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SI Materials and Methods
Cell Preparations. Dictyostelium discoideum cells were used for all
experiments. Halo-tag was fused with PTEN at the C terminus
(PTEN-Halo). The function of the PTEN-Halo protein was con-
firmed by introducing an expression vector for PTEN-Halo into
pten-null cells lacking the intrinsic PTEN protein (1). PTEN-
Halo was visualized by vital staining with fluorescent Halo-
ligands such as tetramethylrhodamine (TMR) in living cells. To
observe the spatial and temporal dynamics of PTEN-Halo and
PHAkt/PKB-EGFP (or PI3K2-EGFP), both proteins were coex-
pressed in wild-type Ax-2 cells. To examine the contribution of
PtdIns lipids metabolism enzymatic activities on the observed
spatiotemporal dynamics, PHAkt/PKB-EGFP and/or PTEN-Halo
were expressed in pi3k-null (pi3k1-5−, HM1200), pten-null, or
plc-null cells. To visualize Ras activation, GFP-RBD, in which
the Ras-binding domain of Raf1 is fused to GFP (2), was ex-
pressed in wild-type Ax-2 cells.
Cells were grown in HL-5 medium at 21 °C by a standard

culture method (3). To obtain chemotactically competent cells,
harvested cells were incubated at 2 × 106 cells/mL in development
buffer (DB; 5 mM Na phosphate buffer, 2 mM MgSO4, 200 μM
CaCl2, pH 6.5) for 5 h at 21 °C, leading to chemotactic compe-
tency with respect to cAMP. During the last 30 min of the in-
cubation, caffeine, which inhibits adenylyl cyclase involved in the
intrinsic cAMP production, was added to the extracellular fluid
directly at a final concentration of 4 mM to reduce extracellular
cAMP. To visualize PTEN-Halo in living cells, cells were treated
with the fluorescent TMR-Halo-ligand (G8251; Promega) at 5–
10 μM simultaneously with the caffeine treatment. After washing
out the Halo-ligand, cells were incubated on a glass dish (3910-
135; IWAKI) filled with DB supplemented with 4 mM caffeine
for 5 min and then further incubated for at least 25 min in the
presence or the absence of 5 μM latrunculin A (L5163; Sigma-
Aldrich), an actin polymerization inhibitor, or LY294002, a PI3K
inhibitor (4). Because caffeine treatment was required to observe
any self-organized patterns, all experiments were performed in
the presence of caffeine (SI Discussion and Fig. S1). To obtain
vegetative cells, harvested cells were incubated in DB for 1 h (5).
For staining with phalloidin, an agar sheet was overlaid on the

cells prepared as described above (6). After being allowed to
settle for ~1 h, the cells were fixed in methanol containing 3.7%
formaldehyde at −20 °C for 30 s and then in DB containing 3.7%
formaldehyde at room temperature for 14 min and 30 s. Cells
were washed twice in DB for 10 min, treated in blocking solution
[1% BSA in 0.01% Tween-20 in PBS (TPBS)] for 30 min, and
stained with Alexa488-phalloidin (A12379; Invitrogen) diluted at
1/50 by the blocking solution for 30 min. After being washed in
TPBS twice for 10 min, cells were mounted in 50% glycerol in 2×
PBS and observed under a confocal microscope.

KymographAnalysis.Spatiotemporal dynamics of PTEN-TMR and
PHAkt/PKB-EGFP were analyzed from the time trajectoris of
membrane localization. The fluorescence intensities of PTEN-
TMR and PHAkt/PKB-EGFP along the rounded cell contours
were measured and plotted against an angle θ from an arbitrary
position constant throughout the movie. The intensity line pro-
file was obtained sequentially for each frame of the time-lapse
movies. The resulting series of line profiles were plotted with
time, showing the spatiotemporal dynamics of PTEN-TMR and
PHAkt/PKB-EGFP as a 2D pattern or so-called kymograph (Fig.
1D). Because the expression levels of both PHAkt/PKB-EGFP and
PTEN-TMR varied among individual cells even when a cloned

cell line was used (Movie S3), cells expressing the proteins at an
extremely low level were not further analyzed.

Auto- and Cross-Correlation Analysis.The temporal auto- and cross-
correlation functions shown in Fig. 1 F andG were obtained from
the fluorescence intensity data of PTEN-TMR and PHAkt/PKB-
EGFP shown in Fig. 1D. The temporal autocorrelation function

is defined as CðtÞ ¼ ðIðtÞ− μÞ·ðIð0Þ− μÞ
σ2 , where I(t) is the fluorescence

intensity of PHAkt/PKB-EGFP or PTEN-TMR, and μ and σ are
the mean and SD, respectively, of each. The line above the nu-
merator indicates averaging. The temporal cross-correlation

function is defined as CPH·PTENðtÞ ¼ ðIPHð0Þ− μPHÞ·ðIPTENðtÞ− μPTENÞffiffiffiffiffiffi
σ2PH

p ffiffiffiffiffiffiffiffiffi
σ2PTEN

p ,

where Ix(t) is the fluorescence intensity and μx and σx are the
mean and SD of Ix, where x = PH or PTEN.
The spatiotemporal auto- and cross-correlation functions

shown in Fig. 2 and Fig. S2 were obtained from kymographs.
These functions clearly indicate spatiotemporal correlations in
the localization of PHAkt/PKB-EGFP and/or PTEN-TMR on the
membrane when ordered patterns such as traveling waves or os-
cillations occur. Each kymograph corresponds to different single
cells. The 2D autocorrelation functions for PHAkt/PKB-EGFP and

PTEN-TMR are defined as Cðθ; tÞ ¼ ðIðθ;tÞ− μÞ·ðIð0;0Þ− μÞ
σ2 , where I(θ,

t) is the fluorescence intensity of PHAkt/PKB-EGFP or PTEN-TMR
at position θ along the membrane and at time t. μ and σ are the
mean and SD of I(θ, t), respectively. Letting IPH(θ, t) and IPTEN(θ,
t) be the fluorescence intensity data of PHAkt/PKB-EGFP and
PTEN-TMR, respectively, the spatiotemporal cross-correlation

function is defined as CPH·PTENðθ; tÞ ¼ ðIPHð0;0Þ− μPHÞ·ðIPTENðθ;tÞ− μPTENÞffiffiffiffiffiffi
σ2PH

p ffiffiffiffiffiffiffiffiffi
σ2PTEN

p :

Extracting the Averaged Temporal Evolution of PTEN and PHAkt/PKB

Dynamics. The averaged temporal evolution shown in Fig. 4A
was extracted from the time series of the PTEN-TMR and
PHAkt/PKB-EGFP fluorescence intensities along the cell mem-
brane shown in Fig. 1D by using principal components analysis
(PCA) as described below.
PCA was performed using 2n variables for the fluorescence

intensities of PTEN-TMR and PHAkt/PKB-EGFP, each with n
time points at a given position. First, the PTEN-TMR and
PHAkt/PKB-EGFP fluorescence intensities were centered and
normalized as follows. For IPTEN(θ, t) and IPH(θ, t), we con-
structed a vector, U

!ðθ; tÞ, such that Uj(θ, t) = IPTEN(θ, t + (j −
1)τ) and Uj+n(θ, t) = IPH(θ, t + (j − 1)τ) with j = 1, . . . , n. Here,
Uj(θ, t) is the jth element of vector U

!ðθ; tÞ, which consists of
2n elements. τ is the time interval of the time series. U

!ðθ; tÞwas
centered and normalized as U

!ðθ; tÞwith ujðθ; tÞ ¼ Ujðθ;tÞ− μU
σU ,

where μU and σU are the mean and SD of U
!ðθ; tÞ(Fig. S3A).

Next, we performed PCA for uðθ; tÞ and obtained 2n principal
components. Fig. S3B shows the percentage of total variance in
the data explained by each principal component and the cumu-
lative percentage for the first 10 principal components. A clear
break exists between the second and third components, showing
that the first 2 components are the most essential when de-
scribing the dynamics of PTEN and PHAkt/PKB. The first two
principal components, v!ð1Þand v!ð2Þ, are shown in Fig. S3C.
These two vectors can be considered a time series in which the
jth and (j + n)th elements correspond to the values for PTEN
and PHAkt/PKB, respectively, at time t = (j − 1)τ. Thus, in Fig.
S3C, v!ð1Þ and v!ð2Þ are plotted as functions of time t. v!ð1Þ and
v!ð2Þ are sinusoidal, providing clear evidence of the oscillatory
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nature of the phosphatidylinositol reaction. From these two
components, the period of oscillation was obtained (197 s). The
phases of the two principal components differed by π

2 (Fig. S3C),
indicating a reciprocal relation between PTEN and PHAkt/PKB.
Whereas the first two components exhibited sinusoidal tem-

poral evolutions, the overall temporal dynamics of PTEN and
PHAkt/PKB concentrations were not expected to be sinusoidal. In
other words, the principal components do not represent aver-
aged dynamics. To obtain averaged dynamics, we next determined
the oscillation phase for u!ðθ; tÞ by using the first two principal
components. The projection of u!ðθ; tÞ onto the two components
was obtained by calculating the inner product between u!ðθ; tÞ and
the principal components, giving cð1Þðθ; tÞ ¼ u!ðθ; tÞ· v!ð1Þ and
cð2Þðθ; tÞ ¼ u!ðθ; tÞ· v!ð2Þ. These two values define a point in space
of the two principal components for u!ðθ; tÞ. Fig. S3D shows
a scatter plot of (c(1)(θ, t), c(2)(θ, t)) for θ along the membrane at
a given time t. ϕ(θ, t) was obtained as an angular coordinate; i.e.,
c(1)(θ, t) = r(θ, t)cos ϕ(θ, t) and c(2)(θ, t) = r(θ, t)sin ϕ(θ, t). Fig.
S3D indicates that ϕ(θ, t) changes by 2π along the membrane.
To obtain the average time evolution, the time point of

IPTEN(θ, t) and IPH(θ, t) was shifted by −ϕ(θ, t)/ω and averaged
over an ensemble (Fig. S3E). Finally, we obtained the averaged
time courses IPTENðtÞ and IPHðtÞ of PTEN and PHAkt/PKB, re-
spectively, given by IPTENðtÞ ¼ hIPTENðθ; t0 þ t− φðθ;t0Þ

ω Þiθ;t0 ;
and IPHðtÞ ¼ hIPHðθ; t0 þ t− φðθ;t0Þ

ω Þiθ;t0 ;
where h:iθ;t0 indicates the average taken for θ and t0. The av-

eraged temporal evolution of PTEN and PHAkt/PKB dynamics
was obtained by plotting IPTENðtÞ with IPHðtÞ as shown in Fig. 4A.
We applied this analysis to individual cells (Fig. S4), indicating
that the characteristic crescent-shaped dynamics were commonly
observed in cells even when they exhibited different modes of
ordered patterns (Fig. 2).

Cell Migration Analysis. Cells were observed with an Olympus IX-
71 inverted microscope equipped with phase contrast optics. Cell
behavior was recorded with a cooled CCD camera (MicroMax;
Princeton Instruments) and MetaMorph software (Molecular
Devices) in a personal computer. Cell images were acquired at 5-s
intervals for 20 min. To analyze the motile activities of the cells,
cell images were processed automatically by using laboratory-
developed software. From the positional changes, migration
velocity was calculated (7).

SI Discussion
Caffeine Treatment. Self-organization of the PtdIns lipids system
was observed in the presence of caffeine. After washing out the
caffeine, the number of cells with PHAkt/PKB-EGFP-enriched
domains dramatically decreased (Fig. S1), which is consistent
with a previous report (8). However, we should note that tran-
sient generations of membrane-bound PHAkt/PKB-EGFP-enriched
domains were often observed even without caffeine, although the
domains disappeared immediately after their formation. Thus,
caffeine has not only an inhibitory effect on cAMP production (4)
but also a stabilizing effect on the self-organized pattern forma-
tion of the PtdIns lipid system, which enables us to observe
chemoattractant-independent dynamics in the PtdIns lipids sys-
tem. Because caffeine was applied uniformly with respect to
space and time, caffeine itself is not a factor for externally
breaking the spatiotemporal symmetry in the PtdIns lipids system.

Theoretical Model. To account for the generation of traveling
waves by the PtdIns lipids system, we constructed a simple
mathematical model. As shown in Fig. 3, the self-organized
traveling waves of PHAkt/PKB and PTEN arise from membrane-
bound PTEN and PI3K. These are necessary for self-organized
traveling waves because the inhibition of PTEN and PI3K dis-
rupted the self-organized pattern formation. PTEN acts as

a phosphatase for PtdIns(3,4,5)P3 to produce PtdIns(4,5)P2,
whereas PI3K acts as a kinase for PtdIns(4,5)P2 to produce
PtdIns(3,4,5)P3 (9, 10). Thus, the concentrations of membrane-
bound PtdIns(3,4,5)P3 and PtdIns(4,5)P2 are regulated by these
enzymes. In addition, PtdIns(3,4,5)P3 can be degraded in a
PTEN-independent manner. This is because the pten-null cells
lacking the PTEN gene exhibit at least partial degradation of
PtdIns(3,4,5)P3 (11). Additionally, PtdIns(4,5)P2 can be supplied
by PTEN-independent pathways (11–13) and degraded by PI3K-
independent pathways (14). On the basis of the experimental
observations, the concentration of PTEN was dependent on time
and space. The concentration of PI3K was assumed to be uniform
along the membrane (2). Therefore, in our theoretical model, the
local state of the membrane is described by [PIP3], [PIP2], and
[PTEN]. We also assumed that the fluorescence intensities of
membrane-bound PHAkt/PKB are linearly proportional to the
concentration of membrane-bound PtdIns(3,4,5)P3.
We considered the local reaction dynamics to be oscillatory. In

such cases, the period of oscillation is expected to be determined
by reactions involving PTEN and PI3K, but independent of cell
size, which is consistent with our finding that there was no cor-
relation between the periods of oscillation and cell size (Fig.
S4N). As shown in Fig. 4, the oscillation shows characteristics of
a relaxation oscillator, in which two relatively stable states can be
found: [PIP3] is low and [PTEN] is high or [PTEN] is low and
[PIP3] is high. These states are connected by rapid transitions
between them. Any model must explain these relaxation oscillator
characteristics. We also considered the reciprocal relation be-
tween PTEN and PHAkt/PKB, where the upper and lower branches
can be well fitted by hyperbolic functions (Fig. 4A). To satisfy
these constraints, we introduced PtdIns(3,4,5)P3-dependent neg-
ative regulation on PTEN recruitment to the membrane in
which the association of PTEN to the membrane is suppressed
by PtdIns(3,4,5)P3 or the dissociation of PTEN from the
membrane is enhanced by PtdIns(3,4,5)P3 (Fig. 5A). This reg-
ulation operates as a positive feedback loop because increases
and decreases in [PIP3] can respectively lead to further in-
creases and decreases in [PIP3] by suppressing and enhancing
PTEN membrane localization. When [PIP3] increases, [PTEN]
decreases, thereby further increasing [PIP3], leading to the
state with low [PTEN] and high [PIP3]. In contrast, the increase
in [PTEN] accelerates the decrease in [PIP3], resulting in the
state with low [PIP3] and high [PTEN]. Thus, the two states can
be viewed as a consequence of positive feedback. Because
[PIP3] is always much less than [PIP2] (11), we surmised that
the two stable states can be attained without considerable de-
pletion of PtdIns(4,5)P2.
On the basis of these observations, we developed evolution

equations for [PIP3], [PIP2], and [PTEN] given by

∂½PIP3�
∂t

¼ −RPTEN þ RPI3K − λPIP3½PIP3� þD∇2½PIP3�; [S1]

∂½PIP2�
∂t

¼ RPTEN −RPI3K þ k− λPIP2½PIP2� þD∇2½PIP2�; [S2]

∂½PTEN�
∂t

¼Vass½PTEN�cyt
½PIP2�

KPIP2 þ ½PIP2�
Kα þ α½PIP3�
Kα þ ½PIP3� − λPTEN½PTEN�;

[S3]

with the catalytic reactions of PTEN and PI3K, RPTEN and RPI3K,
given by
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RPTEN ¼ VPTEN½PTEN� ½PIP3�
KPTENþ½PIP3�; [S4]

RPI3K ¼ VPI3K
βKβ þ ½PIP3�
Kβ þ ½PIP3�

½PIP2�
KPI3Kþ½PIP2�: [S5]

In Eq. S1, the third term describes the PTEN-independent
degradation of PtdIns(3,4,5)P3. In Eq. S2, the third term gives
the PTEN-independent supply of PtdIns(4,5)P2, whereas the
fourth term expresses PI3K-independent degradation of PtdIns
(4,5)P2. For the catalytic reaction of PI3K, RPI3K, in Eq. S5,
ðβKβ þ ½PIP3 Þ=ðKβ þ ½PIP3 Þ��

was introduced to examine the
positive regulatory effect of [PIP3] on the activity of PI3K (0 ≤
β ≤ 1) (15). The positive regulatory effect of [PIP3] on the ac-
tivity of PI3K can be examined by changing β. When β = 1,
ðβKβ þ ½PIP3 Þ=ðKβ þ ½PIP3 Þ��

becomes 1, meaning that PI3K
activity is not coupled to PIP3 distribution and thus PI3K activity
is uniformly distributed along the membrane. When β < 1, PI3K
activity is coupled to PIP3 distribution. With decreasing β values,
the PI3K activity is localized more efficiently to PIP3-enriched
regions. In Eq. S3, the first and second terms describe the as-
sociation and dissociation of PTEN to and from the membrane,
respectively. In the first term, ðKα þ α½PIP3 Þ=ðKα þ ½PIP3 Þ��
represents the negative regulatory effects of [PIP3] on PTEN
binding (0 ≤ α ≤ 1). The PTEN association rate is dependent
on the concentration of cytosolic PTEN, [PTEN]cyt. We also
studied the case when [PIP3] enhances the dissociation of PTEN
from the membrane without any effect on its association, finding
essentially the same results. Because the diffusion coefficient in
the cytosol is much larger than that on the membrane (16), we
assumed that the cytosolic PTEN concentration is uniform inside
the cytosol. Thus, the cytosolic PTEN concentration, [PTEN]cyt,
is given by

½PTEN�cyt¼ ½PTEN�total − χ½PTEN�; [S6]

where ½PTEN� indicates the average concentration of membrane-
bound PTEN and χ is a constant that transforms the membrane
concentration to the cytosolic concentration. PtdIns(4,5)P2 has
been suggested as a putative binding site for PTEN (17). Thus, the
effects of changes in PtdIns(4,5)P2 concentration on PTEN mem-
brane binding were described as [PIP2]/(KPIP2+[PIP2]) in the first
term of Eq. S3. The diffusion of PtdIns lipids is described by the last
terms inEqs.S1 andS2with thediffusion coefficientD. Because the
diffusion length ofPTENbeforemembranedissociation is~300nm,
within which time the PTEN concentration is expected to be uni-
form, we can safely ignore the diffusion effect of membrane-bound
PTEN (18, 19).
For numerical simulations, we studied a one-dimensional

system along the membrane. The radius of the cells, R, was
chosen to be 5 μm, which is typical for latrunculin A-treated
cells. The lattice was assigned to a 0.02-μm grid. The time step
was 0.005 s. Parameters are summarized in Table S1. For the
stochastic simulation, we used the τ-leap method (20).
First we consider the situation where the diffusion term is

neglected and [PTEN]cyt is constant in time. Our model suc-
cessfully produces the local reaction dynamics observed experi-
mentally, including the clockwise oscillation following the
characteristic crescent-shaped trace along the [PIP3]–[PTEN]
coordinates. The major reactions generated by PTEN and PI3K
described by the crescent-shaped dynamics are as follows. Local
regions on the membrane usually adopt to the state with low
[PIP3] and high [PTEN]. In this state, [PIP2] gradually increases
due to both PTEN-dependent and PTEN-independent factors,
causing PtdIns(4,5)P2 to accumulate, and in turn drives PI3K-
dependent PtdIns(3,4,5)P3 production. The [PIP3] gradually in-
creases due to the PI3K activation to eventually exceed a threshold,

which inhibits PTEN membrane recruitment. This inhibition leads
to a decrease in [PTEN] and further increase in [PIP3], sustaining
the feedback loop. With the rapid increase in [PIP3], membrane-
bound PTEN is depleted, leading to the state with high [PIP3] and
low [PTEN]. In this state, [PIP2] is reduced because PTEN-
dependent dephosphorylation of PtdIns(3,4,5)P3 is reduced. Such
a decrease in [PIP2] has a suppressive effect on PtdIns(3,4,5)P3
production, causing a decrease in [PIP3] in combination with
PTEN-independent PtdIns(3,4,5)P3 degradation. This decrease in
[PIP3] causes an increase in PTEN membrane recruitment by
negative regulation, causing a further decrease in [PIP3] and an
increase in [PTEN]. This positive feedback results in the state
with low [PIP3] and high [PTEN], which is the original state of the
oscillation.
Next, we consider the effects of globally integrating the local

regions. Whereas the diffusion of membrane-bound PtdIns lipids
introduces a local interaction of reaction dynamics, the fast
diffusion of cytosolic PTEN results in globally integrating the
PtdIns lipids reactions of these local regions while keeping the
total PTEN concentration conserved. This global integration has
a tendency to keep the total PTEN membrane concentration
constant. Thus, the formation of a PTEN-enriched domain at
a particular part of the membrane prevents the formation of
domains at other parts. Furthermore, the fast PTEN cytosolic
diffusion explains one element of the polarization generation
mechanism. Incorporating global integration and local oscillatory
dynamics, the spatiotemporal dynamics of the model generate
a traveling wave as one possible outcome. The local oscillatory
dynamics at individual regions along the membrane can be co-
ordinated with each other through cytosolic PTEN, generating an
asymmetric distribution of both PtdIns(3,4,5)P3 and PTEN in the
whole cell.
We study the case when there is no positive regulatory effect of

[PIP3] on PI3K (β = 1). Our deterministic and stochastic sim-
ulations successfully reproduce the traveling domain with an
anticorrelative spatial profile between the PtdIns(3,4,5)P3 and
PTEN concentrations (Fig. 5). Therefore, in addition to the
enzymatic activities of PTEN and PI3K, the PtdIns(3,4,5)P3-
dependent negative regulation on PTEN recruitment plays an
essential role for generating self-organized patterns within the
PtdIns lipids system. Overall, our model is able to reproduce the
self-organized patterns including traveling waves, spatiotemporal
oscillation, and stationary domains by changing various param-
eters such as PTEN and PI3K concentrations.
The two types of RBD dynamics observed in living cells

can also be explained, in this case by varying parameter β in
Eq. S5. By decreasing β, the positive regulatory effect of [PIP3]
on PI3K activity becomes stronger, meaning PI3K activity is
coupled to PIP3 distribution along the membrane. Although
the positive regulatory effect of [PIP3] on PI3K is not essential
for the PtdIns(3,4,5)P3/PTEN wave generation in our model,
positive regulation is seen to stabilize the PtdIns(3,4,5)P3-
enriched state when [PIP3] is high, whereas the PTEN-enriched
state is stable when [PIP3] is low. As a result, the positive
feedback from [PIP3] to PI3K appears to have a role in stabi-
lizing the self-organized traveling waves of the phosphatidyli-
nositol lipids signaling system.

Negative Regulation of PTEN Localization by PtdIns(3,4,5)P3. We
observed PTEN-TMR localization in both wild-type and pi3k1-5-
null cells treated with latrunculin A and analyzed the kymo-
graphs of PTEN localization by calculating the spatiotemporal
autocorrelation function (SI Materials and Methods). Most wild-
type cells showed PTEN localization moving along the entire
membrane for >30 min (Fig. S2 A and B) (n = 32). In 72% of
wild-type cells, high spatiotemporal correlation was detected in
the spatiotemporal autocorrelation analysis, which exhibited ei-
ther traveling waves (Fig. S2 A and B) or oscillations. On the
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other hand, in the pi3k1-5-null cells, only one cell showed trav-
eling waves that did not last for >10 min. In the others (n = 59),
PTEN localization was either transient or spatiotemporally static
with slight fluctuations in the location (Fig. S2 C and D). In
pi3k1-5-null cells, a similar spatiotemporal correlation was neg-
ligible except for the case of one showing transient traveling
waves. From these results, we conclude that PI3K is required for
continuous traveling waves or spatiotemporal oscillations of
PTEN localization. In pi3k1-5-null cells, almost no PtdIns(3,4,5)
P3 was detectable on the membrane, which is due to the over-
whelming activity of PTEN. In pten-null cells, the PtdIns(3,4,5)P3
was uniformly localized on the membrane and the PtdIns(3,4,5)
P3 wave was not observed (Fig. 3A). Thus, the PtdIns(3,4,5)P3/
PTEN wave requires both PI3K-dependent production and
PTEN-dependent degradation of PtdIns(3,4,5)P3.
We next observed PTEN-TMR localization in locomoting cells.

In wild-type cells, PTEN showed membrane localization at lateral
and posterior regions, but not the leading edge of pseudopods
(Fig. 6A). F-actin staining with phalloidin showed a clear and
dense accumulation of F-actin at the leading edge, whereas
PTEN localization was anticorrelative with F-actin accumulation
beneath the membrane (Fig. 6B). In pi3k1-5-null cells, an almost

homogenous PTEN localization was observed along the entire
membrane, including the leading edges (Fig. 6A). At the leading
edge, F-actin accumulated beneath the membrane where PTEN
showed localization (Fig. 6B). Our results show that PTEN is
mislocalized at the pseudopods in the absence of PtdIns(3,4,5)
P3, suggesting that PTEN localization is at least in part under the
regulation of PtdIns(3,4,5)P3. On the basis of these observations,
we hypothesize negative regulation of PTEN localization by
PtdIns(3,4,5)P3.
As shown previously, PTEN is absent in regions on themembrane

facing higher cAMPconcentrations in the absence of PtdIns(3,4,5)
P3, indicating the existence of a PtdIns(3,4,5)P3-independent
mechanism for PTEN localization in the presence of cAMP (21).
On the other hand, we showed that PTEN localization is somehow
regulated in a PtdIns(3,4,5)P3-dependent manner in the absence
of cAMP. These observations suggest at least two mechanisms for
PTEN localization: one PtdIns(3,4,5)P3 dependent and the other
PtdIns(3,4,5)P3 independent. The former mechanism is involved
in PtdIns(3,4,5)P3/PTEN wave generation related to random cell
migration in the absence of a cAMP gradient; the latter has an
indispensable role in polarized PTEN localization in response to
a cAMP gradient.
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Fig. S2. PTEN localization without ordered patterns in pi3k1-5-null cells. (A–D Left) Kymographs of PTEN-TMR observed in individual wild type (A and B) and
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Fig. S4. Gallery of crescent-shaped dynamics. (A–L) Kymograph of PTEN-TMR (red) and PHAkt/PKB-EGFP (green) in single cells showing different patterns and
the corresponding averaged temporal evolution. The temporal evolutions were plotted at 5-s intervals. T, oscillation period (seconds). (Insets) Time trajectories
of the averaged dynamics of PTEN-TMR (red) and PHAkt/PKB-EGFP (green). (M) Histogram of the time delay obtained by a temporal cross-correlation function of
the traveling waves. The mean ± SD value is 14.44 ± 9.19 s (n = 75 cells). (N) Scattered plot of cell radius and oscillation periods. No correlation between cell
sizes and oscillation periods is seen. Each dot corresponds to individual cells.
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latrunculin A. In this condition, the cells can exhibit shape changes without efficient migration, which is due to partial inhibition of actin polymerization. (A)
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min:s. (Scale bar, 10 μm.) Also see Movie S4. (B) Kymograph showing oscillatory patterns of PTEN-TMR (red) and PHAkt/PKB-EGFP (green). (C) Time trajectories of
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Table S1. Model parameters

Parameters Values Ref.

VPTEN Dephosphorylation rate of PtdIns(3,4,5)P3 by PTEN 15 s−1 (1)
KPTEN Michaelis constant of PTEN dephosphorylation

reaction
50 molecules·μm−2 (1, 2)

VPI3K Maximum velocity of PtdIns(4,5)P2 phosphorylation
by PI3K

600 molecules·μm−2·s−1 Assumed

KPI3K Michaelis constant of PI3K phosphorylation reaction 3500 molecules·μm−2 (3)
λPIP3 PTEN-independent PtdIns(3,4,5)P3 degradation rate 0.2 s−1 Assumed
λPIP2 PI3K-independent PtdIns(4,5)P2 degradation rate 0.002 s−1 Assumed
D Diffusion coefficient of PtdIns lipids on membrane 0.2 μm2·s−1 (4)
k PTEN-independent PtdIns(4,5)P2 supply rate 45 (35) molecules·μm−2·s−1* (5)
Vass Association rate of PTEN to membrane 1300 molecules·μm−2·μM−1·s−1 Assumed
KPIP2 Michaelis constant of PtdIns(4,5)P2 for PTEN

association to membrane
3500 molecule·μm−2 Assumed

λPTEN Dissociation rate of PTEN from membrane 1.0 s−1 (6)
Kα

† 120 molecules·μm−2 Assumed
α † 0.001 Assumed
Kβ

‡ (100) Assumed
β ‡ 1 (0.8) Assumed
[PTEN]total Total concentration of PTEN 0.1 μM Typical
χ A constant to transform surface concentration to

volume concentration
10−3 μM·μm2·molecules Assumed

R Cell radius 5 μm Typical

*Without the PTEN-independent supply, the amount of PtdIns(3,4,5)P3 and PtdIns(4,5)P2 are exhausted due to the degradation of PtdIns
(4,5)P2. For the results shown in Fig. 5 B–F and G Left, the parameter value of supply rate is k = 45. For the results in Fig. 5G Right, k = 35.
†Kα is the half-maximum concentration of [PIP3] for PTEN association or dissociation from the membrane with 0 ≤ α ≤ 1.
The values were inferred to satisfy the conditions that the number of PIP2 should be ~4000 molecules/μm2 (7) and the period of
oscillation should be 200 s.
‡Kβ is the half-maximum concentration of [PIP3] for positive PI3K activation by PIP3 with 0 ≤ β ≤ 1. For the results shown in Fig. 5 C and
F, the parameter values of Kβ and β are 100 and 0.8, respectively.

Movie S1. Simultaneous imaging of PTEN-TMR and PHAkt/PKB-EGFP in locomoting Dictyostelium cells. PHAkt/PKB-EGFP (green) was localized at the pseudopod
regions, whereas PTEN-TMR (red) was localized at the lateral and tail regions of the cells. Time-lapse movies were acquired at 1-s intervals by using a confocal
microscope. (Scale bar, 10 μm.) Time, :s (QuickTime; 384 KB).

Movie S1

1. McConnachie G, Pass I, Walker SM, Downes CP (2003) Interfacial kinetic analysis of the tumour suppressor phosphatase, PTEN: evidence for activation by anionic phospholipids.
Biochem J 371:947–955.

2. Gamba A, et al. (2005) Diffusion-limited phase separation in eukaryotic chemotaxis. Proc Natl Acad Sci USA 102:16927–16932.
3. Carpenter CL, et al. (1990) Purification and characterization of phosphoinositide 3-kinase from rat liver. J Biol Chem 265:19704–19711.
4. Fujiwara T, et al. (2002) Phospholipids undergo hop diffusion in compartmentalized cell membrane. J Cell Biol 157:1071–1081.
5. Zhang X, et al. (1997) Phosphatidylinositol-4-phosphate 5-kinase isozymes catalyze the synthesis of 3-phosphate-containing phosphatidylinositol signaling molecules. J Biol Chem 272:

17756–17761.
6. Vazquez F, et al. (2006) Tumor suppressor PTEN acts through dynamic interaction with the plasma membrane. Proc Natl Acad Sci USA 103:3633–3638.
7. Xu C, Watras J, Loew LM (2003) Kinetic analysis of receptor-activated phosphoinositide turnover. J Cell Biol 161:779–791
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Movie S2. Simultaneous imaging of PTEN-TMR and PHAkt/PKB-EGFP in Dictyostelium cells treated with 5 μM latrunculin A. PTEN-TMR (red) and PHAkt/PKB-EGFP
(green) were localized on the membrane, showing rotational traveling waves in a reciprocal manner. Time-lapse movies were acquired at 5-s intervals by using
a confocal microscope. (Scale bar, 5 μm.) Time, min:s (QuickTime; 2.9 MB).

Movie S2

Movie S3. Simultaneous imaging of PTEN-TMR and PHAkt/PKB-EGFP in Dictyostelium cells treated with 5 μM latrunculin A (same experimental condition as
Movie S2). Most cells show reciprocal rotational traveling waves for PTEN-TMR (red) and PHAkt/PKB-EGFP (green). Time-lapse movies were acquired at 5-s in-
tervals by using a confocal microscope. (Scale bar, 10 μm.) Time, min:s (QuickTime; 3.6 MB).

Movie S3
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Movie S5. Simultaneous imaging of PTEN-TMR and PHAkt/PKB-EGFP in Dictyostelium cells treated with 2.5 μM latrunculin A. The cells exhibited oscillatory
behaviors. Time-lapse movies were acquired at 5-s intervals. (Scale bar, 10 μm.) Time, min:s (QuickTime; 1.3 MB).

Movie S5

Movie S4. PTEN-TMR in Dictyostelium cells lacking functional pi3k genes (pi3k1-5−, HM1200) treated with 5 μM latrunculin A. PTEN-TMR (red) showed
polarized membrane localization without efficient rotation along the membrane in most cells. Time-lapse movies were acquired at 5-s intervals by using
a confocal microscope. (Scale bar, 10 μm.) Time, min:s (QuickTime; 2.7 MB).

Movie S4
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Movie S6. PTEN-TMR localization in locomoting Dictyostelium pi3k1-5-null cells. Cells often exhibit locomotion in one direction with continuous localization
of PTEN-TMR (red) at the leading edge. In some cases, PTEN-TMR is excluded transiently from the leading edge. Cells were observed using an agar sheet as
described in SI Materials and Methods. Time-lapse movies were acquired at 2-s intervals by using a confocal microscope. (Scale bar, 10 μm.) Time, min:s
(QuickTime; 1.5 MB).

Movie S6

Movie S7. PTEN-TMR localization in locomoting Dictyostelium wild-type cells. PTEN-TMR (red) is excluded continuously from the leading edge pseudopod of
the locomoting cell, which is consistent with previous observations (1, 2). Cells were observed at the same condition as described in Movie S6. (Scale bar, 10 μm.)
Time, min:s (QuickTime; 2.0 MB).

Movie S7

1. Funamoto S, Meili R, Lee S, Parry L, Firtel RA (2002) Spatial and temporal regulation of 3-phosphoinositides by PI 3-kinase and PTEN mediates chemotaxis. Cell 109:611–623.
2. Iijima M, Devreotes P (2002) Tumor suppressor PTEN mediates sensing of chemoattractant gradients. Cell 109:599–610.
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