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negatively regulates the
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SHKI1 is a novel dual-specificity kinase that contains an SH2 domain in its C-terminal region. We demonstrate
that SHK1 is required for proper chemotaxis and phagocytosis. Mutant shk1 null cells lack polarity, move
very slowly, and exhibit an elevated and temporally extended chemoattractant-mediated activation of the
kinase Akt/PKB. GFP fusions of the PH domain of Akt/PKB or the PH-domain-containing protein CRAC,
which become transiently associated with the plasma membrane after a global stimulation with a
chemoattractant, remain associated with the plasma membrane for an extended period of time in shk1 null
cells. These results suggest that SHK1 is a negative regulator of the PI3K (phosphatidylinositol-3 kinase)
pathway. Furthermore, when a chemoattractant gradient is applied to a wild-type cell, these PH-domain-
containing proteins and the F-actin-binding protein coronin localize to its leading edge, but in an shk1 null
cell they become randomly associated with the plasma membrane and cortex, irrespective of the direction of
the chemoattractant gradient, suggesting that SHK1 is required for the proper spatiotemporal control of F-actin
levels in chemotaxing cells. Consistent with such functions, SHK1 is localized at the plasma membrane/
cortex, and we show that its SH2 domain is required for this localization and the proper function of SHKI1.
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Class I phosphatidylinositol-3 kinases (PI3Ks) regulate
diverse cellular processes including cell growth, apopto-
sis, endocytosis, phagocytosis, T-cell development, che-
motaxis, and endocytosis (Buczynski et al. 1997; Leevers
et al. 1999; Rameh and Cantley 1999; Vanhaesebroeck
and Waterfield 1999; Vanhaesebroeck et al. 1999; Hirsch
et al. 2000; Li et al. 2000; Sasaki et al. 2000). Leukocytes
from mice lacking PI3Ky or Dictyostelium cells lacking
the genetically redundant Class I, PI3Ks, PI3K1 and
PI3K2 (pi8k1/2 null cells) are defective in chemoat-
tractant-mediated activation of protein kinase B (PKB or
Akt), which is required for the establishment of cell po-
larity and chemotaxis in Dictyostelium (Meili et al.
1999, 2000; Vanhaesebroeck et al. 1999; Hirsch et al.
2000; Li et al. 2000; Salinas et al. 2000; Sasaki et al.
2000). In leukocytes, PKB is required for regulating pro-
liferative/survival signals via many hematopoietic recep-
tors (for review, see Coffer et al. 1998). PKB is activated
in response to chemoattractants (Tilton et al. 1997), but
its possible function in chemotaxis is not known.
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PI3K functions through the formation of PI(3,4,5)P,
and PI(3,4)P,, which act as plasma membrane docking
sites for a subfamily of PH-domain-containing proteins
(Fruman et al. 1999). GFP fusions containing the PH do-
mains from mammalian and Dictyostelium PKB, or re-
lated PH domains from other proteins, rapidly translo-
cate to the plasma membrane in response to global
stimulation by chemoattractants and to the leading edge
of chemotaxing neutrophils and Dictyostelium cells
(Parent et al. 1998; Meili et al. 1999; Servant et al. 2000).
Point mutations in the PKB PH domain that abrogate
binding to the PI3K products PI(3,4,5)P, and PI(3,4)P,
also abrogate translocation to the plasma membrane and
activation in response to chemoattractants, whereas
constitutive localization of PKB to the plasma mem-
brane, by addition of a myristoylation site, leads to the
constitutive activation of the protein (Alessi et al. 1996,
1997; Kohn et al. 1996; Andjelkovic et al. 1997; Frech
et al. 1997; Klippel et al. 1997; Stockoe et al. 1997,
Meili et al. 1999, 2000). These observations and stud-
ies with the Dictyostelium PH-domain-containing
protein CRAC have led to a model in which local-
ized activation of PI3K at the leading edge represents
a key step in the establishment of axial polarity,
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with F-actin present predominantly in the front of the
cells and myosin II in the posterior, leading to the
formation of a pseudopod in the direction of the
chemoattractant source (Parent and Devreotes 1999; Fir-
tel and Chung 2000; Rickert et al. 2000; Servant et al.
2000.

In this manuscript, we identify a novel SH2-domain-
containing kinase, SHK1, that is required for proper che-
motaxis and phagocytosis in Dictyostelium. We demon-
strate that shk1 null cells exhibit altered actin-cytoskel-
etal responses and elevated and extended chemo-
attractant-mediated PKB activation. By analysis of the
kinetics of chemoattractant-mediated membrane trans-
location of PH-domain-containing proteins, we suggest
that SHK1 is a key negative regulator of PI3K signaling
pathways.

Results

An SH2-domain-containing, dual-specificity kinase is
required for proper chemotaxis

The SHK1 (SH2-domain-containing kinase) was identi-
fied in a search of the Dictyostelium genomic and cDNA

databases for SH2 domains (Fig. 1A). SHK1 has an N-
terminal protein kinase domain, a central linker domain,
an SH2 domain, and a short C-terminal tail (GenBank
accession no. AJ297966). The kinase domain with a
known function in the database most closely related to
that of SHK1 is CTR1 (Q05609; 1.1e-44), a component of
the Arabidopsis ethylene-response MAP kinase path-
way; the SHK1 SH2 domain is most closely related to
that of the mammalian PI3K adaptor protein p55
(Q64143), although no PI3K adapter proteins have been
identified in Dictyostelium (Fig. 1B). To examine
whether SHK1 is a serine/threonine and/or tyrosine ki-
nase, SHK1 was expressed in Escherichia coli and used to
phosphorylate the nonspecific substrates MBP and his-
tone H2B. Phosphoamino acid analysis showed a pre-
dominance of phosphoserine and phosphothreonine with
some phosphotyrosine; the ratio of the three phos-
phoamino acids was 60-61:37:2-3 (Ser:Thr:Tyr) using ei-
ther MBP or Histone 2B as a substrate.

Disruption of SHK1 by homologous recombination re-
sults in cells that are unable to aggregate properly; cells
form very small mounds and fruiting bodies (data not
shown). Expression of FLAG-tagged SHK1 from the con-
stitutive Actin 15 promoter rescues the shk1 null cell
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Figure 1. SHKI primary amino acid sequence. (A) Sequence of SHK1. Putative kinase (black bar) and SH2 (gray bar) domains are
indicated. (B) Sequence comparison of the SH2 domain of SHK1 with the SH2 domains of mouse p55, Q64143, human c-Src (P12931),

and Dictyostelium STATa (Kawata et al. 1997).
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phenotypes (data not shown). The observation that the
cells do not aggregate properly suggests, among other
possibilities, that shk1 null cells are defective in chemo-
taxis. To examine this possibility directly, we studied
the ability of shk1 null cells to chemotax toward a mi-
cropipette containing the chemoattractant cAMP. When
placed in a chemoattractant gradient, wild-type cells po-
larize and chemotax rapidly toward the chemoattractant
source (Fig. 2A). In contrast, shk1 null cells are unable to
effectively polarize. Quantitation of chemotaxis using
the DIAS computer program (Soll and Voss 1998; Wes-
sels and Soll 1998) shows that shk1 null cells chemotax
very slowly and produce multiple pseudopodia, resulting
in frequent changes in direction of cell movement (Fig.
2B). To test whether these defects are due to a general
inability of shk1 null cells to respond to the chemoat-
tractant cAMP, we examined the ability of cAMP to in-
duce expression of the aggregation-stage cAMP receptor
cARI1. The shkl null cells show normal induction of
cAR], indicating that these cells can respond to cAMP
(data not shown).

SHK]1 is required for the proper regulation of the actin
cytoskeleton

Examination of the actin cytoskeleton of aggregation-
stage, chemotaxis-competent cells reveals that, in con-
trast to wild-type cells that have a highly polarized F-
actin localization, shk1 null cells have F-actin-enriched
subdomains along the entire cortex of the cell (Fig. 2C).
We examined whether the kinetics and level of chemoat-
tractant-mediated F-actin polymerization were altered.
Using a standard assay for quantitating F-actin levels (see
Materials and Methods; Zigmond et al. 1997), we found
that both wild-type and shk1 null cells display indistin-
guishable kinetics and levels of F-actin accumulation af-
ter cAMP stimulation. Both strains show an ~2.2-fold
increase upon cAMP stimulation, which peaks 5 sec af-
ter stimulation and then rapidly decreases to basal levels
within 1 min (data not shown). Cells overexpressing
SHK1 (SHK1©E cells) show a small decrease in direction-
ality and speed (Fig. 2B) but exhibit a normal F-actin
distribution (data not shown). These results suggest that
the spatial distribution of F-actin but not the overall
magnitude of the actin response is perturbed in shk1 null
cells. In addition, shk1 null cells exhibit a cytokinesis
defect when the cells are grown in suspension. Under
these conditions, shk1 null cells become multinucleate
over time (data not shown), suggesting that they are
impaired in cytokinesis. When, however, shkl null
cells are grown attached to a substratum in Petri dishes,
they are predominantly mononucleate. This differen-
tial growth behavior between growth in suspension
and on Petri dishes was first observed with myosin
II null cells (Fukui et al. 1990). We expect that, like
myosin II null cells, shkI null cells divide by traction-
mediated cytofission on Petri dishes (Fukui et al.
1990). No cytokinesis defects were observed in SHK1°F
cells.

Regulation of PI3 kinase

Because the spatial localization of F-actin in histologi-
cally fixed shk1 null cells seems highly abnormal, we
employed a living cell assay to examine the ability of
cells to assemble actin in response to chemoattractant
signaling. Coronin is an F-actin-binding protein that can
be used as a green fluorescent protein (GFP) fusion pro-
tein to follow and visualize changes in the subcellular
localization of F-actin in living cells (de Hostos et al.
1991; Gerisch et al. 1995). In response to global cAMP
stimulation, coronin-GFP rapidly translocates to the cell
cortex, with the level peaking at ~4-5 sec (Gerisch et al.
1995). In shk1 null cells, the kinetics of increase are
slower, with maximal cortical coronin levels at ~7-8 sec
(Fig. 2D). Although this temporal difference is highly re-
producible and indicates a difference between the two
strains, a possibly more relevant assay with respect to
the ability of cells to respond to chemoattractant gradi-
ents is whether F-actin can preferentially localize to the
edge of the cell closest to the micropipette. When a
cAMP chemoattractant gradient is established using a
micropipette, coronin localizes to the edge closest to the
micropipette tip in wild-type cells, concomitant with
the formation of a new pseudopod (Fig. 2E,F; Gerisch et
al. 1995). When the position of the micropipette is
changed relative to the cell, there is a rapid redistribu-
tion of coronin to the location in the cell cortex proximal
to the new chemoattractant source. This accompanies
the loss of the old pseudopod and the formation of a new
pseudopod (Fig. 2E). In contrast, although shk1 null cells
exhibit a change in the pattern of coronin localization,
the localization is almost random; coronin—-GFP is found
in multiple subcellular domains, without a clear corre-
spondence with the position of the micropipette and the
direction of the chemoattractant gradient (Fig. 2E,F). We
suggest that the inability of shkI null cells to produce a
spatially localized F-actin response in reaction to a di-
rectional signal represents a significant defect in the abil-
ity of these cells to chemotax properly and is an impor-
tant component of the shkl null phenotype. We note
that the difference between the results of the quantita-
tive biochemical measurement of F-actin polymeriza-
tion in response to cAMP stimulation (no differences
between wild-type and shk1 null cells) and the coronin—
GFP assay is probably caused by differences in what is
measured by each assay. The biochemical assay mea-
sures total F-actin, irrespective of its subcellular local-
ization (Zigmond et al. 1997), whereas the coronin-GFP
assay visualizes, in real time, the subcellular localization
of coronin, which correlates with F-actin localization in
the cell’s cytoskeleton (Gerisch et al. 1995). In addition,
the biochemical assay is intrinsically less able to accu-
rately measure kinetics because of the difficulty in tak-
ing accurate time points at intervals of less than 5 sec.

SHK]1 is a negative regulator of PI3K-dependent
pathways

The chemotaxis and cell polarity phenotypes of shk1
null cells exhibit some similarities to those of pkbA null
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Table 1. Chemotaxis parameters identified with the DIAS program

Path length Speed Direction change Roundness
Strain (pm)? (pm/min)P (deg)® (%)4 Directionality®
Wild type 59.2 £0.22 8.9 £0.25 26.5+1.5 46.7 £ 2.4 0.71 £ 0.06
shk1 null 23.0+1.3 4.1+0.20 59.2 + 1.1 69.1 2.2 0.32 = 0.01
SKH1 overexp. 50.2 £ 0.33 7.9 £0.26 31.1 1.1 50.8 £5.4 0.59 £0.11

DIAS computer analysis was performed from digital time-lapse video DIC microscopy movies of the listed strains chemotaxing to
cAMP. A 40x objective was used for the movies. The values indicate average values as calculated by the DIAS program.

“Indicates path length of the cell’s centroid and not the actual linear distance traveled.

Indicates speed of movement of the cell’s centroid and not the actual distance traveled over a specificed time.

°Change in the direction (degrees) is a relative measure of the number and frequency of turns the cell makes. The parameter measures
the change (degrees) in the position of the new pseudopod (leading edge) relative to the position of the cell’s centroid. Higher numbers

indicate more turns and less efficient chemotaxis.

4Roundness is an indication of the polarity of the cells. Larger numbers indicate the cells are more round and less polarized.
“Directionality is a measure of how straight the cells move. Cells moving in a straight line would have a directionality of 1.0.

cells. This finding, combined with the observation that
the SH2 domain of SHK1 is most closely related to that
of the PI3K adaptor p55, suggests a possible linkage be-
tween SHK1 and PI3K pathways. In Dictyostelium and
mammalian cells, chemoattractant-mediated activation
of PKB is PI3K-dependent (Alessi et al. 1996, 1997; And-
jelkovic et al. 1997; Frech et al. 1997; Klippel et al. 1997;
Stockoe et al. 1997; Meili et al. 1999, 2000). Wild-type
cells show a rapid, receptor-mediated activation of PKB
activity in response to chemoattractant stimulation that
peaks at ~15 sec after stimulation and rapidly declines to
basal levels by ~1 min (Fig. 3A; Meili et al. 1999). Inter-
estingly, cAMP stimulation of shk1 null cells results in
a level of PKB activation that is ~fivefold higher than
that observed for wild-type cells (Fig. 3A). In addition,
instead of the activity decreasing rapidly, it remains el-
evated for a very extended period of time in shk1 null
cells. Conversely, overexpression of SHK1 leads to a re-
duction in the level of chemoattractant-stimulated PKB
activation (Fig. 3A). As with activation of PKB in wild-
type cells, this activation is PI3K-dependent, being in-
hibited by LY294002 (Fig. 3A; Meili et al. 1999). The high
level of induction of PKB in shk1 null cells and the sup-
pression of activation in SHK1°F cells suggest that SHK1
functions as a negative regulator of the PI3K pathway.
Western blot analysis revealed that PKB protein levels
are the same in wild-type and shk1 null cells, indicating

that the higher level of PKB activity is not caused by
elevated levels of PKB protein (Fig. 3A). As the basal level
of PKB activity is similar in all strains, it is probable that
SHK1 regulates the pathway that is activated by che-
moattractant stimulation and does not elevate the basal
activity of the pathway.

Possible explanations for the hyperactivation of PKB
in shk1 null cells are that an elevated activation of PI3K
and/or the lipid products of PI3K are more stable. One
approach to measuring the biological consequences of a
disruption of SHK1 on PI3K activity and the levels of the
downstream products PI(3,4,5)P; and PI(3,4)P, is to ex-
amine the translocation of PH domains to the plasma
membrane in response to chemoattractants. GFP fusions
of the PH-domain-containing proteins CRAC (cytosolic
regulator of adenylyl cyclase in Dictyostelium) and
PhdA (S. Funamoto, K. Milan, R. Meili, and R.A. Firtel,
unpubl.) or of the PH domains of PKB translocate to the
plasma membrane in response to chemoattractant
stimulation in a PI3K-dependent manner (Parent et al.
1998; Meili et al. 1999). In wild-type cells, CRAC-GFP
and PKB-PH-GFP exhibit a rapid and transient translo-
cation to the plasma membrane in response to a global
stimulation with ¢cAMP with localization peaking at
~5-6 sec and dissociation from the plasma membrane
occurring by 10-12 sec (Fig. 3B; data for PKB-GFP not
shown). In shkl null cells, we observe a similar, al-

Figure 2. Chemotaxis and cytoskeletal organization in shk1 null cells. (A) Aggregation-competent cells (cells competent to respond
chemotactically to cAMP, see Materials and Methods) were placed on glass slides, and a micropipette source of 150 pM cAMP was
placed near the cells. Chemotaxis toward the micropipette was digitally recorded. (B) The pictures are images of cells at 1-min
intervals. Chemotaxis parameters were quantified with the DIAS program. For DIAS program results see Table 1. (C) Aggregation-
competent cells were fixed and stained with FITC-phalloidin as described previously (Chung and Firtel 1999). F-actin assembly was
visualized by fluorescence microscopy. (D) Chemotaxis-competent wild-type and shk1 null cells expressing full-length coronin-GFP
fusion protein were placed on glass slides and stimulated globally with a pulse of 500 nM cAMP (final concentration). The ensuing
membrane translocation in fluorescing cells was digitally recorded and quantified using the Metamorph program (Chung and Firtel
1999). (Note that the level of increase in fluorescence at the cortex is an indication of F-actin accumulation at the cell cortex and not
a measure of the absolute change in F-actin in response to cAMP stimulation.) (E) Chemotaxis-competent wild-type and shkI null cells
expressing full-length coronin-GFP fusion protein were provided with a micropipette source of 150 pM cAMP (*). The micropipette
location was moved at the indicated times and changes to the coronin—GFP distribution in fluorescing cells were digitally recorded.
(F) Chemotaxis-competent wild-type and shk1 null cells expressing full-length coronin—-GFP fusion protein were put on glass slides,
and a cAMP gradient was established by placing a micropipette source of 150 pM cAMP near the cells. Chemotaxis of fluorescing cells
was digitally recorded.
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Figure 3. Activation of PH-domain-containing proteins in wild-type and
shk1 mutant cell lines. (A, upper panels) PKB activity of immunoprecipi-
tates using H2B as a substrate is shown. Chemotaxis-competent cells were
activated with cAMP and aliquots were taken at the times indicated. PKB
was immunoprecipitated with a rabbit anti-Dictyostelium PKB antibody
and used to phosphorylate H2B as a measure of kinase activity (Meili et al.
1999). Indicated samples were treated with the PI3K inhibitor LY294002 for
1 min prior to stimulation. (A, lower panels) Western blot analysis was
performed on the immunoprecipitates using the rabbit anti-Dictyostelium
PKB antibody. (B) Aggregation-competent cells expressing the full-length
CRAC-GFP fusion protein were placed on glass slides and stimulated glo-
bally with 500 nM cAMP. The resulting membrane translocation in fluo-
rescing cells was digitally recorded and quantified using the Metamorph
program. (C) Aggregation-competent wild-type and shk1 null cells express-
ing the full-length Phd A-GFP fusion protein were put on glass slides, and a
cAMP gradient was established by placing a micropipette source of 150 uM
cAMP near the cells. Chemotaxing fluorescing cells were digitally re-
corded.

though slightly slower, rate of translocation of CRAC-
GFP and PKB-PH-GFP to the plasma membrane; how-
ever, the two GFP fusion proteins persist on the plasma
membrane for a much longer period of time (note the
difference in time scale in the two parts of Fig. 3B; data
for PPKB-PH-GFP not shown). These data suggest that
the phospholipid domains in the plasma membrane to
which these two PH-domain-containing proteins bind
may be present for only a very short time after chemoat-
tractant stimulation in wild-type cells, but they persist
for a much longer time in shk1 null cells. Therefore, we
propose that the elevated and prolonged activation of
PKB likely results from a prolonged localization of PKB
at the plasma membrane or from PKB localizing to the
membrane, coming off the membrane, and then relocal-
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izing. Extended membrane localization or relocalization
to the plasma membrane would result in PKB being con-
tinually or repetitively activated by PDK1, respectively.
Our findings are consistent with PH-domain lipid-bind-
ing sites being either significantly more stable in shkl
null cells than in wild-type cells and/or with the level of
PI3K activation being higher and remaining elevated for
an extended period of time. However, we cannot rule out
the possibility that a protein competing with the PH-
domain-containing proteins that we tested for lipid bind-
ing may also be affected, producing the altered mem-
brane localization kinetics that we observe.

In wild-type Dictyostelium cells, as in neutrophils,
PH-domain-containing proteins such as CRAC, PhdA,
and PKB localize to the leading edge in chemotaxing



cells (Parent et al. 1998; Meili et al. 1999; Servant et al.
2000; S. Funamoto, K. Milan, R. Meili, and R.A. Firtel,
unpubl.). Figure 3C shows PhdA-GFP localizing to the
leading edge in wild-type cells chemotaxing toward a
micropipette containing cAMP. The three successive
images taken at 1.5-min intervals depict the movement
of the cell. In contrast, the membrane localization of
PhdA-GFP is random with respect to the cAMP gradient
in shk1 null cells, and these cells exhibit little move-
ment in the direction of the cAMP source. Our results
suggest that shk1 null cells have a defect in establishing
a PI3K response that is localized and restricted to the
leading edge when cells are placed in a chemoattractant
gradient.

Phagocytosis is abnormal in shkl null cells

We wondered whether the function of SHK1 extends be-
yond the proposed regulation of PI3K pathways in re-
sponse to chemoattractants. We therefore examined
phagocytosis, another actin-mediated cellular response,
by quantifying the uptake of fluorescent beads or GFP-
expressing E. coli, a natural food source for Dictyos-
telium amoebae. Figure 4 shows that the rate of bacteria
uptake is considerably reduced in shkI null cells com-
pared to wild-type cells. Consistent with these findings,
shk1 null cells grow more slowly on bacteria than do
wild-type cells, as determined by the kinetics of clearing
of bacteria from the medium (Fig. 4A). We did not ob-
serve localization of either CRAC-GFP or Akt-PH-GFP
to phagocytic cups in either wild-type or shk1 null cells
upon binding and uptake of either bacteria or fluorescent
beads (data not shown). It is possible that the transloca-
tion is too transient to be visualized. Alternatively, in
shk1 null cells, the phagocytosis defect may be an indi-
rect effect of alterations in the actin cytoskeleton and its

Regulation of PI3 kinase

reorganization in shk1 null cells and may not be directly
regulated by PI3K (Buczynski et al. 1997).

The SH2 domain of SHK1 is required for SHK1
localization and function

To investigate where SHK1 might function within the
cell, we studied the subcellular localization of SHK1 by
staining for FLAG-tagged SHKI1. Figure 5 demonstrates
that SHK1 is predominantly cortical and is uniformly
distributed around the periphery of cells in unstimulated
cells. As the distribution is uniform, we suggest that
SHK1 associates with the plasma membrane or a com-
ponent of the cell cortex that is uniformly distributed
and is not associated with the cytoskeleton. We investi-
gated how SHKI is associated with the cortex/plasma
membrane and whether the localization domain is re-
quired for function. Figure 5 shows that a point mutation
in the conserved arginine (Arg**®) of the SH2 domain
(SHK1R44°A) " which is required for phosphotyrosine
binding (Fu and Zhang 1993; Shual et al. 1993), abrogates
the ability of SHK1 to associate with the plasma mem-
brane. This indicates that either SHK1 cortical associa-
tion probably takes place through the binding of its SH2
domain to a tyrosine-phosphorylated protein or a func-
tional SH2 domain confers another property on SHK1
that is required for its cortical localization. SH2 domains
have been also shown to bind PI(3,4,5)P; (Rameh et al.
1995); however, addition of the PI3K inhibitor LY294002
at concentrations sufficient to block cAMP stimulation
of Akt/PKB activation (Meili et al. 1999, 2000) did not
affect the membrane localization of SHKI1. We then
tested whether the SH2 domain and/or its association
with the plasma membrane are required for SHK1 func-
tion by expressing SHK1®4*2 in shkl null cells. Al-
though FLAG-tagged SHK1R##°4 is expressed at the same
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Figure 4. Phagocytosis in shk1 mutant cell lines. (A4) Cells grown axenically in log phase were adjusted to a concentration of 1 x 10°
cells/mL in a suspension of GFP-tagged E. coli. Samples were taken at the time points shown, and Dictyostelium cells were isolated
by differential centrifugation. The cells were fixed, and bacterial uptake was quantified fluorometrically. The label Comp. shkl null
refers to shk1 null cells complemented with FLAG-SHK1. (B) The cells were adjusted to a concentration of 1 x 10° cells/mL in an E.
coli suspension. The ability of the cells to grow on bacteria was quantified by measuring uptake and degradation of bacteria from the
growth medium. (C) 1 x 10° axenically grown cells were placed on a glass slide in a suspension of Na/K phosphate buffer, and 2-um
FluoSphere beads were added to the suspension (to a final concentration of 2 x 103% solids). Bead internalization was monitored by
DIC and fluorescence microscopy and digitally recorded.
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Figure 5. SHKI1 localization. (A) Dictyostelium wild-type cells
expressing FLAG-SHK1 and FLAG-SHKI1®**A (SH2 domain
mutant R449A) fusion proteins were fixed and stained with
anti-FLAG antibody. FLAG-SHKI1 localization was visualized
by indirect immunofluorescence. (B) Dictyostelium shk1 null
cells expressing myr-FLAG-SHK1 (FLAG-SHK1 with an N-ter-
minal c-Src myristoylation site) and myr-FLAG-SHK1R*A fu-
sion proteins were fixed and stained with anti-FLAG antibody.
Note that myr-FLAG-SHK1®**4 does not complement the
shk1 null phenotype and that shk1 null cells are more spread
and have a significant amount of random membrane ruffling
and F-actin localization. This results in the abnormal-looking
membrane localization of myr-FLAG-SHK1R444,

level as wild-type FLAG-tagged SHKI1 protein expressed
in shkl null cells, FLAG-tagged SHKI1 (as described
above) but not FLAG-tagged SHK1®***# complements
the null phenotype (data not shown). To examine if this
is owing to an inability of SHK1®44°4 to localize to the
membrane, we added the c-Src myristoylation site (Buser
et al. 1994; Sigal et al. 1994) to the N terminus of
SHK1R**4 and wild-type SHK1 (myr-SHK1) carrying C-
terminal FLAG tags and expressed them in shkI null
cells. Although both proteins localize, at least partially,
to the plasma membrane or cortex, as determined by
indirect immunofluorescence staining (Fig. 5), only wild-
type myr-SHK1 complements the null phenotype (data
not shown). The results are consistent with the model
that the SH2 domain is required for SHK1 function. We
suspect from these studies that subcellular targeting of
SHK1 to the plasma membrane or cortex is also required
for SHKI1 to be functional. However, as the SH2 domain
is required to localize SHK1 to the plasma membrane/
cortex as well as for SHK1 to function, we cannot di-
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rectly determine if cortical/plasma membrane localiza-
tion of SHK1 per se is essential.

Discussion

PI3K is an important regulator of cellular processes in-
cluding chemotaxis. Our data suggest that SHK1 nega-
tively regulates PI3K signaling pathways. shk1 null cells
are defective in the spatiotemporal regulation of F-actin
assembly in response to chemoattractant stimulation,
chemotaxis, and phagocytosis, another F-actin-mediated
pathway. Our observations that PKB activation in re-
sponse to cAMP stimulation, which is PI3K-dependent
(Meili et al. 1999), is activated to a greater extent and is
active for a more extended period of time in shkI null
cells compared to wild-type cells are consistent with this
model. In addition, the demonstration that the PH-do-
main-containing proteins CRAC and PKB exhibit a more
prolonged membrane localization in response to cAMP
signaling supports a model in which the PI3K products
PI(3,4,5)P, and PI(3,4|P, are present at higher levels (con-
sistent with an elevated PKB activation) and for an ex-
tended period of time in the plasma membrane. We
found that a GFP fusion of the PH-domain-containing
protein PhdA localizes almost randomly on the plasma
membrane in shkI null cells that are in a chemoat-
tractant gradient, rather than being localized at the lead-
ing edge. One possible explanation is that PI3K pathways
are activated randomly along the cell’s surface and SHK1
may be important in restricting the activation of the
pathways to the leading edge. The shk1 null phenotypes
are very different from those of cells overexpressing
PI3K1 (S. Funamoto and R.A. Firtel, unpubl.), suggesting
that shk1 null cells do not simply contain higher levels
of PI3K protein.

The shk1 null phenotypes are consistent with SHK1’s
cortical localization, suggesting this is where SHKI1
functions in the cell. According to the presently under-
stood mechanisms of regulation of PI3K activity, SHK1
could act either upstream of or directly on PI3K, modu-
lating its activity under specific physiological conditions
or in response to different stimuli. Alternatively, SHK1
might be a positive activator of the Dictyostelium phos-
phatidylinositol-3’ phosphatase PTEN (R. Meili and R.A.
Firtel, unpubl.). These possibilities are depicted in the
cartoon in Figure 6. It is also possible that SHK1 may
regulate a yet to be identified component of the pathway.
To date, we have not found an SHK1 homolog in the
databases of other organisms. However, this is not un-
expected, because Dictyostelium protein kinases capable
of phosphorylating on tyrosine residues, even those that
are monospecific tyrosine kinases, tend not to be closely
related to metazoan kinases (Jungbluth et al. 1995; Adler
et al. 1996; Nuckolls et al. 1996; Kim et al. 1999). We
found that the SHK1 SH2 domain is most closely related
to that of the pl110a PI3K adaptor p55. This may be a
chance occurrence, but it may also indicate an evolu-
tionary relationship between the mechanisms by which
PI3K pathways are regulated in Dictyostelium and mam-
malian cells. We note that the PI3K-dependent activa-
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Figure 6. Function of SHK1. SHK1 may operate by inhibiting
PI3K activity directly or by inhibiting PI3K upstream activators.
SHK1 may also activate PTEN, a downstream inhibitor of the
PI3K pathway. See text for details.

tion of PKB by chemoattractants in Dictyostelium is
probably most closely related to activation of PKB by
chemokines through the G-protein-linked PI3K, PI3Ky,
in leukocytes (Hirsch et al. 2000; Sasaki et al. 2000).
Discovering whether SHK1 has more direct parallels to
proteins in mammalian cells will require a more detailed
characterization of the PI3Ky pathways.

Paradoxically, both shkI null cells, which have el-
evated and extended chemoattractant-mediated PKB ac-
tivity, and pkbA null cells exhibit impaired chemotaxis
(Meili et al. 1999). We previously found that overexpres-
sion of PKB or the expression of a myristoyl-tagged PKB
(which is found uniformly associated with the plasma
membrane and constitutively active), leads to chemo-
taxis defects (Meili et al. 1999), although the phenotypes
of pkbA null cells are not as severe as those exhibited by
shk1 null cells. We and others have previously suggested
that proper spatial regulation and localization of PKB and
PI3K activity at the leading edge may be crucial for the
activation of cellular responses involved in chemotaxis
(Meili et al. 1999; Parent and Devreotes 1999; Firtel and
Chung 2000; Rickert et al. 2000). Chemotaxis of cells up
a chemical gradient requires extension of the pseudopod
and subsequent retraction of the posterior tail or uropod
(Soll and Voss 1998; Parent and Devreotes 1999;
Sanchez-Madrid and del Pozo 1999; Firtel and Chung
2000; Rickert et al. 2000). In addition, many of the
known signaling pathways associated with chemotaxis,
including the PKB pathway, involve a rapid activation
followed by a rapid adaptation. It is thus possible that the
very high level of activation of the PKB pathway, and its
temporally extended activation, may disrupt the normal
activation/adaptation pathway. We expect that all PI3K-
mediated pathways that are stimulated by cAMP are af-
fected in shk1 null strains. Whereas we think that ab-
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normal PKB activation contributes to the shk1 null cell
phenotypes, we expect shk1 null cells to be defective in
other pathways.

SHK1 may function as a general governor of PI3K ac-
tivity or may be differentially regulated within the cell
by physiological signals. Although we have not observed
any change in SHK1 kinase activity, as assayed by im-
munoprecipitation and measurement of kinase activity
of FLAG-tagged SHK1 expressed in Dictyostelium cells,
in response to global chemoattractant stimulation (J.
Moniakis and R.A. Firtel, unpubl,; see Materials and
Methods), it is possible that SHK1 activity may be dif-
ferentially regulated in various subdomains within the
cell. For example, SHK1 function (possibly by control-
ling its kinase activity or its association with other pro-
teins) may be inhibited at the leading edge in response to
chemoattractant stimulation, resulting in a feedback
loop activation of PI3K in this region, while inhibiting
PI3K activity along the lateral sides and posterior of the
cell, where we observe no localization of PH-domain-
containing proteins when cells are placed in a chemoat-
tractant gradient. Alternatively, SHK1 may provide a
general form of inhibitory activity on the PI3K pathway
(e.g., PTEN). Our results suggest that SHKI1 requires a
functional SH2 domain that does more than localize
SHK1 to the plasma membrane. The SH2 domain may
regulate the SHK1 kinase activity in some manner or,
more likely, it may serve to localize SHK1 to other com-
ponents in the pathway, including its substrate. SHK1
function may thus be regulated through its kinase activ-
ity and/or associated with the plasma membrane by con-
trolling an upstream tyrosine kinase that phosphorylates
the phosphotyrosine to which the SHK1 SH2 domain
binds. Because unstimulated shk1 null cells exhibit an
abnormal actin cytoskeleton, we expect that SHK1 may
also control basal PI3K function. The high level of gen-
eral conservation of the role of PI3K in chemotaxis and
phagocytosis in Dictyostelium and leukocytes suggests
that SHK1 may have a counterpart in leukocytes that
controls PI3K function similarly.

Materials and methods

Materials

Sodium orthovanadate, B-glycerophosphate, aprotinin, leupep-
tin, Protein A-Sepharose CL-4B, and anti-FLAG and anti-MYC
antibodies were purchased from Sigma. H2B and MBP were pur-
chased from Roche Biochemicals. [**P]a-ATP and [*’P]y-ATP
were purchased from ICN. Secondary antibodies and Glutathi-
one Sepharose were obtained from Amersham Pharmacia.

Creation of the shkl null strain

An shk1 knockout construct was made by inserting the Blasti-
cidin (Bsr) resistance (Sutoh 1993) cassette into the BamHI site
(nucleotide position 848 of the shk1 ORF) of a full-length shk1
construct in pAT153. The knockout construct was digested
with Sall and EcoRV and transformed into Dictyostelium cells.
After Bsr selection, cells were plated on bacteria (Klebsiella
aerogenes) for isolation of clones. Two clones were observed to
form abnormally small plaques and fruiting bodies. These
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clones, along with randomly picked ones, were examined by
Southern blot analysis of their genomic DNA digested with
Bcll and probed with a 3'-end fragment of shk1 that encodes the
SH2 domain. Both clones that formed the small plaques were
found to have a Bsr insertion in the endogenous shk1. Subse-
quent Northern blot analysis verified the absence of an shk1
message. Transformation of an SHK1 expression construct into
the shk1 null cells complemented the shk1 null developmental
phenotypes.

Plasmids

Part of the shkl nucleotide sequence was obtained from the
Dictyostelium ¢cDNA sequencing project at the University of
Tsukuba, Japan. This sequence information was used to amplify
a probe from genomic DNA by PCR. A full-length shk1 cDNA
clone was obtained by screening a 12- to 16-h developmental
NZAP library (Schnitzler et al. 1994) and cloned into the EcoRI
site of pBluescript.

For the FLAG-SHKI1 construct, the primers GTTTTTAG
ATCTAAAAATGGATTATAAAGATGACGATGACAAACA
AATTAAGGCTAGAAAAG and GTTTTTCTCGAGTTAAT
TGATGTAACCAGATAATTG were used in a PCR reaction
with the shk1 cDNA as a template. The resulting PCR product
was digested with BgIII and Xhol and cloned into the Dictyos-
telium expression vector EXP-4+ and sequenced to verify the
OREF.

For the muyristoylation, FLAG-SHKI1 construct primers
GTTTTTGTCAACAGATTATAAAGATGACGATGAC and GT
TTTTCTCGAGTTAATTGATGTAACCAGATAATTG were
used in a PCR reaction with the FLAG-SHK1 construct as the
template. The PCR product was digested with HincIl and Xhol
and cloned into pRM8-4, resulting in myristoylation signal (a
membrane targeting epitope of ¢-Src) incorporation (Meili et al.
1999).

The SHK1R4*4A (SH2 domain mutant R449A) was generated
using the Transformer site-directed mutagenesis kit (Clone-
tech) with the oligonucleotide GTTGAGAAAGCCACTAA
AAATGTAC employed to introduce the desired mutation. We
confirmed successful mutagenesis by sequencing.

For the GST-SHK1 construct, the primers GTTTTTC
TAGACCAAATTAAGGCTAGAAAAG and GTTTTTCTCG
AGTTAATTGATGTAACCAGATAATTG were used in a PCR
reaction with shk1 as the template. The PCR product was di-
gested with Xbal and Xhol and cloned into pGEX-KG for ex-
pression in E. coli.

The CRAC-GFP construct was a generous gift from Carole
Parent and Peter Devreotes (Johns Hopkins University; Parent
et al. 1998). Coronin—GFP was a generous gift from G. Gerisch
(Gerisch et al. 1995). PhdA-GFP and PKB-GFP were con-
structed as described by S. Funamoto and R.A. Firtel (unpubl.)
and Meili et al. (1999), respectively.

Aggregation-competent cells

To produce cells competent to respond to cAMP (aggregation-
competent cells), log-phase, axenically grown cells were washed
in Na/K phosphate buffer and resuspended at a density of
5 x 10° cells/mL in Na/K phosphate buffer and pulsed for 5 h
with 30 nM cAMP every 10 min (Devreotes et al. 1987; Ma et al.
1997).

Cellular responses to cAMP stimulation

To observe the behavior of aggregation-competent cells in a
cAMP gradient, cells were plated in Na/K phosphate buffer at a
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density of 6 x 10* cells/cm? onto a plate with a hole covered by
a 0.17-mm glass coverslip. An Eppendorf Patchman microma-
nipulator with a glass capillary needle filled with 150 pM cAMP
was brought into the field of view of a Nikon Eclipse TE in-
verted microscope and placed near the cells to establish a gra-
dient as previously described (Chung and Firtel 1999; Meili et al.
1999). Visible and fluorescent images of chemotaxing cells were
digitally recorded and processed as previously described (Chung
and Firtel 1999; Meili et al. 1999), except for the fluorescent
images that were acquired and processed using the Metamorph
imaging system (Scanalytics, Universal Imaging Corp.).

To observe the effect of global cAMP stimulation on chemo-
taxis-competent cells, the cells were treated as described above
except that instead of using a glass capillary to establish a cAMP
gradient, the cells were stimulated with a pulse of 150 nM
cAMP. Fluorescent images were acquired and processed using
the Metamorph imaging system.

Quantitation of membrane or cortical localization of GFP fu-
sion of PH-domain-containing proteins and coronin-GFP in
wild-type cells, pi3k1/2 null cells, phdA null cells, and wild-
type cells treated with LY294002 represents the averages of at
least five cells from at least three separate experiments. A CCD
camera (SenSys Photometrics) was used to capture fluorescent
images. The pictures were acquired and analyzed using Meta-
morph software. The intensity of cortical GFP was measured by
line scanning with the Metamorph software. The level of cor-
tical GFP was calculated by dividing intensity before stimula-
tion (Ep) by intensity at each time point (E) after subtraction of
the basal intensity.

To asssay PKB activity, cells were lysed and PKB was immu-
noprecipitated and assayed for activity as previously described
by Meili et al. (1999).

SHK1 kinase activity in response to cAMP stimulation was
assayed using a protocol similar to methods previously de-
scribed for PKB and PAKa (Chung et el. 1998; Meili et al. 1999).
Briefly, aggregation-competent cells expressing FLAG-tagged
SHK1 were stimulated with cAMP and aliquots were taken at
specified times. Cells were immediately lysed in the presence of
protease and phosphatase inhibitors and FLAG-SHK1 was im-
munoprecipitated using an anti-FLAG antibody and assayed for
kinase activity using Histone 2B (H2B) as a substrate. Reaction
mixtures were sized by SDS-PAGE, and the level of 32PO, in-
corporation into the H2B band was examined by autoradiogra-
phy and quantified by densitometry tracing and/or using a phos-
phoimager. Time points were taken at 0 (before stimulation), 5,
10, 20, 30, 40, 60, 120, and 480 sec. See Meili et al. (1999) and
Chung et al. (1998) for details.

Phagocytosis

Phagocytosis was measured as previously described (Seastone et
al. 1999). To determine the amount and rate of bacterial uptake,
Dictyostelium cell lines grown axenically in log phase were
adjusted to a concentration of 1 x 10° cells/mL in a suspension
of GFP-tagged E. coli (a gift from Roger Tsien, UCSD) and al-
lowed to feed on the bacteria. Dictyostelium cell samples were
isolated by differential centrifugation, fixed in 3.7% formalde-
hyde, and bacterial uptake was quantified on a Fluoromax fluo-
rometer.

To quantify the ability of Dictyostelium cell lines to grow on
bacteria, cells were adjusted to a concentration of 1 x 10° cells/
mL in an E. coli suspension. Bacterial clearing was quantified by
measuring turbidity at ODsgs.

To ascertain the rate of phagocytosis of Dictyostelium cell
lines, 1 x 10° axenically grown cells were placed on a glass slide
in a suspension of Na/K phosphate buffer, and 2-uym FluoSphere



beads were added to the suspension (to a final concentration of
2 x 10*% solids). Bead internalization by the cells was digitally
recorded by visible and fluorescence microscopy as described
above. The time it took for cells to internalize beads was mea-
sured from the moment a bead attached to the exterior of the
cell to the moment it was completely internalized as deter-
mined by the analysis of the digital videomicroscopic record-
ings. Cells that were thought to have taken up beads were re-
corded for several minutes further as they moved along the slide
to ensure the beads were actually in the cells.

In vivo actin polymerization assay

In vivo F-actin levels were quantified according to Zigmond et
al. (1997). Briefly, aggregation-competent cells were resus-
pended at 1 x 107 cells/mL in Na/K phosphate buffer and shaken
at 200 rpm with 2.5 mM caffeine (to block endogenous cAMP
oscillations) for 20 min. Cells were then spun and resuspended
in Na/K phosphate buffer and stimulated with 100 nM cAMP.
Cell samples (500 uL) were taken at 0, 5, 10, 15, 20, 30, and 60
sec after cAMP stimulation and mixed with actin buffer (20 mM
KH,PO,, 10 mM Pipes at pH 6.8, 5 mM EGTA, 2 mM MgCl,)
containing 6% formaldehyde, 0.15% Triton X-100, and 1 mM
tetramethylrhodamine B isothiocyanate phalloidin. Cells were
fixed and stained for 1 h at room temperature, then spun down
in the microcentrifuge, and the supernatant was aspirated off
and the sample washed with actin buffer. Next 1 mL of 100%
methanol was added to the pelleted cells, and fluorescence was
quantified on a Fluoromax fluorometer (540 excitation, 575
emission). To determine nonsaturatable binding, 100 mM un-
labeled phalloidin was included.

Phalloidin and immunofluorescence staining

Dictyostelium cells were fixed in 3.7% formaldehyde, perme-
abilized in 0.1% Triton X, and stained with either anti-FLAG
antibody or TRITC-phalloidin. FITC-anti-mouse secondary an-
tibody was used to visualize the anti-FLAG staining. Fluores-
cent pictures were obtained with a Microphot FX microscope by
digital acquisition using IPLab Spectrum software (Scanalytics,
Universal Imaging Corp.).

Phosphoamino acid analysis

The E. coli-expressed GST fusion protein of SHK1 was purified
using glutathione beads. We used the fusion protein to phos-
phorylate MBP and H2B. The kinase reactions were subjected to
SDS-PAGE, transferred to PVDF membrane, and subjected to
phosphoamino acid analysis as described by Biggs et al. (1999).
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