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We reevaluated the use of 32P04 pulse-chases for analyzing mRNA decay rates in late-developing
Dictyostelium cells. We found that completely effective P04 chases could not be obtained in developing cells and
that, as a consequence, the decay rates exhibited by some mRNAs were influenced by the rates at which they
were transcribed. In developing cells disaggregated in the presence of cyclic AMP, the poly(A)+ mRNA
population turned over with an apparent half-life of 4 h, individual mRNA decay rates were heterogeneous, and
some prestalk and prespore mRNAs appeared to decay with biphasic kinetics. In cells disaggregated in the
absence of cyclic AMP, all prestalk and prespore mRNAs decayed with biphasic kinetics. During the first 1 to
1.5 h after disaggregation in the absence of cyclic AMP, the cell-type-specific mRNAs were selectively
degraded, decaying with half-lives of 20 to 30 min; thereafter, the residual prestalk and prespore mRNA
molecules decayed at rates that were similar to those measured in the presence of cyclic AMP. This short-term
labilization of cell-type-specific mRNAs was observed even for those species not requiring cyclic AMP for their
accumulation in developing cells. The observation that cell-type specific mRNAs can decay at similar rates in
disaggregated cells with or without cyclic AMP indicates that this compound does not act directly to stabilize
prestalk and prespore mRNAs during development and that its primary role in the maintenance of
cyclic-AMP-dependent mRNAs is likely to be transcriptional.

In the presence of exogenous nutrients, the cells of the
slime mold Dictyostelium discoideum multiply as individual
amoebae (19). Under conditions of starvation, however, the
amoebae form aggregates (containing _105 cells each) which
ultimately differentiate into fruiting bodies containing stalk
cells and spores (19). This developmental program is char-
acterized by changing patterns of gene expression (see
references 7, 18, and 19 for reviews), and both transcrip-
tional and posttranscriptional mechanisms have been impli-
cated in regulating the observed changes (6, 11, 15, 26, 27,
31, 32, 34, 35). One posttranscriptional mechanism em-
ployed by developing cells to regulate gene expression is the
alteration of specific mRNA stability (4, 12). The analysis of
mRNA stability during growth and development of D. dis-
coideum has therefore received considerable attention (5, 8,
21, 22, 25, 29, 33).
The cytoplasmic poly(A)+ RNA in postaggregation D.

discoideum cells can be divided into two major groups: (i)
species that are transcribed at relatively high rates in grow-
ing cells and continue to be expressed in developing cells
(i.e., constitutive mRNAs) and (ii) species that are found
exclusively in developing cells or whose abundance is sub-
stantially increased during development (i.e., developmen-
tally regulated mRNAs) (3, 8). The developmentally regu-
lated mRNAs can be further divided into three classes on the
basis of their respective cell-type localizations: i.e., prestalk
mRNAs are found predominantly in prestalk cells, prespore
mRNAs are found predominantly in prespore cells, and
common mRNAs are found equally in both cell types (1, 27).
Constitutive mRNAs represent, by sequence complexity and
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mass, approximately 65 to 70% of the cytoplasmic poly(A)+
RNA in late-developing cells (3, 8); the developmentally
regulated species, comprised mostly of prestalk and pre-
spore mRNAs, constitute the remainder (1, 3, 8). Accumu-
lation of most prestalk and prespore mRNAs in developing
cells requires cyclic AMP (cAMP) (6, 16, 26, 27).
Three different methods have been employed to study

mRNA stability during development of D. discoideum.
Chung et al. (8) used the transcriptional inhibitors actinomy-
cin D and daunomycin to block mRNA biosynthesis and
then monitored the decay of preexisting molecules; Mangia-
rotti et al. (21, 22) measured mRNA decay rates by using
both the approach to steady-state labeling method and 32P04
pulse-chase procedures. Based on their results, Chung et al.
(8) and Mangiarotti et al. (21, 22; see also Chisolm et al. [7])
concluded that all mRNAs in late-developing cells turn over
with 4-h half-lives and that these uniform decay kinetics can
be observed both in normal developing cells (i.e., intact
aggregates) and in cells disaggregated in the presence of
cAMP. When cells were disaggregated in the absence of
cAMP, most of the prestalk and prespore mRNAs appeared
to be selectively degraded, decaying with half-lives of 20 to
30 min; however, the decay rates of the common mRNAs
and the constitutive mRNAs were unaffected by the absence
of cAMP (7, 8, 21, 22). The latter observations led to the
additional conclusion that cAMP not only acts to promote
the transcription of cell-type-specific mRNAs but also acts
to stabilize these cAMP-dependent mRNAs in normal devel-
oping cells (7, 8, 22). The accuracy of these observations and
the validity of the conclusions drawn from them, however,
may be questioned for a number of reasons. First, previous
work from this laboratory has established that actinomycin
D and daunomycin, at the concentrations used by Chung et
al. (8), will kill growing D. discoideum cells (5). Although
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developing cells may be less susceptible to the toxic effects
of these drugs, appropriate controls were not reported (8).
Second, developing D. discoideum cells are not suitable for
use in approach to steady-state labeling experiments because
a population of developing cells is not uniform (i.e., cells
with different developmental fates are present). In addition,
cellular mass is reduced by at least a factor of 2 during
development (19), dramatic changes in the rates of accumu-
lation of specific RNAs can occur over relatively short
periods of time (1, 20, 27, 28), and cellular pools of some
metabolites (e.g., P04) are subject to large fluctuations (19).
Third, pulse-chase experiments done in this laboratory to
determine mRNA decay rates in growing cells have sug-
gested that entirely effective chases cannot be obtained in D.
discoideum cells labeled with 32P04 (33). Although relative
mRNA decay rates could be determined in these 32P04
pulse-chase experiments, the half-lives measured for individ-
ual mRNAs appeared to be overestimated by a factor of 1.5
to 2 (33). In view of this last observation, the observation of
Casey et al. (5) that most mRNAs in vegetatively growing
amoebae turn over with half-lives of 50 min, and the results
of Chung et al. (8), Mangiarotti et al. (21, 22), and Chisolm et
al. (7), it could be argued that cell-type-specific mRNAs have
inherently short half-lives which are masked during ineffec-
tive phosphate chases in the presence of cAMP (i.e., high-
level transcription of the respective genes and continued
32P04 incorporation during an ineffective chase will artifac-
tually decrease measured mRNA decay rates). If correct,
this would suggest that cAMP does not act to stabilize
cell-type-specific mRNAs in developing D. discoideum cells.
As an approach to clarifying these issues, we have reevalu-
ated the use of 32P04 pulse-chases for analyzing mRNA
decay rates in late-developing cells and have reassessed the
hypothetical role of cAMP in stabilizing cell-type-specific
mRNAs. Our experiments indicate that in late-developing
cells (i) completely effective P04 chases cannot be obtained;
(ii) mRNA decay rates are much more heterogeneous than
previously thought; (iii) reliable information about the decay
rates of individual mRNAs cannot be deduced from the
decay kinetics of total mRNA; (iv) disaggregation in the
absence of cAMP leads to a selective and transient degrada-
tion of cell-type-specific mRNAs, including those mRNAs
not requiring cAMP for their maintenance in disaggregated
cells; and (v) cAMP does not act directly to stabilize
prespore and prestalk mRNAs.

MATERIALS AND METHODS

Recombinant plasmids. The plasmid-bearing sequence
complementary to a constitutively expressed mRNA,
CON29, is the same as that designated p29 by Shapiro et al.
(33). The cDNA plasmids complementary to developmen-
tally regulated mRNAs were originally isolated from a bank
described by Mehdy et al. (27). The cDNA-containing plas-
mids 10C3, 2H3, 2H6, 14E6, and 16G1 were generously
provided by R. A. Firtel. The plasmid 10C3, containing
sequences complementary to a developmentally regulated
mRNA found both in prestalk cells and prespore cells, was
renamed COM1OC3; the plasmids 2H3 and 14E6, containing
sequences complementary to mRNAs enriched in prespore
cells, were renamed PSP2H3 and PSP14E6, respectively; the
plasmids 2H6 and 16G1, containing sequences complemen-
tary to mRNAs enriched in prestalk cells, were renamed
PSK2H6 and PSK16G1, respectively. The cDNA plasmids
7E3, 12H5, 15E3, and 18G1 were a generous gift from D.
Ratner. The plasmids 7E3, 12H5, and 15E3, containing

sequences complementary to mRNAs enriched in prespore
cells, were renamed PSP7E3, PSP12H5, and PSP15E3; the
plasmid 18G1, containing sequences complementary to an
mRNA enriched in prestalk cells, was renamed PSK18G1.

Cell culture and development. D. discoideum AX3 was
grown axenically in MES-HL5 medium at 22°C as described
by Palatnik et al. (30). The cells were prepared for develop-
ment by pelleting them (1,000 x g, 2 min), washing them
once in 0.2% NaCl, and then washing them twice in LPS (1
mM CaCl2, 1.3 mM KCl, 4.2 mM MgSO4, 22 mM NaH2PO4,
and 11 mM Na2HPO4). After the second LPS wash, the cells
were suspended in LPS to a final concentration of 1.5 x 108
cells per ml and then deposited on 4.25-cm Whatman 50
filters (_108 cells per filter). Each Whatman 50 filter rested
on top of a single Millipore AP10047S1 support pad, and
both the filters and the support pads were saturated with
LPS before the cells were deposited. The cells were allowed
to develop at 22°C for 13 h before further treatment.

Pulse-chase procedures. All operations were performed at
22°C. Cells were pulse-labeled during the 13th and 14th
hours of development by lifting the cell-bearing Whatman
filters from their support pads and placing each one on a
150-,ul droplet of carrier-free 32P04 (New England Nuclear
Corp.). Depending upon the experiment, the droplets con-
tained either 5.63 or 11.25 mCi of 32P04. Control experi-
ments have shown that cell viability is not affected by
exposure to these levels of radioactivity. At the end of the
labeling period, the incorporated 32P04 was chased either in
normal cells (i.e., aggregated cells) or in disaggregated cells.
Chases in normal cells were initiated by blotting the cell-
bearing filters alternately on Whatman 3mm filter papers that
were either supersaturated with LPS or dry (five cycles).
After the cell-bearing filters were blotted, they were placed
on fresh LPS-saturated Millipore support pads (see above),
and the support pads were changed every 15 min for the
duration of the chase. Chases in disaggregated cells were
initiated as described above for normal cells, but after the
final blotting on 3mm paper the cells were stripped from their
filters and disaggregated by vortex mixing in LPS containing
EDTA (10 mM) (5 ml per filter of developing cells). The
filters were then discarded, and the cells were transferred to
centrifuge bottles with gaskets and washed twice with large
volumes of LPS-EDTA. After the second wash, the cells
were suspended in LPS-EDTA at a final concentration of 5 x

106 cells per ml and agitated on a platform shaker (250 rpm).
When the chase in disaggregated cells was performed in the
presence of cAMP, this compound was added to the LPS-
EDTA solution at a concentration of 100 ,uM.
RNA extraction and purification. In most experiments, the

first sample (designated to) was isolated 60 min after removal
of the label. If the chase was done in aggregated cells, a
single filter of cells was harvested at each time point. In this
case, the cells were dislodged from the filters by vortex
mixing in 5 ml of LPS-EDTA and then pelleted. The pelleted
cells were lysed in 2.5 ml of 2% Cemulsol NPT12-12%
sucrose-1% diethylpyrocarbonate-10 mM Mg(C2H302)2-10
mM NaCI-50 mM HEPES (N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid)-NaOH (pH 7.5), and the lysate was
centrifuged at 12,000 x g for 10 min at 4°C to pellet the nuclei
and mitochondria. The postmitochondrial supernatant was
recovered, mixed with 2.5 ml of 1% sodium dodecyl sulfate
(SDS)-1% diethylpyrocarbonate-100 mM HEPES-NaOH
(pH 7.5) and extracted three times with phenol-chloroform
(2:1). The extracted RNA was ethanol precipitated twice,
suspended in 400 p.l of diethylpyrocarbonate-treated, auto-
claved H20, and stored at -70°C. When the chase was done
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4090 MANROW AND JACOBSON

in disaggregated cells, 20 ml of cells (_ 108 cells) was
harvested, and cytoplasmic RNA was isolated as described
above. Poly(A)+ RNA was purified from total cytoplasmic
RNA by batch adsorption to and elution from oligo(dT)-
cellulose. The RNA from each time point was heated to 65°C
for 5 min, mixed with an equal volume of warmed 2x
oligo(dT)-cellulose-binding buffer (1 M NaCl, 2 mM EDTA,
1% SDS, 20 mM Tris hydrochloride [pH 7.5]), and then
added to a microfuge tube (1.5 ml) containing 20 mg of
oligo(dT)-cellulose (type 3; Collaborative Research) that had
been preequilibrated in 1 x oligo(dT)-cellulose binding
buffer. The RNA and oligo-(dT)-cellulose were mixed at
room temperature on a rotating mixer for 10 to 15 min, and
then the oligo(dT)-cellulose was pelleted by centrifugation.
Nonbinding material was removed from the oligo(dT)-cel-
lulose by washing the resin twice with 1 x oligo(dT)-cellulose
binding buffer (800 p.1 per sample) and twice with oligo(dT)-
cellulose wash buffer (100 mM NaCl, 1 mM EDTA, 10 mM
Tris hydrochloride [pH 7.5]) (900 [Li per sample). The bound
poly(A)+ RNA was eluted from the oligo(dT)-cellulose by
washing the resin twice with diethylpryocarbonate-treated,
autoclaved water that had been prewarmed to 37°C (450 ,u1 in
first wash, 400 p.1 recovered; 400 .1I in second wash, 400 p.l
recovered; the two eluents were combined). The poly(A)+
RNA eluents were ethanol precipitated at -20°C overnight
in Beckman SW50.1 centrifuge tubes, and the precipitates
were pelleted by centrifugation at 40,000 rpm at 4°C for 2 h.
The RNA pellets were suspended in 400 p. of diethylpyro-
carbonate-treated, autoclaved water, and the suspended
RNA was stored at -70°C. RNA yields and concentrations
were determined by measurements of A26,, and RNA radio-
activity was determined by trichloroacetic acid precipitation
and scintillation spectrometry. The specific activity of the
poly(A)+ RNA in the to samples ranged from 6.0 x 104 to 1.0
x 105 cpm/,ug.
DNA dots and hybridizations. Hybridization of each of the

poly(A)+ RNA fractions isolated from cells during the time
course of a chase to excess amounts of cloned cDNA
immobilized on filters, followed by measurement of the
relative amounts of labeled material hybridized, allows the
determination of individual mRNA decay rates (33). There-
fore, sets of Zeta-Probe (Bio-Rad Laboratories) membranes
containing all of the cDNAs described above and pBR322 (as
a hybridization control) were prepared by applying the DNA
(denatured in 0.4 M NaOH at 37°C for 15 min) to the
membranes by using a Schleicher & Schuell dot blot mani-
fold. The membrane sets contained one membrane for each
time point in an experiment, and each of the membranes in a
set contained duplicate amounts of either 1.0, 2.5, and 5.0 p.g
or 2.5 and 5.0 p.g of each type of DNA. After the DNA was
applied to the membranes, they were washed twice at room
temperature with 2x SSPE (24), air dried, and then washed
again with 0.1x SSPE-0.5% SDS for 1 h at 65°C. Both
prehybridization and hybridization were done in 50% form-
amide-4x SSPE-1% SDS. Identical amounts (1.6 to 2.6 p.g)
of labeled poly(A)+ RNA isolated at each time point during
a chase were hybridized individually to the members of a
membrane set. The RNA was heated to 65°C for 5 min and
then chilled quickly before adding it to the hybridization
solution; the hybridizations were done at 45°C for 48 h. After
the hybridization, the membranes were washed first at room
temperature (once in 2x SSPE-0.1% SDS and once in 0.1x
SSPE-0.1% SDS, 15 min each) and then at 60°C (twice in
0.1x SSPE-0.1% SDS, 30 min each). The washed mem-
branes were placed between layers of plastic wrap and put
under X-ray film with a Dupont Cronex intensifying screen;

the films were exposed at -70°C for up to 2 weeks. Exposed
X-ray films were quantitated by densitometry with a Helena
Laboratories Quick Scan R+D densitometer. Since a satu-
rated level of hybridization was observed for all amounts of
DNA on the membranes for all of the mRNAs studied (data
not shown), average densities were calculated from the
scans of all available dots. No hybridization was observed to
dots containing pBR322 DNA, so that no corrections had to
be made for background hybridization. Decay curves were
generated for each mRNA by constructing semilogarithmic
plots of the percentage of hybridizing labeled material re-
maining as a function of time (33).
RNA dots and hybridizations. To quantitate the amounts of

specific mRNAs present in developing cells at various times
after the disruption of cell-cell contacts in the absence of
cAMP, total cytoplasmic RNA was purified from cells at
designated times after disaggregation, and a set of Zeta-
Probe membranes containing duplicate 3.0-p.g dots of the
RNA from each time point was prepared. The RNA was
applied to the membranes after denaturation for 5 min at
65°C in 50% formamide-2.2 M formaldehyde-10 mM
NaC2H302-1 mM EDTA-40 mM morpholinepropanesul-
fonic acid-NaOH (pH 7.0), and the dots were washed with
2x SSPE. After the dots were washed, the membranes were
dried and then incubated, with shaking, in 0.lx SSPE-0.1%
SDS for 1 h at 65°C. The membranes were prepared for
hybridization by preincubation at 42°C for at least 4 h in 50%
formamide-4x SSPE-1% SDS-0.5% BLOTTO (13)-0.5 mg
of salmon sperm DNA per ml. The RNA on each membrane
was hybridized with a specific 32P-labeled probe synthesized
in a random-priming reaction (9) by using the gel-purified
insert from one of the recombinant cDNA clones described
above as a template. The probes were purified after synthe-
sis by phenol extraction and centrifugation through small
columns of Sephadex G-50 (Pharmacia). Approximately 106
cpm of labeled probe was used in each hybridization reac-
tion. Hybridizations were done at 42°C for at least 20 h in
47% formamide-3x SSPE-10% dextran sulfate-1% SDS-
0.5% BLOTTO-0.4 mg of salmon sperm DNA per ml. After
the hybridization, the membranes were washed first at room
temperature (once in 2x SSPE-0.1% SDS and once in 0.2x
SSPE-0.1% SDS, 15 min each) and then at 55°C (twice in
0.2x SSPE-0.1% SDS, 15 min each). The washed filters
were placed between layers of plastic wrap and then put
under X-ray film with an intensifying screen at -70°C. The
X-ray films were exposed for up to 48 h, and the relative
extent of hybridization to each dot was measured by densi-
tometry as described above for DNA dots.

Northern (RNA) blots and hybridizations. Total cytoplas-
mic RNA from growing, normal developing, and disaggre-
gated developing cells was electrophoresed in 1.2% agarose
gels containing 2.2 M formaldehyde (17) and blotted to
Zeta-Probe membranes in 1x SSPE. The membranes were
prepared for hybridization by incubation at 42°C in 50%
formamide-5x SSPE-Denhardt solution (24)-1% SDS-250
p.g of salmon sperm DNA per ml. The hybridization probes
for specific mRNAs were prepared as described above for
the RNA dots. Hybridization reactions were done at 42°C in
47% formamide-5x SSPE-1x Denhardt solution-10% dex-
tran sulfate-0.5% SDS-200 p.g of salmon sperm DNA per ml.
After the hybridization, the membranes were washed first in
2x SSPE-1% SDS and then in 2x SSPE-0.1% SDS (15 min
each). Then the membranes were washed at 50°C in 0.2x
SSPE-0.1% SDS (two washes, 15 min each). The washed
membranes were placed between layers of plastic wrap and
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FIG. 1. Decay of 32P04-labeled poly(A)+ RNA in developing
Dictyostelium cells. D. discoideum cells were pulse-labeled with
32P04 during the 13th and 14th hours of development, and the
incorporated label was chased either in aggregated cells (i.e., normal
developing cells) or in cells disaggregated in the presence or absence
of cAMP. At designated times during the chase, samples of the cells
were harvested, and total cytoplasmic RNA was purified. Poly(A)+
RNA was purified from the total cytoplasmic RNA by batch
adsorption to and elution from oligo(dT)-cellulose. RNA yields and
concentrations were measured by determining the A260, and RNA
radioactivity was measured by trichloroacetic acid precipitation and
scintillation spectrometry. Source of RNA: (A) cells disaggregated
in the presence of cAMP (100 ,uM); (B) cells disaggregated in the
absence of cAMP; (C) aggregated cells.

then put under X-ray film with an intensifying screen at
-700C.

RESULTS

We used two approaches to measure mRNA decay rates in
developing cells. In the first approach we used a pulse-chase
procedure to monitor the decay of both total cytoplasmic
poly(A)+ RNA and 10 individual mRNAs. This procedure
was applied to normal developing cells (intact aggregates)
and to cells disaggregated in the presence or absence of
cAMP. In the second approach, we monitored the relative
levels of individual mRNAs under conditions where their
synthesis had been markedly reduced, i.e., in cells disaggre-
gated in the absence of cAMP. The results of our experi-
ments are described below.

Pulse-chase analysis of mRNA decay in cells disaggregated
in the presence or absence of cAMP. Cells developing on filter
pads were pulse-labeled with 32P04 during the 13th and 14th
hours of development; then the cells were disaggregated,
washed extensively, and maintained as individual cells (for
up to 6.5 h) in a chase buffer containing unlabeled P04 with
or without cAMP (see Materials and Methods). In all exper-
iments except those with disaggregated cells without cAMP,
the first samples were isolated 60 min after removal of the
label. In experiments with disaggregated cells without
cAMP, the first samples were isolated 30 min after removal
of the label. The latter sampling protocol was chosen be-
cause preliminary experiments indicated that, in disaggre-
gated cells without cAMP, significant amounts of labeled
poly(A)+ RNA decayed during the first hour after cell
disaggregation (see below). In each experiment, the time at
which the first sample was withdrawn was designated to.
During each chase, no increase in the specific activity of
rRNA was observed (data not shown), suggesting that rea-
sonably effective chases were obtained.

(i) mRNA population decay rates. Figures 1A and B show
the decay of total cytoplasmic poly(A)+ RNA in cells
disaggregated in the presence and absence ofcAMP, respec-
tively. In the presence of cAMP, pulse-labeled poly(A)+
RNA decayed, after a short lag, with a half-life of 3.8 h. In

the absence ofcAMP, no lag was observed in poly(A)+ RNA
decay; under these conditions, the kinetics of RNA decay
appeared to be biphasic. Over 60% of the poly(A)+ RNA in
cells disaggregated without cAMP decayed with a half-life of
30 min, and the remainder decayed with a half-life of 4.3 h.
The rapid degradation of a substantial fraction of the mRNA
population in cells disaggregated in the absence of cAMP is
consistent with the results of Mangiarotti et al. (21, 22),
Chisolm et al. (7), and Chung et al. (8). It is likely that these
rapidly degraded RNA species are exclusively cell-type-
specific mRNAs, i.e., prestalk and prespore mRNAs (1, 7,
27). Since most developmentally regulated mRNAs are cell
type specific (1), the results shown in Fig. 1B suggest that
developmentally regulated mRNAs represent as much as 60
to 70% of the poly(A)+ RNAs labeled in our pulse-chase
experiments. Because developmentally regulated mRNAs
normally constitute only 30 to 35% of the mass of cytoplas-
mic poly(A)+ RNA in developing aggregates (3, 8), the
overrepresentation of these species in our labeled RNA must
be a consequence of their high levels of transcription (15).
The slowly decaying component shown in Fig. 1B must
consist of residual cell-type-specific mRNAs, developmen-
tally regulated common mRNAs (i.e., mRNAs common to
both prestalk and prespore cells), and constitutive mRNAs.
Since the common mRNAs do not appear to be very
abundant (1), most of the RNAs in this slowly decaying
component must be constitutive mRNAs. The results of Fig.
1B, therefore, appear to be consistent with the idea that
most, if not all, constitutive mRNAs in late-developing
Dictyostelium cells turn over with half-lives of approxi-
mately 4 h (7, 8, 18, 21, 22). In spite of the consistency of
these data with previously published work, the results pre-
sented below suggest that the amount of reliable information
that can be drawn from an RNA population decay curve
about the turnover kinetics of the population members may
be quite limited.
The lag observed in the decay of cytoplasmic poly(A)+

RNA in cells disaggregated with cAMP may indicate that the
P04 pools in these cells equilibrate slowly after a chase is
initiated (i.e., high-level 32P04 incorporation continues for
some time after label removal), or it may reflect the extended
mRNA precursor processing and transport times reported
for developing cells (23), or both. The failure to detect such
a lag in cytoplasmic poly(A)+ RNA decay in disaggregated
cells without cAMP is not surprising since, as noted above,
most of the mRNAs labeled in these experiments require
cAMP to be synthesized and are rapidly degraded in its
absence.

(ii) Decay rates of individual mRNAs. Figure 2 shows a
comparison of the decay kinetics of 10 different pulse-
labeled mRNAs in cells disaggregated with or without
cAMP. The decay curves shown in Fig. 2 were generated
from an analysis of cDNA dot hybridizations with the same
labeled poly(A)+ RNAs used for the experiments of Fig. 1A
and B. The mRNAs studied here include one constitutive
species (CON29), one common species (COM1OC3), five
prespore species (PSP7E3, PSP12H5, PSP15E3, PSP2H3,
PSP14E6), and three prestalk species (PSK2H6, PSK16G1,
PSK18G1). Estimated decay rates derived from the curves
presented in Fig. 2 are shown in Table 1.

All but two mRNAs (CON29, PSP7E3) in disaggregated
cells with cAMP decayed during the chase period (Fig. 2,
Table 1). Of the remaining eight mRNAs, four decayed
with first-order kinetics (COM1OC3, PSP12H5, PSP15E3,
PSK2H6), and four seemed to decay with biphasic kinetics
(PSP2H3, PSP14E6, PSK16G1, PSK18G1). The significance
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FIG. 2. Decay of specific mRNAs during chases in cells disaggregated in the presence or absence of cAMP. Developing cells were

pulse-labeled as described in the legend to Fig. 1, and the incorporated label was chased in disaggregated cells with cAMP (0) or without
cAMP (0). Cytoplasmic poly(A)+ RNA was isolated from cell samples harvested at designated times during the chases, and identical amounts
of RNA from each time point in a chase were hybridized to DNA dots containing excess amounts of recombinant cDNA plasmids bearing
inserts complementary to specific mRNAs. The extent of hybridization to each dot was quantitated by densitometry of autoradiograms, and
changes in the amounts of labeled hybridizable RNA remaining as a function of time were calculated.

of the biphasic decay of some of these mRNAs is unclear.
All of the mRNAs are encoded by single-copy genes (27),
and only one hybridizing species was detected for each
mRNA when Northern blots were probed with labeled
complementary DNA (27; data not shown; see Fig. 5). All of
the mRNAs that we have examined in growing cells, includ-
ing precociously expressed PSK18G1 mRNA, decay with
first-order kinetics (33); however, the biphasic decay of at
least one developmentally regulated mRNA during spore

germination has been reported (14). Surprisingly, only one
mRNA (COM1OC3) in disaggregated cells (with cAMP)
decayed at a rate similar to that of the poly(A)+ RNA

population (Table 1). Most of the other mRNAs decayed two
to three times faster than the population rate, or at least
some portion of the hybridizable mRNA decayed at a

significantly faster rate. Pulse-labeled PSK2H6 mRNA de-
cayed with a half-life that was five times longer than that of
the poly(A)+ RNA population. These results have been
reproduced in several independent experiments (data not
shown) and differ markedly from those of Mangiarotti et al.
(21, 22) and Chisolm et al. (7). This difference can be
explained by assuming that we obtained much more effective
P04 chases in our experiments. Thus, it appears that mRNA
decay rates in developing cells disaggregated in the presence

TABLE 1. mRNA decay in late-developing cells

Half-life (h) in pulse-chase experiments Half-life (h) of mRNA

Disaggregated Disaggregated loss rates
RNA (with cAMP) (without cAMP) Intact aggregates (disaggregated, without cAMP)

Complex Frtodr Complex (first order) Complex
First order (fast, slow) First order (fast, slow) First order (fast, slow)

Total poly(A)+ RNA 3.8 0.4, 4.3 3.8

Specific mRNA (cDNA clone)
CON29 No decay 11.0 3.8
COM10C3 3.4 21.0 14.0 4.0
PSP7E3 No decay 0.5, 12.0 No decay
PSP12H5 1.2 0.3, 3.5 No decay 0.6, 2.0
PSP15E3 1.5 0.2, 3.0 No decay 0.7, 3.0
PSP2H3 1.2, 3.3 0.3, 3.5 No decay
PSP14E6 0.7, 3.6 0.4, 2.6 No decay
PSK2H6 20.0 0.3, 15.0 2.8 1.0, no decay
PSK16G1 1.1, 3.3 0.3, 2.7 3.2
PSK18G1 1.6, 23.0 0.5, 5.0 No decay 0.9, 8.0
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FIG. 3. Specific mRNA levels in cells disaggregated in the absence of cAMP. Total cytoplasmic RNA was isolated from the cells of intact
aggregates (15 h of development; to) and from cells disaggregated for designated lengths of time in the absence of cAMP. Sets of duplicate
RNA dots were prepared with 3.0-,ug samples of the isolated RNAs, and the relative amounts of specific mRNAs present in each sample were
determined by hybridization with 32P-labeled probes and densitometry of the resulting autoradiograms. Shown are the autoradiograms used
to quantitate the relative amounts of RNA present and semilogarithmic plots of the relative RNA levels as a function of time.

of cAMP are much more heterogeneous than previously
thought.

Surprisingly, all of the pulse-labeled prestalk and prespore
mRNAs in cells disaggregated without cAMP exhibited
biphasic decay kinetics (Fig. 2). This was observed-even for
those cell-type-specific mRNAs not requiring cAMP to per-
sist in disaggregated cells (e.g., PSK18G1, PSP7E3, and, in
our hands, PSK2H6 [27]). During the first 1 to 1.5 h after
disaggregation, all of the prestalk and prespore mRNAs that
we studied decayed with half-lives of 20 to 30 min. After this
period of rapid decay, significant amounts of each mRNA
remained, and the residual molecules decayed with half-lives
that were, in most cases, either the same as or longer than
those measured in the presence of cAMP (i.e., PSP12H5,
PSP15E3, PSP2H3, PSK2H6, PSK16G1; Table 1). Although
the decay rates exhibited by the common mRNA
(COM1OC3) and the constitutive mRNA (CON29) in disag-
gregated cells without cAMP were different from those
measured in the presence of cAMP (Fig. 2, Table 1), these
mRNAs decayed with first-order kinetics in both situations,
and their decay rates were not markedly accelerated during
the first 1 to 1.5 h after disaggregation. It appears, therefore,
that only cell-type-specific mRNAs are subject to a period of
rapid and selective degradation in cells disaggregated in the
absence of cAMP. Moreover, those prestalk and prespore
mRNAs that require cAMP for their maintenance in disag-
gregated cells were degraded to a greater extent during this
initial period of rapid mRNA decay than were those mRNAs
that do not (Fig. 2; compare PSP12H5, PSP15E3, PSP2H3,
PSP15E6, and PSK16G1 with PSP7E3, PSK2H6, and
PSK18G1). Thus, the decay of cell-type-specific mRNAs in
cells disaggregated without cAMP also seems to be much
more complex than previously recognized.

It is significant that after 1 to 1.5 h of disaggregation in the
absence of cAMP, most prestalk and prespore mRNAs

decayed at rates that were the same as or longer than those
measured in the presence of cAMP. This observation estab-
lishes that cAMP cannot act directly to stabilize cell-type-
specific mRNAs in developing cells.

Relative amounts of individual mRNAs in cells disaggre-
gated in the absence of cAMP. Additional evidence that the
decay of cell-type-specific mRNAs in disaggregated cells
without cAMP is very complex was obtained by using a
dilrerent approach. Duplicate RNA dots containing fixed
amounts of total cytoplasmic RNA isolated from the cells of
intact aggregates or cells disaggregated for designated peri-
ods of time in the absence of cAMP were prepared and
probed to determine changes in the relative levels of six of
the developmentally regulated mRNAs studied here. As
before, relative mRNA levels were quantitated by densito-
metric analysis of autoradiograms (Fig. 3). The set of
mRNAs analyzed included the common mRNA (COM10C3)
as a control and two mRNAs (PSP12H5, PSP15E3) that have
consistently exhibited a requirement for cAMP to be main-
tained at significant levels in disaggregated cells (data not
shown). The three other mRNAs (PSP7E3, PSK2H6,
PSK18G1) could be readily detected in disaggregated cells
without cAMP even after prolonged incubation periods (data
not shown; see below). As expected, the levels of all
cell-type-specific mRNAs analyzed were sharply reduced
during a relatively short period of time after disaggregation
in the absence ofcAMP (Fig. 3). Interestingly, the loss of the
prestalk mRNAs (PSK2H6, PSK18G1) began immediately
upon disaggregation, but all of the prespore mRNAs
(PSP7E3, PSP12H5, PSP15E3) exhibited a short lag before
the onset of mRNA loss. At the end of this period of rapid
degradation, the mRNA complementary to the prespore
clone PSP7E3 began to reaccumulate, reaching a level 75 to
80% of that observed in the cells of intact aggregates. A
similar reaccumulation was expected for the mRNAs com-
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FIG. 4. Decay of specific mRNAs during chases in aggregated cells or cells disaggregated in the presence of cAMP. Developing cells were
pulse-labeled as described in the legend to Fig. 1, and the incorporated label was chased in aggregated cells (0) as described in the Materials
and Methods. The amounts of specific labeled RNAs remaining as a function of time were measured as described for Fig. 2. The data for
mRNA decay in disaggregated cells with cAMP (0) are reproduced from Fig. 2.

plementary to the clones PSK18G1 and PSK2H6, but this
was not observed. Since the mRNAs complementary to the
clones PSP12H5 and PSP15E3 exhibit an absolute require-
ment for cAMP to be maintained in disaggregated cells, we
expected that the kinetics of their loss in such cells would
parallel the decay kinetics observed in a pulse-chase exper-
iment. The loss of these mRNAs in disaggregated cells-
cAMP was indeed biphasic (Fig. 3), but the measured decay
rates for the two components were somewhat different than
those observed in a pulse-chase experiment (Table 1). In
particular, the decay rates measured for the period of rapid
mRNA loss were two to three times slower than those
observed in pulse-chase experiments. It is possible that
reducing the cAMP-dependent transcription of the genes
encoding these mRNAs in disaggregated cells without cAMP
is a gradual process and that continued mRNA synthesis
contributes to a slower measured decay rate. Nonetheless,
the data of Fig. 3 support the idea that cell-type-specific
mRNA decay in cells disaggregated without cAMP is ex-
tremely complex.
mRNA decay measurements in intact aggregates. To some

extent, conclusions about the developmental regulation of
mRNA stability in late-developing cells are dependent on the
measurement of normal mRNA decay rates. Previous at-
tempts to measure normal mRNA decay rates in late devel-
oping cells with 32Po4 pulse-chases were done in disaggre-
gated cells with cAMP (7, 21). However, gene expression
patterns in aggregated cells and cells disaggregated in the
presence of cAMP are not entirely the same. Many devel-
opmentally regulated mRNAs accumulate to different levels
in the two types of cells (1, 16, 27), and several growth-
associated gene products that are either absent or present in
greatly reduced amounts in developing cells are reinduced
upon cell disaggregation (10). The reaccumulation of these
growth-associated gene products upon disaggregation ap-

pears to result from the disruption of cell-cell contacts and is
largely unaffected by the presence ofcAMP (10). In addition,
the earlier studies did not apparently consider the possibility
that the act of disaggregation itself might result in changes in
mRNA decay rates. Therefore, we tried to establish condi-
tions that would yield effective P04 chases in aggregated
cells.
The results of an experiment employing the most effective

chase conditions (see Materials and Methods) that we could
obtain with intact aggregates are shown in Fig. 1C, Fig. 4,
and Table 1. In this experiment, total labeled cytoplasmic
RNA decayed with a half-life of 13 h (data not shown). Since
most of the labeled cytoplasmic RNA in such an experiment
is rRNA (data not shown), and since rRNA in late-devel-
oping cells turns over with a half-life of approximately 12 h
(2, 20), it might be concluded that a reasonably effective
chase was obtained. Examination of labeled cytoplasmic
poly(A)+ RNA decay in this experiment (Fig. 1C) is consis-
tent with such a conclusion. As we observed in experiments
with cells disaggregated in the presence of cAMP (Fig. 1A),
the cytoplasmic poly(A)+ RNA decayed, after a short lag,
with a half-life of 3.8 h (Table 1), suggesting that an equally
effective chase had been obtained.
A comparison of the decay rates of labeled individual

mRNAs in aggregated cells and disaggregated cells with
cAMP revealed, however, that the effectiveness of the
chases obtained in the two types of cells were extremely
different (Fig. 4). Only four (CON29, COM10C3, PSK2H6,
PSK16G1) of the 10 mRNAs studied showed a decrease in
specific activity when the chase was performed with intact
aggregates (Fig. 4); the other mRNAs either did not decay
(PSP7E3) or exhibited increasing specific activities during
the chase period (PSP12H5, PSP15E3, PSP2H3, PSP14E6,
PSK17G1). In disaggregated cells with cAMP (Fig. 4), 8 of 10
mRNAs decayed during the chase. Clearly, a much more
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PSK2H6

CON 29

a b c d e

FIG. 5. Northern blot analysis of the PSK2H6 and CON29
mRNAs. Samples (5 iLg) of total cytoplasmic RNA from growing
cells, normal developing cells, and cells that were disaggregated in
the presence or absence of cAMP were subjected to electrophoresis
in a 1.2% agarose gel containing 2.2 M formaldehyde. After electro-
phoresis, the RNAs were blotted to a Zeta-Probe membrane and
hybridized with a 32P-labeled probe complementary to the PSK2H6
mRNA. After hybridization, the membrane was washed and placed
under X-ray film at -70°C with an intensifying screen. The film
exposure time was 15 h. The membrane was subsequently reprobed,
without stripping, with 32P-labeled DNA complementary to the
CON29 mRNA. The membrane was then washed and placed under
X-ray film as before for 8 h. Lanes: a, RNA from growing cells; b,
RNA from 15-h developing cells; c, RNA from 19-h developing
cells; d, RNA from cells that were allowed to develop for 15 h and
then disaggregated and maintained as single cells in the absence of
cAMP for an additional 4 h; e, RNA from cells that were allowed to
develop for 15 h and then disaggregated and maintained as single
cells in the presence of cAMP (100 jiM) for an additional 4 h.

effective chase was obtained in the disaggregated cells. An
increase in mRNA specific activity under chase conditions
can only be explained by efficient incorporation of residual
32P04 into newly synthesized RNA molecules. Incorpora-
tion of residual labeled PG4 iS more likely to be a problem
with developmentally regulated mRNAs than with constitu-
tive mRNAs, since Landfear et al. (15) have shown that
developmentally regulated genes are transcribed at rates that
are 4 to 10 times higher than those observed for constitutive
genes. The chase obtained in disaggregated cells with cAMP
was not entirely effective, however, since mRNAs comple-
mentary to the CON29 and PSK2H6 cDNA clones exhibited
longer half-lives in these cells than they did in aggregated
cells. It is likely that this slower decay in disaggregated cells
is a consequence of continued 32P04 incorporation. Barklis
and Lodish (1) have shown that some developmentally
regulated mRNAs accumulate to higher levels in disaggre-
gated cells with cAMP, and, as noted above, some constitu-
tive mRNAs are transcribed at higher rates when cell-cell
contacts are disrupted (10). Northern blot analysis of the
relative amounts of CON29 and PSK2H6 complementary
mRNAs in growing, intact developing, and disaggregated
cells is consistent with this interpretation (Fig. 5). Disaggre-
gated cells (with or without cAMP) contained 1.5 times as
much CON29 complementary RNA as did the cells of intact
aggregates (Fig. 5, compare lanes b and c with lanes d and e).
Similarly, disaggregated cells (with cAMP) contained 3.2
times as much PSK2H6 complementary RNA as did aggre-
gated cells (Fig. 5, compare lanes b and c with lane e).
Most of the individual mRNA decay rates measured in the

cells of intact aggregates differed significantly from the rate
measured for the poly(A)+ RNA population to which they
belong (compare Fig. 1C with Fig. 4; Table 1). A similar
statement can also be made about the mRNA decay rates
measured in disaggregated cells with cAMP (compare Fig.
1A and Fig. 2; Table 1). An mRNA population decay curve
describes the average amount of mRNA turned over as a
function of time in a given mRNA population. Our data
indicate that examination of such a curve, with regard to

identifying the true diversity of the decay rates of the
component mRNAs, may not be very informative.

DISCUSSION

We have attempted to answer the following questions
concerning mRNA metabolism in late-developing D. discoi-
deum cells. (i) Can effective PG4 chases be obtained? (ii) Are
the decay rates of individual mRNAs uniform or heteroge-
neous? (iii) Can reliable information about the decay rates of
individual mRNAs be deduced from the decay kinetics of
total mRNA? (iv) What effect does disaggregation have on
the decay rates of cell-type-specific mRNAs? (v) Does
cAMP stabilize cell-type-specific mRNAs in disaggregated
cells?
A reevaluation of the use of 32po4 pulse-chases to analyze

mRNA decay rates seemed necessary since earlier claims (7,
21, 22) that entirely effective P04 chases could be obtained in
disaggregated developing cells appeared to be inconsistent
with observations that we made in 32P04 pulse-chase exper-
iments with growing cells (33). We find that completely
effective P04 chases are difficult, if not impossible, to obtain
in growing cells (33). Using our best chase conditions,
growth-phase mRNAs labeled in a 32PO4 pulse decay at rates
that are 1.5 to 2 times longer than expected (33). Using very
similar chase conditions, Mangiarotti et al. (21) and Chisolm
et al. (7) reported that effective P04 chases could be obtained
in late-developing cells disaggregated in the presence of
cAMP and concluded that all mRNAs in such cells turn over
with half-lives of 4 h. We have also used 32P04 pulse-chases
to analyze mRNA decay rates in disaggregated cells with
cAMP. In our experiments, total cytoplasmic poly(A)+ RNA
also appeared to decay with a half-life of approximately 4 h.
However, our results indicate that individual mRNA decay
rates in late-developing cells are much more heterogeneous
than the population decay data would suggest. Only 1 of 10
mRNAs studied appeared to turn over at a rate similar to
that of the poly(A)+ RNA population. Two other mRNAs
decayed at rates that were two to three times faster than that
measured for the poly(A)+ RNA population, three species
decayed at rates that were at least five times slower than the
population rate, and the remaining four mRNAs exhibited
biphasic decay kinetics. At least some portion of each
mRNA that exhibited biphasic decay kinetics decayed at a
rate that was two to four times faster than that measured for
the poly(A)+ RNA population. Since Mangiarotti et al. (21)
and Chisolm et al. (7) also studied a large number of
individual mRNAs, we conclude that our faster measured
mRNA decay rates indicate that we obtained more effective
P04 chases than they did.
Because we were concerned that disaggregation itself

might somehow affect mRNA turnover rates in late-devel-
oping cells, we also tried to establish conditions that would
allow 32P04 pulse-chase experiments to be done with aggre-
gated cells (i.e., normal developing cells). Since most devel-
opmentally regulated mRNAs continue to be accumulated in
disaggregated cells with cAMP (1, 6, 8, 15, 16, 21, 22, 27),
Mangiarotti et al. (21) apparently assumed that these cells
and aggregated cells were equivalent. However, several
observations indicate that gene expression patterns in these
two types of cells, although very similar, are not identical (1,
10, 16, 27) (see above). Unfortunately, the best PG4 chases
that we could obtain with aggregated cells were not as
effective as those obtained for disaggregated cells with
cAMP. In these less effective chases, residual 32P04 was
incorporated into most of the mRNAs studied to such an
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extent that they did not appear to decay during the chase
periods. However, two of the mRNAs studied did exhibit
faster decay rates in aggregated cells than they did in
disaggregated cells with cAMP. The simplest explanation for
this observation is that even the chases obtained in disag-
gregated cells with cAMP were not completely effective.
Many gene products, including those that are constitutively
expressed or developmentally regulated, are accumulated at
higher levels in disaggregated cells than they are in the cells
of intact aggregates (1, 10) (see above). If this greater
accumulation is the result of increased transcription, it is
possible that mRNA half-lives would appear longer in the
presence of residual 32Po4 due to increased incorporation of
that label into newly synthesized mRNA molecules. North-
ern blotting experiments indicate that the two mRNAs
exhibiting longer half-lives in disaggregated cells with cAMP
are both accumulated to higher levels upon the disruption of
cell-cell contacts. This increased accumulation for one of the
mRNAs (developmentally regulated PSK2H6) was depen-
dent upon the presence of cAMP; the increased accumula-
tion of the other mRNA (constitutive CON29) was insensi-
tive to the presence or absence of cAMP.

It is noteworthy that the poly(A)+ RNA populations in
aggregated cells and disaggregated cells with cAMP decayed
at the same rate in our 32P04 pulse-chase experiments, in
spite of the obvious difference in chase effectiveness ob-
tained with the two types of cells. In addition, no label was
incorporated into stable RNAs (i.e., rRNAs) during the
chase portions of any of our experiments. Since the failure to
incorporate residual label into rRNA during the chase part of
a pulse-chase experiment is frequently used to argue that the
chase in question was effective, our results indicate that such
a standard may be inadequate. Since most of the mRNAs
that we studied are developmentally regulated and since
developmentally regulated mRNAs appear to be transcribed
at much higher rates than constitutive mRNAs in developing
D. discoideum cells (15), the problem of incorporation of
residual label into newly synthesized mRNA molecules may
have been especially acute in our experiments. Conceivably,
though, this problem might be encountered in other systems
when pulse-chase experiments are used to analyze the decay
rates of developmentally regulated mRNAs.

Mangiarotti et al. (21, 22) and Chisolm et al. (7) also used
32P04 pulse-chases to study mRNA decay in developing
cells disaggregated in the absence of cAMP. They concluded
that most of the mRNAs that are preferentially accumulated
in either prestalk or prespore cells are selectively degraded
in the absence of cAMP, decaying with first-order kinetics
and half-lives of 20 to 30 min; the stability of the develop-
mentally regulated, cell-type nonspecific mRNAs (i.e., the
common mRNAs) and the constitutive mRNAs seemed to be
unaffected by the absence of cAMP (7, 21, 22). Based on
their results and those of Chung et al. (8), Mangiarotti et al.
(21) and Chisolm et al. (7) proposed that cAMP acts to
stabilize cell-type-specific mRNAs in normal developing
cells. We have also investigated the decay of pulse-labeled
mRNAs in disaggregated cells without cAMP. However, we
monitored our chases for up to 6 h, instead of the 90-min
chase periods monitored by Mangiarotti et al. (21, 22) and
Chisolm et al. (7). The use of longer chase periods allowed us
to determine that the decay kinetics of cell-type-specific
mRNAs in disaggregated cells without cAMP are much more
complex than previously recognized. In partial agreement
with the observations of Mangiarotti et al. (21, 22) and
Chisolm et al. (7), we found that all of the cell-type-specific
mRNAs that we studied were selectively degraded during

the first 1 to 1.5 h after cell-cell disaggregation in the absence
of cAMP (half-life of 20 to 30 min). However, this period of
selective degradation was only transient. At its end, signifi-
cant amounts of each cell-type-specific mRNA remained,
and the residual mRNAs decayed with half-lives that were,
on average, the same as those measured in the presence of
cAMP. The selective degradation of cell-type-specific
mRNAs in disaggregated cells without cAMP was observed
even for those species not requiring cAMP for their main-
tainance in disaggregated cells. (It should be noted that two
of the developmentally regulated mRNAs studied by
Mangiarotti et al., clones GM27 and GM19 [22], also ap-
peared to exhibit such biphasic decay kinetics even during
the limited time courses used.) We conclude from these
observations that cAMP does not act directly to stabilize
prestalk and prespore mRNAs in developing Dictyostelium
cells. However, lowering cAMP levels below some thresh-
old concentration may somehow induce the transient and
selective degradation of these mRNAs. Analysis of relative
mRNA levels in aggregated and disaggregated cells without
cAMP as a function of time reveals additional complexity in
the decay of cell-type-specific mRNAs in the absence of
cAMP. For example, the selective degradation of prestalk
mRNAs appears to begin immediately upon cellular disag-
gregation, whereas the rapid decay of the prespore mRNAs
is delayed for about 30 min. Collectively, these data indicate
that mRNA decay kinetics in late-developing D. discoideum
cells are much more complex than previously thought.
Our experiments also provide some insight into the signif-

icance of the observation that many developmentally regu-
lated mRNAs require cAMP for their maintenance in disag-
gregated cells (as monitored by their detectability on
Northern blots). Our data suggest that those mRNAs whose
relative abundance decreases most dramatically in the ab-
sence of cAMP do so as a consequence of two factors: (i)
substantial reductions in their rates of transcription (15) and
(ii) inherently fast normal rates of decay (i.e., even in the
presence of cAMP, these mRNAs have very short half-
lives).
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