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Cyclic AMP acting on protein kinase A controls sporulation
and encystation in social and solitary amoebas. In Dictyo-
stelium discoideum, adenylate cyclase R (ACR), is essential for
spore encapsulation. In addition to its cyclase (AC) domain,
ACR harbors seven transmembrane helices, a histidine kinase
domain, and two receiver domains. We investigated the role of
these domains in the regulation of AC activity. Expression of
an ACR-YFP fusion protein in acr� cells rescued their sporula-
tion defective phenotype and revealed that ACR is associated
with the nuclear envelope and endoplasmic reticulum. Loss of
the transmembrane helices (�TM) caused a 60% reduction of
AC activity, but �TM-ACR still rescued the acr� phenotype.
The isolated AC domain was properly expressed but inactive.
Mutation of three essential ATP-binding residues in the histi-
dine kinase domain did not affect the AC activity or pheno-
typic rescue. Mutation of the essential phosphoryl-accepting
aspartate in receivers 1, 2, or both had only modest effects on
AC activity and did not affect phenotypic rescue, indicating
that AC activity is not critically regulated by phosphorelay.
Remarkably, the dimerizing histidine phosphoacceptor subdo-
main, which in ACR lacks the canonical histidine for auto-
phosphorylation, was essential for AC activity. Transformation
of wild-type cells with an ACR allele (�CRA) that is truncated
after this domain inhibited AC activity of endogenous ACR
and replicated the acr� phenotype. Combined with the obser-
vation that the isolated AC domain was inactive, the domi-
nant-negative effect of �CRA strongly suggests that the de-
funct phosphoacceptor domain acquired a novel role in
enforcing dimerization of the AC domain.

The ATP derivative cAMP is the most deeply conserved
signaling intermediate in all domains of life. In eukaryotes,
cAMP is produced by the conserved class III cyclase domain,
whereas prokaryotes use five more unrelated catalysts. The
class III domain can be subdivided into four subtypes, a–d,
with type IIId, which is found in fungi and Euglenozoa, being
derived from type IIIc, which is common to both bacteria and
Archaea (1, 2). Type IIIa is the predominant catalyst in meta-
zoa but is also found in protozoa and prokaryotes. In metazoa,
it is present as two asymmetrical copies alternating with two

sets of six transmembrane (TM)2 helices in the G-protein-
regulated adenylate cyclases and as a single copy in the guany-
lyl cyclases. Type IIIb domains are very abundant in pro-
karyotes, where they are typically combined with many other
functional domains but are also found in alveolates, Amoebo-
zoa, and mammals. Some of the alveolate enzymes harbor an
additional set of six TM helices, whereas others and the mam-
malian enzyme are soluble proteins (3, 4). The amoebozoan
adenylate cyclase ACR from the social amoeba Dictyostelium
discoideum is a multidomain protein, which resembles some
of the cyanobacterial type IIIb enzymes with respect to do-
main architecture (5, 6).
Social amoebas use cAMP not only as a second messenger

for external stimuli but also as a secreted primary signal. In
this role, cAMP coordinates the aggregation of starving
amoeba and the construction of fruiting bodies, and it also
triggers the expression of aggregation genes and prespore
genes. As second messenger, cAMP mediates the effect of a
range of stimuli that control initiation of multicellular devel-
opment, maturation of stalk and spore cells, and germination
of the spores (7, 8). Comparative analysis of cAMP signaling
throughout the social amoebas showed that the roles of
cAMP in spore formation and germination are evolutionary
derived from a deeply conserved role in the encystation of
solitary amoebas (2, 9). Encystation is of considerable medical
relevance because cysts are resistant to biocides and immune
clearance and preclude effective treatment of diseases by pro-
tozoan pathogens (10–12). The mechanisms of encystation
are little understood, and an understanding of the role of
cAMP in this process will have important therapeutic
consequences.
The type IIIb enzyme ACR/ACB (5, 6) is essential for spore

maturation and proper stalk cell formation in D. discoideum,
which additionally uses two type IIIa enzymes: adenylate cy-
clase A and adenylate cyclase G. Adenylate cyclase A mainly
produces cAMP for secretion and coordination of cell move-
ment (13, 14), whereas adenylate cyclase G is required for pre-
spore differentiation and control of spore dormancy (15, 16).
ACR is a large multidomain protein in which the cyclase cata-
lytic domain is preceded by two receiver domains, a histine
kinase region, consisting of a HisKA (histidine kinase phos-
phoacceptor domain) and HATPase (histidine kinase-, DNA
gyrase B-, and phytochrome-like ATPases) C domain and
seven TM helices (6). ACR activity is present during growth,* This work was supported by Wellcome Trust Grant 076618 (to P. S.).
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decreases during aggregation, and increases again after aggre-
gation to reach maximum levels during fruiting body forma-
tion (17).
Until now, it was not known whether and how the histidine

kinase and receiver domains of ACR regulate its cyclase activ-
ity. More information is available on the type IIIb cyclase
CyaC from the cyanobacterium Spirulina platensis. Like ACR,
CyaC also contains a histidine kinase and receiver domain
proximal to the carboxyl-terminal AC domain but addition-
ally contains two, more distal GAF (found in cGMP-phos-
phodiesterases, adenylyl cyclases and formate hydrogen lyase
transcriptional activator) domains and a second N-terminal
receiver domain. Here, cyclase activity is activated by phos-
phorylation of the proximal receiver domain by the intrinsic
histidine kinase activity (18). In another cyanobacterium,
Anabaena sp., cyclase activity is up-regulated by phosphoryla-
tion of the N-terminal receiver domain in response to far-red
light via the phytochrome-like sensor histidine kinase AphC
(19). In theory, ACR could also be regulated by any of the 15-
sensor histidine kinases that are present in Dictyostelium (20).

In this work, we investigated the cellular localization of
ACR and the role of its multiple functional domains in the
control of AC activity. Our data show a novel role for the
HisKA domain in dimerization of the cyclase domain and un-
usual localization of the enzyme at the cell nucleus.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture—D. discoideum NC4A2 (21) and
acr� cells (see below) were cultured in HL5 medium that was
supplemented with 5 �g/ml blasticidin for null mutants and
with 10 to 100 �g/ml G418 for cells harboring expression
constructs. D. discoideum NC4 was grown in association with
Klebsiella aerogenes on standard medium agar. Multicellular
development was induced by incubating cells, freed from bac-
teria or growth medium, at 22 °C on phosphate buffered agar
(1.5% agar in 10 mM sodium/potassium phosphate buffer, pH 6.5)
at 1.5� 106 cells/cm2.
Gene Disruption—To generate an AcrA knock-out con-

struct with recyclable selection marker, nucleotides 350–1382
(KO1) and nucleotides 1638–2685 (KO2) of the AcrA-coding
region were amplified by PCR from AX2 genomic DNA with
primer pairs KO1f/KO1r and KO2f/KO2r, that harbor a
KpnI/SalI and BamHI/NotI restriction site, respectively
(supplemental Table S1). The KO1 and KO2 fragments were
inserted by T/A cloning into vector pCR4-TOPO (Invitro-
gen), released by KpnI/SalI or BamHI/NotI digestion, and
cloned into KpnI/SalI and BamHI/NotI sites that flank the
floxed A15::Bsr selection cassette of vector pLPBLP (22) gen-
erating pACR-KO (supplemental Fig. S1A). NC4A2 cells were
transformed with pACR-KO KpnI/NotI insert by electropora-
tion, selected for growth at 5 �g/ml blasticidin, and cloned
out on Klebsiella aerogenes lawns. Clonal isolates were tested
for gene disruption by two PCR reactions using primer pairs
KO1f/KOt1 and BsrF/KOt2 (supplemental Table S1 and Fig.
S1A) and examination of genomic digests by Southern blot.
ACR Expression Construct—The complete 6372-nucleotide

ACR cDNA was cloned by a stepwise approach in which the
sequence was divided into four segments, which were ampli-

fied and assembled sequentially. The first segment AB (con-
taining the single intron position of ACR) was amplified with
primers A and B (supplemental Table S1) by reverse tran-
scription PCR of mRNA isolated from 12 h-starved AX2 cells.
Segments CD, EF, and GH were all amplified from AX2
genomic DNA by PCR using primer sets C/D, E/F, and G/H
for the three segments, respectively (supplemental Table S1).
The primers contained restriction sites that were either al-
ready present in the ACR sequence or were introduced by
neutral mutations. The four segments were individually
cloned into pCR4-TOPO, sequenced to validate correct am-
plification, and released by their respective pairs of restriction
enzymes. The segments were then inserted into pGEM-
7Zf(�) (Promega, Madison, WI) step by step at their corre-
sponding restriction sites, as outlined in supplemental Fig.
S1B. Next, the full-length ACR cDNA was excised with
BamHI and XhoI and inserted into the BamHI/XhoI-digested
expression vector pB17S-EYFP. This places ACR under con-
trol of the constitutively active A15 promoter and fuses the
gene at the C terminus to an enhanced yellow fluorescent
protein (YFP) tag (23).
ACR Deletion Constructs—The truncated forms were

created by replacing one or several of the four ACR seg-
ments (supplemental Fig. S1B) in pGEM-7Zf(�) with a
newly amplified truncated version of the relevant region,
using a combination of primers �T, �TK, �TKC, �TKCR1,
and �TKCR1R2 (supplemental Table S1) that incorporate a
5�-BamHI site, with reverse primers D or F (supplemental
Table S1) for N-terminal truncations, and primer �C, with a
XhoI site, combined with forward primer G for the C-termi-
nal truncations. The complete truncated ACR cDNA was re-
leased from pGEM-7Zf(�) by BamHI/XhoI digestion and
inserted into pB17S-EYFP as described above. For the �T�C
and �TKCR1�C double truncations, the �T-D and
�TKCR1-F amplicons were combined with the �C construct.
The full-length and truncated ACR constructs were trans-
formed into acr� cells by electroporation. Transformants
were selected at 10 �g/ml G418, which was gradually in-
creased to 100 �g/ml.
Putative dominant-negative fragments were amplified from

ACR cDNA using forward primer A and reverse primers
�CRA and �KCRA (supplemental Table S1). After subclon-
ing in pCR4-TOPO, the fragments were inserted into pB17S-
EYFP using their BamHI/XhoI restriction sites as described
above. Both constructs and empty pB17S-EYFP vector were
transformed into wild-type NC4A2 cells, with G418 selection
increased to 300 �g/ml.
Site-directed Mutagenesis—Single or multiple amino acid

mutations were introduced by amplifying the entire pCR4-
TOPO vector containing the relevant segment of ACR with a
mutagenic forward (f) and reverse (r) primer pair. The muta-
tions H613Q, S617A, and S617E of the HRRLS motif in seg-
ment AB were performed with primer pairs H613Qf/H613Qr,
S617Af/S617Ar and S617Ef/S617Er (supplemental Table S1),
respectively. The mutation of three residues in the HATPase-
C domain, N769D, D854A, and G856A, were achieved by two
PCR reactions with primer pairs N769Df/N769Dr and
D854AG856Af/D854AG856Ar on segment CD. Mutations
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D1010A in the R1 domain and D1089A in the R2 domains
were obtained by amplification of segments CD and EF, re-
spectively, with primer pairs D1010Af/D1010Ar and
D1089Af/D1089Ar. All mutated segments were validated by
DNA sequencing, excised from pCR4-TOPO by their termi-
nal restriction sites, and recombined with the complementary
intact ACR segments in pGEM-7ZF(�) to reconstitute the
full-length ACR cDNA, as described above. A double
D1010A/D1089A mutant was obtained by combining the mu-
tated CD and EF segments with wild-type AB and GH seg-
ments (supplemental Fig. S1B). The mutant ACR cDNAs were
then inserted into pB17S-EYFP and transformed into acr�
cells.
Adenylyl Cyclase Activity Measurement in Cell Lysates—

Cells transformed with intact or mutant ACR-YFP constructs
were harvested during exponential growth, washed once with
PB (10 mM sodium/potassium phosphate buffer, pH 6.5) and
resuspended in lysis buffer (2 mM MgCl2 and 250 mM sucrose
in 10 mM Tris, pH 8.0) to 108 cells/ml. Cells were lysed by pas-
sage through 3-�m pore size nuclepore filters. Aliquots of 10
�l cell lysate were added to 10 �l of 2� assay mix (1 mM ATP,
16 mM MgCl2, 0.4 mM 3-isobutyl-1-methylxanthine, and 20
mM dithiothreitol in lysis buffer). After 5 min of incubation on
ice, reactions were started by transferring the samples to a
22 °C water bath. Reactions were terminated after 0, 3, 10, 20,
and 30 min by adding 10 �l of 0.4 M EDTA (pH 8.0), followed
by boiling for 1 min. cAMP was assayed directly in the boiled
lysate by isotope dilution assay (17). AC activities were stan-
dardized on the amount of YFP tag in the lysates, determined
by quantitative Western blot analysis.
Qualitative and Quantitative Western Blot Analysis—Cells

were harvested and lysed in SDS-PAGE sample buffer, or fil-
ter-lysed cells were mixed with sample buffer. Proteins were
size-fractionated by SDS-PAGE, transferred to nitrocellulose,
and probed with rabbit polyclonal �GFP antibodies (Abcam,
Cambridge, UK) For qualitative analysis, blots were incubated
with horseradish peroxidase conjugated goat anti-rabbit sec-
ondary antibody (Sigma), and detection was performed with
the SuperSignal chemoluminescence kit (Pierce). For quanti-
tative analysis, the secondary antibody was IR dye 800-conju-
gated donkey anti-rabbit antibody (Invitrogen), and signal
intensities were analyzed using the Odyssey infrared imaging
system (LI-COR, Lincoln, NE).
Immunofluorescence—Cells were washed with phosphate

buffer, left to adhere to coverslips, and fixed with 15% picric
acid/paraformaldehyde. Cells were post-fixed with 70% etha-
nol, washed with PBS (24), and were incubated overnight at
8 °C with a polyclonal rabbit anti-GFP antibody (Abcam), di-
luted 1:100 in PBSB (1% bovine serum albumin in PBS), and
1:100 diluted monoclonal mouse anti-calnexin antibody (24)
to detect ACR-YFP and calnexin, respectively. After three
washes with PBS, the cells were incubated for 2 h at 22 °C
with 1:100 diluted FITC-conjugated donkey anti-rabbit IgG
(Diagnostics Scotland, Edinburgh, Scotland) and 1:500 diluted
Alexa Fluor� 594 conjugated goat anti-mouse IgG (Invitro-
gen) to detect the �-GFP and �-calnexin antibodies, respec-
tively, and simultaneously counterstained with 0.1 �g/ml of
the DNA stain DAPI (Invitrogen). Coverslips were washed

three times in PBS and mounted to slide glasses with Hydro-
mount (National Diagnostics).

RESULTS

Bioinformatics—To gain initial insight in the functionality
of the putative regulatory domains of ACR, we compared
their sequences with those of structurally resolved homolo-
gous domains. Histidine kinases consist of an HisKA-dimeriz-
ing domain that also carries the histidine for autophosphory-
lation and an ATP binding HATPase-C (HisC) domain.
The HisKA domain contains two �-helices, which form an

intramolecular dimer with a second HisKA domain, creating a
four-helix bundle. Dimerization enables trans-phosphoryla-
tion by the HisC domain of two His residues that point out-
ward from two of the four helices. The phosphoryl group is
subsequently transferred to the Asp of a receiver (R) domain.
The HisKA domain in conjunction with the HisC domain can
also act as an R domain-directed phosphatase (25, 26).
The ACR HisKA domain contains two adjacent �-helices

but lacks the conserved His and other residues that are essen-
tial for both autokinase and phosphatase activity (Fig. 1A).
Between helix I and the seventh TM domain, ACR harbors
another predicted �-helix that contains an HRRLS motif.
Apart from a putative His phosphoryl-acceptor, this motif
also contains a consensus protein kinase A phosphorylation
site (RRxS) (27).
The HisC domain is characterized by five conserved se-

quence motifs (N, G1, F, G2, and G3) that line the ATP-bind-
ing pocket (28). Alignment of the HisC domain of ACR with
structurally resolved HisC domains shows that the residues
that define the five motifs are conserved (Fig. 1B). Mutagene-
sis of the bacterial enzyme CheA showed that residue Asn409
that marks the N motif, residues Asp449 and Gly451 in the G1
motif, and Gly502 in the G2 motif are essential for its kinase
activity (29, 30). For EnvZ, which, unlike CheA, can also act as
a receiver-directed phosphatase, mutation of Asn347 (equiva-
lent to Asn409) and Asn343 in the N motif, and Phe390 in the F
motif (green highlights) leads to loss of kinase, but not phos-
phatase activity, whereas mutation of Thr402 in the G2 box
(pink highlight) has the opposite effect (25, 31). However,
most residues required for phosphatase activity reside in the
HisKA domain (Fig. 1A). All essential residues for kinase ac-
tivity are present in ACR, suggesting that its HisC domain
could be functional. The ACR HisC domain is however anom-
alous in harboring a 51-amino acid insertion of low complex-
ity sequence in the first �-sheet.

R domains catalyze transfer of a phosphoryl group from a
HisKA domain to one of their own Asp residues. They regu-
late the activities of associated effectors and catalyze autode-
phosphorylation. Phosphorylation requires association with a
Mg2� ion that is positioned in the conserved active site and
commonly causes movement of a conserved Thr or Ser and
Tyr or Phe switch residue pair toward the active site. This
conformational change then regulates effector activity (28,
32). Alignment of the ACR R domains with two well charac-
terized R domains shows that both the secondary structure
elements and the active site residues (bold/underlined) are
conserved in ACR_R1 (Fig. 1C). ACR_R2 lacks two of four
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active site residues and additionally harbors a 112-amino acid
insertion. Neither R1 nor R2 contain a complete Thr/Ser-Tyr/
Phe switch residue pair (maroon highlight). The phosphoryl-
accepting Asp (red text) is conserved in both R1 and R2, but
their other anomalies may well interfere with domain
functionality.
Expression and Activity of a Full-length ACR-YFP Fusion

Protein—Due to its large size, the 6.4-kb required amplifica-
tion and cloning ACR cDNA in four segments into pGEM-
7Zf(�) followed by subcloning into the extrachromosomal
expression vector pB17S-EYFP. In this vector, ACR expres-
sion is driven by the constitutive A15 promoter, and the gene
is fused at the C terminus to an enhanced YFP tag. The empty
vector (YFP) and the ACR-YFP construct were expressed in
an acr� mutant. As shown previously (6), acr� cells develop
normally up to the fruiting body stage but are then defective
in spore encapsulation, whereas they also form stalks that are
thinner than those of wild-type cells. Both aspects of the acr�
phenotype were restored by transformation with the ACR-
YFP construct but not with the empty vector (Fig. 2A). In-
spection of the cells by confocal microscopy showed that
YFP-tagged ACR was associated with the nuclear envelope
and a vesicular network throughout the cell (Fig. 2B). Incuba-
tion of fixed acr�/ACR-YFP cells with antibodies raised
against GFP/YFP and the endoplasmic reticulum marker cal-

nexin (24) showed colocalization of ACR-YFP and calnexin
around the nuclei and the vesicular network (Fig. 3). This
strongly suggests that ACR localizes to the endoplasmic retic-
ulum and nuclear envelope. Western blots of fractionated
acr�/ACR-YFP cell lysates, probed with YFP antibodies, con-
firmed that ACR-YFP is expressed at the expected size of 270
kDa in the nuclear fraction (Fig. 2C). The �T ACR-YFP mu-
tant, which lacks the transmembrane domains (Fig. 4) was
present predominantly in the cytoplasmic fraction (Fig. 2C)
and showed a similar localization as YFP alone over the entire
cytoplasm of the cell (Fig. 2B).

ACR activity can be measured in cell lysates with Mg2�-
ATP as a substrate and 3-isobutyl-1-methylxanthine and DTT
present to inhibit the phosphodiesterases RegA and PdsA,
respectively. The other D. discoideum adenylate cyclases ad-
enylate cyclase G and adenylate cyclase A are only expressed
to low levels in vegetative cells and require Mn2� and/or
Mg2� plus GTP�S, respectively, to be assayed in cell lysates
(17). Consequently, acr�/YFP lysates show very little cAMP
accumulation, whereas acr�/ACR-YFP lysates produce
cAMP at a steady rate of 1.3 pmol/min mg protein (Fig.
2D). Combined with its ability to restore the acr� pheno-
type, these data indicate that the ACR-YFP fusion protein
is fully functional.

FIGURE 1. Alignment of ACR functional domains with structurally resolved homologous domains. The location of �-helices (yellow) and �-sheets (blue
highlight) were retrieved from the NCBI Molecular Modeling Database entries for all structurally resolved structures or predicted using PSIPRED (41) for the
ACR domains. Green, essential for autokinase activity in CheA (29, 30) and for autokinase but not receiver-directed phosphatase activity in EnvZ; pink, essen-
tial for receiver-directed phosphatase but not autokinase activity in EnvZ (25, 31). A, HisKA domain. The ACR HisKA domain and flanking sequence from the
seventh TM domain up to the HisC domain were aligned with the HisKA domains and corresponding regions of EcolEnvZ and TmarHK853 (42, 43). Red text,
phosphoryl-accepting histidine. Orange, HRRLS motif. Italic letters, HAMP domain; underlined letters, TM domain. Protein Data Bank codes are as follows:
1JOY, EcolEnvZ; 2C2A, TmarHK953. B, HATPase-C domain. The ACR HisC domain was aligned with three structurally resolved bacterial HisC domains. Resi-
dues in boldface type represent those demonstrated to interact with ATP (43– 46); bold/underlined residues are those that interact with Mg2� (45). When
functionally essential residues are conserved in ACR, they are similarly marked. Protein Data Bank codes are as follows: 1BXD, EcolEnvZ; 1I59, TMarCheA;
2C2A, TmarHK853. C, receiver domain. The two ACR receiver domains R1 and R2 were aligned with two structurally resolved R domains from yeast and
Escherichia coli. Red text, phosphoryl-accepting aspartate. Bold/underlined text, residues in the Mg2�-binding active site, maroon, switch residues that reori-
ent upon phosphorylation (47–50). Protein Data Bank codes are as follows: 1F4V, EcolCheY; 2R25, ScerSLN1.
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Role of ACR Functional Domains in Controlling Cyclase
Activity—We next analyzed the contribution of the different
domains of ACR to the regulation of its ability to synthesize
cAMP. A range of ACR-YFP fusion constructs was prepared
with progressive N- and C-terminal truncations toward the
AC catalytic domain (Fig. 4A) and expressed in acr� cells.
Western blots of cell lysates probed with YFP antibody
showed that all constructs produced proteins of the expected
size, although absolute expression levels could vary up to
5-fold between constructs (Fig. 4D). All cyclase assays were
therefore standardized on the amount of YFP in the cell ly-

sates determined by quantitative Western blot analysis. Fig.
4B summarizes the activities measured in all constructs, rela-
tive to full-length ACR. Truncation of the C-terminal low
complexity region induced a 60% increase in ACR activity,
both in an otherwise intact construct (�L), or combined with
the �T truncation (�T�L). Loss of all transmembrane do-
mains (�T and �T�L) reduced ACR activity by 60%. Addi-
tional loss of the HisKA domain (�TK) led to almost com-
plete loss of ACR activity. Constructs that additionally lack
the HisC (�TKC), the R1 domain and the low complexity re-
gion (�TKCR1�L) and both the R1 and R2 domains
(�TKCR1R2) also show no significant ACR activity. The con-
structs were also tested for their ability to complement the
defect of acr� cells in spore encapsulation and robust stalk
formation. Both of these abilities were lost when their AC
activity fell below 20% of that of full-length ACR (Fig. 4C).
To summarize, it appears that the transmembrane domains

contribute to full ACR activity, whereas the HisKA domain is
essential for activity. The roles of the HisC, R1, and R2 do-
mains are not resolved. The C-terminal low complexity region
is detrimental to full activity. This region predominantly con-
sists of polyglutamine tracts that are common to D. dis-
coideum proteins and may in this case cause some nonspecific
obstruction to full enzyme activity.
Functions of Histidine Kinase and Receiver Domains—De-

spite the lack of the consensus His for autophosphorylation,

FIGURE 2. Expression and activity of a full-length ACR construct. A, complementation of acr�. Full-length ACR cDNA was cloned into vector pB17S-EYFP
in between the constitutive A15 promoter and YFP. This vector was transformed into an acr� mutant to yield acr�/ACR-YFP cells. Wild-type, acr�/ACR-YFP,
and acr� cells transformed with empty vector (acr�/YFP) were starved on PB agar until fruiting bodies had formed, which were transferred to a droplet of
PB with 0.01% Calcofluor on a glass slide and photographed using a Leica DMLB2 fluorescence microscope under phase contrast (PC) and UV illumination.
B, cellular localization of ACR. Phase contrast images and optical sections of YFP fluorescence in living acr�/ACR-YFP, acr�/YFP and acr�/�TMACR-YFP cells
were obtained with a Leica DMRBE confocal laser scanning microscope. C, cell fractionation. Vegetative acr�/ACR-YFP and acr�/�TMACR-YFP cells were ly-
sed through nuclepore filters. Lysates were fractionated by differential centrifugation into cytoplasm (C) and nuclei (N) as described previously (51), and
both fractions were subjected to qualitative Western blotting with �-GFP antibodies. D, cAMP production by ACR. Vegetative acr�/ACR-YFP and acr�/YFP
cells were filter-lysed and incubated for 30 min at 22 °C with AC assay mix (see “Experimental Procedures”). cAMP accumulation was assayed at the indi-
cated time periods and standardized on the protein content of the cell lysates. Means and S.D. of four experiments performed in triplicate are presented.
Scale bars in A and B, 10 �m.

FIGURE 3. Visualization of ACR-YFP and calnexin by immunofluores-
cence. Axenically grown acr�/ACR-YFP cells were harvested in exponential
phase and triple stained with (i) a polyclonal rabbit-anti-GFP antibody, fol-
lowed by FITC conjugated donkey anti-rabbit IgG; (ii) a monoclonal mouse-
anti-calnexin antibody (24) followed by Alexa Fluor� 594 conjugated goat
anti-mouse IgG; and (iii) DAPI to detect ACR-YFP, calnexin, and DNA, respec-
tively. Cells were photographed through the UV, TRITC, and FITC filter sets
of a Leica DMLB2 fluorescence microscope. The merged image was pre-
pared with the Qcapture Pro camera software. Scale bar, 10 �m.
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the HisKA domain of ACR appears to be essential for its cy-
clase activity (Fig. 4B). ACR harbors an HRRLS motif within
an �-helix just N-terminal of the HisKA domain, which could
be a target for phosphorylation by HisC, protein kinase A, or
both (Fig. 1A). To test this possibility, we mutated the His613
in this motif into Gln, whereas Ser617 was mutated both into
an inactive Ala and a phosphomimetic Glu. Fig. 5A shows that
loss of His613 had no deleterious effects on ACR activity or
complementation of the acr� phenotype and that the modifi-
cations of Ser617 were equally without significant effects.

To resolve whether the histidine kinase activity of the HisC
domain is required for ACR activation, we mutated Asn796 in
the N box of the HisC domain (Fig. 1B), which is essential for
ATP binding and catalytic activity, into Asp. Fig. 5B shows
that this had no effect on ACR activity, and neither had addi-
tional mutation of two other essential ATP-binding residues,
Asp854 and Gly856, in the G1 box. This indicates that ACR is
not regulated by its intramolecular histidine kinase activity.
To resolve the roles of the two R domains, we mutated the

essential phosphoryl-accepting Asp1010 and Asp1174 in these
domains into Ala. Fig. 5C shows that the D1010A mutation in
R1 caused a 10% reduction of ACR activity, whereas the
D1174A mutation in R2 increased ACR activity �2.5-fold.
This was reduced to 1.3-fold when the aspartates in both R
domains were mutated into alanines. These data indicate that
R1 has a minor stimulatory effect on AC activity, and R2 has a
more pronounced, but still partial inhibitory effect.
R domains can be activated directly by accepting a phos-

phoryl group from acetylphosphate, or by interaction with
BeF3�, a noncovalent mimic of the phosphoryl group, which
bonds to an oxygen in the �-carboxyl group of the aspartate
(33, 34). Acetylphosphate had no effect on ACR activity (data
not shown), which could be due to phosphatase activity in our
membrane preparations. BeF3� increased AC activity of wild-
type ACR and the D1174A mutant by 10%, whereas it inhib-
ited AC activity in the D1010A mutant by �30%. This con-
firms that R1 acts positively and R2 acts negatively on AC
activity. However, the D1010A, D1174A, and D1010A/
D1174A ACR mutants can all restore the acr� phenotype
(Fig. 5C), suggesting that regulation of ACR activity by R1 or
R2 is of little physiological relevance.
Role of HisKA Domain—The results shown in Fig. 5 indi-

cate that cAMP synthesis by ACR does not require the HisC
or receiver domains, whereas Fig. 4 shows that ACR activity is
only partially dependent on the TM domains. Nevertheless,
the �TKCR1R2 construct, which contains only the AC do-
main, has no activity (Fig. 4B). The degenerate HisKA domain
is the only feature that is absolutely essential for cAMP syn-
thesis. Canonical HisKA domains form intermolecular dimers
to allow transphosphorylation by the HisC domains. Al-
though the phosphoryl-accepting histidine is lacking from the

FIGURE 4. Functions of the different domains of ACR in adenylate cyclase regulation. A, schematic of truncations. Truncated segments of the ACR cDNA
lacking transmembrane (T, vertical bars), HisKA (K), HisC (C), receiver (R1 and R2) domains or the C-terminal low complexity region (L) were prepared by PCR
amplification and recombined with unaltered segments in pGEM7ZF� to reconstitute the entire (but truncated) cDNAs, which were then transferred to vec-
tor pB17S-EYFP and transformed into acr� cells. B, AC activity of truncated proteins. Lysates of transformed cell lines were incubated with AC assay mix for
30 min and assayed for cAMP production. Data are standardized on the amount of YFP fusion protein in the lysates as determined by quantitative Western
blotting (see “Experimental Procedures”). The results represent means and S.D. of four experiments performed on cells from at least two separate transfor-
mations. C, complementation of acr� phenotype. All transformants were developed into fruiting bodies, which were examined as described for Fig. 2A for
complementation of the spore encapsulation (Sp) and thin stalk (St) phenotype. D, expression levels of truncated proteins. Lysates of 3 � 105 cells that had
been transformed with intact and truncated ACR-YFP fusion constructs were size-fractionated by SDS-PAGE. The YFP-fusion proteins were visualized by
qualitative Western blotting using an �-GFP antibody.

FIGURE 5. Disruption of domain activity by site-directed mutagenesis.
A, putative phosphoryl-accepting residues in the HRRLS motif. His613 in the
HRRLS motif, which resides in segment AB of ACR (supplemental Fig. S1B),
was mutated into Gln, whereas Ser617 was mutated either into Ala or Glu.
The mutated segments were recombined with segments CD, EF, and GH to
recreate full-length ACR-YFP, which was transformed into acr� cells and
assayed for AC activity as described above. Data are expressed as percent-
age of AC activity in intact ACR. The transformed acr� cells were addition-
ally developed into fruiting bodies to examine complementation of their
spore- and stalk maturation phenotypes by the constructs. B, residues es-
sential for histidine kinase activity. Asn769 in the HisC domain was first mu-
tated into Asp in segment CD. Later, Glu854 and Gly856 were both mutated
into Ala in segment CD that contained the N769D mutation. The two mu-
tated segments were recombined with segments AB, EF, and GH to recreate
full-length ACR-YFP proteins, transformed into acr� cells, and assayed for
AC activity and complementation of the acr� phenotype. C, receiver do-
mains. The phosphoryl-accepting residues Asp1010 in R1 and Asp1174 in R2
were mutated into Ala in the individual ACR segments CD and EF, respec-
tively, or in both. The mutated segments were recombined with comple-
mentary segments to recreate full-length ACR-YFP and transformed into
acr� cells. AC activity was assayed in the presence 5 mM NaF (�) or 5 mM

NaF with 0.1 mM BeCl2 to form BeF3
� (�) (34). Data represent means and S.E.

of three experiments performed in triplicate. Sp, spore encapsulation; St,
thin stalk.
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ACR HisKA domain, the �-helices that form the intermolecu-
lar dimer are present with the first �-helix extending up to the
seventh TM domain (Fig. 1B). Cyclase domains can only be
active as dimers with ATP binding and catalysis occurring at
the dimer interface. The data therefore suggest that dimeriza-
tion of the HisKA domains of two ACR molecules acts to fa-
cilitate dimerization of their cyclase domains. In that case, a
construct that contains the TM and HisKA domains but lacks
the cyclase domains should inhibit ACR activity by forming
unproductive dimers. Two ACR fragments were prepared
that are C-terminally truncated after either the HisKA do-
main (�CRA) or the transmembrane domains (�KCRA) (Fig.
6A). The constructs were fused to YFP and transformed into
wild-type cells. Similar to ACR-YFP, the two truncated pro-
teins also localized to the nuclear membrane and endoplasmic
reticulum, as shown for �CRA-YFP in Fig. 6D. AC activity
was measured in wild-type cells transformed either the empty
YFP vector or the �KCRA-YFP and �CRA-YFP constructs,
using acr� cells as controls to estimate AC activity due to ad-
enylate cyclase A, adenylate cyclase G, or both. The �CRA
construct almost completely inhibited endogenous ACR ac-
tivity (Fig. 6B) and also strongly reduced spore encapsulation
(Fig. 6E). The �KCRA construct inhibited endogenous ACR
activity by �40% but did not prevent spore encapsulation
(data not shown). The inhibitory effects of both constructs on
AC activity suggest that the HisKA domain assisted by the
transmembrane domains forms inactive dimers with wild-
type ACR.

DISCUSSION

ACR Activity Does Not Critically Require Histidine Kinase
Activity and Phosphorelay—Sensor histidine kinase and re-
ceiver domains are common intrinsic regulators of many pro-
karyote adenylate cyclases, but ACR is the only eukaryote ad-
enylate cyclase identified thus far that harbors such features.
The results presented in this study indicate that they do not
play a critical role in the regulation of cAMP synthesis by
ACR or in its established role in spore and stalk cell matura-
tion. ACR activity and its ability to restore the acr� pheno-
type was unaffected by mutation of three amino acids that
are each individually essential for the histidine kinase ac-
tivity of ACR.
Mutation of the phosphoryl-accepting Asp to Ala in the R1

and R2 receiver domains resulted in 10% inhibition and 2.5-
fold stimulation of AC activity, respectively, indicating that
phosphorylation of R1 slightly stimulates AC activity, whereas
phosphorylation of R2 modestly inhibits activity. BeF3�, an ion
that strongly activates R domains by mimicking Asp phos-
phorylation, caused only 10% stimulation of AC activity of
intact ACR and the R2 phosphorylation mutant. In agreement
with the inhibitory effect of R2 phosphorylation, BeF3� caused
30% inhibition of AC activity in the R1 phosphorylation mu-
tant. Neither the individual nor the combined mutation of the
receiver domains affected the ability of ACR to complement
the acr� phenotype (Fig. 5). Evidently, also the receiver do-
mains play only a minor role in controlling ACR activity. This
may be related to the fact that both domains have lost the
switch pair residues that mediate their phosphorylation-in-
duced conformational change (Fig. 1C).
HisKA Domain Assists Intermolecular Dimerization of Cy-

clase Domain—Class III nucleotidyl cyclase domains are ac-
tive as dimers with the substrate ATP or GTP binding to the
dimer interface. However, their intrinsic capacity for dimer-
ization is commonly assisted by interactions between other
regions of the protein, such as the double set of six TM heli-
ces of mammalian ACs (35), the interaction with dimerizing
GCAPs (guanylate cyclase-activating protein) of retinal GCs
(36), the dimerizing HAMP (present in histidine kinases, ade-
nyl cyclases, methyl-accepting proteins, and phosphatases) or
pH-regulated dimerizing domains of a number of mycobacte-
rial ACs (37), and the extracellular regions of mammalian par-
ticulate GCs (38) and Dictyostelium ACG (39). Most of the
regulation of these enzymes involves processes that reorient
the monomers into a configuration that is more favorable for
catalysis or that allow the catalytic dimer to form. The cata-
lytic domain of ACR is inactive without the N-terminal histi-
dine kinase and receiver domains. As discussed above, neither
histidine kinase activity nor phosphorelay to or from the re-
ceiver domains are essential for ACR activity. The need for
these domains must therefore depend on another property of
their structure.
Sensor histidine kinases are also active as dimers, which are

formed by hydrophobic interactions between the two sets of
two �-helices that make up their HisKA domain (40). This
allows transphosphorylation by the attached HATPase-C do-
main of the His residues that extend from two of the helices.

FIGURE 6. Effects of N-terminal ACR fragments on wild-type ACR activ-
ity. A, schematic of ACR constructs that are C-terminally truncated after the
HisKA (�CRA) or transmembrane domains (�KCRA). The fragments were
fused to YFP in pB17S-EYFP and transformed into wild-type cells. B, lysates
of vegetative acr� cells and wild-type cells transformed with �CRA-YFP,
�KCRA-YFP, or empty vector (YFP) were assayed for cAMP synthesis under
ACR assay conditions, which was standardized on the total protein content
of the lysates. Means and S.E. of three experiments performed in triplicate
are shown. C, aliquots of 15 �g of total protein of the transformed wild-
type cell lines were subjected to qualitative Western blotting with �-GFP
antibodies. D, visualization of �CRA-YFP localization in living vegetative
cells by fluorescence and phase contrast microscopy. E, squashed spore
heads of 2-day-old fruiting bodies of wild-type cells transformed with
the �CRA-YFP construct contain mainly amoeboid cells. Scale bar, 10
�m. PC, phase contrast.
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ACR lacks the conserved His residue, but the conserved
HisKA sequence with a set of two helices is present at the lo-
cation of a canonical HisKA domain. Loss of the HisKA do-
main rendered ACR inactive, which suggested that the dimer-
izing HisKA domain was essential for dimerization of the AC
domains.
This suggestion was borne out by an experiment showing

that an ACR construct that was C-terminally truncated after
the HisKA domain inhibited wild-type ACR activity (Fig. 6),
most likely by forming unproductive dimers. A construct that
harbored only the transmembrane domains partially inhibited
ACR activity, suggesting that the transmembrane domains
participate in dimer formation. This agrees with the observa-
tion that loss of these domains partially reduces the AC activ-
ity of otherwise intact ACR (Fig. 4).
In conclusion, it appears that the canonical roles of the sen-

sor histidine kinase and receiver domains have eroded in
ACR, leaving only the dimerizing capacity of the HisKA do-
main as an essential feature of ACR function. The observed
conservation of most of the functionally essential residues in
the HATPase-C and receiver domains most likely means that
these residues are also essential for maintaining protein
conformation.
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