 

sides of the same activator . in  most cases .  Suppose we use a s  an example 

th e R NA-chromosome a s  sociation during division a s  the process which 

i s  sensitive. If kinetin facilitates the union of ribonucleoprotein to  the 

genetic material-  -DNA o r  chsomosomes- -then i t  would facilitate mitosis  

in those cells in which this was the limiting factor for division while in 

those cells in  which the 'association i s  normal , .  i t  would prevent the 

dissociation of the two components in telophase and.appear to block 

division. 

This is an oversimplified model, and according to the recent 

studies by Olszewska, the metabolism of RNA .is probably more  

pertinent to the action of kinetin,. but an analogous example could explain 

acceleration. in s o m e  ceiklsr rarrd..inhibition':in .othe.rs. . .:.:. 



In yeast,  although kinetin nlay also act before mitosis  o r  in i t s  

eaPly s tages,  the effect on the c e l l ' s  growth pattern becomes evident 

only at  a l a t e r  t ime,  s o  that in these investigations it appeared to act  

af ter  anaphase. 

Thcrcforo, it is p~ohah l a  that. in yeast, kinetin i s  not a t r igger  

substance of cel l  division in the usual sense of the word, i. e . ,  initiating 

mitosis.  But i t  is a factor important to the initiation, during division, 

of the new growth-controlling apparatus of the daughter cells. This in 

t u r n  i s  seen a s  an apparent effect on cel l  division, since .the final fisslon 

i s  delayed proportionately. Whether this is generally true in other cel ls  

such as  the tobacco pith t i ssue  i s  not known, but it i s  not contradictory 

to  the observationo reported. 

Fur ther ,  f rom the intensive studies Ly lilaily invcotigators, there 

i s  reason to believe that ribonucleoprotein i s  responsible for the 

regulation of the ra te  of (-protein synthesis in cel ls ,  and i t  is proposed 

that kinetin may produce 'the observed effect by altering R N A  

metabolism at  a stage of mitosis when the daughter cel ls  a r e  preparing 

the i r  machinery for  interphase growth. 
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EVIDENCE FOR INTERNAL REGULATION O F  CELL GROWTH 

Purpose of the Study 

It has. been obserkced..th,at. after a cell  has completed mitosis,  

kinetin delays (or hastens) the moment when daughter cell  growth will 

commence. Evidence was presented (p. 49 ), f rom studies of normally 

growing cells,  for  the existence of regulative machinery which appears  

to duplicate at division to elicit 2x growth. Hence kinetin i s  delaying 

either the synthesis. of this machinery o r  the moment when i t  .f irst  

functions. It would be desirable to have further evidence, especially 

for  .this cell, that growth (in volume) i s  regulated and, furthermore,  - 
that the system that regulates .it i s  duplicated during division when - 
kinetin i s  observed to act. Although other studies have indicated.this 

regulation in normally growing cel ls ,  these simple experiments done 

with. cells growing in a suboptimal medium show very clearly the 
1 ' 

existence of this regulation in. the yeast cell. 

Cell Growth.in Starvation Medium 

Prel iminary studies of the same nature were done by Mitchison 

:and Mazia, and after 1 had made the observations reported here,  my 

attention was called to very similar , .  but more .  extensive,. experiments 

which. were performed in much greater  detail. by Faed, working in 

Mitchison1 s laboratory. 95 Faed made his observations on cells growing 

, ,on agar  media; al l  my experiments were on cells growing in l iquid .on 

a clinical haemacytometer (see p. 26). 

When cells. a r e  grown under: suboptimal conditions, i t  i s  o.ften 
. , .  

possible. to separate various processes of their physiology-.that a r e  

:independent to some extent. If cel ls  that have been growing in a complete 

medium for  severa l  generations a r e  washed thoroughly and .resuspended 

in a medium with only a carbon source,  but no nitrogen, the type of growth 

obtained i s  a s  shown in Fig. 14. The yeasts were washed by centrifugation 

five t imes  to achieve a total concentration of the. original medium of 
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Fig. 14. The growth in volume of individual S. p. cel ls  in  0.5O/c 
I 

glucose. Cells growing exponentially in synthetic medium 
were t r ans fe r red  into the glucose medium a t  the t ime  
indicated. Cells 14R and 14L a r e  the daughters of ce l l  14, 
and cel ls  14R L and 14R T a r e  the daughters of cel l  14R. The 
top curve gives the total  growth of the original cell. 



no m o r e  than one par t  to a million. The resu l t s  can be summarized  

best by a brief listing: 

(a9 Cells can grow and divide for a l imited t ime in the presence  of only 

a carbon source.  Faed speaks of a period of division af ter  growth when 

the cells. divide without any interphase growth. I n t h e  experiments  

repor ted  he re  the re  were no cases  of division without interphase 

.before and af ter  i t .  

(b) However, cel l  s ize  does decrease ,  because cel ls  do mt grow to.ful1 

s i ze  before dividing.. 

(c)  The generat ion. t ime i s  shortened. 

(d) The most  ' interesting finding, i s  that the r a t e  for any mother  

ce l l  is the s a m e  as the s u m  of that of i t s  daughters,  s o  that for  the 

individual cell  the r a t e s  a r e  I,'+, for mother , .  daughter,  and grand- 

daughter. This is shown best  for cell  No. 7 in Fig.  15, where the 

daughters happened to divide synchronously. Also, s ee  Fig. 14. 

It.  should be mentioned that the nitrogen pools. Of yeast  account 

fo r  only 570 to 1270 of the total  nitrogen of the cel l  and the pools, a s  

such, could supply only a s m a l l  fraction (about 1070) of the needs of one 
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generation. 

Several  interesting-conclusions may be drawn f r o m  these  r e -  

sul ts .  F i r s t , .  even though the cel ls  a r e  under nitrogen s tarvat ion,  they 

divide m o r e  often (between 1 and 2 hours  instead. of a 2-hour-40-minute . 

generation t ime).  The only explanation for  this unusual behavior is that 

division p rocesses  a r e  being favored a t  the expense of ,some other  process  

which competes with reproduction. This resu l t  could support Swann' s 

hypothesis of an energy resevoi r  for  division which must  be filled be- 

'fore this  process  can be initiated. If the cel l  diver ts  energy to  growth 

and division processes  independently, then the res t r ic t ion  .of growth . 

by.a  lack of nitrogen.could fill up the division resevoi r  fas te r .  On the 

other  hand, the accelerated multiplication could. be due to  a m o r e  subt-le 

a l terat ion of the c e l l g  s metabolism. This i s  not discus'sed fur ther  s ince 

i t  i s  somewhat removed f r o m  the original purpose of this section. 



Fig. 15. The total  grow'ch in volume .of an  individual S. p. cell  in 0.5% 
glucose (see Fig. 14). 



Furthermore, .  the growth ra te  i s  decreased in. a very  ordered  

. way, i. e. ,. by geometric progression a s  division.occurs . .  These a r e  

two poss.ibilities. Either .the reduct ionin growth ra te  i s  due to  a dilution 

of the growth-regulating machinery, o r  the machinery is still synthesized 

'., but cannot be utilized because of the (lack of) nitrogen.  his was in- 

vestigated :.:by the following simple experiment. 

,, When.a nitrogen source i s  added to  cells that have been growing 

for approximately. three  (5 hours) on glucose alone, the 

normal  growth .begins immediately o r  af ter  only a short , lag, :  as shown 

i n  Fig. 16. .(A6 the sy i~ t l~e l i c  medium was pale yellow,. i t  was easi ly 

. . seen, by the change .in color of the solution, to diffuse over the 

haemacytometer within a few seconds af ter  i t  was added.) Inf i f teen  

cells studied the lags variedbetween zero and 60 minutes, with an  

average of 20 minutes. There was some tendency for smal ler  cells 

to show a longer lag. All then resumed.the normal  growth rate.  This 

lag is undoubtedly simply an adaptation to a q!newH medium. The cells 

had been growing in  0.57'0 glucose on .the haemacytometer for  5 hours 

when 10 x synthetic medium was added. Faed observed .longer lags 

: followed .by m o r e  gradual increases  in .growth rate .  This difference 

may be  due to  the use  of agar  ( ra ther  than liquid medium) in his work. 

The slower ra tes  of diffusion in Faedq s work .could account for the long 

lags between the change in medium and an. observed effect. 

That normal  growth is resumed very  soon means either that 

the growth- regulating machinery i s .  always present  in full amount o r  

that i t  can be synthesized.at any t ime in the cell  cycle and is synthesized 

in preference to general protein synthesis following a period of nitrogen 

starvation. 

Therefore,. the. r a t e  of cell  growth in glucose follows a very  definite 

pattern of 1 ,  4, f ,  and re turns . to  a lx  r a t e  when returned to complete - 
medium. ' The significant aspect of this gro'wth i s  that the ra te  i s  

ordered  and, moreover,  that i t  changes only at  division. Even af ter  a - 
cel l  has depleted i t s  r e se rves  of nitrogen, i t  continues to  grow at  a 

normal  r a t e  .unti.l i t  divides. and only then i s  the lack of'nutrients apparent 

i 
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Fig. 18. The'growth ' in  volbme of ah individual S.p. cell  which has  
been growing in 0.5%.glucose for 5 h o u r s ~ m i n u t e s  when i t  is 
provided with complete syrltiletic medium. 



in  the growth of i t s  daughters.  They continue at  the $x r a t e  until the 

next division. The fact that the r a t e  of cel l  growth does not gradually 

decline under these conditions of starvation i s  d i rec t  evidence of a quite 

rigid growth control. Fu r the r ,  the fact that the points of discontinuity, 
/ when the r a t e  i s  reduced in  half, occur at  division, indicates that at  

this  t ime the cel l  would normally produce regulatory machinery which 

would quarantee a continued l x  r a t e  for  each of the daughter cells.  

The lack of nitrogen a t  this  t ime  prevents the cel l  f rom duplicating the 

sys t em and thus t h e  l x  r a t e  i s  maintained for the s u m  of the daughters 

r a the r  than for each. While the normal  pat tern of growth in  complete 

medium leads to  the same conclusion, these  r e su l t s  show that the regulatory 

machinery of the ce l l  determines the synthetic r a t e  even under the l imiting 

conditions of this  environment. 

The only t ime when a sha rp  discontinuity i s  observed. in  the r a t e  of 

interphase growth is when the third-generation ce l l s  a r e  t r ans fe r red  to  

complete medium . . and normal  growth i s  resumed.  It is legitimate to  

ask  how the cell  knows i t s  normal  r a t e  of growth and r e tu rns  to  i t  

instantly when put into complete media. There  must  , . be some,  template. 

o r  organizer ,  present  even i n t h e  s ta rved  cell ,  which te l l s  i t  how fas t  i t  

can  grow when returnedtto an adequate. medium.. Therefore, .  . the q'ultimate's 

, regulator is. s t i l l  present, .  i. e .  , it. must  have been duplicated a t  division 

even during starvation. 

Therefore ,  i t  i s  the.secondary templates  o r  factors  that have been 

diluted geometrically at  division, whereas the  p r i m a r y  ones--which 

apparently control them--are  present  a t  full strength.  - These ideas can  

. b e  brought into better focus by assigning names.  to  the components. The 

ult imate templates  could be the gen'etic units of DNA (which.have cer tainly 

duplicated a t  division), and the secondary templates  . R N A  (or a fraction 

of it which direct ly  controls the r a t e  of synthesis of all macromolecules  

except the nuc-leic acids.) The evidence for  a regulatory ro le  for  RNA 

has been discussed previously'  ( p.48ff:). Whether the nucleic acids of 

the cel l  per form this  role  orcnot i s  s t i l l  a t  the level  of a 'good hypothesis. 



In conclusion,. the..evidence, i s  quite good that protoplasmic 

syntheses a r e  rate-dependent on specific cellular.  units. .In.these studies 

i t  could be s h o w  that when these specific .units could not be duplicated 

because of want of nitrogen, the i r  deficiency became apparent only 

a f te r  the completion of cell Aivj slon and Llle ~ L G L L  L ul i~i t trplmsc growth. 

Therefore  i t  was concluded that they duplicate [during division. These 

findings lend fur ther  support t o  the contention that the observed effect , 

of kineti11 on the t ime  between the lorrnation of the two daughter nuclei 

and the s t a r t  of interphase growth i s  an effect on a specific growth- 

regulating component of the cell. (This component may be ribonucleo- 

protein. ) 
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