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Summary

A photosensitive, radioactive analogue of cyclic adenosine monophosphate,
8-azido-adenosine 3',5'-[*?P]monophosphate (8-N;-cyclic AMP), was used to
label the cyclic AMP binding proteins of Dictyostelium discoideum. During
development cytosolic proteins appear which are specifically labeled by the
photoaffinity agent. The proteins are developmentally regulated since they are
only found in starved, developing cells. Unlabeled cyclic AMP competes spe-
cifically with the labeled analogue for protein binding sites in contrast to un-
labeled 5'-AMP which does not compete. A mutant which develops spores but
18 deficient in stalk cell production produces a different set of cyclic AMP bind-
ing proteins from the parent strain.

Introduction

Adenosine 3',5'-monophosphate is an important molecule in the life cycle
of Dictyostelium discoideum. Starved amoebae show a chemotactic response to
cyclic AMP pulses by aggregating into multicellular organisms [1]. Recent evi-
dence suggests that cellular differentiation in the multicellular pseudo-plasmo-
dium is dependent on, or induced by, cyclic AMP [2—5]. The molecular
mechanisms by which the cell responds to cyclic AMP are uncertain, although
it has been suggested that cyclic AMP modulation of cellular events could occur
through activation of various protein kinases [6,7].

Previous studies have identified cyclic AMP binding sites on the Dictyo-
stelium cell surface [8—10] and in the soluble portion of cell extracts [7,11—
13]. These investigations were performed using classical millipore filter binding
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assays. In this paper we report the identification and characterization of cychc
AMP binding protemns m Dictyostelium using photoaffinity labeling techniques.

Materials and Methods

Organisms. Dictyostelium discoideum, strains V12/M2 and NC4, were ob-
tained from Dr. Julian Gross. Mutant KY19 [14,15] was obtained from Dr. R.
Dimond.

Growth of amoebae. D. discoideum amoebae were grown in liquid on
Escherichia coli B/r [heat killed for 15 min at 80°C; at a concentration 10*°
cells/ml m buffer 1 (20 mM potassium phosphate, pH 6.1, 2 mM MgSQO,)] with
shaking at 125 rev./min. Growth at 22°C was monitored with a hemocyto-
meter. Vegetative cells were harvested at 2—4 - 10° cells/ml.

Developmental conditions. Amoebae were washed free of bacteria by four
low speed centrifugations and resuspended n buffer 2 [6.7 mM Mops (mor-
pholinopropanesulfonic acid), 20 mM KCl, 5 mM MgSO,, and 3 mg/l strepto-
mycin, pH 6.5] at 10%cells/ml. Development on agar was initiated by spreading
0.2 ml amoebae on 47 mm petri dishes, or 0.8 ml on 100 mm petn dishes con-
taining 1.5% agar in buffer 2. After the liquid was absorbed by the agar, the
dishes were sealed with Parafilm and incubated at 20°C. When cells were
allowed to starve and develop in liquid the amoebae were resuspended in buffer
1 at 107 cells/ml and shaken at 125 rev./min in an Ehrlenmeyer flask. In addi-
tion to agar as a developmental medium, we have employed Millipore filter pads
as a substrate and obtamned similar results. Development on agar was preferred
because agar allowed easier removal of developing organisms. The cells were
harvested from the agar with buffer 1 and centrifuged at 15 000 X g for 2 min.
The pellets, from agar or liquid development, were stored at —70°C.

Chemicals. 8-azido-adenosine 3',5' [3?P]phosphate (8-N;-cyclic AMP; 56—70
Ci/mmol, purchased from the ICN Pharmaceuticals, Irvine, CA was stored
frozen and protected from the Light. It was diluted in buffer 3 (10 mM Tris-
HCl, 1 mM ethylenedmitrilotetraacetic acid, 5 mM mercaptoethanol, pH 7.4)
immediately prior to use. Nucleotides and other reagent grade chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO).

Preparation of extracts Pellets of starved or vegetative cells were suspended
mn 0.5 ml cold buffer 3 and sonicated in an 1ce-bath for 30 s (Heat Systems
sonicator plus microprobe). All procedures thereafter were carried out at 4°C.
Sonicates were labeled directly or centrifuged at 15000 X g for 3 mm to
remove particulate material. No difference in results was noted between clari-
fied and unclarified extracts. Gel filtration of cell extracts on Sephadex G-25
prior to labeling did not alter the labeling pattern.

Photoaffinity labeling procedure. Photoaffinity labeling of undialyzed
extract was performed as described previously [16]. Extracts (clarified by cen-
trifugation unless noted otherwise) were preincubated in the absence of light
for 15—25 min with 0.1 uM 8-N;-cyclic AMP, then subjected to ultraviolet irra-
diation with a laboratory lamp (Mineralite short wave ultraviolet lamp, UVS-
54, with filter removed) at a distance of 6 cm for 5 min. Following irradiation,
the proteins were precipitated by adding trichloroacetic acid to a concentra-
tion of 10%. If the protemn concentration of the extract was low, 100 ug of lyso-
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zyme were added as protein carrier to ensure complete precipitation. The pre-
cipitates were collected by centrifugation in an Eppendorf microfuge. Specifi-
city for cyclic nucleotide-protein binding was characterized by contrasting the
ability of excess unlabeled cyclic nucleotide (0.1 mM) to diminish covalent
bond formation as compared to the corresponding 5'-nucleotide (e.g. cyclic
AMP vs. 5'-AMP) as reported previously [16]. Specificity was suggested when
the addition of cold cyclic nucleotide diminished the protein binding but addi-
tion of 5'-nucleotide had no effect.

Gel electrophoresis and autoradiography. The pellets from the photoaffinity
labeling procedure were reduced and denatured by boiling for 1 min in buffer
4 (62 mM Tris-HCI (pH 6.8), 10/ glycerol, 2.3% sodium dodecyl sulfate (SDS),
5% mercaptoethanol) and the reduced products were subjected to gel electro-
phoresis in SDS using a 10% slab gel according to the method of Laemmli
[17]. Gels were stained with Coomassie brilliant blue in 50% trichloroacetic
acid and destained in 7.5% acetic acid.

An apparent characteristic of gel analysis of Dictyostelium protein is that
although gel patterns are reproducible the protein bands appear more diffuse
than those obtained from E. coli or other sources. We are unable to give an
explanation for this phenomenon at this time. Autoradiography of the gels was
carried out by exposing dried gels to Kodak X-Omat R film for varying periods
of time.

Results

Photocffinity labeling of the proteins of Dictyostelium discoideum V12

Fig. 1 shows the stained gel and the autoradiogram of V12 extracts which
were labeled with either 8-N;-cyclic AMP alone or in the presence of a 1000-
fold excess of cyclic AMP, 5'-AMP or cyclic GMP. Two proteins were labeled
and have molecular weights of 39 000 and 38 000 as determined by compari-
son with molecular weight standards. The labeling is completely inhibited by
either cyclic AMP or cyclic GMP (both present at 1000 times the concentra-
tion of the azido-cyclic AMP) but not by 5 -AMP (also at 1000-fold the 8-N;-
cyclic AMP concentration). At lower concentrations of cyclic AMP and cyclic
GMP (10-fold excess) only cyclic AMP gave observable inhibition suggesting
that the binding protein is specific for cyclic AMP but as some cross reaction
with cyclic GMP. Further proof of the specificity of labeling is suggested by the
observation that, of the large number of proteins stained by Coomassie bril-
liant blue, only two labeled bands were observed.

The fact that saturation of protein binding occurred at concentrations of
8-N;-cyclic AMP of 107 M and that the approximate K4 is 5 - 10™° M suggested
tight ligand binding. The K4 was estimated by determining that concentration
of the azido compound which would give half maximal labeling as determined
by quantitative analysis of the autoradiographs. Brenner [18] has reported that
intracellular cyclic AMP concentrations in D. discoideum are of the order of
1079 M, suggesting that intracellular cyclic AMP concentrations are sufficient
to substantially affect the internal cyclic AMP binding proteins we have ob-
served.

The possibility that the binding proteins are phosphodiesterase was con-



Fig. 1. Specificity of 8-N3-cyclic AMP binding in D. discoideum. Aggregates of D. discoideum V12 were
harvested from agar plates in the maxi-finger stage [19] at 16 h. Extracts were prepared and labeled with
8-Nj-cyclic AMP as described in Materials and Methods. As indicated, the four samples differ in the pres-
ence or absence of 0.1 mM nonradioactive cyclic AMP (cA) 5'-AMP (5’A), or cyclic GMP (¢G). The
Coomassie blue stained gel is on the top and the autoradiogram is below. The molecular weight stan-
dards on the stained gel (P) are c-galactosidase (130 000), phosphorylase A (92 500); human serum albu-
min (66 000), ovalbumin (43 000), and soybean trypsin inhibitor (21 500).

sidered and rejected because the observation that the binding is specific for
cyclic AMP compared to cyclic GMP, and because the conditions of the reac-
tion are chosen to minimize phosphodiesterase activity [9,10].

Intracellular location of the cyclic AMP-binding proteins

Extracts of D. discoideum were centrifuged at high and low speeds and the
supernatants and pellets were analyzed for the cyclic AMP binding. As seen in
Fig. 2, there is essentially no observable binding activity in the pelleted mate-
rial. The small amount of binding activity observable in the 100 000 X g pellet
may be due to slight contamination of this pellet with supernatant material.
The pellet was not washed and the pelleted binding activity appears to have the
same electrophoretic mobility as the major supernatant binding activity. Quan-
titative measurements by Millipore filter assay indicate that all of the binding
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Fig. 2. Photoaffinity labeling by 8-N3-cyclic AMP of soluble cell fractions of D. discoideum. Starved V12
cells harvested from agar plates were sonicated and the sonicate centrifuged at 12 000 X g for 10 min. The
supernatant was then centrifuged at 100 000 X g for 60 min. The first pellet (12 KP) and second pellet
(100 KP) and their respective supernatants (12 KS and 100 KS) were labeled with 8-N3-cyclic AMP. The
stained gel is on the top and the autoradiogram below. P is the set of standard proteins.

activity of the sonicate is found in the 100000 X g supernatant whereas
approximately one half of the measurable protein was removed from the super-
natant. Attempts to label intact cells were unsuccessful, suggesting that labeled
proteins described here are not external cell surface components, but are found
in the interior of the cell, and in a soluble form.

Development of cyclic AMP-binding proteins

Cells of strains V12, KY19, and NC4 were harvested at various times of
development and their cell extracts were analyzed by photoaffinity labeling. As
seen in Fig. 3, lower panel, no labeled proteins were detected in vegetative cells,
however, labeled proteins appeared and increased dramatically during develop-
ment. The binding proteins observed in strain NC4 have a higher apparent
molecular weight than the proteins in strain V12, the measured molecular
weight of the NC4 proteins being 42 000 and 39 000. Additionally, strain NC4
showed changes in the relative amounts of the binding proteins with develop-
mental time. All bands had similar cyclic nucleotide specificities.

Fig. 3, upper panel, is an autoradiogram with a 10-fold increased exposure
compared to the lower panel. The same major protein bands seen in the lower
panel are overexposed in the upper panel. The longer exposure revealed addi-
tional minor bands. No minor band seen in the upper panel of Fig. 3 represents
greater than 0.1% of a major labeled protein. Some of these.minor bands could
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Fig. 3. Comparison of cyclic AMP binding proteins in different strains of D. discoideum during develop-
ment. Two wild-type strains of D. discoideum were analyzed in the vegetative (unstarved) and starved
states as well as a mutant of strain NC4 referred to as KY19. Each channel contained 200 ug of protein.
The upper and lower autoradiograms are of the same gel and differ only in the time of autoradiography.
The numbers indicate the hours of development of the cells on millipore pads, and O h indicates vegeta-
tive cells harvested immediately from the pads. The upper gel has 10-fold greater exposure.



241

represeht proteolytic degradation products of the major protemn or be func-
tional 1n their own right. Of greater potential interest are the bands which are
of higher molecular weight since their appearance cannot be explained by
proteolytic degradation. The physiological significance of these bands is cur-
rently under investigation.

Cyclic AMP binding protewns in the mutant KY19

KY19 1s a developmental mutant of NC4 which has been characterized as
‘stalkless’ [14] in that it makes only a rudimentary stalk and the spore heads
rest on the developmental substrate. Studies of KY19 by Loomis et al. [15]
revealed no deficiency in the synthesis of a number of developmentally regu-
lated enzymes. Fig. 3 shows the absence in strain KY19 of the higher molecular
weight binding proten appearing in strain NC4. This observation, to our know-
ledge, represents the first distinct biochemical alteration to be found in mutant
KY19.

Discussion

The utility of the photoaffinity labeling method using 8-Nj-cyclic AMP to
identify cyclic AMP receptor proteins has been demonstrated by several inves-
tigators [20—25]. We have utilized this method to examine the profile of
cyclic AMP binding proteins during the life cycle of D. discoideum. The pro-
temns that we have observed may not represent the total catalog of cyclic AMP
binding proteins in this organism. Some proteins may be lost during the pro-
cessing of the cells and others may be masked in such a way as to preclude
photoaffinity labeling. However, the criteria for cyclic nucleotide specificity
strongly suggested that the proteins we have described are specific cyclic
nucleotide binding proteins. Competition experiments indicated they have a
much greater affinity for cyclic AMP than cyclic GMP.

The cychic AMP binding proteins described herein have the characteristics of
developmental proteins. they are absent in unstarved, vegetative cells, but
appear 1n the soluble portion of the cell following starvation and the induction
of development. Hahn et al. [26] used photoaffinity labeling to study the
cyclic AMP binding proteins of intact cells and identified two proteins (molec-
ular weights 48 000 and 33 000) which appear on the surface of starved, but
not vegetative, D. discoideum. We have been unable to find these cell surface
proteins. Possible explanations for this discrepancy could lie in different experi-
mental conditions and protocols. These cannot be compared at this time
because the abstract describing the surface cyclic AMP binding activity [26]
did not present the detailed experimental conditions.

The discovery that a mutant of D. discoideum NC4, strain KY19, is altered
m the production of at least one cyclic AMP binding protein may be signifi-
cant in the study of the physiological role of cyclic AMP in Distyostelium
development. Analysis of a number of developmentally regulated enzymes in
this mutant [15] showed that all enzymes were present in both mutant and
wild-type parental strains. The striking alteration in cyclic AMP binding pro-
temns 1s, therefore, the first biochemical alteration observed in this mutant.
Sice KY19 produces a normal complement of spores but has no normal stalk
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cells, our working hypothesis 1s that the high molecular weight cychic AMF
binding protein detected in NC4 may be associated with the differentiation of
stalk cells.

The specific biochemical events associated with the cyclic AMP binding pro-
teins are unknown at this time. Sampson [7] reported that D discoideum V12,
starved in hquid for 1—2 h, contained two different cyclic AMP-activated pro-
temn kinases, and that these protems could account for his observed cyclic AMP
binding. However, Veron and Patte [12] and Rahmsdorf and Gerisch [13] have
suggested that cyclic AMP binding and protein kinase activity are not obliga-
torily associated and, in fact, could be separated by various techniques. The dis-
covery of a Dictyostelium mutant altered in cyclic AMP binding protein, which
aggregates normally n response to cychic AMP but shows altered differentia-
tion, may allow the definition of a more precise role for cyclic AMP binding
protems in Dictyostelium development.
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