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We examined two sets of genes expressed early in the developmental cycle of Dictyostelium discoideum that
appear to be regulated by cyclic AMP (CAMP). The transcripts of both sets of genes were not detectable in
vegetative cells. During normal development on filter pads, RNA complementary to these genes could be
detected at about 2 h, peaked around 6 to 8 h, and decreased gradually thereafter. Expression of these genes
upon starvation in shaking culture was stimulated by pulsing the cells with nanomolar levels of cAMP, a
condition that mimics the in vivo pulsing during normal aggregation. Expression was inhibited by caffeine or
by continuous levels of cAMP, a condition found later in development when in vivo expression of these genes
decreased. The inhibition of caffeine could be overcome by pulsing cells with cAMP. These results suggest that
the expression is mediated via the cell surface cAMP receptor, but does not require a rise in intracellular
c¢AMP. mRNA from a gene of the second class was induced upon starvation, peaked by 2.5 h of development,
and then declined. In contrast to the other genes, its expression was maintained by continuous levels of cAMP
and repressed by cAMP pulses. These and other results on a number of classes of developmentally regulated
genes indicates that changing levels of cAMP, acting via the cell surface cAMP receptor, are involved in
controlling these. groups of genes. We also examined the structure and partial sequence of the cAMP
pulse-induced genes. The two tandemly duplicated M3 genes were almost continuously homologous over the
sequenced portion of the protein-coding region except for a region near the N-terminal end. The two M3 genes
had regions of homology in the 5’ flanking sequence and showed slight homology to the same regions in gene
D2, another cAMP pulse-induced gene. D2 showed extremely significant homology over its entire sequenced
length to an acetylcholinesterase. The results presented here and by others suggest that expression of many
early genes in D. discoideum is regulated via the cell surface cAMP receptor. We expect that many of these
genes may play essential roles in early Dictyostelium development and could code for elements of the cAMP
signal transduction pathway involved in aggregation.

Dictyostelium discoideum grows vegetatively as individ-
ual amoebae, which aggregate to form a multicellular orga-
nism when starved. The aggregate of approximately 10° cells
then develops over a 26-h period into a fruiting body with
two terminally differentiated cell types, spores and stalk
cells (see references 24 and 25). We are interested in
understanding the regulatory mechanisms controlling tem-
poral and cell-type-specific gene expression during develop-
ment.

Aggregation of amoebae is mediated by cyclic AMP
(cAMP) pulsing. (For a detailed review, see reference 7.)
cAMP is secreted by a cell at an aggregation center and binds
to receptors of nearby cells. This transiently activates ade-
nylate cyclase, resulting in a rapid increase in intracellular
and secreted cAMP. This increase is followed by a refrac-
tory period during which the cell does not respond to
additional cAMP and the amount of intracellular cAMP
returns to original levels. Thus, a pulsatile response-
secretion cycle is established to relay waves of cAMP
through the population. Cells sense the change in cAMP
levels and move up the cAMP gradient toward an aggrega-
tion center. In addition, the activation of the receptor by
CAMP results in a transient rise in intracellular cGMP levels
(26) and phosphorylation of myosin (3). These changes may
be central in controlling chemotaxis. The chemotactic re-
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sponse to cCAMP results in the formation of a multicellular
organism.

In addition to this role, cAMP is known to be involved in
the regulation of gene activity throughout the development
of D. discoideum. In early development, this includes the
induction of cAMP phosphodiesterase (20, 48, 51), cAMP
receptors (16, 21), and Contact Sites A (a protein proposed
to be involved in cell cohesion) (13). cAMP is known to
affect discoidin I expression during aggregation (50; S. K. O.
Mann and R. A. Firtel, unpublished observations) and, in
later development, the specific induction of genes preferen-
tially expressed in either prestalk or prespore cells (1, 30, 31,
37).

We have previously reported the construction and identi-
fication of a series of cDNA clones complementary to
developmentally regulated mRNAs found in 6-h developing
cells (41). In the present study we describe the regulation
and characterization of a group of genes that are preferen-
tially expressed during early development. We demonstrate
that exposing Dictyostelium cells to low-level pulses of
cAMP every 6 min, which mimics in vivo signaling, specif-
ically stimulates the expression of a subset of these early
genes. In contrast,the expression of another early gene is
repressed by these signals. The cAMP-pulse-inducible genes
are repressed by continuous low or high levels of cAMP,
which results in an adaptation of the cell surface cAMP
receptor (7), or by caffeine, which blocks the activation of
adenylate cyclase (4). Transcripts of these genes are first



VoL. 7, 1987

detected during the interphase period between starvation
and aggregation. We cloned and examined a duplicated gene
in this set and an individual gene. We describe here their
physical similarities and differences, as well as their regula-
tion in relation to the overall importance of cAMP as a factor
regulating gene activity throughout Dictyostelium develop-
ment.

MATERIALS AND METHODS

Growth and development of D. discoideum. Wild-type NC-4
and a derived axenic strain, KAx-3, were used in these
studies. NC-4 cells were grown on Klebsiella aerogenes on
SM agar plates (46), and KAx-3 cells were grown axenically
as described previously (12). NC-4 cells were harvested from
agar plates with cold 8 mM 2-(N-morpholino)ethanesulfonic
acid-2 mM KCl-0.6 mM MgSO,, pH 6.5 (MES-PDF) (11)
and freed of bacteria by repeated differential centrifugation
in cold MES-PDF. KAx-3 cells were harvested by centrifu-
gation and washed twice in cold MES-PDF. The cells of both
strains were then suspended in MES-PDF containing 50 mg
of ampicillin and 25 mg each of tetracycline and chloram-
phenicol per liter.

Cells (7 x 10% were spread onto 12.5-cm Whatman
number 50 filters for development as described previously
(11). At various times, developing cells were harvested from
filters by washing with cold MES-PDF followed by centrif-
ugation.

Cells were suspended in MES-PDF buffer at a concentra-
tion of 1 x 10° to 4 x 10° cells per ml for development. The
suspension was distributed into three flasks (with volumes
three to five times that of the suspension) and shaken at 180
rpm. One flask was used for each of the following conditions:
(i) continuous high cAMP (started at 500 uM cAMP, addi-
tional cAMP added at 1-h intervals to 100 pM), (ii) pulsed
cAMP (pulses of cAMP given every 6 min to a final concen-
tration of 25 nM), and (iii) no cAMP added. cAMP solutions
were made up in MES-PDF and neutralized to pH 6.5. Cell
samples were harvested at particular time points throughout
the experiment, and RNA was extracted.

To determine the effect of caffeine on cells developed in
suspension, NC-4 cells were suspended in MES-PDF buffer
at a concentration of 3 x 10° cells per ml in four flasks and
received one of the following treatments: (i) caffeine (3 or 5
mM initially and then to 2 mM every 2 h), (ii) pulsed cAMP
(pulses of cCAMP given every 6 min to a concentration of 25
nM), (iii) caffeine plus pulsed cAMP (both as before), or (iv)
no treatment.

RNA purification. RNA was extracted from cells har-
vested at 2.5-h intervals by lysing them in 50 mM Tris (pH
8.4) containing 1% diethylpyrocarbonate by addition of
sodium dodecyl sulfate to 1% and then extracting four times
with 1:1 phenol-chloroform solution. A 0.1 volume of 3 M
sodium acetate, pH 4.7, was added prior to the last two
extractions. The RNA was then precipitated once with
ethanol, once by the addition of LiCl to 4 M, and twice more
with ethanol.

Poly(A)* RNA was purified on poly(U)-Sepharose. RNA
was bound in binding buffer (0.4 M NaCl, 10 mM Tris
hydrochloride [pH 7.4], 0.2% sodium dodecyl sulfate, 10
mM EDTA, 10% deionized formamide), washed with 0.5x
binding buffer, and then eluted with 80% formamide-2 mM
EDTA, pH 7.2. The RNA was then ethanol precipitated and
dissolved in H,0.

RNA blots. Poly(A)* RNA was size fractionated on 1.5%
agarose gels containing formaldehyde (23) and transferred to
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nitrocellulose or Biodyne transfer membrane (ICN, Irvine,
Calif.) with 20x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate). Filters were baked, prehybridized, and
hybridized at 37°C with 3?P-nick-translated inserts from the
cDNA clones for 24 h. They were then washed, air dried,
and exposed to X-ray film. Prehybridization, hybridization,
and wash solutions were as described previously (31).

Isolation of genomic clones. Genomic fragments containing
the M3 and D2 genes were isolated from a previously
constructed A Charon 13 EcoRlI library (34) by the method of
Benton and Davis (2).

cAMP assays. NC-4 cells were harvested and suspended in
buffer under the four conditions described above: (i) caf-
feine, (ii) pulsed cAMP (pulses given every 6 min to a
concentration of 25 nM), (iii) caffeine plus pulsed cAMP, or
(iv) no treatment. After 7 h, 0.5-ml samples were taken from
each culture every 30 s and boiled to denature the protein,
liberate the cAMP, and destroy the cAMP phospho-
diesterase activity. The samples were then centrifuged to
pellet the cell debris. A 50-pl portion of the supernatant was
assayed for cCAMP with the Amersham cAMP assay kit
(TRK.432) according to the instructions in the kit. Samples
for RNA extraction were also taken every 2.5 h. These
RNAs were size-fractionated, blotted, and probed as de-
scribed above.

Sequencing. The M3 genes and cDNAs were sequenced by
end labeling of appropriate fragments with [y->P]JATP using
polynucleotide kinase, digestion with a second enzyme so
that only one end of each fragment was labeled, and gel
purification of the appropriate fragment(s). Sequencing was
performed by the method of Maxam and Gilbert (27) and
Sanger et al. (43). The sequence for the D2 gene and cDNA
was determined by the method of Sanger et al. (43). Appro-
priate restriction fragments were cloned into phage M13mp8
or -mp9. Single-stranded template was prepared according to
the Bethesda Research Laboratories data sheet by using the
modifications of Poole and Firtel (36).

All sequenced fragments were sequenced from both ends
and an overlap of at least 30 base pairs (bp) was obtained in
each case. All sequences were determined at least two times.
The one exception was the genomic Rsal-PstI fragment of
D2, which was also sequenced several times but from only
one end.

S1 nuclease mapping. The 5’ ends of the transcription units
of the M3 genes were determined by S1 mapping as de-
scribed previously (18).

Quantitation of M3 gene expression. A gene-specific probe
for the M3L gene was prepared by using the Promega
riboprobe SP6 system. A 155-bp Ddel-Avall fragment from
the 5’ end of M3L was gel purified, blunt ended with the
Klenow fragment of DNA polymerase I, and ligated into the
Hincll site of pSP64. The correct orientation was deter-
mined by subcloning into M13mp8 and sequencing as de-
scribed above for D2. 32P-labeled RNA probes were made
and then hybridized in excess to RNA. The reaction mixture
was then digested with RNase A, and the products were
analyzed by gel electrophoresis and quantitated as described
previously (32, 39), with the following changes: 15 pg of
poly(A)* RNA or tRNA was used for each hybridization,
and labeling was carried out with [a-32P]JUTP rather than
CTP so that the RNA probe was labeled along its entire
length.

Protein sequence homology searches. Protein sequence
homology searches were performed against an updated
version of the NEWAT data base. The significance of the
alignments was determined against sequences of the same
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FIG. 1. Kinetics of developmentally regulated early genes. Poly(A)* RNA was isolated from developing NC-4 cells at 2.5 h time points,
size fractionated on a denaturing formaldehyde gel, transferred to nitrocellulose, and probed with nick-translated insert from four cONA

clones. The sizes of the four mRNAs are indicated.

length and composition, but scrambled, with a program that
weights similar amino acids (10).

RESULTS

Kinetics and regulation of early gene expression. We have
previously reported the construction of a cDNA library
made from RNA isolated from 6-h developing cells and the
identification of inserts complementary to RNA present in
6-h developing cells but not in bacterially grown vegetative
cells (41). Developmental RNA blots probed with labeled
insert from several 6-h cDNA clones are shown in Fig. 1.
There are four genes or gene families represented. None of
the genes were detectably expressed in vegetative cells.
RNA complementary to discoidin I, which is encoded by a
three-gene family, is present by 2.5 h, reaches a maximum
between S and 7.5 h, and falls off precipitously by 10 h (34,
35, 42). K5 expression peaks quickly (by 2.5 h) and gradually
decreases thereafter, with RNA still detectable at 15 h. M3,
a duplicated gene family (described here), and D2, a unique
gene, appear to have similar if not identical developmental
kinetics (longer exposure of the M3-probed blot indicated
this more clearly [data not shown]). RNA was detectable at
2.5 h, reached a maximum between 5 and 7.5 h, and then
gradually decreased. The results of RN A blots on discoidin
I, M3, and D2 (Fig. 1) are in agreement with previous results
for RNA excess hybridization kinetics (41, 42), where quan-
titation showed that there is less than one copy of mRNA for
each gene per five vegetative cells. At their peaks, discoidin
I, M3, D2, and K5 mRNAs represent approximately 1, 0.1,
0.3, and 0.02%, respectively, of the poly(A)* RNA as
determined by RNA excess hybridization and comparison of
RNA blots. By 15 h of development, the levels of RNA
complementary to all four genes is less than 10% of their 10-h
level (41; data not shown).

To examine the effects of cAMP on the expression of M3
and D2, vegetative wild-type NC-4 cells grown in association
with K. aerogenes were washed and then placed in a shaking
culture (see Materials and Methods). One such shaking
culture was maintained in the absence of added cAMP, the
second had cAMP added initially and then maintained at a
moderate level (100 to 500 pM), and the third was given

low-level pulses (25 nM) of cAMP every 6 min to mimic the
normal in vivo pulsing during aggregation. As can be seen
from the developmental blots in Fig. 2, M3 and D2 mRNAs
accumulated with the same kinetics, though later in devel-
opment they were lost at different rates, possibly due to a
difference in mRNA half-lives. These genes were expressed
in the absence of exogenous cAMP, although they were
somewhat delayed relative to normal development on filters
and were also at a reduced level. When the cells were pulsed
with cAMP, the mRNA accumulated precociously and to a
higher level, indicating that expression of the genes was
stimulated. In contrast, maintaining a constant, moderate
level of cAMP resulted in a very low level of gene activity.
When a low level of cAMP (100 nM) was provided continu-
ously, expression of the genes was also inhibited (data not
shown). When 300 pM cAMP was added to cells pulsed with
cAMP, there was a rapid loss of M3 and D2 mRNA,
suggesting that constant moderate levels of cAMP repress
the expression of these genes (data not shown). These
results suggest that M3 and D2 are coordinately regulated by
the same cAMP-mediated pathway and they have been
designated class II genes.

The effect of cAMP on K5 expression was different from
that described for M3 and D2 (see Fig. 2). Cells in shaking
suspension showed RNA complementary to K5 present by
2.5 h. High, constant levels of cAMP did not effect K5
expression, but pulsing cells with low levels of cAMP
resulted in a premature turn-off. Similar effects have been
observed for a different gene (M4-1), which is expressed in
vegetative cells and whose expression is repressed by cAMP
pulses (17). KS and genes similarly regulated have been
designated class I genes. In contrast, the expression of the
discoidin I genes is not affected by pulses of cAMP but is
repressed by high constant levels of cAMP (50; data not
shown).

The precocious and increased level of expression of M3
and D2 induced by pulses of cAMP suggests that the
regulation of expression of these genes is mediated via the
cAMP receptor and possibly through the activation of ade-
nylate cyclase. Caffeine is known to inhibit the activation of
adenylate cyclase in D. discoideum (4), thus preventing the
cells from producing intracellular cAMP and an extracellular
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FIG. 2. Effects of cAMP on developmental gene expression.
NC-4 cells were grown on bacteria, washed free of bacteria by
repeated differential centrifugation, and then suspended in MES-
PDF buffer at 4 x 10° cells per ml. Flasks were shaken at 180 rpm
and each was given one of the following treatments: (i) high
continuous levels of cAMP (initially at 500 uM cAMP, with addi-
tional cAMP added to 100 wM each hour), (ii) pulsed cAMP (pulses
of cAMP delivered to 25 nM every 6 min), and (iii) no cAMP
treatment (see Materials and Methods). Cells were harvested at
2.5-h intervals, and poly(A)* RNA was purified. This was size
fractionated on denaturing formaldehyde gels, transferred to nitro-
cellulose, and probed with nick-translated insert from three cDNA
clones (see Materials and Methods). Note that the order for the
KS5-probed blot is different than for the other two.
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cAMP signal. To determine the effect of caffeine on the
expression of the M3/D2 genes, cells were shaken in buffer
(see Materials and Methods) and received one of the follow-
ing treatments: (i) no additions, (ii) low-level pulses of cCAMP
delivered at 6-min intervals, (iii) caffeine added to a 3 or 5
mM concentration initially and then to 2 mM hourly, or (iv)
caffeine added as before plus cAMP pulses. As can be seen
from the developmental blots in Fig. 3, cells shaken in the
absence of added cAMP expressed D2, as in the previous
experiment, and cells pulsed with cAMP showed precocious
induction of the gene and a somewhat higher level of
expression. Treating the cells with caffeine virtually elimi-
nated D2 expression, and pulses of cAMP in the presence of
caffeine overcame the caffeine inhibition and resulted in a
peak level of accumulation of RNA similar to that in un-
treated cells and ca. one-half to two-thirds the maximum
level of pulsed cells. The slight reduction and delayed
accumulation of D2 RNA may be due to the fact that the
expression of the cAMP cell surface receptor is also regu-
lated under these conditions (21; P. Devreotes and A. R.
Kimmel, personal communication; see Discussion). M3
showed a similar pattern of regulation in this experiment
(data not shown).

To draw conclusions from the above experiments, it was
necessary to determine the cAMP oscillations in our cultures
under the four different conditions. At 7 h, samples were
taken from each of the four flasks at 30-s intervals for 10 min
to be assayed for cAMP (see Materials and Methods). Figure
4 shows a graph of the results of one such cAMP assay. Cells
given pulses of cAMP received and then quickly amplified
this pulse. Cultures shaken in the absence of any external
cAMP treatment did show oscillations of endogenous cAMP
with a periodicity of ~6.5 min, although these oscillations
did not reach the same level as those in the cAMP-pulsed
cultures. Under these conditions, these cells had receptor
levels that were ca. two-thirds that found in pulsed cells
(Silan and Firtel, unpublished observation). Cultures shaken
in the presence of caffeine showed no detectable cAMP
levels, and cultures pulsed with cAMP in the presence of
caffeine showed peaks corresponding to the amount of added
cAMP, but, as expected, did not amplify that signal. The
variability in the levels of cAMP in the caffeine plus cAMP
pulses resulted from some scatter in the assay values. While
the cAMP signal was not relayed via the activation of
adenylate cyclase, the pulses of cCAMP did transiently acti-
vate guanylate cyclase (see reference 7) (Silan and Firtel,
unpublished observation). Between pulses, cAMP is hydro-
lyzed by the extracellular and membrane forms of the cAMP
phosphodiesterase (7).

Structure of M3 and D2 genes. Hybridization of M3 and D2
cDNA probes to Dictyostelium genomic blots indicated that
the genes were localized on unique EcoRI restriction frag-
ments of 7.2 and 6.9 kilobases (kb), respectively (data not
shown). To examine the structure of the M3 duplicated
genes, a A Charon 13 genomic library made from an EcoRI
limit digest was screened to identify the recombinant phage
carrying the 7.2-kb EcoRI fragment. An appropriate phage
was identified, and the insert and various subfragments were
then subcloned into pBR322. A restriction map of the M3
duplicated gene region is included in Fig. 5. There are two
transcription units with the same polarity, designated M3L
and M3R. The polarity of transcription was determined by
using 32P-5'-labeled probes and finding which strand was
complementary to M3 mRNA by hybridization (42; data not
shown). These results agreed with subsequent DNA se-
quencing and S1 nuclease mapping of the 5’ ends (see
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FIG. 3. Effects of caffeine on M3 gene expression. NC-4 cells were developed in suspension as before, at 3 X 106 cells per ml with shaking
at 130 rpm. Each flask was used for one of the following conditions (i) no treatment, (ii) pulsed cAMP (pulses of cAMP delivered to 25 nM
every 6 min), (iii) caffeine (initially at 5 mM and then to 2 mM hourly), and (iv) caffeine plus pulsed cAMP. Cells were harvested at 2.5-h
intervals, and poly(A)* RNA was purified. This was size fractionated on denaturing formaldehyde gels, transferred to Biodyne membrane,

and probed with nick-translated insert from the M3L cDNA clone.
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FIG. 4. cAMP signaling under shaking culture conditions. Cells
were shaken in buffer under one of the following conditions: (i) no
treatment, (ii) pulsed cAMP, (iii) caffeine, or (iv) cafeine plus pulsed
cAMP. At 7 h, samples were taken at 30-s intervals for 10 min,
boiled, centrifuged, and assayed for cAMP. The two cultures that
were pulsed with cAMP received 25-nM pulses at the times indi-
cated by arrowheads. A 25 nM solution corresponds to 1.25 pmol
per culture volume containing 10° cells. Values given in the figure
are per culture volume containing 10° cells. For convenience in
plotting, a value of 0 cAMP was used for levels of cAMP below the
detection level of the assay (<0.05 pmol).

below). The sequence of approximately one-half of both
genes has been determined, as has the sequence of the
original cDNA clone (41), which is complementary to the left
gene. A second cDNA was identified and shown to derive
from an M3R transcript by restriction mapping. Thus, both
genes are transcribed.

Figure 6 (left) shows the sequence of the two genes.
Comparison of the sequence indicated a strong homology in
the protein-coding region, except for a section near the
amino terminus in which 13 of 15 amino acids were different
between the two genes. There were at least two introns in
each gene (Fig. 5) found as regions of discontinuity in the
open reading frame that were absent from the cDNA and
nonhomologous between the two genes. As with other
Dictyostelium introns examined, these introns were rela-
tively short and had a very high (>90%) A+T content (see
references 18 and 19). One difference in the restriction maps
of the two genes was due to a site overlapping the
intron/exon border. The splice junctions have been mapped
by S1 nuclease (data not shown) and by comparison of the
cDNA and genomic sequences.

Approximately 1.8 kb 5’ to M3L is a transcribed inter-
spersed repeat sequence which is reiterated approximately
100-fold in the Dictyostelium genome (R. A. Brandis and
A. R. Firtel, unpublished observation). Mapping data sug-
gest that this repeat sequence is not associated with the
transcripts of the M3 duplicated genes (data not shown).

Since ¢cDNA clones complementary to both genes have
been found, we expect that both are transcribed into func-
tional mRNA and translated. mRNA complementary to M3
has been isolated by hybridization to immobilized DNA and
translated in vitro. Analysis on one-dimensional gels of the
products shows a protein of approximately 50 kilodaltons
(Brandis and Firtel, unpublished observations).

The genomic clone for D2 was isolated from the same A
Charon 13 genomic library. D2 is carried on a 6.9 kb EcoRI
fragment. A map of the gene is also shown in Fig. 5. Most of
D2 has been sequenced and one 100-bp intron has been
found, which is consistent with the 2.0-kb length of the
coding region and the 1.9-kb length of the message. This
intron was found as a region of discontinuity in the open
reading frame with a very high (>85%) A+T content. The
splice junctions have not been mapped precisely. The se-
quence of D2 is given in Fig. 6 (right). The location of the D2
cDNA is also shown in Fig. 5.
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FIG. 5. Restriction maps of cloned developmentally regulated genes. Transcribed regions are indicated by a bar. Solid sections have been
sequenced, white sections are introns (also sequenced), and hatched sections have not been sequenced. The location of the cDNAs are
shown. The DNA fragment subcloned into the Riboprobe system(Promega Biotech) for determining the differential levels of the two M3 genes
is labeled rp. Abbreviations: A, Avall; Al, Alul; B, Bglll; D, Ddel; E, EcoRV; H, Hindlll; Ha, Haelll; Hf, Hinfl; P, PstI; R, Rsal; RI,
EcoRlI; S, Sau3A; X, Xbal. (Note that Sau3A sites in M3 have not been mapped.)

5’ Flanking sequence of M3 and D2. We analyzed the 5’
sequences of the three genes (Fig. 7). The 5’ ends of the M3
mRNAs were mapped using S1 nuclease (data not shown)
and the cap sites are indicated by arrowheads. The TATA
boxes are marked (box A), as are the oligo(dT) regions found
between the TATA box and the start of transcription in all
Dictyostelium pol II genes (box B) (18, 19). In the 5'-
untranslated region of both M3 transcripts there is a shared
11-bp sequence (box C). Analysis of the 5’ flanking se-
quences of the two genes indicates that there are several
regions of homology, although M3L has an insertion of 48
nucleotides relative to M3R (or M3R has a deletion). The
sequences are aligned in the figure to show homology, and
identical sequences within the flanking region are under-
lined. .

The 5’ flanking region of D2 shows little homology to that
of the M3 genes except for three copies of a 6-bp sequence
(EEIARD) that is also found in M3L (included in boxes labeled
D in the figure). The GT-rich sequence is not found in the
sequenced part of the M3L flanking region. There are also
two GGGGG sequences (labeled box E) in D2 that are
complementary to a CCCCC sequence found in both M3R
and M3L. These last sequences are very unusual for
Dictyostelium noncoding DNA, which is >85% A+T over-
all.

Relative level of expression of M3L and M3R. Identification
of cDNAs derived from both M3L and M3R indicated both
are expressed. We examined the relative transcription of the
M3 left and right genes by using the SP6 Riboprobe system.
The 155-bp Ddel-Avall fragment at the 5’ end of M3L (Fig.
5), which includes the protein-coding region of least homol-
ogy, was cloned in the correct orientation into SP64. A
32p_Jabeled single-stranded RNA probe complementary to
M3 mRNA was made from the SP6 promoter of the vector
and was hybridized in excess to a measured quantity of
poly(A)* RNA (see Materials and Methods). After digestion

with RNase A, the resulting double-stranded RNA frag-
ments were purified, denatured, and sized on a sequencing-
type polyacrylamide gel. The probe hybridized along its
entire length to mRNA from the left gene, but only in
fragments with message from the right gene. We quantitated
the relative amount of each of the two messages by cutting
the appropriate bands from the gel, eluting them, and deter-
mining the level of radioactivity (39). The results indicated
that M3R is expressed (at the level of steady-state RNA) at
an approximately threefold-higher level than M3L (data not
shown). When S1 analysis of end-labeled single-stranded
DNA probes is used (see reference 28) a similar quantitation
is obtained.

Proteins coded for by the M3 and D2 genes. With the aid of
Russell Doolittle (Chemistry Department, University of Cal-
ifornia at San Diego), a computer analysis was performed on
the amino acid sequences derived from the known nucleo-
tide sequences for the M3 and D2 genes (9, 10) (see Materials
and Methods). This analysis has provided information re-
garding proteins from other systems with which these
Dictyostelium proteins share homology.

Interestingly, the D2 protein shows 25% identity over all
sequenced regions to the acetylcholinesterase from the elec-
tric ray fish Torpedo californica (45), suggesting that the
protein encoded by D2 might be an esterase (Fig. 8A).
Aligning the first 174 amino acids of the D2 protein to those
of the Torpedo acetylcholinesterase yields a match score of
+7.5, when expressed in standard deviations, above a set of
comparisons of sequences of the same length and composi-
tion that are scrambled (see Materials and Methods). Statis-
tically, the homology is quite significant and is probably
biologically relevant considering the homologous domains
lie in the same regions of the protein. The D2 protein, like
the acetylcholine esterase, has a long, very hydrophobic
region at the amino terminus which is followed by three
basic amino acids, suggesting that this is a leader sequence
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FIG. 6. Nucleotide sequence of M3 and D2 genes. (Left) Com-
parison of nucleotide and derived amino acid sequence for the two
M3 genes. Sequences common to both genes are indicated in the
center line. Nonhomologous nucleotides and amino acids are indi-
cated, with sequences for M3R above the center line and those for
M3L below the center. The sequence begins with the first codon of
the protein-coding region. The nucleotide sequence of the known
introns is indicated by lower-case type. The 3’ half of the gene has
not yet been sequenced. (Right) Nucleotide and derived amino acid
sequence for the D2 gene. The sequence begins with the first codon
of the protein-coding region. The known intron is indicated by
lower-case type. The three gaps in the sequence (Fig. 5) have not
been sequenced.

and that the protein is secreted into a membrane vesicle. No
other long hybrophobic regions that could be trans-
membrane domains are found in the regions sequenced.
With regard to the two M3 proteins, a 41-amino-acid
region of both derived protein sequences shows homology to
a domain of bovine lung cGMP-dependent protein kinase
(Fig. 8B). The match score is +6.3 standard deviations
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FIG. 7. 5’ Flanking and untranslated sequence for the M3 and D2
genes. The first nucleotide of the AUG start codon is designated as
+1. M3L is presented discontinuously to align regions of homology
with M3R. The TATA boxes are labeled box A; oligo(dT) runs are
labeled box B (see text). Significant homologies between the
flanking regions of the two M3 genes are underlined. Potentially
interesting regions of homology, as discussed in the text, are in
boxes labeled C, D, and E.

above the jumbled sequence, significant for a short se-
quence. However, this region is located just downstream
from the section of least homology between the two M3
genes, while in the cGMP-dependent protein kinase, the
region of homology lies on the carboxy-terminal side of the
active site, which is part of the most highly conserved region
between cGMP-dependent protein kinase and a series of
other mammalian kinases (47). Because the domains do not
lie in the same parts of the protein, the homologies may be
less significant biologically.

DISCUSSION

cAMP regulation of early gene expression. Our analysis
shows that there are at least three classes of early develop-
mentally regulated genes in D. discoideum. All three classes,
which are represented by the discoidin I multigene family,
gene K5, and the M3/D2 genes, are not expressed in log-
phase vegetative cells of the wild-type strain NC-4 or in
axenically grown KAx-3 cells (data not shown). These genes
are maximally expressed prior to the formation of aggre-
gates, and the level of mRNA has decreased appreciably by
the time culmination initiates.
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Interestingly, our results show that the M3/D2 genes (class
II genes) are induced by cAMP, but only when the cAMP is
given in low-level pulses to mimic in vivo signaling. When
cells are shaken in the absence of added cAMP, the M3/D2
genes are expressed, though at a lower level than that seen in
cells developed on filter pads. It is known that autonomous
pulsing of cAMP is established in shaking cultures (14; P.
Devreotes, personal communication), which we have shown
occurs in our cell cultures (Fig. 4). This endogenous pulsing
probably accounts for the gene activity we see under these
culture conditions. No expression is observed when the cells
are shaken in the presence of caffeine, which inhibits the
activation of adenylate cyclase, thus preventing the cells
from emitting pulses of cAMP (4) (Fig. 4). When pulses of
cAMP are delivered in the presence of caffeine, the M3/D2
genes are expressed, although at a slightly lower level than in
untreated cells. As shown in Fig. 4, the cAMP pulse is not
amplified in the presence of caffeine; however, other intra-
cellular receptor-mediated events, such as the transient
activtion of cGMP, occur normally. These observations
suggest that regulation of class II genes is mediated, at least
in part, via the cell surface cAMP receptor and that activa-
tion of adenylate cyclase and the concomitant rise in intra-
cellular cAMP are not essential. One might expect the level
of expression under these conditions to be the same as that
observed in cells shaken in the absence of caffeine. How-
ever, the appearance of the receptor is also induced by
cAMP pulsing and inhibited by caffeine (21; P. Devreotes
and A. R. Kimmel, personal communication), possibly pre-
venting a complete recovery of expression. In separate
experiments using these cells, we found the level of receptor
to be lower (by approximately 50%) in cells treated with
caffeine and pulsed with cAMP (unpublished observation).
We thus expect that the lower receptor levels and possibly
lower levels of other components of the signal transduction
system may explain the lower level of M3/D2 expression.

Low or high continuous levels of cAMP affect M3/D2 gene
expression in a manner opposite to that of low-level pulses.
We saw in shaking cells a very low level of M3/D2 mRNA
accumulation which is retarded relative to cells developing
on filters or cells shaken in the absence of added cAMP. This
inhibitory effect is also seen in axenically grown KAx-3 cells
(data not shown). Inhibition of expression by perfusion with
a continuous level of cAMP is understandable for receptor-
mediated regulation of early genes, considering that the
cAMP receptor-mediated signal transduction system adapts,
the receptor is down reguldated under these conditions, and
no intracellular signal is relayed (see references 7 and 17).

The remaining two classes of early genes also respond to
cAMP. The discoidin I genes have previously been shown to
be repressed by moderate to high cAMP levels, although
pulsing with low levels has no effect (50; Mann and Firtel,
unpublished observations). K5, a class I gene, is induced
very early in development and seems to be one of the earliest
classes of regulated genes. Its expression is prematurely
turned off by cAMP pulses, but continues in the presence of
high, continuous levels of cAMP. Interestingly, the opposite
is true for class II genes, suggesting that K5 and possibly
other class I genes play a role very early in development,
perhaps as regulators of the expression of class II and other
genes. Our results with cAMP suggest that the repression of
class I gene expression may also be mediated through the
cell surface cAMP receptor. This gene is induced very early
in development, before aggregation begins. As the preag-
gregation interphase proceeds, receptor and probably other
components of the cAMP signal transduction pathway accu-
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FIG. 8. Comparisons of derived amino acid sequences of M3 and D2. (A) The derived amino acid sequence for the D2 gene is compared
with that for a cDNA of T. californica acetyl cholinesterase. The homologies are boxed. The three gaps in the D2 sequence indicate
nonsequenced regions as indicated on the map for Fig. 4. The entire derived amino acid sequence for the T. californica acetylcholinesterase
has been determined (43). The gaps in that sequence are to align the two proteins to show optimum homology. The first amino acid of the
coding region is indicated by the number 1; preceding amino acids are thought to be part of a leader peptide. The number above the beginning
of each line refers to the number of the acetylcholinesterase residue. (B) The amino acid sequence derived from the known nucleotide
sequence for the two M3 genes is compared with the amino acid sequence of bovine lung cGMP-dependent protein kinase. Amino acid
homologies are boxed. The protein-coding region of least homology in the two M3 genes (see text) is bracketed. The 41-amino-acid region
of most significant homology is indicated by arrows. The homology includes 14 amino acids for M3L and 13 for M3R. Numbers above the
line indicate the number of M3 residue, and numbers below the line indicate the number of the cGMP-dependent protein kinase residue.

mulate, cAMP oscillations are established, and the expres-
sion of this class of gene is then repressed while class II
genes are being induced.

mRNAs complementary to class II genes accumulate with
the kinetics expected for genes involved in aggregation or
required for multicellular differentiation: M3 and D2 RNAs
are detectable by S h in shaking cells, peak around 7 h into
development, and then decrease after about 8 h, at a time
when aggregates are forming. Continuous high levels of
cAMP repress expression of these genes and discoidin I in
shaking cultures (50; Mann and Firtel, unpublished observa-
tion). We postulate from these experiments that increasing
levels of cAMP are produced by cells in aggregates and that
this is the developmental signal that results in a decrease in
M3/D2 gene expression. These experiments suggest that
changing levels and timing of cAMP production appear to be
important regulatory factors in controlling early gene expres-
sion in Dictyostelium spp.

It is interesting that cAMP receptors, cAMP phos-
phodiesterase, and Contact Sites A are induced by pulses of
cAMP in early development (13, 16, 20, 21, 48, 51;
Devreotes and Kimmel, personal communication) and may
be other members of the class II developmentally regulated

genes to which M3 and D2 belong. The cAMP receptor and
cAMP phosphodiesterase, as well as possibly proteins en-
coded by M3 and D2, are part of the cAMP signaling-relay
system responsible for mediating cAMP-dependent aggrega-
tion. It has been proposed that cAMP regulates the expres-
sion of these genes through interactions with its receptor via
a signal transduction pathway that possibly includes activa-
tion of guanylate cyclase (22, 29); however, the intracellular
signal responsible for regulating these genes is not known.
Thus it appears that some if not all of the genes whose
expression is stimulated by cAMP may be important com-
ponents of the aggregation system and therefore may be
involved in modulating their own expression. That is, more
stimulation by cAMP leads to a higher level of expression of
the genes and an increased capacity to respond to an
additional cAMP signal. This type of autoregulatory re-
sponse is reasonable considering the biology of the system;
however, such a regulatory pathway is unusual for
eucaryotes. It is worth noting that while cAMP pulses
appear to be central in the regulation of these genes, it is not
known whether the molecular mechanisms regulating the
transcription of these genes is the same and whether these
genes possess common cis-acting regulatory elements.
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In various studies we and other researchers have shown
that cAMP is also involved in late gene expression (1, 5, 30,
31, 37; R. H. Gomer, D. Armstrong, B. H. Leichtling, and
R. A. Firtel, J. Cell. Biol., in press). We have shown that a
moderate level of cAMP can induce the expression of
prestalk genes in competent cells (30, 31). These genes are
maximally expressed in cells allowed to develop for 6 to 10
h, which suggests that the prestalk genes are induced when
the normal developmental levels of cAMP reach a threshold
concentration in vivo at the time of aggregate formation, the
signal that represses class II gene expression. Recent studies
suggest this regulation is also mediated via the cAMP
receptor (44; Gomer et al., in press). It is at this time in
development that the M3/D2-type genes begin to be re-
pressed, presumably by rising levels of cAMP in the aggre-
gate. Thus D. discoideum makes use of changing levels of
cAMP to modulate the expression of several sets of genes
during different parts of its life cycle.

Analysis of amino acid homologies. We have examined the
structure of the genes encoding the M3 and D2 mRNAs.
Approximately 60% of the D2 gene has been sequenced. The
amino acid sequence derived from the known nucleotide
sequence has been analyzed and found to share very signif-
icant identity (25% of all residues) over all regions to the
amino acid sequence derived from a T. californica
acetylcholinesterase cDNA sequence. It should be noted,
however, that the alignments are made for the best possible
match and that there are three sizable gaps in the D2
sequence (Fig. 8A). These gaps correspond to regions of the
gene that have not been sequenced. However, the evidence
suggests that the encoded protein may be a choline esterase
of as-yet-unidentified function in D. discoideum. The pres-
ence of a putative leader sequence suggests that the protein
encoded by D2 is secreted or inserted into a membrane.

There are two M3 genes, both of which are transcribed,
though the M3R mRNA accumulates to a threefold-higher
level than the M3L mRNA. As expected for homologous
genes, most of the protein-coding region that has been
sequenced shows relatively little amino acid substitution.
One major exception is a region near the amino terminus. It
is possible that this region of amino acid change has some
specific biological function that differentiates the two pro-
teins.

The homology between the M3 proteins and bovine lung
cGMP-dependent protein kinase extends over a 41-residue
region and involves 14 amino acids for the M3L protein and
13 for the M3R protein. Thus 34 and 32%, respectively, of
the residues are conserved. This degree of indentity over this
short region, while apparently statistically significant, in-
volves a region of the cGMP-dependent protein kinase that is
not involved in cGMP or ATP binding, nor does it appear to
be part of the catalytic domain (47; S. Taylor, personal
communication) (Fig. 8B). The homologous region contains
a Pro-X-X-Gly-Pro-X-Pro in the middle of the domain, which
may be involved in a specific turn of the protein. In addition
to the amino acid identities, other interchanges involve
conservative amino acid replacements. Because of its high
level of conservation, it is possible that this domain may be
involved in a protein-protein interaction.

cGMP appears to be involved in the membrane transduc-
tion system between the cAMP receptors on the surface of
developing Dictyostelium cells and the intracellular system
responsible for chemotaxis. Evidence for this include the
following: cAMP pulses lead to a rapid, transient rise in
intracellular cGMP levels (26); there is an intracellular
phosphodiesterase specific for cGMP (8); and ‘‘streamer”’
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Dictyostelium mutants show abnormally high concentrations
of cGMP that are not rapidly degraded (40). These mutants
have chemotactic movement responses of up to 520 s in
duration rather than the normal 100 s and therefore develop
large aggregation streams. The importance of the M3 genes
to cGMP metabolism is presently unknown. This is being
examined by using anti-sense mutagenesis approaches to
knock out M3 expression.

Analysis of 5’ nucleotide sequences. All three genes have a
TATA box and an oligo(dT) sequence between the TATA
box and the cap site, as do all other Dictyostelium pol 11
genes examined (18, 19). D2 and M3R both have a TATA
sequence of TATAAATT, which differs from the Dictyostel-
ium consensus sequence TATAAALA (19) at only the last
nucleotide. The M3L gene, which is expressed at a lower
level, has a T instead of the highly conserved A residue in
position 2. Other workers examining the function of the
TATA box in metazoan gene expression have shown that
divergence at position 2 normally results in a lower rate of
transcription (15, 49). Our results on the in vivo level of
expression of members of the M3 gene family and two of the
~20 Dictyostelium actin genes, actins 7 and M6, suggest that
this may also be true for D. discoideum (28, 39; this study).
There are other differences between the 5’ sequences of the
two genes that could possibly affect the relative levels of
transcription. In M3L the oligo(dT) stretch adjoins the
TATA box, rather than being separated by several nucleo-
tides as in most other Dictyostelium genes. Also, there is a
48-nucleotide insertion in the 5’ flanking region of M3R (or
an M3L deletion) that may have some effect on the relative
levels of gene expression.

In looking for significant sequence homologies among the
S’-untranslated and flanking regions of the three genes, the
analysis is greatly complicated by the fact that the noncoding
Dictyostelium sequence is generally 90% A+T. There are
several short regions homologous between the two M3 genes
that are relatively GC-rich and potentially interesting, in
particular the CCCCC sequence at positions —170 in M3R
and —125 in M3L. There are fewer sequences shared among
all three genes. There are two GGGGG sequences, at —265
and —345 in the D2 5’ flanking region. If the CCCCC
sequence is involved in the regulation of M3, it is possible
that one of the GGGGG sequences in D2 may be functionally
equivalent. Moreover, the sequence GGTTTG is shared by
two genes.

In the 5'-untranslated regions of the M3 genes, there is a
shared 11-base-pair (bp) sequence containing the only G and
C in the untranslated portion (labeled box C). All three genes
have a stretch of at least nine A’s immediately before the
AUG initiation codon. This compares favorably with the
coordinately regulated discoidin I gene family, whose mem-
bers show strong sequence homology within their entire
S’-untranslated region (34), and contrasts with most of the
noncoordinately regulated actin genes, which do not exhibit
such strong homology (38).

In the 5’ flanking region, the two M3 genes have the most
sequence homology between —122 and —174 in M3L and
between —170 and —222 in M3R. The coordinately regulated
discoidin I genes have a 12-nucleotide imperfect palindrome
lying approximately 200-bp upstream from the cap site (36).
In two of the three genes, this palindrome is flanked by
inverted repeats. We have proposed that these sequences
may well be involved in discoidin I regulation. A GC-rich
region also appears to be involved in conferring cAMP
regulation and cell-type specificity to the pst-cath and Dd-
ras genes, both preferentially expressed in prestalk cells (5a,
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6; P. K. Howard, C. D. Reymond, T. P. Spann, and A. R.
Firtel, unpublished observation). The 53-bp region of homol-
ogy upstream from the M3 genes is interesting because of its
GC-richness and its length, particularly considering the
relatively weak homology in the 5’ flanking region directly
upstream from the TATA box. We feel this region may
include sequences involved in the regulation of these genes.

To functionally determine the cis-acting sequences neces-
sary for the regulation of the M3/D2 genes, we are preparing
to use in vitro mutagenesis and DNA-mediated transforma-
tion of D. discoideum (33). It is expected that such studies
will help us understand how these genes are regulated by
cAMP and show whether they share a common cis-acting
regulatory element.
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