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AprA and CfaD are secreted proteins that function as autocrine signals to inhibit cell proliferation in
Dictyostelium discoideum. Cells lacking AprA or CfaD proliferate rapidly, and adding AprA or CfaD to cells
slows proliferation. Cells lacking the ROCO kinase QkgA proliferate rapidly, with a doubling time 83% of that
of the wild type, and overexpression of a QkgA-green fluorescent protein (GFP) fusion protein slows cell
proliferation. We found that gkg4 ™ cells accumulate normal levels of extracellular AprA and CfaD. Exogenous
AprA or CfaD does not slow the proliferation of cells lacking gkgA, and expression of QkgA-GFP in gkgA™ cells
rescues this insensitivity. Like cells lacking AprA or CfaD, cells lacking QkgA tend to be multinucleate,
accumulate nuclei rapidly, and show a mass and protein accumulation per nucleus like those of the wild type,
suggesting that QkgA negatively regulates proliferation but not growth. Despite their rapid proliferation, cells
lacking AprA, CfaD, or QkgA expand as a colony on bacteria less rapidly than the wild type. Unlike AprA and
CfaD, QkgA does not affect spore viability following multicellular development. Together, these results indicate
that QkgA is necessary for proliferation inhibition by AprA and CfaD, that QkgA mediates some but not all of
the effects of AprA and CfaD, and that QkgA may function downstream of these proteins in a signal trans-

duction pathway regulating proliferation.

Physiological processes that define and maintain the sizes of
tissues are poorly understood. Although a number of charac-
terized gene products negatively regulate the sizes of tissues
(21, 23), the mechanism by which the activities of such gene
products are controlled is unclear. One potential mechanism
for tissue size regulation consists of tissue-specific autocrine
signals that inhibit proliferation in a concentration-dependent
manner (18). Since the extracellular concentration of such
factors increases as a function of cell density and/or cell num-
ber, the proliferation-inhibiting function of these factors can
limit tissue size. Considerable evidence for such factors has
been reported. For instance, full hepatectomy in one of two
rats with conjoined circulatory systems stimulated proliferation
in the intact liver of the conjoined rat, suggesting the existence
of a systemic factor produced by the liver that inhibits the
proliferation of hepatocytes (16). However, only a small num-
ber of factors with analogous functional roles, such as myostatin,
which regulates skeletal muscle size (30), and Gdfl1, which
negatively regulates neurogenesis in the olfactory epithelium
(38), have been identified. The mechanisms by which such
signals inhibit proliferation are not well understood. As such
autocrine signals may serve to limit tumor growth (14, 20),
elucidation of the identities of such factors and their associated
signal transduction pathways may yield novel cancer therapies.

We have identified two such autocrine proliferation-repressing
signals in the social amoeba Dictyostelium discoideum, a geneti-
cally and biochemically tractable model organism. The proteins
AprA and CfaD are secreted by Dictyostelium and inhibit the

* Corresponding author. Mailing address: Texas A&M Department
of Biology, MS 3474, College Station, TX 77843. Phone: (979) 458-
5745. Fax: (979) 845-2891. E-mail: rgomer@tamu.edu.

Y Published ahead of print on 13 August 2010.

1557

proliferation of Dictyostelium cells in a concentration-dependent
manner (4, 12). Cells in which the genes encoding either AprA or
CfaD have been disrupted by homologous recombination prolif-
erate rapidly, and cells overexpressing AprA or CfaD proliferate
slowly (4, 11). Adding recombinant AprA (rAprA) or recombi-
nant CfaD (rCfaD) to cells slows proliferation, demonstrating
that these proteins function as extracellular signals (4, 12). In
addition to exhibiting rapid proliferation, apr4~ and cfaD ™ cells
exhibit a multinucleate phenotype, strongly suggesting that AprA
and CfaD are negative regulators of mitosis (4, 11). aprA~ cells
are insensitive to the proliferation-inhibiting effects of CfaD (12),
and cfaD~ cells are insensitive to AprA (4), indicating the neces-
sity of both genes for proliferation inhibition and suggesting a
common proliferation-inhibiting mechanism. The G protein com-
plex subunits Ga8, Ga9, and G are necessary for proliferation
inhibition by AprA, and the addition of recombinant AprA to
purified cell membranes increases binding of GTP to wild-type
and ga9~ cell membranes but not ga8~ or g8~ membranes,
indicating that AprA activates a proliferation-inhibiting signal
transduction pathway of which Ga8 and G are components (5).
The signal transduction pathway downstream of Ga8 and the
associated mechanism of proliferation inhibition are unknown.
Although the selective forces that have maintained func-
tional autocrine proliferation inhibitors in proliferating Dictyo-
stelium cells are unclear, AprA and CfaD may provide an
advantage during the multicellular portion of the Dictyostelium
life cycle. Upon starvation, Dictyostelium cells secrete pulses of
the chemoattractant cyclic AMP, leading to cells streaming
toward aggregation centers (15, 27). This process causes the
formation of multicellular groups regulated in size by a se-
creted protein complex that stimulates stream breakup (9, 10).
These groups develop into multicellular fruiting body struc-
tures composed of a mass of stress-resistant spores supported
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by an approximately 1-mm-high stalk (24). While the stalk cells
inevitably die in an act of apparent altruism (31), the presence
of nutrients stimulates spore germination and a continuation
of proliferation (13). Following development, aprdA~ and
cfaD™ cells form fewer viable spores than the wild type (4, 11),
suggesting that AprA and CfaD increase the fitness of Dictyo-
stelium during development.

Like aprA~ and cfaD ™ cells, Dictyostelium cells lacking the
ROCO family kinase QkgA have an abnormally rapid prolif-
eration (1). The ROCO protein family is widely conserved and
is defined by the presence of a Ras of complex protein (Roc)
domain followed by a C terminus of Roc (Cor) domain, which
mediates homodimerization (19). In eukaryotes, these do-
mains are commonly followed C terminally by a kinase domain
with similarity to the tyrosine kinase-like (TKL) group of ki-
nases (3, 26, 29). In Dictyostelium, other ROCO proteins func-
tion in cyclic GMP signaling (8, 35) and cytokinesis (2), and a
total of 11 predicted ROCO proteins are present in the ge-
nome, 10 of which, including QkgA, encode kinase domains
predicted to be catalytically active (17). The human genome
encodes two ROCO kinases, which are expressed in a wide
range of tissues (25, 40). Little is known regarding the physi-
ological functions of these proteins, although the ROCO pro-
tein LRRK2 is implicated in a dominantly inherited form of
Parkinson’s disease (40) and negatively regulates neurite
growth in rat cortical cultures (28).

In this report, we show that, like apr4~ and cfaD~ cells,
qgkgA~ cells proliferate to a higher cell density than the wild
type and tend to be multinucleate. Additionally, we show that
qkgA~ cells are insensitive to exogenous AprA and CfaD,
indicating that QkgA is required for AprA and CfaD signal
transduction.

MATERIALS AND METHODS

Cell culture, immunoblotting, AprA/CfaD inhibition assays, and spore viabil-
ity. gkgA~ cells (1) were a kind gift from Jeff Williams. Ax2 wild-type, gkg4 ™~
clone DBS0236839 (1), aprA~ clone DBS0235509 (11), and cfaD~ clone
DBS0302444 (4) cells were grown in HL5 medium (Formedium Ltd., Norwich,
England) as previously described (10). To generate cells expressing the QkgA C
terminus-green fluorescent protein (GFP) fusion, cells were transformed with
the extrachromosomal vector QkgA-pDM323 (36), a gift from Wouter van
Egmond and Peter van Haastert, and selected in 15 pg/ml Geneticin. For each
transformation, at least two clones were analyzed and had similar proliferative
phenotypes. For proliferation curve experiments, all cells were grown in the
absence of selective drugs. To compare levels of extracellular AprA and CfaD,
cells in axenic shaking culture at 3 X 10° cells/ml or 12 X 10° cells/ml were
collected by centrifugation at 3,000 X g, and a sample of the supernatant was
boiled in an equivalent volume of 2X loading buffer. Twenty microliters of each
sample was run on a 4 to 15% polyacrylamide gel, and Western blots were
stained for AprA according to reference 11 or for CfaD according to reference
4. Proliferation inhibition assays were done according to reference 12, with an
incubation time of 16 h. For spore viability assays, 107 cells were washed once in
8 ml PDF (20 mM K(l, 9.2 mM K,HPO,, 13.2 mM KH,PO,, 1 mM CaCl,, 2.5
mM MgSO,, pH 6.4), resuspended in 750 pl PDF, deposited on halved black
filter pads (8-pm pore size, 47-mm diameter; Millipore) on a pad of Whatman
no. 3 filter paper soaked in PDF, and allowed to develop for 48 h. Filters were
placed in an Eppendorf tube containing 1 ml PDF plus 0.5% Triton X-100 and
briefly vortexed to disaggregate fruiting bodies. The filter was then removed, and
cells were incubated in PDF plus 0.5% Triton X-100 for 5 min. Spores were
collected by centrifugation at 6,000 X g for 1 min, resuspended in 1 ml PDF, and
counted with a hemocytometer. After dilution in PDF, 50 spores were plated in
triplicate on SM/5 plates with Klebsiella aerogenes bacteria, and the number of
resultant plaques was counted after 4 days to assess the number of viable spores.
For measurement of colony diameter as a function of time, cells growing in HL5
medium at densities of 1 X 10° to 3 X 10° cells/ml were serially diluted, mixed
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with K. aerogenes bacteria, and spread on SM/5 plates. Plates with well-spaced
colonies were imaged daily along with a ruler, and the diameters of at least 3
colonies per genotype per day were measured using ImageJ software (32).

Mass and protein determination. To determine the mass of 107 cells, 5 X 107
cells from shaking cultures in HL5 medium at densities of 2 X 10° to 5 X 10°
cells/ml were collected by centrifugation for 3 min at 1,500 X g, and the pellet was
resuspended in approximately 1 ml of residual medium and transferred to a
microcentrifuge tube. The cells were then collected by centrifugation for 3 min
at 3,000 X g. The supernatant was removed, and the cell pellets were weighed. To
determine the mass of 107 cells, the measured value was divided by five. To
determine the protein content of cells, the pellets were then resuspended to a
total volume of 1 ml in PBM (20 mM KH,PO,, 0.01 mM CaCl,, 1 mM MgCl,,
pH 6.1, with KOH) and were frozen at —80°C. Following thawing, cells were
resuspended by vortexing them, and 100 pl of the lysed cells was mixed with 100
wl of PBM containing 0.2% SDS and 0.2% Triton X-100. Lysates were rotated
at room temperature for 10 min, and protein concentrations were measured by
a Bio-Rad (Hercules, CA) protein assay by combining 20 .l of lysate sample with
1 ml of 1X Bio-Rad dye. Solutions of 1.0, 0.5, 0.25, and 0.125 mg/ml bovine
serum albumin (BSA) in an amount of buffer equivalent to the amount of the
lysate were used as standards.

Calculation of doubling times. To calculate the doubling time (z;) of cell
cultures during exponential growth, the following equation was used: 7, = In(2)/
[In(P,/P,y)/t], where P, is the initial cell density, P,, is the final cell density, and ¢
is the time interval in hours. Doubling times were calculated during growth from
day 1 to day 5 from cultures inoculated at 1 X 10° cells/ml.

Fluorescence microscopy. DAPI (4',6-diamidino-2-phenylindole) staining and
imaging of nuclei were done as described previously (11). For imaging of cells
expressing QkgA-GFP, cells growing in HL5 medium were washed and resus-
pended in low-fluorescence axenic medium (7), grown overnight in shaking
culture, collected by centrifugation at 1,500 X g, and resuspended in low-fluo-
rescence medium at a volume equivalent to that of the starting volume. A drop
of cells was placed on a glass slide and imaged with a Zeiss Axioplan II micro-
scope. For deconvolution imaging, cells growing in shaking culture in HL5
medium at densities of 1 X 10° to 4 X 10° cells/ml were allowed to settle on a
glass coverslip for 10 min, fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 15 min, permeabilized in 0.2% Triton X-100 in PBS for 2 min,
washed thrice in PBS for 5 min, and mounted in Vectashield mounting medium
with DAPI (Vector, Burlingame, CA). Samples were then imaged with an Olym-
pus FV1000 microscope and three-dimensionally deconvoluted using Autode-
blur software (Media Cybernetics, Bethesda, MD).

Video microscopy and colony edge imaging. To examine random cell motility,
serial dilutions of Dictyostelium cells were mixed with K. aerogenes bacteria in SM
broth (per liter, 10 g glucose, 10 g proteose peptone, 1 g yeast extract, 1 g
MgSO, + TH,0, 1.9 g KH,PO,, 0.6 g K,HPO,, pH 6.4) and grown in 8-well glass
slides overnight. Conditions were selected in which Dictyostelium cells were
spaced approximately 40 wm apart and the ratio of bacteria to Dictyostelium cells
was approximately 10:1. Cells were then imaged using an inverted microscope
with a 10X objective, and cell movement was recorded using a Panasonic CCTV
VW-BC200 camera. Distances between the approximate centroids of cells during
5-min intervals were measured and scaled to a stage micrometer to determine
random motility values in micrometers. For colony edge imaging, 1-pl volumes
of serially diluted Dictyostelium cells in HLS medium were allowed to settle as a
small spot in the middle of the well on 8-well glass slides for 15 min, and then 300
wl of K. aerogenes culture in SM medium was added to the well and cells were
grown overnight and subsequently imaged with an inverted microscope using a
20X phase-contrast objective.

Statistics. All statistics were done with Prism (GraphPad Software, San Diego,
CA). Unless otherwise noted, one-way analysis of variance (ANOVA) using
Tukey’s test was used to compare differences between multiple groups, and ¢ tests
were used to compare differences between two groups. Significance was defined
as a P value of <0.05.

RESULTS

qkgA~ cells show proliferative phenotypes like apr4™— and
cfaD™ cells. As the loss of functional components of the AprA/
CfaD signal transduction pathways may result in an increased
rate of proliferation, we have been examining mutants re-
ported to have a fast-proliferation phenotype to determine if
the mutants may have defects in AprA and/or CfaD signaling.
Abe et al. disrupted the gene encoding the ROCO protein

1sanb AQ 8T0Z ‘TZ Jeqwaidas uo /Bio°wse 29//.dny woly papeojumod


http://ec.asm.org/

VoL. 9, 2010 ROCO KINASE REGULATES CELL NUMBER 1559

A £
§ 45 - - WT
[72] -
T 401 == qkgA
O 35 ——qkgA™ / act15::QkgA-GFP
S 30- —— act15::QkgA-GFP
= 25+
E 204 C ns

= | ]
"E. 15+ *% *
2 104 1.8x105q  —— ——
3 5- 1.5%10° T
3 O D 1.3x1054 -
S o 3 6 9 12 15 18 L iy -
Day E’ 7.5x10% 4 I =t ==
3 s.0x10¢
B 1.0x10° 4 2.5%10%
o 1.0%x107 4 0 T . Ql ?.

2

S 1.0x10°4 —WT \X&‘ o 0? 9‘?

2 - [\ QV g?"

2 ‘ =v=gkeA o of

3 0 —— gkgA /act15::QkgA-GFP RS

" 3 O O
1.0%104 —a— act15::QkgA-GFP / & &
1.0x10° r T 1 Q?
0 24 48 72 oF
Time, hours

FIG. 1. QkgA slows proliferation and lowers the stationary density of cells. (A) Log-phase cells were inoculated into HL5 medium at 1 X 103
cells/ml, and cell densities were measured daily. Values are means = SEMs (n = 3) for all conditions. WT, wild type. (B) One thousand cells were
plated on SM/5 plates with K. aerogenes bacteria, and the total number of cells was determined daily. By 72 h, cells had begun to overgrow the
bacteria. Values are mean = SEMs (n = 4 for all conditions). (C) Cell numbers per plate at 24 h. The absence of error bars indicates that the error
was smaller than the plot symbol. *, P < 0.05; **, P < 0.01 (repeated-measures one-way ANOVA, Tukey’s test). ns, not significant.

QkgA to validate a novel disruption strategy (1), and the re-
sulting gkgA ™~ cells were observed to proliferate rapidly. We
also observed that gkgA ™~ cells had a significantly faster dou-
bling time than wild-type cells and saw that gkg4~ cells, like
aprA~ and cfaD~ cells (4, 11), reached a significantly higher
stationary density than wild-type cells in axenic culture (Fig. 1A
and Table 1). The observed doubling time and stationary den-
sity of gkgA ™~ cells were not significantly different from those of
aprA~ cells examined simultaneously (P > 0.05, one-way
ANOVA) (Table 1), further suggesting that AprA and QkgA
may function in a common proliferation-inhibiting mechanism.

To attempt to rescue the phenotypes of gkgA ™~ cells and to
determine the phenotype of overexpression of QkgA, we trans-
formed cells with a QkgA-GFP fusion construct (with GFP at
the C terminus of QkgA) under the control of the actini5
promoter (36) and confirmed expression by fluorescence mi-

TABLE 1. Effect of QkgA on the doubling time and stationary
density of cells”

Maximum observed

Cell type Dpubling cell densit
oP time (h) (10° colls/ml)
Wild type 132 +03 245 *09
aprA~ 10.9 £ 0.1%* 44.1 = 1.7%*
qkgA™ 11.5 = 0.3* 40.1 = 2.4**
qkgA ™ Jactinl5::qkgA-GFP 127 £0.2 33.6 + 2.2%
actinl5::qkgA-GFP 16.2 £ 0.9%* 15.8 = 1.2*

“ Doubling times and stationary densities were calculated as described in
Materials and Methods. Values are means = SEMs from five or more indepen-
dent experiments. *, P < 0.05 (the difference between the value and the wild-type
value is significant); **, P < 0.01 (one-way ANOVA, Tukey’s test).

croscopy (Fig. 2). The fusion protein showed what appeared to
be a cytosolic or vesicular localization, and no change in local-
ization was observed at high density or in response to rAprA
and rCfaD (Fig. 2B and data not shown). Expression of QkgA-
GFP in wild-type cells resulted in slow proliferation and a low
stationary density compared to those of the wild type (Fig. 1A
and Table 1). Expression of QkgA-GFP in gkg4 ™ cells resulted
in a reduced rate of proliferation, with cells exhibiting a log-
phase doubling time significantly less than that of gkg4 ™~ cells
(P < 0.05, one-way ANOVA), consistent with recently pub-
lished data (36). These results support the hypothesis that
QkgA is a negative regulator of proliferation.

qkgA™ cells exhibit fast proliferation on lawns of bacteria. In
addition to exhibiting fast proliferation in axenic shaking cul-
ture, aprA~ cells proliferate significantly faster than wild-type
cells when grown on a lawn of bacteria (11), although cfaD ™
cells show no significant difference in proliferation from the
wild type under these conditions (4). To determine whether
QkgA affects the proliferation of cells grown on bacterial
lawns, we spread 1,000 cells on agar with bacteria and mea-
sured the total number of cells per plate daily. Unlike with
previous results, we saw no lag phase during proliferation on
bacteria, possibly due to a larger quantity of bacteria spread
with the cells. After 24 h, gkgA4 ™~ cells had proliferated more
than the wild type, and expression of QkgA-GFP in gkgA4 ~ cells
rescued this increase in proliferation (Fig. 1B and C). Expres-
sion of QkgA-GFP in wild-type cells did not significantly slow
proliferation on bacteria. The levels of proliferation between
genotypes during subsequent 24-hour periods were not signif-
icantly different. These results indicate that the absence of
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FIG. 2. Expression of QkgA-GFP in wild-type and gkg4 ™~ cells. (A) Cells of the indicated genotype were grown in low-fluorescence axenic
medium for 24 h and then washed once in medium and imaged by fluorescence microscopy using a 40X objective. Scale bar, 50 wm. DIC,
differential inference contrast. (B) gkgA ~/act15::qgkA-GFP cells grown in HLS medium were fixed in 4% paraformaldehyde and imaged with a 60x
objective. The image was subsequently three-dimensionally deconvoluted. Scale bar, 1 pm.

QkgA results in fast proliferation on bacteria when cell num-
bers are low.

qkgA™ cells secrete AprA and CfaD. One potential explana-
tion for a fast-proliferation phenotype is a decrease in the
extracellular accumulation of AprA or CfaD relative to levels
in the wild type. To determine if low extracellular levels of
AprA or CfaD might be responsible for the fast proliferation
of gkgA ™~ cells, we examined extracellular levels of AprA and
CfaD in gkgA ™~ cells. Both AprA and CfaD accumulate in the
medium of gkgA ™~ cells at levels comparable to the wild-type
levels (Fig. 3), strongly suggesting that the rapid proliferation
of gkgA ™~ cells is not due to altered levels of extracellular AprA
or CfaD.

qkgA™ cells are insensitive to proliferation inhibition by
AprA and CfaD. If AprA and/or CfaD signals through QkgA to
repress proliferation, we expected that gkg4 ~ cells would show
some degree of insensitivity to AprA and/or CfaD. To test this
prediction, we incubated proliferating cells with recombinant
AprA (rAprA) or rCfaD and determined the percent decrease
in cell density compared to that of a buffer control after a
16-hour incubation. Wild-type cells exhibited an approximately
15% decrease in cell density in response to rAprA or rCfaD
(Fig. 4), which is on the order of what we have previously
observed (4, 5, 12). However, no inhibition of gkg4~ cell pro-
liferation by either rAprA or rCfaD was detected. Although
rAprA appeared to slightly increase the proliferation of gkg4 ™~
cells, paired ¢ tests of cell densities after either rAprA/rCfaD or
buffer was added showed no significant differences in cell den-
sity between the two conditions for gkgA4 ~ cells, indicating that
rAprA and rCfaD have no effect on the proliferation of gkg4
cells. Expression of QkgA-GFP in gkgA ™~ cells restored the
ability of rAprA or rCfaD to inhibit proliferation, strongly
suggesting that the insensitivity of gkgA ™~ cells to rAprA and
rCfaD is due specifically to a nonfunctional gkgA gene. These

results support the hypothesis that QkgA is required for AprA-
and CfaD-mediated inhibition of proliferation.

qkgA™ cells are multinucleate. aprA~ and cfaD ™ cells exhibit
a multinucleate phenotype (4, 11). To determine whether
qkgA~ cells show this phenotype, we counted the number of
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FIG. 3. gkgA ™ cells secrete AprA and CfaD. Conditioned medium
from wild-type and gkgA ™~ cells at log phase (3 X 10° cells/ml) (A) or
after log phase (12 X 10° cells/ml) (B) were assayed by Western
blotting with anti-AprA antibodies (left) or anti-CfaD antibodies
(right). Data are representative of three independent experiments. The
asterisk indicates a breakdown product of CfaD. Numbers at the left
indicate molecular masses in kDa.

1sanb Aq 8T0Z ‘TZ 1eqwaidas uo /610 wse 29//:dny wolj papeojumog


http://ec.asm.org/

Vou. 9, 2010

Inhibition by rAprA Inhibition by rCfaD

= ns -
g *% 2 g ns
g’: 20 — & 20 *kk sk
g 15{L £ 151 T
"é 10 T 210 1
= 5 _]_ ﬁ 5
£ 0 . 20 —
2 2
£ sl = 5l
= ’ = ¥4 Q
RV S T
& & o N 3
o) @
6& ‘50
3 W
& 9
g v
& &

FIG. 4. The expression of QkgA-GFP rescues the insensitivity of
qkgA ™ cells to rAprA (left) and rCfaD (right). Proliferating cells were
incubated for 16 h with either 1,000 ng/ml rAprA, 600 ng/ml rCfaD, or
an equivalent volume of buffer, and cell densities were then deter-
mined. The percent inhibition of cell density compared to that of a
buffer control is shown. Values are means + SEMs (n = 4 for all
conditions). *, P < 0.05; #*, P < 0.01; »%%, P < 0.001 (one-way
ANOVA, Tukey’s test).

nuclei per cell of DAPI-stained log-phase cells. gkgA™ cells
were significantly less likely to have one nucleus per cell than
the wild type and significantly more likely to have either two
nuclei or three or more nuclei per cell than the wild type
(Table 2). Expression of QkgA-GFP in gkgA™~ cells rescued
this multinucleate phenotype. Overexpression of QkgA-GFP
in wild-type cells resulted in significantly fewer binucleate cells
than wild-type cells. These results indicate that QkgA nega-
tively regulates the number of nuclei per cell, perhaps by
inhibiting mitosis. Additionally, these results show further phe-
notypic similarities between gkgA ™~ cells and aprA~ and cfaD ™
cells, supporting the hypothesis that QkgA mediates at least
some aspects of AprA- and CfaD-induced signaling.

QkgA does not negatively regulate cell growth on a per-
nucleus basis. Cell growth, defined as the accumulation of
mass or protein, and cell proliferation, the increase in cell
number, are often interdependent properties but can be reg-
ulated independently (22). Although apr4A™~ and cfaD ™ cells
are more massive than wild-type cells, mass and protein are not
accumulated in cells of these genotypes at a rate higher than
that of the wild type on a per-nucleus basis, suggesting that
AprA and CfaD do not regulate growth (4, 11). To determine
the effect of QkgA on the mass and protein content of cells, we
examined these properties in log-phase cells. The protein con-
tent of wild-type cells was identical to that previously observed
(4, 5), although we observed lower cell mass values than were
previously seen, which may have been due to our measuring
mass in our study using cells in HL5 medium as opposed to
cells washed in phosphate buffer or water. Like apr4A~ and
cfaD ™ cells, gkgA~ cells were more massive than wild-type
cells, though differences in protein content between genotypes
were not significant (Table 3). Expression of QkgA-GFP in
gkgA ™~ cells resulted in cells with roughly wild-type levels of cell
mass, and overexpression of QkgA-GFP in the wild-type back-
ground had no significant effect on cell mass or protein con-
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tent. On a per-nucleus basis, no significant differences were
observed between wild-type and gkgA ~ cells in mass or protein
content.

To examine the effect of QkgA on cell growth, we assumed
a steady-state average cell size (i.e., that a doubling in cell
number results in a doubling of mass, protein, or nuclei) and
divided the mass, protein, or nuclear content of cells of differ-
ent genotypes by the calculated log-phase doubling times to
estimate the mass, protein, or nuclear increase per hour. On a
per-cell basis, gkgA~ cells showed a significantly higher mass
accumulation than the wild type, while expression of QkgA-
GFP in gkgA ™~ cells caused a mass accumulation like that in the
wild type (Table 4). gkgA~ cells accumulated nuclei more
rapidly than wild-type cells, and overexpression of QkgA-GFP
in the wild-type background resulted in a rate of nuclear ac-
cumulation lower than that of the wild type. When examined
on a per-nucleus basis, the masses and protein accumulations
per hour of wild-type and gkgA ™~ cells were not significantly
different (P > 0.05, one-way ANOVA). These results suggest
that, like AprA and CfaD, QkgA negatively regulates prolif-
eration but does not significantly affect cell growth on a per-
nucleus basis.

QkgA does not affect spore viability. Following develop-
ment, aprA~ and cfaD~ cells yield fewer detergent-resistant
spores than the wild type (4, 11). We examined the ability of
qkgA ™ cells to generate detergent-resistant spores by allowing
equivalent numbers of wild-type and gkgA ~ cells to develop, by
collecting spores, and by plating dilutions of detergent-treated
spores. The number of visible phase-dark, ovoid spores col-
lected following development was 102% =+ 4% of the input cell
number for the wild type and 117% = 1% for gkgA~ cells
(mean * standard error of the mean [SEM], n = 3). Although
the difference between the numbers of recovered spores from
wild-type and gkgA~ cells was significant (P < 0.05, ¢ test), this
significance was lost when the values were considered on a
per-nucleus basis by dividing the percentage of recovered
spores to input cells by the observed number of nuclei per cell
for each genotype (as calculated from Table 3), suggesting that
this difference was the result of the multinuclearity of gkg4™
cells. As judged by plaque number after cells were plated on
bacteria, the number of viable spores after detergent treatment
was 67% * 5% of the number of spores plated for wild-type
cells and 68% = 9% for gkgA ™~ cells (mean = SEM, n = 3).
Differences in detergent-resistant spore numbers between
wild-type and gkgA ~ cells were not significant (7 test). Using an
alternative spore viability assay (11), we also observed no sig-

TABLE 2. Effect of QkgA on the number of nuclei per cell”

% of cells with n nuclei

Cell type
1 2 3+
Wild type 78 £2 20 =1 21
gkgA~ 60 + 2% 30 + 1%+ 9+ ]*
qkgA ™~ Jactinl5::qkgA-GFP 81x2 182 1=x1
actinl5::qgkgA-GFP 85 =1 14 = 1* 1+1

“ Log-phase cells were fixed and stained with DAPI, and the number of nuclei
per cell for at least 200 cells per genotype was determined by fluorescence
microscopy. Values are means + SEMs from three independent experiments. *,
P < 0.05 (the difference between the value and the wild-type value is significant);
#*, P < 0.01; ***, P < 0.001 (one-way ANOVA, Tukey’s test).
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TABLE 3. Effect of QkgA on the mass and protein content of cells”

EUKARYOT. CELL

Cell type Mass (mg)/107 Amt of protein No. of nuclei/ Mass (mg)/ Amt of protein

yp cells (mg)/107 cells 100 cells 107 nuclei (mg)/107 nuclei
Wild type 5.18 £0.24 0.32 £0.02 125 = 2 420 £ 0.21 0.25 = 0.02
qkgA~ 7.15 = 0.16** 0.36 = 0.02 152 = 5% 4.69 = 0.19 0.23 = 0.02
qkgA ™ Jact15::qkgA-GFP 5.54 = 0.64 0.32 = 0.04 120 £ 2 4.61 £ 0.53 0.27 £ 0.03
actinl5::qkgA-GFP 4.83 £ 0.62 0.27 £ 0.02 117+ 1 415 *0.53 0.24 = 0.02

“ Mass and protein content were determined as described in Materials and Methods. The number of nuclei per 100 cells was calculated from the data presented in
Table 2. Values are means = SEMs from three or more independent experiments. *, P < 0.05 (indicates that the difference between the value and the wild-type value

is significant); **, P < 0.01 (one-way ANOVA, Tukey’s test).

nificant difference between wild-type spore viability and gkgA4 ™~
spore viability (data not shown). These results suggest that
QkgA does not affect the development of spores.

Colonies of cells lacking AprA, CfaD, or QkgA expand
slowly. We noticed that, despite a rapid-proliferation pheno-
type, aprA~ and cfaD ™ cells appeared to expand as a colony on
a lawn of bacteria less rapidly than the wild type. To examine
this apparent phenotype and to determine if gkg4~ cells are
similar, we plated serial dilutions of cells on bacterial lawns
and measured the sizes of colonies. Under these conditions,
the expansion of colonies of aprA~ and cfaD™~ cells was less
than that of the wild type (Fig. 5). Additionally, colonies of
qkgA ™~ cells showed a rate of expansion less than that of the
wild type but similar to those of cfaD ™ and aprA ™~ cells. These
results suggest that, although AprA, CfaD, and QkgA inhibit
proliferation, a drawback to not expressing these proteins is a
decreased ability of colonies of cells to expand under at least
some conditions.

As a reduced-colony-expansion phenotype could be due to
defects in cell motility, we examined the random motility of
cells cultured at low densities with bacteria on glass slides using
video microscopy. During a 5-min interval, we observed an
average displacement of wild-type, aprA~, cfaD~, and gkgA™
cells of 7.6 = 0.6 pm, 10.4 = 1.1 pm, 8.6 *= 0.6 pwm, and 10.5 =
0.7 wm, respectively (means = SEMs from three independent
experiments with at least 10 cells per condition). Differences in
observed motilities were not significant between any of the
genotypes tested (P > 0.05, Tukey’s test). These results show
that aprdA~—, cfaD~, and gkgA~ cells exhibit random motility
comparable to that of the wild type and suggest that the re-
duced colony expansion observed in these mutants is not due
to a defect in cell motility.

We used a similar experimental setup to examine the mor-
phology of Dictyostelium colonies at the interface of popula-
tions of Dictyostelium and bacteria. At the edges of the wild-
type colonies, some of the Dictyostelium cells were dispersed

into the bacterial lawn, and the boundary between Dictyoste-
lium cells and bacteria was poorly defined (Fig. 6). In contrast,
boundaries between bacteria and aprA~, cfaD ", or gkgA ™~ cells
were well defined and invasion by Dictyostelium cells into the
bacteria was not evident. Together, these results indicate that
AprA, CfaD, and QkgA affect the expansion of cell colonies
but not the random motility of individual cells.

DISCUSSION

Like aprA™~ and cfaD~ cells, gkgA ™~ cells have a rapid-pro-
liferation phenotype (1). We found that gkgA~ cells, like
aprA~ and cfaD~ cells, have a high stationary density in shak-
ing culture, multinuclearity and rapid accumulation of nuclei, a
rate of growth per nucleus like that of the wild type, and a
reduced rate of colony expansion when grown with bacteria. In
addition, QkgA is required for the proliferation-inhibiting ac-
tivity of AprA and CfaD. Together, these results suggest that
QkgA may serve as a signal-transducing component down-
stream of AprA and CfaD.

qkgA~ cells proliferate more rapidly than wild-type cells
and have a higher stationary-phase density, whereas wild-
type cells overexpressing QkgA-GFP have a slower prolif-
eration and a lower stationary-phase cell density. These
results suggest that the effects of QkgA on proliferation and
stationary density are sensitive to the cellular concentration
of QkgA. We saw that gkg4~ cells expressing QkgA-GFP
proliferate like wild-type cells during log-phase growth, al-
though gkgA ™ Jactl5::qkgA-GFP cells proliferate to a higher
stationary density than the wild type. It may be the case, there-
fore, that native QkgA has increased activity at higher cell
densities but that the ectopically expressed QkgA-GFP fusion
protein does not. Alternatively, QkgA-GFP may be only par-
tially active or not targeted correctly, or, as these experiments
were done in the absence of selective drugs, QkgA-GFP ex-

TABLE 4. Effect of QkgA on the mass and protein accumulation of cells”

Cell type Mass (mg)/107 Amt of protein No. of nuclei Mass (mg)/ Amt of protein

P cells/h (1.g)/107 cells/h (107)/107 cells/h 107 nuclei/h (rg)/107 nuclei/h
Wild type 0.39 = 0.02 24 +2 9.6 0.3 0.31 = 0.02 19+1
qkgA~ 0.62 = 0.02** 312 12 £ 0.5%* 0.44 £0.02 22*+1
qkgA ™ Jactinl5::qkgA-GFP 0.44 + 0.05 25+3 9.5+02 0.36 = 0.04 21+3
actinl5::qkgA-GFP 0.30 = 0.04 17+1 7.2 £ 0.4* 0.26 £ 0.03 14*+1

“ Mass, protein, and nucleus values from Table 3 were divided by the observed doubling times of the respective genotypes. Doubling times were calculated as
described in Materials and Methods. Values are means = SEMs from three or more independent experiments. *, P < 0.05 (the difference between the value and the

wild-type value is significant); **, P < 0.01 (one-way ANOVA, Tukey’s test).
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FIG. 5. AprA, CfaD, and QkgA affect the expansion of colonies on
bacterial lawns. Serial dilutions of log-phase cells in shaking culture
(1 X 10° to 4 X 10° cells/ml) were mixed with bacteria and spread on
SM/5 plates, and the average diameters of well-spaced colonies were
determined daily. Values are means = SEMs (n = 3). The absence of
error bars indicates that the error was smaller than the plot symbol.
For the wild type, plates were overgrown after day 8, and colony
boundaries could not be determined after this point.

pression may be reduced at high cell densities due to plasmid
loss.

Like aprA~ and cfaD ™~ cells, gkgA ™~ cells tend to be multinu-
cleate. Although a cytokinesis defect could be responsible for
this phenotype, this seems unlikely, as cells with a cytokinesis
defect are expected to proliferate slowly rather than rapidly.
We observed that QkgA inhibits the accumulation of nuclei in
cells. If cells cannot complete cytokinesis as fast as they pro-
duce new nuclei, this could lead to an increased number of

ROCO KINASE REGULATES CELL NUMBER 1563

nuclei per cell, which could explain the multinucleate pheno-
type of gkgA ™ cells.

When estimating the accumulation of mass and protein per
hour on a per-nucleus basis, we saw that gkg4 ™~ cells showed a
higher mass and protein accumulation than the wild type,
though these differences were not significant, suggesting that
qkgA ™ cells accumulate mass and protein per nucleus at a rate
like that of the wild type. The mass of wild-type cells increases
as a function of cell density (33). As gkgA4 ™~ cells proliferate
rapidly but accumulate mass at a rate like that of the wild type,
QkgA may thus affect the ability of cells to increase in mass as
a function of density. It is unclear whether this increase in mass
provides an advantage to wild-type cells, as our data show that
qkgA ™ cells at stationary density do not decrease in number
more rapidly than the wild type and that gkg4 ™~ cells do not
show a defect in generating viable spores.

As aprA~, cfaD~, and gkgA ™~ cells proliferate more rapidly
than wild-type cells, AprA, CfaD, and QkgA almost certainly
serve some fitness-increasing function, or else cells with these
functional proteins would likely be selected against. Although
aprA~ and cfaD™ cells yield fewer viable spores after develop-
ment than the wild type, gkgA ™~ cells do not show a defect in
spore viability, suggesting that QkgA has not been selected for
due to a role in the generation of viable spores. However, we
saw that colonies of aprA~, cfaD~, and gkgA ™~ cells showed a
reduced rate of expansion when grown on bacterial lawns. The
ability of a population of cells to expand rapidly almost cer-
tainly provides an advantage in an environment with low nu-
trient concentrations, as a population of cells must require a
certain quantity of nutrients in order to continue increasing in

aprA -

gkgA

FIG. 6. AprA, CfaD, and QkgA affect cell dispersal at the borders of colonies during growth with bacteria. Small spots of wild-type, aprA~,
cfaD™, or gkgA™ cells were grown overnight in glass culture chambers with K. aerogenes bacteria, and interfaces between bacteria and Dictyostelium

cell populations were imaged. Scale bar, 100 pwm.
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number at an optimal rate, and the cell population depends
upon expansion to attain this quantity of nutrients. Thus, al-
though aprA~, cfaD~, and gkgA~ cells may proliferate more
rapidly than the wild type, these cells could potentially be at a
disadvantage due to their reduced ability to expand as a colony.
The mechanism by which these genes function in colony ex-
pansion is unclear. As we saw that gkgA ™~ cells proliferate more
than the wild type after a 24-hour period of growth in the
presence of bacteria, it seems unlikely that gkgA ™ cells are
deficient in utilizing bacteria as an energy source. aprAd~,
cfaD~, and gkgA ™~ cells aggregate to form fruiting bodies and
show random cell motility in the presence of bacteria, like
wild-type cells, indicating that these genes are not essential for
cell motility. It may be the case that the loss of these genes
affects the ability of cells to chemotax toward bacteria or that
AprA and/or CfaD functions as a chemorepellant and thus aids
in the dispersal of a population of cells. Alternatively, rapid
proliferation in itself may reduce colony expansion by reducing
the local nutrient concentration available to cells, causing cell
starvation and/or precocious development. Interestingly, cells
lacking the heterotrimeric G protein complex subunit Gf,
which we have shown to be essential for AprA signaling (5), or
the kinase YakA also proliferate rapidly in culture (5, 34) but
show a reduced colony expansion phenotype (37, 39).

Currently, we cannot distinguish whether QkgA is actively
involved in AprA/CfaD signaling (for instance, in a phospho-
cascade) or whether QkgA plays a permissive role, such as the
establishment or maintenance of some component of AprA/
CfaD signaling. However, the fact that gkg4 ™~ cells proliferate
rapidly suggests that QkgA functions specifically in negative
regulation of proliferation as opposed to having a general
function of cell metabolism or maintenance that affects multi-
ple cellular processes, as one might predict that the loss of
function of such a gene would have pleiotropic effects and thus
lead to unfit or inviable cells. Therefore, it seems likely that
QkgA functions specifically to slow proliferation and therefore
may be an integral part of the AprA/CfaD-mediated mecha-
nism of proliferation inhibition.

Together, our results indicate that the ROCO family kinase
QkgA negatively regulates both proliferation and stationary
density and is essential for the function of the proliferation-
inhibiting autocrine signals AprA and CfaD. To our knowl-
edge, no ROCO family kinase other than QkgA has been
rigorously characterized as a regulator of proliferation. How-
ever, an RNA interference-mediated screen of the Drosophila
melanogaster kinome for genes that mediate cell cycle progres-
sion identified a ROCO kinase family member as a potential
regulator of cell cycle phase and centrosomal function (6). It
therefore may be the case that regulation of proliferation by
ROCO kinases is conserved in metazoans and that other
ROCO proteins may have functions analogous to those of
QkgA in Dictyostelium.
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