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Cullins function as scaffolds that, along with F-box/WD40-repeat-containing proteins, mediate the
ubiquitination of proteins to target them for degradation by the proteasome. We have identified a cullin CulA
that is required at several stages during Dictyostelium development. culA null cells are defective in inducing
cell-type-specific gene expression and exhibit defects during aggregation, including reduced chemotaxis. PKA
is an important regulator of Dictyostelium development. The levels of intracellular cAMP and PKA activity
are controlled by the rate of synthesis of cAMP and its degradation by the cAMP-specific phosphodiesterase
RegA. We show that overexpression of the PKA catalytic subunit (PKAcat) rescues many of the culA null
defects and those of cells lacking FbxA/ChtA, a previously described F-box/WD40-repeat-containing protein,
suggesting CulA and FbxA proteins are involved in regulating PKA function. Whereas RegA protein levels
drop as the multicellular organism forms in the wild-type strain, they remain high in culA null and fbxA null
cells. Although PKA can suppress the culA and fbxA null developmental phenotypes, it does not suppress the
altered RegA degradation, suggesting that PKA lies downstream of RegA, CulA, and FbxA. Finally, we show
that CulA, FbxA, and RegA are found in a complex in vivo, and formation of this complex is dependent on the
MAP kinase ERK2, which is also required for PKA function. We propose that CulA and FbxA regulate
multicellular development by targeting RegA for degradation via a pathway that requires ERK2 function,
leading to an increase in cAMP and PKA activity.
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Regulated protein degradation is an important compo-
nent of many cellular pathways. This has been shown
most elegantly in the timing of the cell cycle, which is
controlled in part through the formation and activation
of specific cyclin complexes and their subsequent degra-
dation via a pathway that involves ubiquitination and
proteolysis (Willems et al. 1996, 1999; Krek 1998; De-
shaies 1999; Toda et al. 1999; Tyers and Jorgensen 2000).
Cullins comprise a family of proteins that are a part of

the E3 ubiquitin protein ligase complex (Kiproes et al.
1996; Mathias et al. 1996; Feldman et al. 1997; Listzwan
et al. 1998; Patton et al. 1998). In Saccharomyces cerevi-
siae, the cullin Cdc53p interacts with the ubiquitin-con-
jugated enzyme Cdc34p and phosphorylated cyclin
Cln2p, whose degradation is required for the G1-S tran-
sition during the cell cycle (Mathias et al. 1996; Willems
et al. 1996). Cdc53 is also required for ubiquitination of

the phosphorylated CDK inhibitor Sic1p, in which it
forms a ubiquitin ligase complex with Skp1 and the F-
box-containing protein Cdc4p (SCF) (Bai et al. 1996; Feld-
man et al. 1997). A highly homologous complex consist-
ing of an F-box-containing protein, a homolog of SKP1,
and a member of the cullin family is necessary in human
cells for the G1-S transition (Listzwan et al. 1998; Ly-
apina et al. 1998). These evolutionarily conserved com-
plexes are thought to target specific proteins for ubiqui-
tin-mediated degradation (Krek 1998).
Components of the pathways that control protein

ubiquitination are also important for controlling a vari-
ety of cellular processes including neuron development
and multicellular development in Dictyostelium (Clark
et al. 1997; Hegde et al. 1997). In Dictyostelium, a UBC
and a UBP (ubiquitin hydrolase or deubiquitinating en-
zyme) control the temporally and spatially restricted
degradation of the MAP kinase kinase kinase (MEK ki-
nase) MEKK�, which regulates developmental timing,
cell-fate decisions, and spatial patterning (Chung et al.
1998). Degradation of MEKK� is controlled through an
F-box and WD40 repeats, which presumably interact
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with the Dictyostelium Skp1 and a cullin to mediate
ubiquitination and degradation of the targeted protein
(Feldman et al. 1997; Listzwan et al. 1998; Patton et al.
1998). For some substrates (e.g., the F-box subunit of the
SCF E3 ligase and MEKK�), the targeted protein contains
an F-box (Chung et al. 1998; Galan and Peter 1999); in
others, an F-box-containing protein forms complexes
with the targeted protein to mediate its degradation
(Listzwan et al. 1998; Lyapina et al. 1998). Understand-
ing the specificity of these reactions and elucidating the
cellular functions controlled by such pathways is essen-
tial for determining how targeted protein degradation is
used as a regulatory mechanism to control multicellular
development in eukaryotes.
Cyclic AMP-dependent protein kinase A (PKA) is an

important regulator of development in Dictyostelium,
vertebrates, and Drosophila (Reymond et al. 1995; Jiang
and Struhl 1996; Perrimon 1996; Hammerschmidt et al.
1997; Heasman 1997; Nusse 1997; Ohlmeyer and Kal-
deron 1997; Loomis 1998; Aubry and Firtel 1999). InDic-
tyostelium, PKA is required for aggregation, including
the expression of the adenylyl cyclase ACA, cell-type
differentiation, and culmination (Mann and Firtel 1991,
1993; Simon et al. 1992; Schulkes and Schaap 1995; Horn
and Gross 1996; Zhukovskaya et al. 1996; Mann et al.
1997; Loomis 1998; Shaulsky et al. 1998; Thomason et
al. 1998). The level of intracellular cAMP, which deter-
mines the level of free catalytic subunit and PKA activ-
ity, is controlled by the rate of synthesis of cAMP and its
degradation by the cAMP-specific phosphodiesterase
RegA, a response regulator and effector of a two-compo-
nent His kinase regulatory cascade (Shaulsky et al. 1996,
1998; Thomason et al. 1998). The phenotypes of regA
null cells, which have elevated cAMP levels (Meima and
Schaap 1999) and presumably elevated PKA activity, are
similar to those of PKA regulatory subunit (PKA-R) null
cells, which have constitutive PKA activity (Simon et al.
1992; Shaulsky et al. 1996, 1998; Thomason et al. 1998).
These cells exhibit precocious induction of cell-type-spe-
cific genes and spore maturation and have defects in che-
motaxis and aggregation (Loomis et al. 1998; Shaulsky et
al. 1998; Thomason et al. 1998, 1999b; Wessels et al.
2000). Knockouts of RegA and PKA-R are capable of sup-
pressing a common set of mutations, suggesting they
have similar genetic consequences.
We present evidence that regulated protein degrada-

tion plays a central role in controlling PKA activity and
cell-type specification in Dictyostelium. Our results
support a model in which theMAP kinase ERK2 controls
the degradation of RegA though an SCF complex con-
taining the cullin CulA and the F-box/WD40-repeat-con-
taining protein FbxA/ChtA. This work provides new in-
sights into the role of regulated protein degradation in
the control of cell and developmental transitions, includ-
ing those regulating cell-fate decisions.

Results

Isolation of the culA and fbxA null mutant strains

The culA and fbxA null strains were identified in REMI

screens for developmental mutants defective in multi-
cellular development. CulA was cloned as described in
Materials and Methods. The cloning and preliminary
analysis of fbxA, also called chtA, has been described
previously (Ennis et al. 2000; Nelson et al. 2000). The
sequence of the CulA ORF indicates that it is a member
of the cullin family of proteins (Fig. 1A; GenBank acces-
sion no. AF020287). The highest levels of identity are to
murine and human cullin 1 (51%), Drosophila cullin 1
(48%), Caenorhabditis elegans cullin 1 (40%), and Dic-
tyostelium cullin B (40%). RNA blot analysis shows that
CulA encodes a single transcript of ∼ 3.5 kb, which is
present at a low level during growth and increases sig-
nificantly at the onset of development, peaking at 8 h,
decreasing slightly, and increasing again during culmi-
nation at 20 h (Fig. 1B). No transcript is found in culA
null cells.

culA null cells exhibit aggregation and morphogenesis
defects

Wild-type cells form aggregates by 10 h (Fig. 2A), migrat-
ing slugs at 16 h (Fig. 2B), and mature fruiting bodies by
24 h (Fig. 2C). culA null cells form large aggregation
streams (Fig. 2D) that break up into multiple aggregates
and then fuse to form large aggregates (Fig. 2E), which
produce multiple tip-like protrusions (Fig. 2F), after
which morphogenesis terminates. This terminal struc-
ture contains stalk-like vacuolated cells (Fig. 2G), which
stain with calcofluor (Fig. 2J), indicating they contain
cellulose, and populations of undifferentiated cells that
are neither spores nor stalk cells (Fig. 2H), which are
probably similar to basal disc cells, as there is no stalk-
tube-like casing around the vacuolated cells [Fig. 2, cf. I
(wild-type) with J (culA null)]. No mature, heat- and de-
tergent-resistant spores were observed (data not shown).
Aggregation defects in culA null cells were examined

by use of time-lapse video phase contrast microscopy of
a monolayer of cells (Ma et al. 1997; Meili et al. 1999).
Such analyses visualize cAMP waves propagating
through the lawn of cells as changes in cell shape in
response to stimulation by the chemoattractant (Riet-
dorf et al. 1996; Ma et al. 1997). The initial wave patterns
of culA null cells are similar to those of wild-type cells.
However, at later times, multiple domains partially fuse,
leading to the formation of the large, aberrant aggrega-
tion streams and aggregates (Fig. 2D; data not shown). In
wild-type strains, the mounds initiate a rotary move-
ment, which leads to tip formation after ∼ 1 h (Rietdorf et
al. 1996; Sukumaran et al. 1998; Kellerman and McNally
1999). In contrast, in culA null strains this rotary move-
ment continues for an additional 12 h and multiple, in-
dependent centers form within the large mounds, pro-
ducing multiple tips as shown in Figure 2F (data not
shown).
As this analysis suggested that chemotaxis was de-

layed in culA null cells, we studied chemotaxis directly
by examining the ability of aggregation-competent cells
to move toward cAMP emitted from a micropipette (see
Materials andMethods). Whereas wild-type cells become
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highly polarized and chemotax efficiently, culA null
cells do not become well-polarized (Fig. 3A). Moreover,
although most wild-type cells extend only a single pseu-
dopod in the direction of the cAMP signal, culA null
cells have multiple pseudopodia around the periphery of
the cell (Fig. 3A, inset). Many of culA null cells exhibit
little change in position (they put out multiple pseudo-
podia but move very little), whereas cells that move do
so nondirectionally (their paths appear random), and few
cells accumulate around the micropipette tip (Fig. 3A,B).

culA null cells can efficiently induce
cAMP-mediated aggregation-stage
but not prestalk- and prespore-specific markers

RNA blot analysis of culA null cells shows that contact
sites A (csA), a marker for pulse-induced, aggregation-
stage gene expression, and the post-aggregative marker

LagC, which is induced by high, continuous cAMP
through the cAMP receptor during mound formation, are
induced with kinetics and levels similar to those of wild-
type cells (Fig. 4A; Noegel et al. 1986; Dynes et al. 1994).
However, the transcript levels do not decline sharply af-
ter 8 h (Fig. 4A); instead, they decrease slightly and then
rise to a high at 20–24 h (see detailed kinetics, Fig. 4B).
Expression of the aggregation-stage adenylyl cyclase
ACA is maximal between 4 and 8 h in wild-type cells
(Pitt et al. 1992), but in culA null cells, ACA transcripts
rise more slowly and continue to accumulate through 20
h (Fig. 4C). Interestingly, ACA expression is regulated by
PKA, whereas other aggregation-stage genes such as csA
or the cAMP receptor cAR1 are regulated via a distinct
signaling pathway ( Mann et al. 1988, 1997; Insall et al.
1994; Schulkes and Schaap 1995). The delayed expres-
sion of ACA suggests that culA null cells may exhibit a
defect in PKA-mediated events.

Figure 1. Derived amino acid sequence of CulA ORF and amino acid sequence
comparison of cullins from various organisms and expression pattern of CulA. (A)
Dictyostelium cullins, CulA (AF020287) and CulB (AF144717), and Mouse Cullin,
M-Cul 1 (AF136441), Saccharomyces cerevisiae culA (U43564), Caenorhabditis el-
egans cullin 1 (U58083). Identity among the sequences is shown in black and simi-
larity in light gray. Sequences in dark gray indicate the identity among cullins other
than CulA. (B) Total RNA from wild-type and culA null cells was isolated from cells
at different periods of development as indicated. RNA was size fractionated, trans-
ferred to nylon membrane, and hybridized with a CulA probe.
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We detect no expression of the prestalk-specific gene
ecmA or the prespore-specific gene SP60/CotC and a
very low level of expression of ecmB (compared with

wild-type cells), a gene preferentially expressed in a sub-
set of prestalk cells (pstAB and pstB cells) when culA
null cells are plated for development (Fig. 4A). Moreover,
expression could not be induced in suspension assays
(data not shown). We examined cell-type-specific gene
expression further using cell-type-specific lacZ reporters
(ecmAO/lacZ− expressed in pstA cells and at lower lev-
els in pstO cells; ecmB/lacZ− expressed in pstB cells and
pstAB cells; SP60/lacZ− expressed in prespore cells).
culA null cell aggregates carrying ecmB/lacZ had a small
fraction of stained cells, which were scattered through-
out the aggregates (data not shown). lacZ expression
studies showed no staining by use of prestalk A/O or
prespore reporters under standard staining conditions, al-
though we observe very weak staining of scattered cells
if the incubation is extended for 10 times the normal
period (data not shown).
To examine whether CulA must function in prestalk

or prespore cells, we expressed CulA protein in culA null
cells from either the ecmAO prestalk-specific or the
SP60 prespore-specific promoter. Expression from the ec-
mAO prestalk-specific promoter results in a mature
fruiting body with an enlarged sorus containing mature
spores and a shorter, thicker stalk than is observed in a
wild-type fruiting body (compare fruiting bodies in Figs.
2C and 5A, open arrow; data not shown). When CulA is
expressed from the prespore promoter, the mounds form
a fruiting-body-like structure on top of an enlarged, elon-
gated basal disk (Fig. 5B, see region marked with the
solid arrow; no stalk tube is observed; data not shown).
The large, glassy sorus (Fig. 5B, open arrow) contains
<10% of the spores in wild-type fruiting bodies (data not
shown). The results suggest that CulA function is pref-
erentially required in prestalk cells to properly regulate
cell-type differentiation and spore maturation via a non-
cell-autonomous pathway. The partial complementation
seen with expression of CulA from a prespore promoter
may result from a cell-autonomous requirement of CulA
in prespore cells or be due to the ability ofDictyostelium
cells within multicellular aggregates to auto-regulate
their cell-type proportions by dedifferentiating and redif-
ferentiating into the cell type whose proportion is re-
duced (Raper 1939). The very low level of expression
from the exogenous ecmAO and SP60 promoters ob-
served in the lacZ reporter studies in culA null cells
presumably allows a low level of CulA expression, ini-
tiating an autoregulatory loop that results in higher
CulA expression, cell-type differentiation, and the re-
sulting complementation of the culA null phenotypes.

Suppression of culA and fbxA null phenotypes
by overexpression of the PKA catalytic subunit

PKA is required for multiple developmental decisions in
Dictyostelium, including proper chemotaxis, prestalk
and prespore cell-type differentiation, and spore matura-
tion (see Introduction for references). The phenotypes of
culA null cells are reminiscent of those of other mutant
strains that are thought to be defective in the PKA path-
way (Shaulsky et al. 1996, 1998; Aubry et al. 1997; Loo-

Figure 2. Developmental morphology of Dictyostelium culA
null and wild-type strains. Cells were developed on 12 mM
Na/KPO4-containing agar plates (pH 6.2) and photographed at
different stages (see Materials and Methods). (A–C) Wild-type
cells at 12, 16, and 24 h of development. (D–F) culA null cells at
12, 16, and 24 h of development. Relative magnifications (A,D)
10×; (B,E) 30×; (C,F) 15×. (G,H,J) Cells from terminally differen-
tiated culA null aggregates at 36 h. Terminally developed struc-
tures were collected and placed on glass slides in 10 µL of 12
mM Na/KPO4 buffer and a coverslip was pressed onto them
gently. When these cells were examined under higher magnifi-
cation (40× objective, phase contrast), at least two types of cells
were observed, vacuolated single cells (G) and undifferentiated
cells (H; most of the cells were undifferentiated). No elliptical
spores or spore-like cells were observed. (I,J) Calcofluor staining
of a wild-type stalk tube containing stalk cells, (I) stalk tube
outer layer is marked with arrows, and (J) stalk-like cells of culA
null terminal organisms. Expression of full-length CulA from
the constitutive Act15 promoter rescues the mound-arrest culA
null phenotype. These strains produce fruiting bodies in which
the sorus (spore-containing portion of the organism) is not fully
lifted to the top of the fruiting body. A similar phenotype is
observed when CulA is overexpressed in wild-type cells, sug-
gesting the abnormal fruiting body results from overexpression
or misexpression of CulA.
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mis et al. 1997; Wang and Kuspa 1998). To examine
whether the culA mutant phenotype might result from
reduced PKA activity, we tested whether overexpressing
the PKA catalytic (PKAcat) subunit suppresses the phe-
notype. Under these conditions, PKA activity is consti-
tutive. Overexpression of PKAcat from its own promoter
in culA null cells suppresses the culA null prestalk and
prespore gene expression and morphogenesis defects
(Figs. 4A and 5C). The culA chemotaxis phenotypes
could be similarly suppressed (Fig. 3A,B). These results
suggest that PKAcat can bypass the requirement of CulA
function for development, suggesting that the culA phe-
notypes result from reduced PKA activity. If the culA
null cell chemotaxis defect is due to decreased PKA ac-
tivity, the chemotaxis phenotype of pkacat null cells
might be similar to that of culA null cells. Figure 3, A
and B show that this is the case; some of the pkacat null
cells show little cell movement, those that move do so
randomly with respect to the cAMP gradient, and the
cells are not polarized in cAMP gradients. Our results
cannot distinguish between PKA functioning at the time
of chemoattractant stimulation or acting transcription-
ally to control the expression of genes required for che-
motaxis.
Our results suggest that CulA is preferentially re-

quired during the multicellular stages in prestalk cells
for both prestalk and prespore cell differentiation and
formation of mature spore cells. Previous results show
that fbxA is preferentially expressed in prestalk cells and
is required in these cells for proper cell-type proportion-
ing. fbxA null cells have a propensity to differentiate
into prespore cells and exhibit a reduction in prestalk
gene expression and a reduced number of prestalk cells
(Fig. 4A ; Ennis et al. 2000; Nelson et al. 2000). Unlike
culA null cells, the fbxA null cell phenotypes suggest
that FbxA is required predominantly during the multi-
cellular stages, as fbxA null cells do not exhibit aggrega-
tion-stage chemotaxis or gene expression defects. [Note:
the fbxA null phenotypes vary in severity depending on
the genetic background and are most severe in strain
KAx-3, the parental strain used in this study (data not
shown; Nelson et al. 2000)]. In this strain, most fbxA
null aggregates arrest at the mound stage (data not
shown; Nelson et al. 2000), ecmA prestalk and SP60/
cotC gene expression is delayed, and the level of ecmA
expression is reduced compared with that in wild-type
cells (Fig. 4), consistent with previous findings (Nelson
et al. 2000).
The knowledge that F-box/WD40-repeat-containing

proteins and cullins are involved in ubiquitin-mediated
protein degradation and culA and fbxA null cells share
some similarities in their phenotypes suggested that
CulA and FbxA may function on the same genetic path-
way. If this were true, PKAcat overexpression should
suppress the fbxA null phenotype. In fact, expression of
FbxA or PKAcat restores the ability of the cells to form
fruiting bodies containing mature spores (data not
shown) and ecmA expression to wild-type levels (Fig.
4A). These observations are consistent with PKAcat
functioning downstream from both CulA and FbxA in a

Figure 3. Chemotaxis assay of wild-type and mutant cells. (A)
Cells were washed free of medium and pulsed with 30 nM
cAMP every 6 min for 5 h, washed, plated on a glass coverslip
embedded in a Petri dish in Na/KPO4 buffer, and examined as
described previously (Meili et al. 1999). The micropipette con-
tains 150 µM cAMP. The chemotaxis was recorded for 30 min
with frames taken 6 sec apart. The following strains are shown:
wild-type cells, culA null cells, culA null cells overexpressing
PKAcat from its own promoter, pkacat null cells. The insets
depict magnification of representative cells. (B) Tracings of the
chemotactic movement of individual cells from the time-lapse
videos depicted in A. (Asterisk) The position of the tip of the
micropipette. When culA null cells are pulsed for 7 rather than
5 h, we observe the same chemotaxis defect.
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regulatory pathway that controls chemotaxis, cell-type
differentiation, and morphogenesis. Differences in the
severity of the phenotypes between culA and fbxA null
cells suggest that the two proteins may regulate some
distinct as well as overlapping downstream proteins (see
Discussion).

CulA and FbxA control the degradation
of the cAMP-specific phosphodiesterase RegA

Three Dictyostelium proteins that directly regulate PKA
function are the intracellular, cAMP-specific phosphodi-
esterase RegA (Shaulsky et al. 1996, 1998; Thomason et
al. 1998, 1999b) and the PKA catalytic (PKAcat) and regu-
latory (PKA-R) subunits. Preferential degradation of
RegA or PKA-R could result in increased PKA activity,
whereas a decrease in the rate of their degradation could
lead to decreased PKA function. In the case of RegA, a
reduced rate of degradation (elevated RegA levels and
thus PDE activity) would result in reduced cAMP levels

and PKA activity. Degradation of PKA-R would cause a
release of free PKAcat, leading to increased kinase activ-
ity.
Figure 6A shows that in wild-type cells, RegA protein

levels, detected by use of a RegA-specific antibody (Tho-
mason et al. 1998), increase from a low to a maximum in
vegetative cells at 4 and 8 h, the time of mound forma-
tion, whereupon the levels rapidly decrease and then re-
main low. In culA null and fbxA null cells, RegA protein
is at a moderate level in vegetatively growing cells, in-
creases upon starvation, but remains high, at a level that
is greater than that in wild-type cells at 8 h of develop-
ment (Fig. 6A; Thomason et al. 1998). As observed pre-
viously, two RegA bands are visible (Thomason et al.
1998) that are absent in blots of regA null cells. The
lower band is stronger in our samples than that observed
previously (Thomason et al. 1998). This could be due to
increased proteolysis in our samples or to differences in
the parental cell line, with the lower band not being an
artifact of sample preparation. Overexpression of CulA

Figure 4. RNA blot analysis of gene expression. Total RNA from wild-type and mutant strains was isolated from cells at different
periods of development as indicated. RNA was size fractionated, transferred to nylon membrane, and probed for gene expression as
indicated.
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in culA null cells or FbxA in fbxA null cells restores the
reduction in RegA levels at 12 h of development, but not
the low level in vegetative cells (Fig. 6A). As Dictyos-
telium CulA is most closely related to mouse Cul-1, we
tested whether Cul-1 could complement the culA null
phenotype. Expression of Cul-1 in culA null cells re-
stores the regulated degradation of RegA, although the
timing is delayed (Fig. 6A). These strains undergo mor-
phogenesis, but produce abnormal-looking fruiting bod-
ies (data not shown).
To examine whether the persistence of high levels of

RegA protein in culA null or fbxA null cells is due to the
developmental arrest of these strains, we examined
RegA protein levels in culA null and fbxA null cells
overexpressing PKAcat (culA−/PKAcat or fbxA−/PKA-
cat). As shown in Figure 6A, RegA levels persist in these
strains in later development as in the parent strain, al-
though these strains develop normally. These findings
indicate that PKAcat does not suppress the culA or fbxA
null cell phenotypes by restoring the degradation of
RegA protein, and that the elevated levels of RegA in
culA and fbxA null strains are not due to the develop-
mental arrest of these strains.
The MAP kinase ERK2 is required for cAMP-stimu-

lated cAMP accumulation (Segall et al. 1995) and is
thought to antagonize the action of RegA (A. Kuspa, pers.
comm.). erk2 null cells exhibit a phenotype that is more
severe than that of either culA or fbxA null cells; the
cells are aggregation deficient (Segall et al. 1995). More-
over, overexpression of PKAcat in erk2 null cells sup-
presses the erk2 null phenotypes and these cells develop
normal fruiting bodies (Aubry et al. 1997), paralleling our
results with culA and fbxA null cells. As interaction of
substrates with specific F-box-containing proteins and

an SCF complex is often mediated by phosphorylation
(Chen et al. 1996; Willems et al. 1996, 1999; Karin and
Delhase 2000), we tested whether erk2 null cells also
exhibit elevated levels of RegA. Figure 6A shows that
this is the case. In addition, as in culA−/PKAcat or fbxA−/
PKAcat cells, the elevated RegA levels persist in erk2−/
PAKcat cells, even though erk2−/PAKcat cells develop
normally. Thus, the continued high level of RegA in erk2
null cells is not due to the inability of erk2 null cells to
proceed through development.
We also examined the levels of PKAcat and PKA-R in

some of these strains. The level of PKAcat protein is very
low in vegetative cells, increases by 8 h, and remains
high throughout development (Fig. 6C). In culA null
cells, the level of PKAcat protein is high in vegetative
cells and remains high, whereas PKA-R exhibits a
slightly reduced level compared with wild-type cells
throughout the time course. Levels in vegetative cells
are slightly below those at other stages. erk2 null cells
exhibit high vegetative levels of PKAcat.

CulA and FbxA form a complex with RegA
that is dependent on ERK2 function

One pathway for ubiquitin-mediated protein degradation
involves an SCF complex containing a Skp1 family
member, a cullin, an F-box/WD40-repeat-containing pro-
tein, and the enzymes involved in ubiquitin transfer (see
Introduction). In this complex, the WD40 repeats of the
F-box-containing protein bind the substrate, often in a
phosphorylation-dependent manner (Chen et al. 1996;
Willems et al. 1996, 1999; Deshaies 1999; Maniatis 1999;
Karin and Ben-Neriah 2000). If CulA and FbxA are in-
volved in RegA degradation, then we might expect all
three proteins to be present in a complex. As the F-box/
WD40-repeat-containing protein binds the protein tar-
geted for ubiquitination, we expressed a GST fusion pro-
tein containing the carboxy-terminal F-box/WD40 re-
peats of FbxA in wild-type cells and culA, fbxA, regA,
and erk2 null cells. The cells were plated for develop-
ment. Samples were taken at various times and the GST
fusion protein was isolated from cell lysates by use of
glutathione–Sepharose and analyzed byWestern blots for
the presence of GST–FbxA:F-box/WD40 fusion protein,
RegA, and cullin by use of anti-GST, anti-RegA, and
anti-human cullin 1 (Cul-1) antibodies, respectively (Fig.
6B). Blots with the anti-GST antibody revealed a similar
level of expression of the fusion protein at most time
points. Controls in which GST alone (not a fusion pro-
tein) was expressed in all of the strains were performed
to ensure that any complex formation was dependent on
the FbxA:F-box/WD40 domain of the fusion protein (Fig.
6D).
Figure 6B indicates that RegA is associated with GST–

FbxA:F-box/WD40 starting at 4 h of development in
wild-type cells, the onset of aggregation and the time
point at which we first observe RegA protein in whole-
cell extracts. The amount of RegA in the complex is the
highest after 8 h, even though total cell RegA levels de-
crease as development proceeds. A complex containing

Figure 5. Complementation of culA null cells. (A) Overexpres-
sion of CulA from the prestalk promoter ecmA in culA null
cells. The complementation is partial. The terminal structures
have large sori on short stalks. The open arrowhead shows a
sorus full of mature spores. (B) Overexpression of CulA from the
prespore promoter SP60 in culA null cells results in a partial
rescue of the culA null phenotype. The fruiting bodies have
large, empty sori with few spores. The glassy appearance of a
sorus is indicated with an open arrow. The solid black arrow
indicates the enlarged stalk/basal disc. (C) Overexpression of
PKAcat from its own promoter in culA null cells gives rise to
normally proportioned fruiting bodies.
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RegA was also observed in culA null and fbxA null cells,
the latter result indicating that endogenous FbxA, and
thus the amino terminus of FbxA, is not required for this
complex. In these strains, complexes can be observed in
vegetative cells. The absence of detectable RegA protein
in wild-type vegetative cells may be due to rapid turn-
over that is altered in the mutant strains. As expected,
no RegA is observed in regA null cells (Thomason et al.
1998). Interestingly, no RegA is associated with the com-
plex in erk2 null cells, suggesting ERK2 function is re-
quired for complex formation as well as RegA degrada-
tion.

The anti-cullin antibody reveals a cullin associated
with GST–FbxA:F-box/WD40 in wild-type cells starting
at low levels at 8 h, when we detect a weak signal, and
increasing at subsequent times in development up to 20
h. In fbxA null cells, a weak cullin band is observed in
vegetative cells and a strong band is seen at 4 h, which is
consistent with the expression pattern of CulA tran-
scripts regA null cells. The absence of a cullin band in
regA null cells suggests that GST–FbxA:F-box/WD40
may need to form a complex with a target protein to
recruit a cullin. The absence of a cullin band in erk2 null
cells is consistent with this model, as no RegA is present

Figure 6. Western blots of RegA, PKAcat, and PKA-R in various cell lines. (A) Cells were harvested at various developmental stages,
washed, solubilized in lysis buffer (20 mM Tris at pH 7.2, 1% SDS, 1 mM EDTA, 1 mM PMSF), and immediately boiled at 100°C for
3 min. Proteins were sized by SDS-PAGE using 8% gels. The gels were transferred to PVDF membrane and the blots were probed with
the anti-RegA antibody (�RegA) (Thomason et al. 1998). (B) Wild-type and mutant strains expressing GST–FbxA:F-box/WD40 were
lysed and the 10,000 × G supernatant was adsorbed to g–Sepharose. The beads were washed and the bound material was examined by
Western blot analysis and probed with anti-RegA, Cul-1, and GST antibodies (see Materials and Methods). (C) Samples were taken and
processed as described for A and probed with either anti-PKAcat, or anti-PKA-R antibodies, as indicated. The anti-PKAcat and
anti-PKA-R antibodies were a generous gift of M. Veron (Institut Pasteur, Paris). (D) The experiment is the same as described in B
except that it was performed using cells that were transformed with GST alone.
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in the complex. In contrast, our results with culA null
cells show that CulA is not needed to form a complex
containing GST–FbxA:F-box/WD40 and RegA, although
we cannot discount the possibility that another cullin is
present that does not cross-react with our antibody.
However, as we observe no signal with this antibody in
culA null cells, we suggest that the cullin in the complex
is CulA. No complex is observed with GST alone in any
strain tested (Fig. 6D). We propose that RegA complexes
with the F-box/WD40 repeat domain of FbxA via an
ERK2-dependent pathway leading to RegA’s degradation.
The onset of RegA degradation at the time of mound

formation suggests that RegA degradation could be regu-
lated by increases in extracellular cAMP known to be
required for induction of post-aggregative gene expres-
sion (see Aubry and Firtel 1999). To examine this hy-
pothesis, we took advantage of the ability to make cells
competent to induce cell-type-specific gene expression
by high, continuous cAMP that functions through the
serpentine, cell-surface cAMP receptor by mimicking
early development in suspension (Insall et al. 1994;
Schnitzler et al. 1995). Addition of high, continuous
cAMP then induces cell-type-specific gene expression.
As shown in Figure 7, high cAMP induces the decrease in
RegA protein levels in competent wild-type but not culA
null cells. Cells that do not receive high levels of cAMP
show some reduction in RegA levels during later time
points that coincide with some aggregate formation,
which can induce cell-type-specific gene expression
through the endogenous production of cAMP. This is not
seen in culA null cells. The results are consistent with a
model in which mound formation leads to a reduction in
RegA protein levels that is dependent on CulA function.

Discussion

CulA encodes a cullin required for aggregation,
morphogenesis, and cell-fate pathways

Cullins are a component of the SCF complex involved in
protein ubiquitination. culA null cells are defective in a

variety of cellular and developmental processes, includ-
ing chemotaxis during aggregation, morphogenesis, and
cell-type differentiation. All of these defects can be sup-
pressed by the expression of PKAcat from its own pro-
moter, suggesting that the underlying defect that results
in the observable culA null phenotypes is an inability to
properly activate PKA at distinct stages of development.
Consistent with this finding, pkacat null cells exhibit
similar chemotaxis defects. We note that regA null and
culA null cells, which we view as RegA hypermorphs,
both exhibit chemotaxis defects, suggesting that PKA
activity must be accurately regulated for this pathway
(this work; Wessels et al. 2000). Whereas Dictyostelium
CulA is most closely related to mammalian Cul-1,
which regulates cyclin E degradation (Dealy et al. 1999;
Wang et al. 1999b), we see no evidence of a cell-cycle
phenotype in culA null cells. However, cells of higher
eukaryotes continue to cycle in the absence of Cul-1
(Kiproes et al. 1996).
A major developmental defect of culA null cells is

their inability to initiate the induction of the pathway
leading to pstA/O and prespore differentiation. In addi-
tion, the expression levels of the aggregation and post-
aggregation genes do not decrease upon mound forma-
tion, probably due to the inability of these strains to
undergo morphogenesis, a defect observed in spalten
null cells (Aubry and Firtel 1998). As no ecmA gene ex-
pression is seen in culA null cells, we expect that the
vacuolated cells observed in culA null mounds are
basal disk cells and not stalk cells (Jermyn et al. 1989,
1996).
Studies on the RING-domain-containing protein rZIP

and the protein phosphatase 2C Spalten suggested that
prespore differentiation is regulated, in part, through a
nonautonomous pathway mediated by prestalk cells
(Balint-Kurti et al. 1997; Aubry and Firtel 1998, 1999).
We suggest that CulA and FbxA function predominantly
in prestalk cells to control multicellular development;
good complementation of the culA null phenotype is
achieved when CulA is expressed from a prestalk but not
a prespore promoter. Consistent with this finding, fbxA
null slugs have reduced numbers of prestalk cells and
FbxA expression is greatly enriched in prestalk cells
(Nelson et al. 2000). Results using chimeras suggest that
the inability of culA null cells to induce pstA/O and
prespore gene expression is also partially nonautono-
mous, as ecmAO/lacZ and SP60/lacZ cell-type-specific
reporters are weakly expressed in culA null cells in chi-
meras but not at all when culA null cells are developed
alone (data not shown). This weak ecmAO/lacZ expres-
sion is presumably not due to the fact that the chimeras
develop further than culA null cells, as we observe ec-
mAO/lacZ expression in early mounds of chimeras.
However, culA null cells must also have cell-autono-
mous defects; for example, the defects in morphogenesis
at the mound stage probably result from the combined
defects in chemotaxis and prestalk cell differentiation as
the tip is formed from the differential, chemotaxis-me-
diated sorting of the prestalk cells (Abe et al. 1994; Ri-
etdorf et al. 1996; Clow et al. 2000).

Figure 7. Induction of loss of RegA in suspension culture.
Cells were pulsed with 30 nM cAMP for 5 h. The culture was
split with one-half +cAMP, receiving cAMP to a final concen-
tration of 300, and the other half not receiving cAMP (−cAMP).
Time points were taken every 45min and RegA protein levels in
whole cell lysates determined as in Fig. 6A. (0) The time point
after 5 h of pulsing with 30 nM cAMP. Other time points were
taken at 45-min intervals. Cell-type-specific gene expression is
seen after 1.5 h of stimulation (Mehdy and Firtel 1985).
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CulA and FbxA may regulate the PKA pathway
via differential protein degradation

We propose that the defect in culA and fbxA null strains
is due, in part, to an inability to degrade the cAMP-spe-
cific phosphodiesterase RegA, which leads to reduced
levels of cAMP and decreased PKA activity. We show
that PKAcat overexpressed from its own promoter res-
cues the culA and fbxA null cell phenotypes. Whereas
RegA levels decrease as the mound forms in wild-type
cells, our findings indicate that they remain high in
culA, fbxA, and erk2 null cells. This is not due to devel-
opmental arrest, as the levels remain high in these
strains when they are transformed with PKAcat, which
suppresses the developmental defects. Normal expres-
sion of SP60/cotC and ecmAO requires PKA activity
(Mann and Firtel 1991; Hopper et al. 1993a,b; Zhuk-
ovskaya et al. 1996; Mann et al. 1997; Loomis 1998). The
inability to induce the expression of these genes in de-
veloping culA null cells or in response to exogenous
cAMP in cell suspension is consistent with a defect in
PKA activation in these cells.
We find that RegA and a cullin are present in a com-

plex in vivo with the F-box/WD40 repeats of FbxA ex-
pressed as a GST fusion, as might be expected if CulA
and FbxA are involved in RegA degradation. According
to our understanding of SCF and other complexes that
mediate ubiquitination of proteins targeted for degrada-
tion, the F-box/WD40 repeat-containing protein would
bind the substrate, in this case RegA. The fact that bind-
ing is achieved with the F-box/WD40 repeats of FbxA
and not the whole FbxA protein suggests that the F-box/
WD40 repeat domain is sufficient for complex forma-
tion. However, expression of the FbxA GST–F-box/
WD40 repeats in fbxA null cells shows only a very weak
suppression of the fbxA null phenotype (the cells pro-
ceed only slightly further in development; S. Mohanty
and R.A. Firtel, unpubl.), suggesting that the long FbxA
amino-terminal region is important in FbxA’s genetic
role to regulate cell-fate decisions. As discussed in the
Results section, we interpret our anti-Cul-1 Western blot
results to mean that most probably CulA, rather than
another Dictyostelium cullin, participates in a complex
with FbxA, at least during the multicellular stages of
development.
We had tested the effects of the proteasome inhibitors

MG132 (tested at 50 and 250 µM), MG262 (tested at 1
and 5 µM), and clasto-lactocystin beta-lactone (tested at
1 and 5 µM) as a different approach to examine whether
RegA degradation is mediated by the proteasome path-
way (S. Mohanty and R.A. Firtel, unpubl.). Unfortu-
nately, none of these inhibitors caused any observable
developmental delay/arrest when added as much as 2 h
before mound formation. Our studies on CulA and pre-
vious studies on the role of UbcB (Clark et al. 1997;
Chung et al. 1998) indicate that ubiquitin-mediated deg-
radation is essential for progression past the mound
stage. Therefore, we expect that the proteasome inhibi-
tors we tested did not block proteasome function in vivo,
possibly because of permeability into the cells.

We also found that erk2 null cells have elevated levels
of RegA protein and that these levels do not decrease
upon overexpression of PKAcat, even though the cells
develop. Moreover, the presence of RegA in a complex
with FbxA:GST–F-box/WD40 requires ERK2 function.
Some proteins are targeted for SCF complex formation
via phosphorylation, which allows the binding of the
protein to the WD40 repeat domain (Chen et al. 1996;
Willems et al. 1996, 1999; Deshaies 1999; Karin and Del-
hase 2000; Tyers and Jorgensen 2000; Verma and De-
shaies 2000). Figure 8 depicts a model for the regulatory
pathway controlling RegA degradation. We propose that
RegA is degraded through the ubiquitin–proteasome
pathway via an ERK2-dependant SCF complex contain-
ing CulA and FbxA. For simplicity, we suggest RegA is
phosphorylated by ERK2 and this phosphorylation is re-
quired for complex formation. Alternatively, ERK2 may
phosphorylate another protein this is tightly bound to
RegA to target both proteins, or regulate another kinase
that directly phosphorylates RegA or another protein.
Previous studies revealed that ERK2 is activated through
the cell-surface cAMP serpentine receptors by cAMP but
via a G-protein-independent pathway (Maeda et al.
1996). It is thus possible that part of the receptor-depen-
dent, G protein-independent pathway by which extracel-
lular cAMP mediates cell-type-specific gene expression
functions by controlling ERK2 activity and RegA degra-
dation. We also show that in suspension culture, high,
continuous cAMP, the signal to induce post-aggregative
and cell-type-specific gene expression, induces the loss
of RegA protein levels. In support of this model, experi-
ments with an ERK2 temperature-sensitive mutation in-
dicate that ERK2 is required for cell-type-specific gene
expression and morphogenesis (Gaskins et al. 1996).
There must be other inputs into the regulation of RegA,
as RegA is a response regulator and its PDE activity is
positively regulated via a two-component His kinase
phosphorelay pathway (Shaulsky et al. 1998; Thomason
et al. 1998,1999b). Other data suggest that ERK2 is in-
volved in negatively regulating RegA’s PDE activity dur-
ing aggregation (A. Kuspa, pers. comm.).
Whereas our data support the model in Figure 8 depict-

ing RegA regulation by ERK2, CulA, and FbxA, we note
that the severities of the phenotypes of erk2, culA, and
fbxA null cells are different. erk2 null cells do not aggre-
gate because ERK2’s activity is required for the accumu-
lation of cAMP, which functions intracellularly to regu-
late PKA and is released to act in signal relay as a ligand
for the cAMP receptor (Segall et al. 1995). A role of ERK2
in inhibiting RegA activity during aggregation in re-
sponse to oscillatory signaling (A. Kuspa, pers. comm.)
and a second role promoting RegA degradation during
multicellular development are consistent with the dif-
ferent functions of cAMP and the kinetics of the re-
sponses at these distinct stages of development. culA
null cells have a more severe phenotype than that of
fbxA cells, which we expect is due to CulA controlling
the degradation of a larger set of proteins than FbxA and/
or due to CulA participating with other F-box-containing
proteins at different stages of development to control
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RegA. As the phenotypes of erk2, fbxA, and culA null cells
can be suppressed PKAcat, we expect that any other devel-
opmentally essential proteins that are regulated by CulA
may also function in the PKA pathway and/or can be by-
passed by high, constitutive PKA activity. We expect that
CulA and probably FbxA function in other pathways and
are not dedicated solely to the degradation of RegA.
In conclusion, our analysis further elucidates regula-

tory pathways by which targeted protein degradation is
required to mediate cellular transitions. As with the deg-
radation of proteins in the cell cycle, degradation of
RegA is required for cells to move from one cellular state
or developmental stage to another. We define a regula-
tory network by which a designated cullin and an F-box-
containing protein control PKA activity through the deg-
radation of a cAMP-specific phosphodiesterase. Our re-
sults are consistent with this pathway being regulated
through a MAP kinase pathway.

Materials and methods

Cell and molecular biology

Methods for REMI mutagenesis, cell culture, RNA and DNA
extraction, Northern and Southern blot hybridization, cell

transformation, and �-gal histochemical analysis have been de-
scribed previously (Kuspa and Loomis 1992; Clark et al. 1997).
Time-lapse video microscopy was performed as described pre-
viously (Ma et al. 1997).
A CulA gene knockout was created by inserting a BglII linker

into full-length CulA cDNA at the HincII site. The Bsr resis-
tance expression cassette was inserted in the BglII site. This
construct was digested with EcoR1 and ApaI and electroporated
in KAx-3 wild-type cells (Sutoh 1993; Lee et al. 1997).
We used the pGEX vector as template to PCR amplify the

GST. The primers used were GST2TF1 (GTATATACTAG
TAAAAAAATGTCCCCTATACTAGGTTATTGG) and GST
2TR1 (GTTTTTGAATTCCATATGGGTACCACCACCAAA
CGTGGCTTGCC). We introduced a glycine–glycine linker to
minimize potential steric hindrance in multiprotein interac-
tions or complex formation. The PCR product of GST2TF1 and
GST2TR1 was digested with SpeI and EcoRI and ligated with
the EcoRI–XhoI fragment consisting of F-box and WD40 repeats
of the FbxA protein and the DEP vector digested with SpeI and
XhoI (a triple ligation). This construct was inserted into the
Dictyostelium DEP expression vector Exp4(+).
The full-length mCul-1 cDNA (Dealy et al. 1999) was cloned

into the same Dictyostelium expression vector.

Immunoprecipitation

GST and FbxA–GST constructs were transformed into Dictyo-

Figure 8. Model of RegA regulation by differential degradation. RegA is a key regulator as it controls, in part, the concentration of
intracellular cAMP. RegA is differentially degraded via a pathway that requires the F-box/WD40-repeat-containing protein FbxA and the
cullin CulA. The pathway requires ERK2, a MAP kinase activated through the cAMP receptor. We propose that ERK2-mediated phos-
phorylation of RegA (circled P) targets RegA’s interaction with FbxA and the ubiquitination machinery that includes CulA. In addition,
RegA’s PDE activity is positively regulated by a His kinase two-component phosphorelay pathway (boxed P) (Thomason et al. 1998, 1999b).
The His kinase (generic) is shown as a transmembrane protein with a His kinase domain and a response regulator-motif Asp residue, as is
the case with knownDictyosteliumHis kinases (Loomis et al. 1998; Wang et al. 1999a). It transfers the phosphate (boxed P) to a His residue
on RdeA, which transfers it to a receiving Asp in the response regulatory domain of RegA, stimulating its activity (Thomason et al. 1998,
1999b). Whereas the His kinase is not specified, the one with a knockout phenotype consistent with this model is (Singleton et al. 1998).
RegA PDE activity may be negatively regulated by two-component system pathways during culmination (Thomason et al. 1999a,b). ERK2
may also negatively regulate RegA PDE enzymatic activity during the aggregation stage of development through its direct phosphorylation
(A. Kuspa, pers. comm.). This is indicated in the model by the broken line with a bar at the end. It is not known whether ERK2
phosphorylates RegA at different sites or the same sites for these two different modes of regulation.
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stelium cells by use of standard techniques (Mann et al. 1998).
We grew cells in HL-5 medium supplemented with 20 µg/mL
G418. Four clones were selected for each overexpression and the
strains were maintained by growth in G418. The expression
levels of GST were comparable in wild-type cells and various
null clones.
For Western blot analysis, cells were harvested at various de-

velopmental stages, washed, solubilized in lysis buffer (20 mM
Tris at pH 6.2, 1% SDS, 1 mM EDTA, 1 mM PMSF), and im-
mediately boiled at 100°C for 3 min. We loaded proteins on an
8% polyacrylamide SDS gel. The gel was transferred to PVDF
membrane and blots were processed as described previously
(Harlow and Lane 1988). We performed Western blotting by in-
cubating the blots overnight with the first antibody, washing
them four times with TBS-T, and incubating them for 1 h with
the secondary antibody. After washing four times with TBS-T,
the bound antibody was detected with an ECL Western blotting
kit (Amersham Pharmacia Biotech).
Cells overexpressing GST and FbxA:GST were harvested at

various developmental stages as indicated. A total of 2 × 107
cells were lysed on ice in 1 mL of NP-40 buffer (1× PBS, 1%
Nonidet P-40, 10 mM NaF, 2 mM EDTA, 1 mM sodium pyro-
phosphate, 0.8 µg/mL leupeptin and 4 g/mL aprotinin at pH 7.2)
for 5 min. Samples were centrifuged at 15,000 rpm for 10 min.
We incubated the supernatant with 80 µL of GST beads (gluta-
thione–Sepharose 4B, purchased from Amersham Pharmacia
Biotech) for 1 h at 4°C with gentle rocking. The beads were
washed with NP-40-containing lysis buffer three times and with
1× PBS twice, and the fusion protein was eluted from the beads
by boiling in 1× SDS sample buffer. We performed Western blot-
ting in these samples as described above.
The RegA antibody was a gift from David Traynor and Rob

Kay, Medical Research Council, Cambridge, UK. The PKA-R
and PKAcat antibodies were kindly provided by Michel Veron
from Unité de Biochimie Cellulaire, Institut Pasteur, Paris.
Anti-human cullin 1 (Cul-1) antibody was purchased from

Zymed Laboratories, Inc. The antibody is made against 11
amino acids and a synthetic peptide derived from the extreme
carboxyl terminus of human Cullin1 protein. The peptide se-
quence is identical to that of Drosophila cullin1 in 9/11 posi-
tions and in 7/11 residues with cullins from C. elegans and
CulA from Dictyostelium discoideum. Anti-GST antibody was
purchased from Amersham Pharmacia Biotech.

Video imaging and chemotaxis assays

The chemotaxis assays and video imaging were performed as
described previously (Ma et al. 1997; Meili et al. 1999).
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Note added in proof

As expected from our model and results with culA null cells
described in Figure 7, addition of cAMP to developmentally

competent culA or erk2 null cells constitutively expressing the
PKA catalytic subunit does not cause a cAMP-dependent loss of
RegA protein. This further supports a role for Erk2 in control-
ling the developmental decrease in RegA protein levels.
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