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Abstract---5-1odo-2'-deoxyuridine (IdUrd), at a concentration of 0.25 mM, had little or no effect on 
the growth of Dictyostelium discoideum for at least four doubling times. However, when these cells 
were .allowed to differentiate, the number of fruiting bodies obtained was only about half of that 
obtained from cells grown in normal medium, and a great majority of them were about ~/4 to V8 the 
size of normal fruiting bodies. The inhibition of differentiation could be reversed if the cells were washed 
free of ldUrd and grown in normal medium for twogenerations before differentiation. If the IdUrd-grown 
cells were mixed with only 15 per cent as many normal cells just prior to differentiation, there was 
no inhibition of differentiation. Since it is known that, as a thymidine analogue, ldUrd can be 
incorporated into DNA, the induction patterns of several enzymes during growth and differentiation 
were compared in normal and IdUrd-treated cells. There was a continuous increase in the treated 
relative to untreated cells in the activities of the enzymes N-acetyl-glucosaminidase, ~-mannosidase, 
#-glucosidase and acid and alkaline phosphatases during growth. There was also an increase in activity 
relative to control cells for all of these enzymes except alkaline phosphatase during the differentiation 
of cells previously grown in medium containing IdUrd. The reverse, however, was found for 3',5'-cyclic 
adenosine monophosphate (cAMP) phosphodiesterase. There was a decrease caused by IdUrd in both 
the extracellular and cellular phosphodiesterase activity during development. In contrast, during 
growth, although IdUrd treatment also reduced the extracellular phosphodiesterase activity, the 
cellular phosphodiesterase activity remained unchanged from control. 

The  cel lu lar  s l ime mold ,  Dictyostelium discoideum, 
is an  exce l l en t  s y s t e m  for  s tudy ing  cel lu lar  differ- 
en t ia t ion .  W h e n  nu t r i t ion  is r e m o v e d ,  the  a m o e b o i d  
cells  c ea se  f u r t h e r  rep l ica t ion  and  begin  to a d h e r e  
to  e a c h  o t h e r  in cha ins  and  s t r e a m s  in r e s p o n s e  to 
the  pulses  of  an  a t t r a c t a n t  p r o d u c e d  by  a small  
p e r c e n t a g e  of  the  cells  at  the  c e n t r e  of  the  deve-  
loping mul t ice l lu la r  aggrega te  w h i c h  then  e n t e r s  in to  
a d e v e l o p m e n t a l  cyc le  [ 1 ]: T h u s ,  the  p h a s e  of  diffe- 
r en t i a t ion  is c o m p l e t e l y  s epa ra t ed  f r o m  the  phase  of  
cel lular  g rowth .  Only  two m a j o r  t i ssue  types  a r e  
d i f fe ren t ia ted ,  s p o r e s  and  s ta lk  cells ,  cons t i t u t ing  
the  f ru i t ing  body .  

S ince  1963, severa l  inves t iga to r s  h a v e  r epo r t ed  
a f a sc ina t ing  p r o p e r t y  of  I d U r d  and  5 -b romo-2 ' -  
d e o x y u r i d i n e  ( B r d U r d ) .  Cel ls  tha t  are  s c h e d u l e d  to 
d i f fe ren t ia te  are  b l o c k e d  in th is  p r o c e s s  by  B r d U r d  
or  I d U r d  and  cel ls  wh ich  h a v e  d i f f e ren t i a t ed  appar -  
en t ly  lose  the i r  d i f fe ren t i a ted  p roper t i e s .  Bo th  of  
these  ef fec ts  on  d i f f e ren t i a t ed  f u n c t i o n s  o c c u r  at  
ana logue  c o n c e n t r a t i o n s  wh ich  h a v e  litt le or  no  
effect  on  cell rep l ica t ion .  

Recen t ly  F e l e n b o k  et al. [2] h a v e  d e m o n s t r a t e d  
tha t  B r d U r d ,  at  c o n c e n t r a t i o n s  tha t  had  little ef fec t  
on  the  vege ta t ive  g r ow t h ,  b l ocked  d i f fe ren t ia t ion  of  
Dictyostelium discoideum. T he  p r e s e n t  p a p e r  shows  
tha t  the  s ame  is t rue  fo r  I d U r d  and  p r e s e n t s  evi- 
d e n c e  t ha t  ac t iv i ty  of  some  d e v e l o p m e n t a l l y  regu-  
la ted e n z y m e s  is a lso a f fec ted .  

MATERIALS AND METHODS 

Enzymes and reagents. Cul ture  m e d i u m  for  grow- 
ing s t ra in  AX-2  was HL5 ,  p r e p a r e d  acco rd ing  to 
the  m e t h o d  of  Fir te l  and  B o n n e r  [3]. F i l te r  pape r s  
(5.5 cm) no. 3 and  no. 50 were  p u r c h a s e d  f rom 
W h a t m a n .  The  sa tu ra t ion  buffer  used  for  d i f feren-  
t ia t ion was  p r e p a r e d  acco rd ing  to the  m e t h o d  of  
Newel l  et al. [4] and  c o n t a i n e d  40 mM p h o s p h a t e  
buffer ,  pH 6.4, wi th  1.5 mg/ml  of  KCI and  0.5 mg/ml  
of  MgCI2  6 HzO but  wi th  no  s t r e p t o m y c i n  su l fa te  
added .  

p - N i t r o p h e n y l  p h o s p h a t e ,  p -n i t rophenyl -=-D-  
m a n n o s i d e ,  p -n i t r opheny I -N-ace ty l -# -o -g lucosami -  
nide and  p -n i t ropheny l - f -D-g lucos ide  were  pur-  
c h a s e d  f r o m  S igma  Chemica l  Co.  Alkal ine  phos -  
pha t a se  and  c A M P  were  ob t a ined  f r o m  B o e h r i n g e r  
M a n n h e i m .  [3H]-cAMP and  Aquaso l  were  pur-  
c h a s e d  f rom N e w  Eng land  N u c l e a r  Corp .  

Cell culture. Dictyostelium discoideum s t ra in  
AX-2  was  g rown  in axen ic  m e d i u m  HL5  in ½ gal lon 
size r o u n d  bot t les  ( W h e a t o n )  with  s low ro t a t i on  (0.5 
r ev /min )  in the  da rk  at  r oom t e m p e r a t u r e  (22-23°). 
The  doub l ing  t ime was b e t w e e n  8 and  12 hr.  

F o r  d i f fe ren t ia t ion ,  the  m e d i u m  was  r e m o v e d  by  
cen t r i fuga t ion .  The  cells  were  w a s h e d  twice  wi th  
cold s ter i le  wa te r ,  t hen  r e s u s p e n d e d  in wa te r  at  a 
c o n c e n t r a t i o n  such  tha t  in 0.5 ml of  s u s p e n s i o n  1 to 
4 x l0  T cells cou ld  be  p la ted  ou t  as n e e d e d  for  the  
expe r imen t .  The  cells  were  p la ted  o n t o  a W h a t m a n  
no. 50 filter pape r  (5.5 cm) s u p p o r t e d  by  th ree  W h a t -  
man  no. 3 filters u n d e r n e a t h  in a Petri  dish.  All the  
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filter papers  were pre-washed with distilled water  
several  t imes,  then au toc laved  in the Petri dish and 
dried. Just  prior to applying the cells, the filter pads 
were  first saturated with 4 ml of  the saturat ion 
buffer, and excess  mois ture  was r emoved  by suc- 
tion: 0.5 ml of an appropr ia te  cell suspension was 
then spread over  the filter pad, and after  r emoving  
excess  fluid by suction,  the cells were  al lowed to 
deve lop  in a sealed moist  chamber  in the dark at 
room tempera ture  (22-23°). 

The cells at any part icular  different iated state 
could be scraped off the top filter paper  for experi-  
mentat ion at various intervals  af ter  the initiation 
of  s tarvat ion.  Fo r  assay of  the contents  of the extra-  
cellular fluid, the three support ing filter papers 
underneath  were  pressed,  and the fluids were  
col lected.  

By al lowing the cells to differentiate on agar 
plates,  the morphological  changes  during deve lop-  
ment  could be fo l lowed more closely,  especial ly  
during the early stages. For  this purpose,  the satura- 
tion buffer used to wet  the filter papers  was diluted 
4-fold and 2% (w/v) Bacto-Agar  (Difco Labora-  
tories) was added.  The cells were  plated the same 
way as descr ibed for the filter pads. Comple te  devel-  
opment  usually took 24-27 hr. 

Enzyme assays. E n z y m e  activi t ies were  mea- 
sured as previously  desc r ibed - -N-ace ty l -g luco -  
saminidase by the method  of Loomis[5] ,  fl- 
glucosidase by the method  of  Coston and Loomis  
[6], ~-mannosidase  by the method  of  Loomis[7] ,  
and alkaline phosphatase  and acid phosphatase  by 
the method  of  Gezl ius  and Wright [8]. Cells in the 
exponent ia l  phase of  growth were  harves ted  by 
centr i fugat ion af ter  about  two doublings in normal 
medium or medium containing IdUrd ,  washed  twice 
with cold water  and resuspended  in water  at a con- 
centrat ion of  1-3 x 107 cells/ml.  The  cells were  
s tored frozen.  When ready for  assay,  the cells were  
thawed out.  and sonicated with a short  burst  of  
probe energy of  about  50 W of a Sonifier Cell Dis- 
ruptor  (Heat  Sys tems-Ul t rason ics  Inc. ,  Plainview,  
NY) until the cells were  broken (usually about  5-10 
sec). The  broken cells were  then centr i fuged at 3000 
rev/min  in an Internat ional  centr i fuge with a no. 269 
rotor  and the supernatant  fluids were  assayed for 
enzyme  act ivi t ies  within the hour. One unit of 
enzyme  act ivi ty  is defined as the amount  producing 
1 nmole  n i t rophenol /min.  

To assay the c A M P  phosphodies te rase  act ivi ty,  
the sonicated cell suspensions  were  not cent r i fuged:  
instead, the suspensions  were  dia lyzed against  0.01 
M Tr i s -HCI  buffer, pH 7.5, exhaus t ive ly  before  
being assayed.  Growth  medium and extracel lu lar  
fluid col lec ted  during deve lopmen t  were  also dia- 
lyzed before  being assayed for c A M P  phosphodi-  
es terase  act ivi ty.  

The phosphodies te rase  act ivi ty  was measured  by 
a modificat ion of the method  of  Henderson  [9]. Acti-  
vity was assayed at 30 °, in a react ion mixture  of  
total vo lume 0.5 ml and consis t ing of  50 mM Tr i s -  
HCI (pH 7.5), 12.5 MgCI2, 52 #M [3H]-cAMP (5.8 
#Ci /#mole)  and 7 #g alkaline phosphatase  (0.4 units/  
/~g). The  assay was initiated by the addit ion of 
pH] -cAMP.  A 0.1-ml, zero  time, sample was imme-  
diately wi thdrawn and added to 1.4 ml of  an aqueous  

slurry of  B io -Rad  AG l -X2  (CI- form,  200-400 
mesh:  6 g resin/20 ml of  water). Af te r  thorough 
mixing, the suspension was centr i fuged,  and 0.5 ml 
of  the supernatant  fluid counted  in 5 ml Aquasol .  
Af te r  20 rain of  incubation,  three more 0. l-mt sam- 
ples were  wi thdrawn f rom the react ion mixture  and 
treated as the zero t ime sample.  One unit of  enzyme  
act ivi ty was defined as the amount  that hydrolyzed 
I nmole cAMP/hr .  

R E S U L T S  

Effect of  ldUrd on cell growth and differentiation. 
Figure 1 shows that 0.25 mM IdUrd  had a negligible 
effect on the growth of  vegeta t ive  amoeba  for about  
four  doublings,  af ter  which there was a modes t  
inhibition. With higher concent ra t ions  (0.5 and 1.0 
mM) the growth rate becomes  reduced by about  a 
third at two doublings and more  severe ly  
thereaf ter .  

When  control  and IdUrd- t rea ted  cells were  allow- 
ed to differentiate on moist  filter pads, the cells 
grown in normal medium form fruit ing bodies within 
27 hr while those grown in medium containing 0.25 
mM IdUrd showed marked reduct ion both in the 
number  of fruit ing bodies  fo rmed  and in their  sizes. 
Differentiat ion of  cells grown beyond  four  doublings 
in 0.5 mM and 1.0 mM IdUrd  was a lmost  comple te ly  
blocked.  Almost  no fruit ing bodies of any size were  
formed.  This inhibition of  deve lopmen t  could be 
reversed  if the cells were  washed free of  IdUrd  and 
al lowed to grow in normal medium for  two doublings 
just  prior to differentiat ion.  

When the cells were  a l lowed to deve lop  on agar 
plates,  more detai led changes  in morphology  could 
be seen. Af ter  doubling once  in 0.25 mM IdUrd ,  
very little s t reaming of  the cells toward aggregating 
centers  was seen (after 9-10 hr) compared  to the 
normal cells. Instead most ly  c lumps of  cells were  
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Fig. 1. Effect of IdUrd on the growth of Oictyostelium 
discoideum in axenic medium. Cells were grown in HL5 
medium containing no IdUrd (~---O); 0.25 mM ldUrd 
(A--A);  0.5 mM IdUrd (EP-4~); and l mM IdUrd (C~--O). 
The initial cell concentrations ranged from 1. l to 1.7x 104 
cells/ml, and for the purpose of comparison, they were 

normalized to an initial value of 1.0x 104 cells/ml. 
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Fig. 2. Effect of IdUrd on cAMP phosphodiesterase acti- 
vity during growth. Cells were grown in either HL5 
medium containing no IdUrd (0 - -~ )  or 0.25 mM IdUrd 
(O---O). At various intervals during the exponential 
growth, portions were removed and the cells separated 
from the medium by centrifugation. Both (a) the cell 
fractions and (b) the medium were assayed for enzyme 

activity, as described in Materials and Methods. 

obse rved .  The frui t ing bodies  that  did fo rm f rom 
cells g rown in med ium conta in ing  0.25 mM IdUrd  
were  o f t en  f o r m e d  a f e w  hours  later than in the case  
with normal  cells.  W h e n  the cells doub led  only once  
in I d U r d  med ium,  the  frui t ing bodies  p roduced  were  
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Fig. 3. Effect of ldUrd on cAMP phosphodiesterase acti- 
vity during development of Dietyostelium discoideum. 
Cells were grown in HL5 medium containing either no 
idUrd 1@--O) or 0.25 mM ldUrd (O---~) for two doublings. 
Cells were then allowed to differentiate on filter pads (4 x 
10 ~ cells/pad). At various times during development, cells 
were scraped off the top filters and the extracellular fluid 
was expressed from the supporting pads as described in 
Materials and Methods. Both the (a) cellular fraction and 
the (b) extracellular fluid were assayed for enzyme acti- 

vities, as described in Materials and Methods. 
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Fig. 4. Effect of IdUrd on cAMP phosphodiesterase acti- 
vity during the shaking of Dictyostelium discoideum in 
phosphate buffer. Cells were grown in HL5 medium con- 
taining either no IdUrd (O----O) or 0.25 mM ldUrd ((3---43) 
for two doublings. Cells were then harvested, washed 
twice with cold water and resuspended in 10 mM phos- 
phate buffer, pH 6.4, containing 4.75 mM KCland0.5 mM 
MgC12, at a concentration of 4 107 cells/ml. The suspen- 
sions were then shaken on a rotary shaker at 230 rev/min 
at 22-23 °. At various times, aliquots of cell suspension 
were removed. The fluid was separated from the cells by 
centrifugation and the cells were resuspended in water. 
cAMP phosphodiesterase activity of (a) the extracellular 
fluid and (b) the cellular fractions were assayed, as 

described in Materials and Methods. 

about  V2 to ¼ the normal  size and many cells were  
still seen in a heap  at the base of  the stalk, whereas  
in the case  of  a normal  fruit ing body no cells were  
seen  at the stalk base.  W h e n  the cells had doubled  
two to four  t imes in IdUrd  medium,  the fruiting 
bodies  f o r m e d  were  about  ]/s the normal  size and 
with many cells still in a heap  at the stalk base.  
H o w e v e r ,  there  was a grea ter  number  of micro slug- 
like s t ruc tures  that  never  deve loped  any fur ther .  
When  cells that  had doubled  more  than four  t imes 
in IdUrd  med ium were  plated out,  no fruit ing 
bodies  of any size were  seen.  Ins tead the plate 
con ta ined  slug-like s t ruc tures  of various s izes ,  some 
very s lender  and long with many cells at their  bases .  

In t e rms  of  quant i ty ,  the amoun t  of  fruit ing bodies  
ob ta ined  f rom cells doubled  twice in med ium con-  
taining 0.25 mM IdUrd  was only about  half of  that 
ob ta ined  f rom cells g rown in normal medium,  and 
of  that  half ,  only about  5 per  cen t  app rox ima ted  
normal size. H o w e v e r ,  when  increas ing amounts  of 
normal  cells were  mixed with cells g rown in IdUrd ,  
more  and more  normal size fruit ing bodies  began to 
appear .  At a ratio of  normal cells to IdUrd-g rown  
cells of  1:7, the r ecovery  was about  90 per  cent .  

When cells g rown in normal med ium were  plated 
onto  filter pads sa tura ted  with buffer  conta ining 
0.25 mM IdUrd,  no inhibition of different iat ion was 
obse rved .  Thus,  IdUrd  inhibits different iat ion only 
when  p resen t  during growth.  

Effect of  ldUrd on the activity of  c A M P  phos- 
phodiesterase and other enzymes during growth and 
differentiation. Our obse rva t ion  of the morpholo-  
gically visible effects  of  IdUrd  on different iat ion 
and the mixing expe r imen t s  with normal and IdUrd-  
t reated cells led us to suspec t  that  c A M P  and/or  its 
related e n z y m e s ,  known to be impor tan t  in Dictvo- 
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Fig. 5. Effect of  IdUrd on developmental ly regulated enzymes.  Cells were grown in HL5 medium 
containing no IdUrd (O---O) 0.25 mM IdUrd (O----O) for about two doublings. The cells were then plated 
onto filter pads (2× 107 cells/pad) and collected at the indicated times for enzyme assays,  as described 
in Materials and Methods.  The enzymes  assayed were:  {a) alkaline phosphatase,  (b) acid phosphatase ,  

(c) cc-mannosidase, (d) N-acetylglucosaminidase and (e) b'-glucosidase. 
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Fig. 6. Effect of IdUrd on enzyme activity during the growth of  Dictyostelium discoideum. Cells were 
grown in HL5 medium containing either no IdUrd (~---Q) or 0.25 mM IdUrd (O--O). At regular 
intervals, aliquots of cells were removed and assayed for enzyme activities, as descr ibed in Materials 
and Methods.  The enzymes  assayed were: (a) N-acetylglucosaminidase,  (b) acid phosphatase,  (c) 

0¢-mannosidase, (d)/?-glucosidase and (e) alkaline phosphatase.  
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steliurn differentiation, might somehow be in- 
volved in the inhibition'of differentiation caused by 
IdUrd. Accordingly, we examined the effect of 
IdUrd treatment on cAMP phosphodiesterase acti- 
vity during growth and differentiation. 

Figure 2a shows that, during vegetative growth, 
the cellular activity of cAMP phosphodiesterase in 
the control cells remained relatively constant, 
perhaps decreasing slightly with time, and that 
growth of the cells in 0.25 mM IdUrd caused no 
observable difference from control cells. By con- 
trast, growth of the cells in the presence of IdUrd 
did cause a reduction in the extracellular activity of 
cAMP phosphodiesterase as compared to control 
cells (Fig. 2b). 

Figure 3 demonstrates, however, that a reduction 
in activity relative to control cells was observed in 
both the cellular and extracellular enzyme activity 
when cells previously grown in medium containing 
IdUrd were allowed to differentiate on filter papers. 
Riedel et al. [10] showed that some of the early 
events of Dictyostel ium differentiation, such as ela- 
boration of cAMP phosphodiesterase activity, can 
occur if the cells are shaken in a buffered salt solu- 
tion instead of placing them on filter papers. Figure 
4a shows that when cells were removed from growth 
medium and shaken in phosphate buffer containing 
KCI and MgCI2 there was, as previously reported by 
Riedel et al. [10], a sharp rise in the extracellular 
cAMP phosphodiesterase activity that reached a 
peak after 2 hr. Prior growth of cells with 0.25 mM 
IdUrd considerably reduced this peak of phospho- 
diesterase activity. In the case of cellular activity 
(Fig. 4b), the peak activity appeared in control ceils 
about an hour earlier than the peak of extracellular 
activity. The IdUrd-grown cells showed no peak of 
cellular phosphodiesterase activity at all. 

IdUrd had no effect on the general pattern of the 
activities during'the course of differentiation of the 
five enzymes, as depicted in Fig. 5. However, 
the activities of N-acetylglucosaminidase and ~x- 
mannosidase were somewhat elevated. The increase 
in activity was less for fl-glucosidase and acid phos- 
phatase, and unchanged in the case of alkaline 
phosphatase. 

Figure 6 shows the effect of IdUrd on the same 
five enzymes during the growth phase. In all cases, 
to varying degrees, continuous growth in the pre- 
sence of IdUrd corresponded to an increase in 
enzyme activity. 

DISCUSSION 

The data presented in this report show that IdUrd 
can inhibit the differentiation of Dictyosteliurn with 
little or no effect on the rate of cell replication. As 
a first approach to understanding the phenotypic 
mechanism for IdUrd inhibition of differentiation, 
we have examined the activities of several enzymes 
associated with development. Goz and Prusoff [11] 
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had found a differential inhibition of the phenotypic 
expression of the various genes of phage T4 with 
IdUrd-substituted DNA. It was, therefore, inter- 
esting to see that IdUrd had a similar effect on in- 
duction patterns in Dictyostel ium. Although the 
activity of cAMP phosphodiesterase was reduced, 
the activity of some other enzymes actually in- 
creased. 

There is now good evidence to indicate that cAM P 
plays an important role in bringing about aggregation 
as well as in the control of morphogenetic movement 
and differentiation throughout the developmental 
cycle of Dictyostel ium discoideum[l ,  12, 13]. In 
light of the critical role of cAMP phosphodiesterase 
in differentiation, it may be possible that the reduc- 
tion in phosphodiesterase activity, as shown in 
Figs. 2 and 4, brought about by IdUrd is an impor- 
tant factor in the inhibition of differentiation. How- 
ever, since differentiation is inhibited, the reduced 
phosphodiesterase activity could just as well be the 
result of the blocked differentiation as the cause. 
Further work is needed to resolve this question. 

Another consideration is whether the decrease in 
cAMP phosphodiesterase activity in cells grown 
with IdUrd is due to the endogenous inhibitor of 
cAMP phosphodiesterase reported by Riedel et 
al. [10]. A preliminary check of the cAMP phos- 
phodiesterase inhibitor has indicated that this de- 
crease in diesterase activity was not due to an over 
abundance of the cAMP phosphodiesterase inhibi- 
tor or its premature appearance. 
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