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The cell surface cAMP receptor of Dictyostelium 
discoideum exists as a doublet of low  (D) and high (R) 
electrophoretic mobility forms, both of which are phos- 
phorylated in vivo. The R form  is phosphorylated in a 
ligand-independent manner,  while conversion of the R 
to  D forms, induced by the  chemoattractant, is accom- 
panied by at least a 4-fold increase  in  the level of 
phosphorylation. When cells are stimulated  with  satu- 
rating levels of CAMP, increased phosphorylation is 
detectable within 5 s and  reaches maximum levels by 
5 min with  a tn of 45 s. Dephosphorylation of receptor, 
initiated by removal of the stimulus, is detectable 
within 30 s, has a half-time of 2 min, and  reaches  a 
plateau by 20 min. At half-maximal occupancy, phos- 
phorylation  occurred more slowly than at saturation, 
tH = 1.5 min, and  remained at intermediate levels until 
the cAMP concentration  was increased. Accompanying 
electrophoretic mobility shifts  occurred  in  all cases 
with  similar, though not identical, kinetics. Both  phos- 
phorylation  and mobility shift  were half-maximal at 5 
nM cAMP and  saturated at 100 nM. Estimation of the 
specific activity of each receptor  form  indicates that 
not all sites are phosphorylated during  the R to D 
transition; at least half of the  sites are phosphorylated 
after  the  transition is completed. The rate of incorpo- 
ration of phosphates into  the  receptor, held in  the  D 
form by CAMP, was less than  one-third  the  rate of 
ligand-induced incorporation starting with  the R form 
and  was  approximately  twice  the basal rate of incor- 
poration. These results are compatible with  ligand- 
induced receptor phosphorylation being an  early event 
in  the  adaptation of other CAMP-induced responses. 

During the developmental cycle of Dictyostelium  dkcoideum 
many thousands of amoebae aggregate to form a multicellular 
structure. Aggregation is mediated by cAMP which is propa- 
gated at 6-min  intervals in the form of waves throughout the 
cell population (1). Binding of cAMP to  the cell surface elicits 
a variety of responses including activation of adenylate cy- 
clase, phosphorylation of myosin  heavy and light chains, and 
cell shape changes (2-5). After characteristic periods of time 
these processes spontaneously return  to basal levels even in 
the presence of CAMP, a process termed  adaptation  (5,  6). 
Removal of cAMP results in the resensitization, or deadap- 
tation, of these  events (7). Activation and  adaptation of these 
processes are presumed to underlie the oscillatory propagation 
of cAMP waves and chemotaxis of cells during aggregation. 
The cAMP oscillations control the expression of develop- 
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mentally regulated genes. If cAMP is absent or present at 
fixed  levels,  gene expression is abnormal  and cells do not 
differentiate (8). Thus both activation and adaptation me- 
diated by the cell surface cAMP receptor are required for 
chemotaxis and normal development. 

The cell surface receptor which binds extracellular cAMP 
has been identified (9, 10) and purified to homogeneity (11). 
It exists  as  a doublet with the higher electrophoretic mobility 
form or R form ( A I r  = 40,000) predominating in nonstimulated 
cells and  the lower electrophoretic mobility form or D form 
( A I r  = 43,000) predominating in CAMP-stimulated cells. The 
modification producing the change in forms is reversible and 
occurs endogenously as cells undergo spontaneous cAMP 
oscillations (12). In contrast to  the  transient CAMP-activated 
responses listed above, the electrophoretic mobility shift  per- 
sists in the presence of constant cAMP (13) and may therefore 
be involved in  adaptation. The kinetics and dose dependence 
of this  shift have previously been analyzed by 8-N3-[32P] 
CAMP' photoaffinity labeling and correlate well with the 
kinetics and dose dependence of adaptation of adenylate 
cyclase and cell shape change (13). 

Metabolic labeling studies have shown that  the cAMP 
receptor is phosphorylated in uiuo and  that  the level of phos- 
phorylation is increased severalfold after cells are  stimulated 
with cAMP (14, 15). Since both receptor shift  and phospho- 
rylation are induced by chemoattractant, phosphorylation 
may  be the biochemical event producing the shift and may 
also be an early event leading to adaptation. The cAMP 
receptor thus resembles many other cell surface receptors 
such as  those for insulin, epidermal growth factor, rhodopsin, 
and adrenergic agonists which undergo phosphorylation in 
response to ligand binding (16, 17). For rhodopsin and  the p- 
adrenergic receptor, ligand-induced phosphorylation has been 
correlated with adaptation of physiological responses (17) 
although definitive proof of this relationship  is  still lacking. 
This  study investigates phosphorylation properties of the 
cAMP chemoattractant receptor including kinetics, dose de- 
pendence, dephosphorylation, relationship to mobility shift, 
and compatibility with adaptation processes. 

MATERIALS AND METHODS 

Cell Growth  and  Deuelopment"AX3 cells were grown to a density 
of 5 X 106/ml in HL-5 medium and developed a t  2 X lO'/ml in 
development  buffer as described (11). Cells were pulsed with 50 nM 
cAMP every 6 min throughout development. 

Preparation of Membranes  and  in Vivo 3zP Labeling-After devel- 
opment a t  21  "C  for 5 h, cells were washed twice with  and  resuspended 
at  10' cells/ml in  Mes buffer (20 mM Mes, pH 6.2, 2 mM MgSOd, 0.2 
mM CaC12). The cells were shaken a t  100 rpm  and  treated  with 5 mM 
caffeine  for 15  min  to  prevent  activation of adenylate cyclase and 
produce the R form of receptor (12). Where i n d i ~ a t e d ~ ~ P ,  was included 

The abbreviations used  are:  8-N3-[32P]cAMP, 8-azid0-[~*P]cyclic 
AMP;  Mes, 2-(N-morpholino)ethanesulfonic acid. 
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at  the  same  time  as  the caffeine at a final  concentration of 1.0 mCi/ 
ml. When  stimulated, cells  were then given 10 mM dithiothreitol  and 
the  indicated  concentrations of CAMP for the  indicated  time periods. 
?'Pi labeling times  prior  to  stimulation were 15  min  unless  otherwise 
indicated  and were kept  constant  within goups  of experiments  in 
order  to produce similar  basal  phosphorylation levels. These  experi- 
ments were performed  under  conditions  where ["PIATP  pools were 
not  equilibrated. However, using  the  conditions described the specific 
activity of the ["PIATP  does not  change  appreciably  during  the  time 
course of these  experiments  or  in  response  to  cAMP  (data  not  shown 
(18)). All labelings and  cAMP  stimulations were performed at 22 "C. 

After stimulation cells  were withdrawn to a 5-fold  volume of ice- 
cold saturated  ammonium  sulfate  and  centrifuged  in a Beckman 
Microfuge  12 a t  10,000 rpm  for 8 min. The pellets were resuspended 
with 1 ml of ammonium  sulfate  and recentrifuged.  Cells  were lysed 
by the  addition of 1 ml of lysis  buffer (11) and  membranes  prepared 
and solubilized as described (11). For all  experiments, parallel sets of 
RzPi-labeled  and  unlabeled cells  were prepared  in  order  to  directly 
compare  changes  in  phosphorylation  (analyzed by immunoprecipita- 
tion)  and  electrophoretic  mobility  shift  (analyzed by immunoblot- 
ting). 

Experimental Protocok-For phosphorylation  kinetics, cells  were 
washed, treated  with caffeine, and labeled with 32Pi as described  above. 
For  0-min  time  points,  aliquots were  removed to  ammonium  sulfate 
before cAMP  stimulation.  After  addition of CAMP,  aliquots of cells 
were  removed to  ammonium  sulfate at the  indicated  time  points. 
Control  experiments showed that,  once  in  ammonium  sulfate, cells 
could be held without  further  processing for at least 30 min  with  no 
change  in  receptor  shift or level of phosphorylation. 

For  dephosphorylation  experiments, cells a t  a density of 108/ml 
were  labeled with "Pi and  stimulated  with 3 X lo" M cAMP for 15 
min  to  produce  the D  form. The cells  were then  washed twice with 
and  resuspended a t  2 X 1O8/ml in 0 "C Mes buffer. To initiate  the D 
to R transition, cells  were diluted 4-fold into 22 "C Mes  buffer  and 
shaken a t  100 rpm.  Aliquots were  removed to  ammonium  sulfate for 
processing  before dilution  and at intervals  thereafter.  Since the 
washes for  removal of cAMP  also removed some of the 32Pi from the 
suspension,  additional  assays were performed to distinguish between 
"Pi loss from  receptor  due to decreasing  [3ZP]ATP pools and loss due 
to  receptor  occupancy  changes.  For  all  experimental  time  points, 
control  samples were taken  from 32Pi-labeled  cells  which  were never 
stimulated  but were carried  through  the  washes  and  dilutions  to 
assess R form  phosphorylation  changes  and  from cells  which  were 
stimulated,  washed,  and  diluted  into 22 "C buffer  containing 3 X lo-' 
M cAMP  to  determine  the  changes  in  phosphorylation of the D  form. 
By  determining  the  extent of these  changes  it  was possible to  deter- 
mine  the  phosphorylation  changes  due  only  to  the removal of the 
CAMP. 

T o  determine  the  steady-state  turnover  rate  for  phosphates  on  the 
D  form,  cells  were treated  with M cAMP for  5 min  to  produce 
the phosphorylated D form,  and 32Pi was  then  added  to  the  suspension. 
A parallel  set of cells  was pretreated  with "Pi and  then given cAMP 
to  determine  the  stimulus-induced  phosphorylation  rate.  The  protocol 
allowed sufficient  time  after  cAMP  stimulation for receptor to reach 
steady-state  phosphorylation  and  electrophoretic  mobility  shift levels 
before the  addition of 32Pi (for  the  experimental  regimen) or removal 
of cells to  ammonium  sulfate  (for  the  control regimen). Two  other 
sets of cells  were analyzed for R form  phosphorylation  utilizing  the 
same protocol with  the  omission of the  cAMP  stimulus.  In  all cases 
aliquots of cells  were  removed to  ammonium  sulfate for processing 
after  10,20,  and 40 min of labeling  with 32Pi. All procedures were also 
performed  on  unlabeled cells, and  receptor  shift was analyzed by 
immunoblotting. 

Immunoprecipitation and Zmrn~noblots-~~Pi-labeled sodium  do- 
decyl sulfate-solubilized membranes were centrifuged  in a Beckman 
Airfuge for 15  min  to  remove  insoluble  material.  Immunoblotting 
showed that  no  receptor  was  lost  by  this  treatment.  The  supernatants 
were then  immunoprecipitated  and  subjected  to  electrophoresis  on 
10% polyacrylamide  gels as described (14)  with  the  exception  that 
the  receptor  was  eluted  from  the  final  pellet of protein  A-Sepharose 
CL-4B  beads at 22 "C for  10  min  instead of a t  95 "C  for  5  min. 
Immunoblots of unlabeled  membranes were performed as described 
(14). 

Analysis of Data-Autoradiographs of immunoblots  and  immuno- 
precipitations were scanned  with an  LKB densitometer,  and  the 
heights of R and D peaks were measured. For  immunoblots,  data  are 
presented as the  fraction of receptor  in  the D form, which equals  the 
(height of D)/(height of D + height of R). For  quantitation of 

phosphorylation,  the  maximal  total  phosphorylation  (summing  peak 
heights of R and D forms)  in  each  experiment is considered to be 
loo%,  and  other  data  points  are  expressed  as  percentages of the 
maximum value. Unless  otherwise  indicated,  data  points  represent 
the  fractional  amount of phosphorylation of the  sum of R and D 
forms. 

RESULTS 

Kinetics of Phosphorylation-The kinetics of receptor re- 
distribution  determined by immunoblotting in response to 
saturating  cAMP  are shown in Fig. L4. As previously dem- 
onstrated by photoaffinity labeling (13), about 90% of receptor 
protein from unstimulated cells migrates as  the R form. When 
cells were stimulated  with M cAMP  there was a  rapid 
redistribution of receptor protein from the R to the D form 
with  a  final distribution of 80-90% in  the D form. The half- 
time for this process was 30 s, and a steady  state was reached 
by 5 min. No change  in  electrophoretic mobility was detected 
during the remainder of the experiment. The kinetics of in 
vivo phosphorylation of the cAMP receptor are shown in Fig. 
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FIG. 1. Kinetics of receptor modification induced by satu- 
rating CAMP. Parallel  sets of cells  were treated  with caffeine, with 
or  without nzPi labeling, for  45  min  prior to stimulation.  Each set was 
then  stimulated  with 10" M CAMP,  and  aliquots were removed at   the 
indicated  times. A, kinetics of receptor  shift  determined by immu- 
noblotting. The  graph  shows  the  combined  results of two  independent 
experiments. The inset  shows the  Western  blot of one of these 
experiments  in which the  lanes  contain  samples  taken a t  times 0, 5, 
15, 25, 35, 45, 60, 120, 300, and 600 s after  addition of CAMP. B,  
kinetics of receptor  phosphorylation. The  graph  shows  the  combined 
results of two  independent  experiments. C, autoradiograph of immu- 
noprecipitated "Pi-labeled receptor  taken  after  cAMP  stimulation at 
the  times listed in  panel A. 
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1B. As previously reported (14), there is a basal amount of 
receptor phosphorylation in unstimulated cells. After stimu- 
lation of cells by cAMP there was a dramatic increase in the 
amount of receptor phosphorylation concomitant with the 
shift to  the  D form. Ligand-induced receptor phosphorylation 
was detectable within 5 s after stimulation, was complete by 
5 min, and occurred with a half-time of  45 s. The process was 
biphasic with a rapid component occurring early (60-70% 
maximum phosphorylation by 1 min) followed  by a slower 
component. No increase or decrease in phosphorylation was 
detectable after  the steady state was  achieved. Fig.  1C  shows 
one of the autoradiographs of immunoprecipitated 32Pi-labeled 
receptor used to generate Fig. 1B  and demonstrates the spec- 
ificity of the antiserum. The region  shown includes proteins 
of M, 200,000-10,000. The autoradiographs of immunoprecip- 
itations  and immunoblots of all experiments described here 
showed similar high specificity, and therefore only the region 
from 38 to 45  kDa is shown in other figures. 

Kinetics of Dephosphorylation-To examine the effects of 
removal of CAMP, cells  were first stimulated with cAMP for 
10 min, washed at 0 "C, and warmed rapidly by dilution into 
22 "C Mes  buffer without CAMP. (Immunoblotting, as well as 
previous photoaffinity labeling (13), showed that no D to R 
transition occurs  when  cells are held at  0 'C even  in the 
absence of CAMP.) The redistribution from the  D  to  the R 
form is shown  in  Fig. 2A. It was detectable by  30 s, occurred 
with a half-time of  2.5 min, and was complete by 10 min. The 
concurrent dephosphorylation of the receptor is  shown in Fig. 
2B. As described under "Materials and Methods," control 

assays were  performed to determine the changes in R  and  D 
form phosphorylation levels due solely to  the reduction in the 
specific activity of the  [32P]ATP pools  caused by the cell 
washes  needed to remove the CAMP. In four separate experi- 
ments, reduction in phosphorylation levels of R  and D forms 
due to  the washes and dilution were not detectable until 10 
min after the cells  were diluted into  the 22 "C buffer. At  10 
min the average reduction was 10% of the initial phosphoryl- 
ation level, at  15 min it was 19%,  and at 20 min it was 30%. 
The data points shown in Fig.  2B have  been corrected for this 
32Pi loss and  thus represent dephosphorylation due only to 
removal of CAMP. Dephosphorylation of receptor induced  by 
removal of the ligand was detectable by 30 s, had a half-time 
of 2 min, and reached a plateau by  20 min. The process was 
biphasic with a rapid component occurring between 0 and  3 
min and  a slower component occurring thereafter. Residual 
amounts of phosphorylated D form  were still  present at  30 
and 45 min after removal of cAMP (not shown). 

Dose  Response  to  CAMP-The dependence of receptor shift 
and phosphorylation on cAMP concentration are shown in 
Fig. 3. Half-maximal shift occurred at  5nM CAMP, and  satu- 
ration occurred at  100 nM. Little  or no receptor shift occurred 
below 1 nM. Phosphorylation was also half-maximal at ap- 
proximately 5 nM and  saturated at  100 nM. The experiments 
shown in Fig. 4  demonstrate that  the 10-min stimulation time 
used  was adequate for receptor shift  and phosphorylation to 
reach steady state at  subsaturating cAMP concentrations. 

Kinetics at a Subsaturating CAMP Concentration-During 
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FIG. 2. Kinetics of  receptor  demodification after removal  of 
CAMP. Cells with or without 32Pi labeling were treated with 3 X 10" 
M cAMP for 10 min to produce the D form of the receptor and  then 
washed by centrifugation at  0 "C to remove the CAMP. Cells were 
then diluted into 22 "C Mes buffer to initiate demodification, and 
aliquots were taken at  the indicated times. A, kinetics of D to R shift 
determined by immunoblotting. The inset shows the Western blot of 
an experiment in which samples were taken at  0,2, 5, 10, 15, and 20 
min after dilution into 22 "C Mes. The results from two experiments 
are shown. B, kinetics of dephosphorylation. The inset shows the 
autoradiograph of immunoprecipitated 32Pi-labeled receptor taken at  
the times listed for panel A. 32Pi loss from both R and D forms due to 
the washes was estimated as described under  "Materials and Meth- 
ods," and those values have been incorporated as correction factors 
to the actual  data. The results shown are from two independent 
experiments. 
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FIG. 3. Effect of  CAMP concentration on receptor  modifi- 
cation. Parallel sets of cells were prepared with or without 32Pi 
labeling for 45 rnin. At that  time cells were stimulated with the 
indicated concentrations of cAMP for 10 min and  then removed for 
processing, A, dose response of receptor shift determined by immu- 
noblotting. The graph shows the results from four independent ex- 
periments. The inset shows the immunoblot of one  experiment  in 
which the lanes  contain samples from cells stimulated with the 
following concentrations of CAMP: 0, 0.1, 1, 2, 5,  10, 20, 50, 100, and 
1000 nM. B, dose response of receptor phosphorylation. The graph 
shows the results of two experiments. The inset shows the autoradi- 
ograph of immunoprecipitated 32Pi-labeled receptors prepared from 
cells stimulated with the doses shown in p a n e l  A. 
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FIG. 4. Kinetics  of receptor modification at a subsaturating 
dose. Parallel sets of cells were prepared with or without 3zPi labeling 
for 45 min. Each set was then stimulated with 5 nM CAMP, and 
aliquots were  removed at  the indicated times. After the last  time 
point was taken the remaining cells were stimulated with 10" M 
cAMP for 3 additional minutes. The graphs show the averages of two 
independent experiments. A, kinetics of receptor shift determined by 
immunoblotting. The inset shows one of the immunoblots used to 
generate the graph. The lanes  contain samples taken at times 0,0.17, 
0.5, 1, 2, 5, 10, 15, and 20 min after  stimulation. The final  lane 
corresponding to  the point labeled C on the graph is the sample 
prepared from cells stimulated with the  saturating dose. B,  kinetics 
of receptor phosphorylation. The inset shows the autoradiograph of 
immunoprecipitated 32Pi-labeled receptors taken at  the same time 
points shown in panel A. The final  lane is the sample prepared from 
cells stimulated with the  saturating dose. 

adaptation, responsiveness to subsaturating concentrations of 
stimuli is lost, but cells remain responsive to higher stimulus 
concentrations. Therefore, phosphorylation was examined at  
5 nM CAMP, a concentration which produces an intermediate 
level of receptor shift  and phosphorylation. Fig. 4A shows 
that  at 5 nM CAMP, the  transition occurs with a half-time of 
1.5 min, reaches a steady state of 30% D form  between 5  and 
10 min, and remains at  that level  for up to 20 min. Increasing 
the cAMP concentration to lo-' M for 3 min at  that time 
resulted in an increase in D form to 55%. Phosphorylation 
also reached an intermediate steady-state level at  5 nM cAMP 
(Fig. 4B). This occurred with a half-time of  1.5 min, reached 
a plateau level of 60% maximum  by 5 min, and remained 
constant for 15 additional min. Increasing the cAMP concen- 
tration to M for 3 min at  that time resulted in a  further 
increase in receptor phosphorylation. 

Turtwuer of Phosphates on  Receptor-The rate of incorpo- 
ration of phosphates into the pre-existing D form of receptor 
was investigated. Cells  were treated with cAMP for 5 min to 
allow receptor phosphorylation to reach steady-state levels as 
shown in Fig. 1. 32Pi was then added to  the cells, and aliquots 
were  removed  for processing after 10, 20, and 40 min of total 
labeling time. The standard stimulus-induced rate of phos- 
phorylation was determined in parallel by preincubating cells 
with 32Pi for 5 min, adding CAMP, and removing aliquots at 
10, 20, and 40 min after addition of 32Pi. The  rate of R form 
phosphorylation was determined under the same conditions 
with the exception of the addition of CAMP. Data  are ex- 

pressed as  the  amount of phosphate in the  D or R form 
relative to  the maximum  level of total phosphorylation in the 
stimulus-induced sample.  Because the 32Pi labeling times in 
this experiment are  short,  the  data obtained reflect relative 
rates of phosphate incorporation into  D or R forms under the 
various conditions. The differences observed  between the 
samples are not due to ligand-induced variations in [32P]ATP 
pools  because cAMP does not affect [32P]ATP pools  over the 
duration of the stimulus used here (data  not shown) (18). 

Panel A of  Fig. 5 shows the relative rates of 32Pi incorpo- 
ration into  the  D form  induced by stimulus (closed circles) 
and when the receptor pre-exists in the D form (open circles). 
The results indicate that when receptor is held  in the  D form, 
the rate of phosphorylation is about 3 times less than  the 
stimulus-induced rate of phosphorylation beginning with the 
R form.  Fig.  5B  shows that phosphorylation of the R form 
was linear with respect to time and was not affected by the 
addition of the  other reagents ("Pi, dithiothreitol, and caf- 
feine). The rate of R form phosphorylation is about one-fifth 
the stimulus-induced rate  and about one-half the  rate of 
incorporation into pre-existing D form. 

To assess the turnover of ligand-induced phosphorylation 
sites, R form phosphorylation should be subtracted from that 
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FIG. 5. Turnover of phosphate on receptor. A, cells were 
treated with caffeine for 10 min and labeled with 32Pi for the  times 
indicated. Control cells (M) were labeled with 32Pi for 5 min 
before stimulation with lo" M cAMP while experimental cells (0- 
-0) were stimulated with lo-' McAMP for 5 min hefore labeling 
with 32Pi. Data points  are expressed as percent of maximum control 
value and  are obtained from two independent experiments. B, cells 
were treated with the same regimen as in panel A except that no 
cAMP was  given. M, control regimen; o"-o, experimental 
regimen. 
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FIG. 6. Specific  activity  of D form after cAMP stimulation. 
The  data shown in Fig. 1 were used to calculate the specific activity 
of 32Pi-labeled D form. The amount of 32Pi in the D form at  each time 
point  (relative to 100% as described under  "Materials and Methods") 
was determined by densitometric scanning. This  amount  (as a  per- 
cent) was divided by the fraction of receptor in D form at  that  time 
point  (also  a  percent) as determined by immunoblotting. 
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of the  D form since it is assumed to proceed independently of 
the stimulus. When this correction is made, the incorporation 
rate of ligand-induced phosphorylation sites on pre-existing 
D form is approximately one-fifth the stimulus-induced rate 
of phosphate incorporation. 

Specific Activity of D Form-The data from the experiments 
shown in Fig. 1 were used to estimate the changes in specific 
activity of receptor D form following cAMP stimulation. 
Specific activity is defined as  the fractional  amount of phos- 
phorylation of the D form at each time  point divided by the 
fraction of receptor protein in the D form at each time point 
(Fig. 6). At 5-15 s after  addition of stimulus, the specific 
activity of the D form is about 40% of the maximum value. 
This value increases rapidly to about 80% of maximum by 1 
min and reaches a  plateau at  the maximum level between 3 
and 5 min. (The curve levels off above a value of 1.00 because 
the fractional value of phosphorylation of D form at  the  later 
time points was  very  close to 1.00, while receptor protein in 
the D form equilibrated at 0.80-0.90.) 

DISCUSSION 

Receptors isolated from resting cells migrate with an elec- 
trophoretic mobility on sodium dodecyl sulfate gels of M, 
40,000 and show ligand-independent incorporation of 32Pi 
which is linear for at least 1 h. Stimulation of cells with cAMP 
results in a rapid and  dramatic increase in 32Pi incorporation 
into  the receptor concomitant with a change in its electropho- 
retic mobility to M, 43,000. The cAMP dependence of these 
processes is a result of receptor occupancy rather  than a 
process activated by intracellular cAMP because phosphoryl- 
ation  and  shift occur in  the presence of caffeine which pre- 
vents activation of adenylate cyclase (19). Dephosphorylation 
of receptor was also highly sensitive to receptor occupancy, 
occurring rapidly when cAMP was  removed. The cAMP recep- 
tor  thus resembles rhodopsin and ,&adrenergic receptors 
which are also phosphorylated and dephosphorylated in re- 
sponse to receptor occupancy (20). 

Several lines of evidence support the hypothesis that 
CAMP-induced receptor phosphorylation is an early step lead- 
ing to adaptation of one or more CAMP-stimulated events. 
The kinetics of phosphorylation and dephosphorylation are 
comparable with the kinetics of adaptation  and  deadaptation 
of several processes. Ligand-induced receptor phosphoryla- 
tion is rapid, with detectable levels present at 5 s after 
stimulation  and steady state being reached by 5 min. Adap- 
tation of adenylate cyclase,  myosin phosphorylation, and cell 
shape changes begin within seconds of application of chemo- 
attractant  and  are completed within 3-5 min (5, 6,  15). The 
half-time for phosphorylation, 1.5 min, is also comparable to 
the half-times for adaptation of these processes (2-3 min). 
Dephosphorylation of receptor upon removal of cAMP had  a 
half-time of 2 min and reached a  plateau by 20 min, while 
adenylate cyclase deadapts with a half-time of 2-4 min and is 
completed at about 12 min (6, 7, 21). In  addition,  adaptation 
and  deadaptation of these processes as well as phosphoryla- 
tion  and dephosphorylation of receptor occur in caffeine- 
treated cells (5,22), indicating that none of these processes is 
dependent upon increases in  intracellular CAMP. 

The dose responses for these processes are very similar. 
Receptor phosphorylation was half-maximal at 5 nM cAMP 
and  saturated at 100 nM CAMP. Many CAMP-induced proc- 
esses are  activated by nanomolar CAMP, including adenylate 
cyclase (Kd = 5 nM) and myosin phosphorylation (& = 5 
nM),  while desensitization of adenylate cyclase also occurs 
with a Kd of 5 nM (21). 

The fractional  amount of steady-state receptor phospho- 

rylation is a function of receptor occupancy. At  5 nM CAMP, 
a  concentration at which receptors are incompletely occupied, 
receptor phosphorylation reaches only a fraction of the max- 
imal level. Steady state was achieved between 5 and 10 min 
after  stimulation,  and no further change in phosphorylation 
level occurred as long as  the stimulus was held constant. A 
subsequent increase in the proportion of occupied receptors 
produced further receptor phosphorylation. Both adenylate 
cyclase and myosin phosphorylation respond to step increases 
in cAMP in the same manner, i.e. a  subsaturating dose of 
CAMP produces a submaximal response (which in  these cases 
then subsides), and  a  further increase in cAMP stimulus 
produces a  further response (5, 7). 

The kinetics of shift  and phosphorylation also depended on 
the stimulus dose. At  5 nM CAMP, the tlh for shift  and 
phosphorylation were 2.5 and 1.5 min, respectively, compared 
to 30 and 45 s at M. Receptor shift at and lo-' M 
cAMP was even more rapid than  at M (data  not shown). 
This agrees with experiments showing that  the  rate of rise of 
adaptation is faster with higher doses of cAMP (6). In all of 
these respects, receptor phosphorylation characteristics  are 
similar to properties ascribed to a  theoretical  adaptation 
mechanism proposed in several models (6,23). 

Receptor shift, analyzed by immunoblotting, was assessed 
in parallel with phosphorylation changes. The kinetics of both 
processes upon addition and removal of cAMP were similar 
but  not identical, while the dose dependence of each was 
essentially the same. At subsaturating  cAMP levels both 
receptor shift and phosphorylstion were maintained at a 
fractional level until  the stimulus  concentration was in- 
creased. The two processes thus have very similar character- 
istics, but  a causal relationship between the two remains to 
be unequivocably established. 

Analysis of the specific activity of receptor phosphorylation 
revealed that  the specific activity of the D form increased 
during the course of the experiment (Fig. 6). At early time 
points  after  stimulation the specific activity of the D form 
was 30-40% of the maximum value, and maximum levels of 
phosphorylation were not  obtained  until 3-5 min after  stim- 
ulation. This result suggests that phosphorylation of receptor 
continues after the R to D  transition is complete. We have 
estimated the molar ratio of phosphates to protein in the R 
and  D forms to be 0.2 * 0.1 and 4.0 k 0.8 (14), suggesting 
that numerous sites on the D form are phosphorylated. It is 
possible that one or two sites  are phosphorylated during the 
R to D  transition,  and  the remainder is phosphorylated only 
after the receptor is in the D form. Experiments  are in 
progress to identify the multiple ligand-dependent and  -in- 
dependent phosphorylation sites and  to determine  their  rela- 
tionship to  the mobility shift  and  their  contributions to  the 
overall kinetic properties. It will be interesting to learn 
whether all, some, or one of the phosphorylation sites  are 
involved in adaptation  or if phosphorylation of different sites 
is involved with adaptation of different processes. 

Incorporation of phosphate  into receptor is most rapid 
during the R to D transition.  Steady-state  turnover of phos- 
phate on the D form is estimated to be one-fifth to one-third 
the stimulus-induced rate. Nevertheless, the presence of de- 
tectable  phosphate incorporation into  the D form at steady 
state indicates that  it undergoes cycles of dephosphorylation- 
rephosphorylation and  that  there is a  phosphatase capable of 
dephosphorylating occupied receptors. It is  not known 
whether or not  this  phosphatase activity is the same as  the 
one which dephosphorylates receptor after removal of stimu- 
lus or if there is a  stimulus-dependent phosphatase. 

Several properties of ligand-induced phosphorylation of the 
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cAMP receptor from D. discoideum have been investigated. 
In all respects examined in this study, i.e. events induced by 
the addition of both  saturating  and  subsaturating stimuli, 
events induced by the removal of stimulus,  and changes as  a 
function of stimulus dose, receptor modification resulting in 
electrophoretic mobility shift  and receptor phosphorylation 
occurred with similar properties. No conditions have been 
found which dissociate receptor shift from phosphorylation, 
although a causal relationship between the two remains to be 
established. The similarities  in kinetics and dose response 
between receptor phosphorylation and  adaptation of adenyl- 
ate cyclase and myosin heavy and light chain phosphorylation 
suggest that ligand-induced receptor phosphorylation is an 
early event  in the causal mechanism of one or more of these 
processes. 

Recent work has shown that transmembrane signal trans- 
duction processes in Dictyostelium are similar to those of 
vertebrate cells. The deduced amino acid sequence of the 
receptor shows significant homology to rhodopsin, and  the 
structural model based on hydrophobicity analysis indicates 
that  it is a member of the family of receptors with seven 
membrane-spanning domains.' The proposed cytoplasmic C 
terminus  contains 18 serines  and 9 threonines which are 
potential phosphorylation sites. Light-induced phosphoryla- 
tion of rhodopsin occurs primarily on a  cluster of serines  and 
threonines  near the carboxyl terminus (25), and  the proposed 
cytoplasmic tail of the P-adrenergic receptor is also serine- 
threonine-rich (26). Ligand-induced phosphorylation of these 
receptors has also been correlated with functional  adaptation 
(16). In  addition to these  structural  and  functional similari- 
ties,  activation of effector enzymes in Dictyostelium by extra- 
cellular cAMP occurs through the action of a  G-protein (3, 
24). These  properties  in conjunction with the ease of mutant 
isolation and  the recent  advent of transformation by homol- 
ogous recombination make Dictyostelium a powerful  model 
system for the investigation of signal transduction processes. 
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