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In fast-moving cells such as amoeba and immune cells, dendritic
actin filaments are spatiotemporally regulated to shape large-scale
plasma membrane protrusions. Despite their importance in migra-
tion, as well as in particle and liquid ingestion, how their dynamics
are affected by micrometer-scale features of the contact surface is
still poorly understood. Here, through quantitative image analysis
of Dictyostelium on microfabricated surfaces, we show that there
is a distinct mode of topographical guidance directed by the mac-
ropinocytic membrane cup. Unlike other topographical guidance
known to date that depends on nanometer-scale curvature sens-
ing protein or stress fibers, the macropinocytic membrane cup is
driven by the Ras/PI3K/F-actin signaling patch and its dependency
on the micrometer-scale topographical features, namely PI3K/F-
actin–independent accumulation of Ras-GTP at the convex curved
surface, PI3K-dependent patch propagation along the convex
edge, and its actomyosin-dependent constriction at the concave
edge. Mathematical model simulations demonstrate that the topo-
graphically dependent initiation, in combination with the mutually
defining patch patterning and the membrane deformation, gives
rise to the topographical guidance. Our results suggest that the
macropinocytic cup is a self-enclosing structure that can support
liquid ingestion by default; however, in the presence of structured
surfaces, it is directed to faithfully trace bent and bifurcating
ridges for particle ingestion and cell guidance.

actin waves j macropinocytosis j topography j cell migration j contact
guidance

Large-scale deformation of plasma membrane during cell
migration, particle, and liquid ingestion depends on physical

cues such as substrate rigidity and topography (1–4). Cell
migration along ridges and grooves is generally referred to as
contact guidance and thought to play pivotal roles in neural
development (5), tissue repair, immune response, and cancer
invasion (6). Topography-dependent cell movements known to
date are associated with anisotropic contractility through align-
ment of stress fibers. Nano- and microfabricated platforms
have clarified how geometrical constraint affects distribution of
focal adhesions and actin stress fibers (7, 8). While such a
mechanism appears to be widespread in cells of epithelial or
mesenchymal nature (3, 9), topographical guidance in fast-
moving amoeboid cells (10–13) which do not have stress fiber is
far less understood. Neutrophils are known to elongate along
grooves of a hemocytometer (10). T cells migrate along parallel
ridges/grooves whose widths are hundreds of nanometers (11).
Adhesion-independent mode of migration in T cells occurs
under two-dimensional confinement only if there is topographi-
cal asymmetry in the physical surrounding (14). While there
are large body of work addressing how diffusible chemoattrac-
tants determine when and where the leading edge forms, how
they are guided by topography remains largely unknown.

The leading edge of migrating cells has a large overlap in its
molecular compositions with that formed during particle and

liquid ingestion and thus the distinction is often obscure (15).
Conventionally, uptake of particles and liquid are referred to as
phagocytosis and macropinocytosis, respectively. Both pro-
cesses involve large-scale conversion from contractile actomyo-
sin to protrusive branched actin meshworks, which generate
force to expand a cup-shaped membrane invagination (16, 17).
Phagocytosis occurs through the so-called “zippering mecha-
nism” where the protruding edge of the cup is sequentially
extended along the attached solid surface while forming an
anchorage with the decorated opsonins [i.e., scaffold antigens
or complements (18, 19)]. Macropinocytic cup formation, on
the other hand, is a self-organizing process which does not
require specific anchorage and traction to shape the membrane
(18, 19). While this property makes it suitable for the uptake of
nutrient media as well-studied in cancer cells and Dictyostelium,
particle uptake is also known [e.g., entry of pathogenic bacteria
into the host cells (20)]. Nonopsonized beads can be ingested
by Dictyostelium as well as immune cells (21–23). The receptor-
independent cues that guide these ingestive membrane protru-
sions are largely unknown.

Unlike the well-studied nanometer-scale endocytic cups
(24–26), phagocytic and macropinocytic cups involve much
larger (close to a cell length) scale reorganization of actin cytos-
keletons. In Dictyostelium, phagocytic/macropinocytic cup
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formation begins with the appearance of micrometer-size
patches enriched in dendritic actin filaments, whose inner
domain has strong accumulation of phosphatidylinositol (3,4,5)
trisphosphate (PIP3) (27) along with GTP-bound form of Ras
and Rac. These active signaling patches are self-amplified by a
positive-feedback loop involving Ras and PI3K (28–30) and
serve as a common precursor or “template” for the cup forma-
tion (31, 32). As the patch increases in size, its outer edge
enriched in the SCAR/WAVE complex protrudes outward to
form a circular ruffle (32). Loss of RasGAP enhances both
phagocytosis and macropinocytosis (33–35), indicating that Ras
act positively on both processes. While deletion or pharmaco-
logical inhibition of PI3K suppresses liquid uptake, the deleteri-
ous effect on phagocytosis is limited to the uptake of large
particles (27, 36, 37). The identical molecular organization is
observed in the ventral side facing the substrate, where they
appear as patches that travel as “waves” (29, 32, 38). The ventral
patches are thought to be a frustrated form of a macropinocytic
cup (31) akin to the frustrated phagosomes in macrophage (39).
In this work, to clarify the relationship between the macropino-
cytic patch dynamics and the surface microscale topography,
live-cell imaging analysis of Dictyostelium cells on microfabri-
cated surfaces was performed. We demonstrate that the patch
travels along a micrometer-scale ridge and supports surface cap-
turing and cell guidance. Nucleation of the signaling patches at
the level of Ras-GTP occurs at the convex surface independent of
PI3K and F-actin. Guidance of patches requires PI3K-dependent
membrane evagination, which is constricted at the concave sur-
face in an actomyosin-dependent manner. Together with three-
dimensional (3D) simulations of a mathematical model for

macropinocytic cup formation, our results indicate that the com-
bined effects of topography-dependent initiation of the signaling
patch and the cup forming dynamics serve as the basis of the
topographical guidance

Results
The Ventral Patch Propagates along Micrometer-Scale Ridges and
Directs Dictyostelium Cell Migration. To gain an overview of the
microtopography dependency, the aggregation-stage Dictyoste-
lium discoideum cells (axenic strain AX4 expressing green fluo-
rescent protein [GFP]-labeled Lifeact) were plated on a SU-8
substrate with or without parallel ridges (1 μm high, 3 μm wide,
and 3-μm interval), and their behavior was compared by time-
lapse confocal imaging. Cells were manually scored at each
time frame for the presence of intense patches of F-actin on
the ventral plasma membrane. On both flat and structured sur-
faces, the percentage of cells with one or more patch increased
from 2 h after plating (SI Appendix, Fig. S1A) and reached 79 ±
13% and 98 ± 1% on flat and microstructured surfaces, respec-
tively (SI Appendix, Fig. S1 A, Right, 250 min). On the flat sur-
face, cells with the ventral patch (patch(+) cells) did not show
directional movement (Fig. 1A). Its displacement oriented ran-
domly [SI Appendix, Fig. S1B; patch(+)] and was small com-
pared with cells without the patches [SI Appendix, Fig. S1B;
patch(�)]. The direction of patch propagation also changed
frequently (Fig. 1B; red trajectories, Movie S1). On the micro-
structured surface, patch(+) cells migrated along the ridge [Fig.
1C and SI Appendix, Fig. S1C; patch(+)] while the patch
remained in its anterior (Fig. 1D and Movie S2), and their
movement seldom deviated from a single track. The presence

Fig. 1. The ventral actin patch travels along a micrometer-scale ridge and guides cell movement. (A–D) Cell trajectories and the ventral actin patch
dynamics in aggregation-stage AX4 cells on flat (A and B) and structured SU-8 surface (C and D). (A and C, Upper) Transmitted-light images of a represen-
tative field of view. Colored lines: trajectories of individual cells for 20 min (Scale bars, 50 μm). (A and C, Lower) Representative surface geometry. (B and
D) Time-lapse confocal images of the actin patch. Green: GFP-Lifeact; z-slice near the SU-8 surface (z = 0) (B), and maximum intensity projection (MIP)
from z = 0 to 2 μm (D, Left) and the cross-section along the yellow line (D, Right). Red lines: centroid trajectories of the actin patch. Time in min (Scale
bars, 10 μm). (E) Fraction of patch-positive cells after LY294,002 treatment (mean ± SE, >13 cells per condition). (F) Cell trajectories before (black, time
duration 5 min) and after (red, time duration 13 min) LY294,002 application. (G) Angular distribution of cell displacement relative to the ridges before
(black solid line; n = 14 cells) and after LY294,002 application (red line; n = 6 cells). DMSO mock control (black broken line; n = 8 cells). (H) GFP-Lifeact/
pi3k1-5� cell (MIP from z = 0 (near the substrate) to 2 μm on XY- (Upper) and XZ plane (Lower). Time in s (Scale bar, 10 μm). (I) Trajectories of patch(+)
AX2 and pi3k1-5� cells (time duration 10 min; n = 11 and 13 cells) on the structured SU-8 surface.
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of the patch was strongly correlated with the directed migration
along the ridge (SI Appendix, Fig. S1D; 0 rad), while the speed
of cell centroid was not largely affected (SI Appendix, Fig.
S1E). The average directional persistence time in patch(+) cells
increased from 0.54 min on the flat surface to 13.7 min on the
structured surface [SI Appendix, Fig. S1F; Flat, (+), Struc, (+)].
In contrast, the persistence time was not affected in patch(�)
cells; 3.0 min on the flat surface and 4.6 min on the structured
surface [SI Appendix, Fig. S1F; Flat, (�), Struc, (�)].

The actin patch and the leading edge moved along a single
ridge and rarely traversed to neighboring ridges. Some cells
migrated in one direction for over 30 min before switching
direction, while others frequently made turns and consequently
showed small net displacement, less than 80 μm throughout our
50-min time-lapse observations (SI Appendix, Fig. S1G).
Change in the migration direction was accompanied by either
patch reversal or splitting (SI Appendix, Fig. S1 H and I). In
reversal, the actin patch traveled from the cell anterior to the
opposite end (SI Appendix, Fig. S1H). In splitting, the anterior
patch separated in half, and a daughter patch reached the pos-
terior end to become a new front while the other patch disap-
peared (SI Appendix, Fig. S1I). Cells that exhibited frequent
patch reversal and splitting showed small net displacement (SI
Appendix, Fig. S1J). In less-polarized growth-stage cells, almost
the entire ventral side of the plasma membrane was covered by
a single patch if not a few separate patches at most, resulting in
large ruffles projected in many directions (SI Appendix, Fig.
S2A, Flat). Here, small patches were restricted to the ridges (SI
Appendix, Fig. S2A, Ridge, 24 to 48 s), while larger ones often
covered several ridges (SI Appendix, Fig. S2A, Ridge, 72 to 120
s). In both patch(�) and patch(+) growth-stage cells, persistent
migration along the ridge seldom occurred (SI Appendix, Fig.
S2B; refer to SI Appendix, Fig. S2C for a rare case). These
results indicate that microtopographical features guide patch
propagation, which can also guide cell migration in differenti-
ated cells.

The Microtopography Guidance Is Mediated by Macropinocytic
Signaling Patches and Is Incompatible with Chemotaxis. These
observations raise a question whether the macropinocytic sig-
naling patch was replaced by some other process when pre-
sented with curved surfaces. Spatial organization of the key
molecular components that define the ventral patch on flat sur-
faces (29, 32, 40) mapped well to the patch observed at the
ridge [i.e., Ras-GTP, Rac-GTP, PI(3,4,5)PIP3, and Talin A at
the inner domain and PI3K, SCAR complex, Talin B, and
F-actin at the patch rim (SI Appendix, Fig. S3)]. The default
membrane state that surrounds the patch was enriched in
PTEN, Myosin II, and an actin crosslinker Cortexillin I (SI
Appendix, Fig. S3), which is also consistent with the pattern
observed on flat substrates (29, 40). These observations indicate
that the membrane evagination surrounding the ridge is a large
macropinocytic cup in a frustrated state. When assayed for the
uptake of fluorescein isothiocyanate (FITC)-labeled dextran
from the surrounding buffer (27, 34), cells on the structured
substrate showed as much as 59.6% reduction (SI Appendix,
Fig. S4A) compared with cells on the flat surface. A possible
interpretation of this result is that the continued presence of a
frustrated macropinocytic cup interferes with the dynamics
from taking place elsewhere. Such a notion is supported by an
earlier observation that when cells are sandwiched between two
planes, the patch often appears on one side only (41).

Another good indicator of macropinocytic patch at least for
cells in growth-stage or cells early into differentiation is that it
can be extinguished by PI3kinase inhibitor LY294,002 (29, 30).
We observed that in the aggregation-stage cells too and on
the ridge, the patch was extinguished by LY294,002 treatment
in a dose-dependent manner (Fig. 1E). When applied with

LY294,002 using a microneedle, the patch disappeared, and the
cell trajectories deviated from the ridge (Fig. 1F, red). Direc-
tional bias decreased to a level comparable to nontreated cells
without the ventral patch [Fig. 1G, LY294,002, compare with SI
Appendix, Fig. S1D; Struc., (�)]. A mock treatment with
dimethyl sulfoxide (DMSO) had no effect on the patches and
the guidance (Fig. 1G, DMSO). Although these results further
support the causal relationship between the patch and topo-
graphical guidance, because LY294,002 is a broad-spectrum
inhibitor (42), extinction of the patch may be due to inhibiting
multiple kinases in addition to PI3K. In the PI3K-null (pi3k1-
5�) cells, the patch was still observed at the level of F-actin, in
agreement with recent reports (30, 32); however, they did not
propagate along the ridge (Fig. 1H). Accordingly, in contrast to
the parental axenic strain AX2, which showed clear directional
migration along the ridge (Fig. 1 I, Left), pi3k1-5� cells showed
random movement (Fig. 1 I, Right). F-actin accumulation at the
rim of the patch was markedly reduced especially near the cell
edge in pi3k1-5� compared with its parental AX2 (SI Appendix,
Fig. S5 A and B), which is consistent with an earlier observation
of weak SCAR complex localization in pi3k1-5� cells (32) and
the positive-feedback regulation between PI3K and F-actin
(28). These results indicate that while the appearance of the
patch per se does not require PI3K, its guidance along the ridge
is strictly PI3K dependent. The confinement of the patch
appears not to depend on the strict turnover rate of phosphoi-
nositides because while the speed of the patch propagation was
slow for both pi3k1-5� and the null strain of 30-phosphatase
PTEN (SI Appendix, Fig. S5 C–E), the positional restriction
to the ridge was intact in pten� cells (SI Appendix, Fig. S5F).
We should also note that the observed topographical guidance is
distinct from the earlier reported LY294,002-insensitive biased cell
migration along submicrometer-scale ridges (13). Nanometer-
scale–dependent processes are known to often involve
SH3-domain–containing BAR protein (24, 26). Similar to
mammalian cells, we found that SH3- and BAR domain–
containing Nwk/Bzz1p-like protein (NLP) (43) exhibited
membrane localization along the surface of polystyrene beads
smaller than 1-μm radius but not larger (SI Appendix, Fig. S4 B
and C). Accordingly, no clear colocalization of NLP with the
patch was observed on the micrometer-scale ridge (SI Appendix,
Fig. S3 B and C). Two other SH3-domain–containing BAR
proteins, SLP and DDB_G0271812, were checked, and we did
not detect localization adjacent to the beads (SI Appendix,
Fig. S4 B and C). These results indicate that the macropinocytic
signaling patch mediates distinct micrometer-scale topography
guidance.

The high directedness of the topographically guided move-
ments suggests potential crosstalk with chemotaxis. Cells
exposed to a concentration gradient of cAMP formed from the
tip of a glass needle exhibited two types of response (SI
Appendix, Fig. S6 A and B and Movie S3). In approximately
one-half of the case, actin patches disappeared within 5 min
after stimulation [SI Appendix, Fig. S6E; 37.5% on the micro-
structured (n = 40 cells) and 58.5% on the flat (n = 41 cells)]
surfaces, and the cells migrated up the gradient (SI Appendix,
Fig. S6A). For the rest of the case, actin patches persisted, and
cells continued to migrate along the ridge irrespective of the
gradient orientation (SI Appendix, Fig. S6B). Cell trajectories
on a flat (SI Appendix, Fig. S6C) and a structured (SI Appendix,
Fig. S6D) substrate clearly show that chemotaxis was markedly
suppressed when the actin patches were present. The mean
migration speed toward the cAMP source was close to zero in
patch-positive cells (SI Appendix, Fig. S6F). Erasure of patches
by the cAMP stimulation was more pronounced and rapid in
cells on the flat surface compared with those on the structured
surface (SI Appendix, Fig. S6E). After 10 min, while the patches
remained diminished in cells on the flat substrate, they were
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restored in cells on the structured substrate. The same cell was
observed to switch between the two behaviors; cells that first
migrated up a cAMP gradient (SI Appendix, Fig. S6 G and H, 0
to 100 s) stopped as a ventral actin patch appeared (SI
Appendix, Fig. S6 G and H, 110 to 210 s), then again resumed
chemotaxis as soon as the patch disappeared (SI Appendix, Fig.
S6 G and H, 220 to 300 s). Small protrusions toward the cAMP
source were observed in some cells during microtopographical
guidance (SI Appendix, Fig. S6I), suggesting that patch(+) cells
still responded to extracellular cAMP. These results indicate
that chemoattractant stimulus suppresses patch formation;
however, this effect is counteracted by the ridge structure.

Signaling Patch Is Preferentially Initiated at the Ridge Independent
of PI3K/F-actin. The observation suggests that patch formation is
promoted by microtopography. Measurements of the positions
of patch nucleation relative to the surface topography show
that majority of the ventral patches were initiated at the ridge
in both growth- and aggregation-stage cells (Fig. 2A; AX4, veg
and AX4, agg), independent of the position of the cell centroid
(Fig. 2 A, Bottom). Note that because the analysis is per nucle-
ation basis, many of the instances detected were during transi-
ents prior to or in between migration events along the ridge.
The duration that a growth-stage cell had one or more patches
was on average 244 ± 54 s (n = 20 events) and 654 ± 111 s (n =
24 events) on flat and structured surfaces, respectively. In
aggregation-stage cells, majority of patches persisted through-
out our time-lapse observations (50 min). Conversely, when the
surface was coated with lectin wheat germ agglutinin, which
enhances attachment of Dictyostelium cells (44), the occurrence
of actin patches decreased markedly (SI Appendix, Fig. S7 A
and B). The lifetime decreased to 4.0 ± 0.6 min (structured, n
= 22 patches; flat, no patch), and the directional bias also
diminished (SI Appendix, Fig. S7C, compare with SI Appendix,

Fig. S1D). The positional bias of the patch initiation was also
observed in pi3k1-5� cells at the level of Ras-GTP (Fig. 2B),
indicating that it does not require PI3K.

An earlier study suggested that the increased appearance of
the signaling patches in the axenic strains is due to null muta-
tion in RasGAP NF1 (32). Therefore, we tested the parental
nonaxenic strain (NC4), which has the intact RasGAP. Growth-
stage NC4 cells were analyzed because actin patches were
absent in the aggregation stage. On a flat surface, only a few
percent of the cells exhibited patches (4.3%, n = 23 cells) in
agreement with an earlier study (32). In contrast, the percent-
age increased drastically on the structured substrate (67%, n =
18 cells). The occurrence of patches was 0.03 ± 0.03/min and
0.35 ± 0.08/min for flat and structured surfaces, respectively
(Fig. 2C). Majority of the patches were initiated at the ridge
(Fig. 2A, NC4, veg). These patches were relatively short lived
(Flat, 34 ± 5 s, n = 8 patches; Struc., 21 ± 2 s, n = 42 patches)
and did not facilitate migration; however, they competed with
the leading-edge protrusion (Fig. 2D, t = 15 to 30 s, Fig. 2E;
red arrow). Interestingly, in NC4 cells treated with actin poly-
merization inhibitor LatrunculinA (LatA), the patches of a
PIP3 marker (PHcrac-GFP) appeared even on the flat surface
(Fig. 2 F, Left) as well as on the structured surface (Fig. 2 F,
Right) (Movie S4). Here too, there was a strong bias in the
occurrence of the patch at the ridge (Fig. 2 G, Right). These
patches remained at the site of initiation (SI Appendix, Fig. S8
A, Right) and disappeared spontaneously (Movie S4). The
results indicate more stringent microtopography dependency of
patch initiation in NC4 compared with the axenic strains. How-
ever, caution is needed in interpreting the results because
LatA-treated cells tend to sink down and become trapped
between two neighboring ridges due to immobility, so that the
ridge inevitably coincides with the cell edge. On the flat surface,
the patch initiation in LatA-treated cells was skewed rather

Fig. 2. Ras-GTP patch is preferentially initiated at the ridge independent of PI3K/F-actin. (A and B) Distribution of F-actin (A) and Ras-GTP (B) patch
nucleation along the x-axis (Upper: the ridge z-profile) for (A) aggregation-stage (agg) AX4 cells, vegetative (veg) AX4 and NC4 cells, and (B) vegetative
AX2 and pi3k1-5� cells (Middle). Cell position at the time of patch nucleation (Bottom, mean ± SE, n = 28 (AX4, veg), 27 (AX4, agg), 45 (NC4, veg), 30
(AX2, veg), and 40 patches (pi3k1-5�, veg), each dot represents a unique cell). (C) Frequency of ventral actin patch nucleation in vegetative NC4 cells
[mean ± SE, n = 23 (Flat) and 18 cells (Structured), each dot presents a unique cell]. (D) Lifeact-GFP/NC4 on ridges (green: Lifeact-GFP; MIP from z = 0 to 3
μm). Time in s (Scale bar, 10 μm). (E) A kymograph along the yellow line in D. The image is enlarged eight times in time axis by pixel interpolation for visi-
bility. (F) Representative snapshots from confocal images of vegetative NC4 cells expressing PHCRAC-GFP that are treated with 3 μM LatA on flat (Left) and
microstructured (Right) surfaces (green: PHCRAC-GFP; MIP from z = 0 to 3 μm, the Lower schematic indicates ridge positions) (Scale bars, 5 μm). (G) Distribu-
tion of PHCRAC patch nucleation in LatA-treated NC4 cells; flat (Left, n = 75 patches) and structured (Right, n = 118 patches) surface (Middle). x = 0 is set
to cell centroid for flat surface and the trough for structured surface (Upper: surface z-profile). Cell position at the time of patch nucleation (Bottom,
mean ± SE, each dot represents a unique cell).
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toward the center of the cell (Fig. 2 G, Left). Thus, while the
intracellular positional bias cannot be ruled out in case of
LatA-treated cells, the pattern is reversed and is thus overrid-
den by the topography effect. The average fluorescence distri-
bution of patches (SI Appendix, Fig. S8B), which measures
where the patch tended to reside over time after its appear-
ance, shows relatively small difference between the bottom
(X = 0 μm) and the top (X = 1.5 μm) of the ridge in LatA-
treated cells (SI Appendix, Fig. S8B, LatA) compared with
untreated cells (SI Appendix, Fig. S8B, Untreated). This indi-
cates that tight confinement of the patch to the ridge is facili-
tated by F-actin.

Substrate Curvature Determines the Direction of Patch Propagation
and Membrane Evagination. In order to analyze the geometrical
features that potentially constrain propagation of the signaling
patch, we employed a SU-8 surface with a large plateau. On a
plateau height (h) large enough to prevent a patch from cover-
ing both the top and bottom plane simultaneously (h = 8.5 μm),
the patch propagated along the convex edge (Fig. 3A). On a low
plateau (h = 3.5 μm), after traveling down from the top to the
bottom (Fig. 3B, 00:00 ∼ 01:00), the patch changed direction
and moved sideways along the ridge (Fig. 3B, 01:00 ∼ 01:30).

These observations suggest two opposing effects of the surface
topography; convex surfaces attract and guide the patch, while
concave surfaces prevent it from propagating further (SI
Appendix, Fig. S9A). For more rigorous quantification, recon-
structed 3D images were analyzed based on the spatial distri-
bution of the patch with regard to the surface topography (Fig.
3C). Here, DU and DH are defined as the distances from the
convex edge to the farthest points in a patch at the top and the
lateral planes, respectively. DL is the distance from the concave
edge to the farthest point in a patch at the bottom plane, and
D is the sum of DU, DH, and DL. For patches observed on a
high plateau (h = 8.5 μm), DU/D = 48 ± 1% and DH/D = 51 ±
1% (Fig. 3D, n = 83 plots), meaning that patches expanded
equally well toward the top and lateral plane (SI Appendix,
Fig. S9 C, Upper). At the intermediate height (h = 3.5 μm),
DU/D increased to 59.4 ± 0.9% while DH/D decreased to 35.
8 ± 0.7% and DL/D = 4.9 ± 0.5% (Fig. 3D, n = 117 plots).
Here, DU/D > DH/D with DL/D close to zero which indicates
that the concave edge is inhibitory to patch propagation (SI
Appendix, Fig. S9 C, Middle). For a low plateau h = 1 μm,
DL/D increased to 23.8 ± 0.6% (Fig. 3D, n = 407 plots), reflect-
ing the spread of the patch to the bottom plane (SI Appendix,
Fig. S9 C, Lower).

Fig. 3. Patch propagation is directed along the convex edge and stalled at the concave edge. (A and B) 3D time-lapse images of patch-positive cells on
plateaus of 8.5 μm (A) and 3.5 μm (B) height (green: GFP-Lifeact; MIP in the direction 60 degrees from the z-axis, yellow: plateau contour). Time in min:s.
(C) A schematic of parameters DU, DH, DL, D, and h. (D) The height dependence of DU/D, DH/D, DL/D in AX4 cells. (E–G) Curvature dependence of patch
propagation. (E) Patch-positive cells on triangular ridges with curvature radius R = 2.9 μm (Left) and R = 44 μm (Right) (green: GFP-Lifeact and SU-8 fluo-
rescence; MIP from z = 0 to 20 μm (R = 2.9 μm) and z = 0 to 7 μm (R = 44 μm) into the XY (Upper) and XZ (Lower) plane) (Scale bar, 10 μm). (F) Angular
distribution of centroid displacement of patch-positive cells relative to the ridge direction. (G) Autocorrelations of patch positions in the XZ plane (shown
in E, Lower) on the ridges with various curvature (mean ± SE, n = 4, 5, 5, and 9 cells).
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At the concave edge, the rim of the patch is located at the
interface of the dorsal and the ventral side of the plasma mem-
brane (SI Appendix, Fig. S9A). In order for the patch to expand
and form the protrusive actin networks, it must invade the
region of the plasma membrane backed by crosslinked actomy-
osin (40). At the concave edge, actomyosin may be augmented
locally to counteract expansion of the patch and the membrane
protrusion. Indeed, when the patch stalled and became con-
stricted to the ridge (SI Appendix, Fig. S9D, 40 to 80 s), there
was accumulation of Myosin II at the dorsal side of membrane,
and at the same time, the membrane was retracted to the side
of the ridge (SI Appendix, Fig. S9E, 40 to 70 s). Myosin II accu-
mulation weakened afterward (SI Appendix, Fig. S9E, 70 to 80
s) but stayed relatively high around the ridge on the dorsal side
of the plasma membrane (SI Appendix, Fig. S3B, Myosin).
Together with the near 90° contact angle against the bottom
plane [SI Appendix, Fig. S3 A, Lower (asterisk) for the sche-
matic], the results suggest high cell surface tension. Since cross-
linkers of cortical actin (i.e., Myosin II and Cortexillin I/II) are
essential for the cortical integrity and contractility in Dictyoste-
lium (45, 46), we postulated that the patches in their null
mutants may escape and travel across the concave edge.
Indeed, in null mutants of Cortexillin I/II (ctxI�/ctxII�) and
Myosin heavy chain A (mhcA�), DL/D for h = 1.5 μm increased
to 19 ± 1 and 25 ± 2%, respectively, from 9.9 ± 0.4% in AX4
(SI Appendix, Fig. S9F). Furthermore, patches in mhcA� and
ctxI�/ctxII� propagated along the ridge but was not well con-
fined (mhcA� in SI Appendix, Fig. S9G; ctxI�/ctxII� in SI
Appendix, Fig. S10C, 0 to 150, 750 s). Notably, in mhcA�,
patches often traversed between the ridge and the bottom
plane (SI Appendix, Fig. S9 H and I). We should note that,
based on the continued expansion of the circular F-actin rich
domain (SI Appendix, Fig. S9G; SI Appendix, Fig. S10C, 750 s,
asterisks), it is not just the membrane but also the signaling
patch that is expanding to the bottom plane. These observa-
tions are compatible with the observation of LatA-treated cells
(SI Appendix, Fig. S8B) and suggest that the cortical actomyosin
at the dorsal side supports patch constriction at the concave
edge.

To further address the geometry requirement of the convex
edge, ridges of different curvatures were fabricated (SI
Appendix, Fig. S9J). Here, the contour of the ridge was set
larger than the average patch diameter ∼10 μm so that a single
patch would not encompass the convex and concave edges
simultaneously. At curvature radius R = 2.9 μm (SI Appendix,
Fig. S9 J, a), the patch still propagated along the ridge (Fig. 3
E, Left) and guided directional cell movement (Fig. 3F, R = 2.9
μm). On the other hand, at R = 44 μm (SI Appendix, Fig. S9 J,
c), patches propagated without preferred direction (Fig. 3 E,
Right; Fig. 3F, R = 44 μm), appearing identical to those on the
flat surface (Fig. 3F, Flat). The patch position along the curved
surface (SI Appendix, Fig. S9K) fluctuated little at R = 2.9 μm
(Fig. 3G), indicating tight trapping at the convex edge. The
effects of the surface geometry are further vindicated by using
zig-zag–patterned ridges of various angles in the x–y plane,
which facilitate fluorescence microscopy imaging. Under this
configuration, at each given corner, there is a convex edge on
one side and a concave edge on the other (SI Appendix, Fig.
S9B). For ±90° corners (Fig. 4A and Movie S5), we found that
the cell anterior and the actin patch faithfully traced the ridge.
During turning, strong accumulation of F-actin continued along
the outer corner (convex in the horizontal plane), while it
diminished at the inner corner (concave in the horizontal
plane) (Fig. 4B, �90 ∼ �30 s) before it recovered as the lead-
ing edge exited the corner (Fig. 4B, 0 ∼ 90 s). Fluorescence
intensities of GFP -Lifeact increased transiently at the outer
corner by 1.6-fold (Fig. 4C, 90°) and decreased to 0.2-fold at
the inner corner (Fig. 4D, 90°). With corners set at ±120°
angle, the intensity fluctuation was smaller (Fig. 4 C and D,
120°), indicating that corners with sharper angles induce larger
shifts in the level of F-actin accumulation. We also tested the
patch behavior on intersecting ridges that form a T- or X- junc-
tion (SI Appendix, Fig. S10A). On a T-junction, a patch that
entered the junction from the bottom of the Tencountered two
90° corners facing the opposite directions. The patch stalled at
both sides and sometimes reversed its direction (17.2%, SI
Appendix, Fig. S10 A, a, Reverse). When a patch and the cell
anterior entered the junction from the top of the T, they

Fig. 4. Topographical dependence of patch propagation guides cells along zig-zag and bifurcating ridges. (A and B) Zig-zag ridges with 90-degree cor-
ners. (A, Upper) Transmitted-light images. (A, Lower and B) GFP-Lifeact; MIP from z = 0 to 2 μm. Zoom-up images of turning at the corner (B). (C and D)
Change in the GFP-Lifeact intensity along the outer (C) and inner corners (D) with angles 90 (blue), 120 (red), and 180 (gray) degrees (mean ± SE, n = 16,
21, and 11 events). The patch centroid reached the corner at t = 0. (E and F) Patch reversal at a T-junction (E) and a X-junction (F). Yellow lines indicate
the ridge contours. Time in min (A) and s (B, E, F) [Scale bars, 20 μm (A) and 10 μm (B, E, F)]. Ridge dimension: 1.5-μm height, 4-μm width.
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continued to propagate at the straight side while stalling at the
concave side (Fig. 4E). The percentage of the patch that
reversed its direction was 15.5% (SI Appendix, Fig. S10 A, b,
Reverse). On X-junctions, which also have concave corners at
both sides (Fig. 4F and Movie S6), patches also stalled at the
intersection (Fig. 4F, 0 to 180 s), then reversed direction (Fig.
4F, 180 to 360 s; 27.6%, SI Appendix, Fig. S10 A, c, Reverse).
These results further vindicate that the concave surface sup-
presses propagation of actin patches.

Competition between Split Patches Depends on the Patch Size. To
study dependence of the patch behavior at the junction on Cor-
texillin, we employed Y-junctions (SI Appendix, Fig. S10C and
Movies S7 and S8) since its threefold symmetry made data sam-
pling efficient for systematic quantification. Here, turning to
the left or right direction along the ridge occupied close percen-
tages in the three strains tested: AX4, ctxI�, and ctxI�/ctxII�

(SI Appendix, Fig. S10B, Turns), while reversal was never
observed for ctxI� and ctxI�/ctxII� (SI Appendix, Fig. S10B,

Reverse). Splitting accounted for the rest of the percentage [i.e.,
40.0% in AX4, 86.0% in ctxI�, and 75.4% in ctxI�/ctxII� (SI
Appendix, Fig. S10B, Split)]. Here, the patch split into two,
the cell was stretched in two opposing directions until one of
the patches disappeared, and the surviving patch continued
to guide the cells (Movies S7 and S8). To gain further
insights, the time evolution of the patch size and the cell
length along the ridge were analyzed (SI Appendix, Fig. S10
E–G). In all three strains tested, patch splitting was asym-
metric in size, and the larger patch survived in most cases (SI
Appendix, Fig. S10F). The maximal distance from the junc-
tion to the bifurcating cell edge (SI Appendix, Fig. S10C, t =
600, Inset) for the surviving patch, ls, MAX was always larger
than that of the diminishing patch ld, MAX (SI Appendix, Fig.
S10 G and H). These results indicate the patch size at the
time of splitting determines which of the bifurcating ridges is
selected for the topography guidance.

There were a few observations worth noting in the
Cortexillin-null mutants. Almost the entire ventral side of the
plasma membrane was covered by the patch in these mutants
[i.e., the patch leaked out from the ridge and the membrane
spread out to the bottom plane (SI Appendix, Fig. S10C, 0 to
150 s)]. During splitting, the two fronts stretched out in the
opposing directions and became more tightly constrained to the
ridge (SI Appendix, Fig. S10C, 300 to 450 s), while the remain-
ing stretched region that bridged the two branches was now not
occupied by the patch (SI Appendix, Fig. S10C, 450 to 600 s,
red arrows). Both ls, MAX and ld, MAX were longer in ctxI� and
ctxI�/ctxII� compared with AX4 (SI Appendix, Fig. S10H). The
magnitude of elongation (ls, MAX + ld, MAX) relative to the front-
to-back cell length just before entering the junction (l0) was 1.
29 ± 0.08, 1.59 ± 0.09, and 2.3 ± 0.1 for AX4, ctxI�, and ctxI�/
ctxII�, respectively, which indicates that the patches move fur-
ther apart in the ctxI� and ctxI�/ctxII� cells. The expansion
slowed down and halted as one of the competing patches
shrunk (SI Appendix, Fig. S10D, 340 to 600 s), and the mem-
brane was retracted toward the surviving end (SI Appendix, Fig.
S10C, 600 to 750 s). Interestingly, the surviving patch spread
out from the ridge again to the bottom plane as soon as the
patch disappeared on the other side (SI Appendix, Fig. S10C,
750 s, asterisks). More quantitatively, in AX4, the cell area out-
side the ridge in the splitting patches normalized to that in the
nonsplitting patches was AS/ANS 1.06 ± 0.04 in AX4 (SI
Appendix, Fig. S10 I and J), meaning that the cell remained
elongated tightly along the ridge. In ctxI� and ctxI�/ctxII�, AS/
ANS = 0.68 ± 0.04 and 0.71 ± 0.04, respectively (SI Appendix,
Fig. S10 I and J), reflecting decrease in the membrane area that
spread outside the ridge during stretching. These results sug-
gest that the poor constriction of the patch to the ridge in ctxI�

and ctxI�/ctxII� cells can be circumvented by the forward patch
expansion and the accompanied stretching of the entire cell.

A Reaction–Diffusion–Based Model of Macropinocytic Cup Forma-
tion Recapitulates Topography-Guided Cell Migration. To see the
relationship between the cup forming dynamics and the topo-
graphical guidance, we studied the outcome of a mathematical
model of macropinocytic cup formation (47) when interfaced
with a solid surface. The model describes a reaction–diffusion
process that forms signaling patches on a deformable mem-
brane. A patch can grow until it reaches a certain size limit.
Based on the Arp2/3 localization and its alignment (48, 49), the
model assumes that protruding force perpendicular to the
membrane is restricted to the patch rim. 3D numerical simula-
tions show that on both flat and structured surfaces the patch
was confined to the ventral side as observed in the experiments
(Fig. 5 A and B). On a flat surface, cups could not form due to
large load by the physical barrier (Fig. 5A and Movie S9, Left
panel). Whereas on a structured substrate with a linear ridge,
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Fig. 5. Three-dimensional simulations of the macropinocytic cup dynamics
recapitulate the topographical guidance. (A–C) Representative snapshots
from the simulations with a flat substrate (A) and with a ridge (height =
1.5 μm and width = 3.0 μm) (B and C). Surface tension was η = 0.7 nN/μm
(A and B) and 0.55 nN/μm (C). The signaling patch (red; Aψ > 0), the inhibi-
tor molecule (blue; Iψ > 0) and the membrane (green; ψ > 0) [merged
images; side view (Left), birds-eye view (Middle), and the cross-section
along the plane parallel to the surface (Right)]. Other parameters are:
dx = 0.2 μm, dt = 2 × 10�4 s, ε¼ 1:2 μm, MV ¼ 5.0 nN/μm5, τ = 10.0 nN� s/
μm3, F = 2.6 nN/μm2, β = 100.0, θ = 0.105, k1= 0.05 s-1, k2 = 0.5 s-1, at = 1.6,
Da = 0.17 μm2/s, Di = 0.13 μm2/s for (A) and Di = 0.1 μm2/s for (B and C),
K1 = 0.05, and K2 = 0.04.
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protrusions were released from the frustrated state, and the
resulting membrane extension covered the ridge (Fig. 5B and
Movie S9, Middle panel). These behaviors stand in contrast to
simulations of suspended cells where a patch expanded freely
to form a self-enclosing cup structure (47). Interestingly, as the
patch extends the membrane along the ridge, the direction of
the patch propagation was naturally biased in the same direc-
tion (Fig. 5B). This behavior results from the very fact that
patch dynamics and the membrane protrusion are mutually
defining; a patch determines where the protrusive force is
exerted, and the resulting membrane expansion defines where
the patch would further occupy. Under reduced tension, the
membrane spreads across the substrate, which further allows
the patch to propagate outside the ridge (Fig. 5C and Movie
S9, Right panel), which is in line with the behavior of the mhcA-
null cells (SI Appendix, Fig. S9 G and H). The other essential
requirement was that a small seed for the patch initiation had
to be set at the ridge as an initial condition so that the mem-
brane extension would be less hindered by the concave edge of
the ridge. These results demonstrate that the topographical-
dependent nucleation of the patch as observed at the level of
Ras-GTP in PI3K-null cells provides the essential initial condi-
tion, which is then amplified into an expanding patch that can
define the necessary force profile suited to guide the patch and
the membrane according to topographical features.

Discussion
Previous works suggested that the signaling patches of Ras/
PIP3 in Dictyostelium are constitutive processes that serve as
templates for phagocytic/macropinocytic cups (31, 32). The pre-
sent work demonstrated that the signaling patch and the cup
dynamics are topography dependent and serves to steer mem-
brane protrusions along micrometer-scale structures. The topo-
graphical guidance consisted of 1) PI3K/F-actin–independent
Ras-GTP patch initiation that is selective to convex surfaces of
micrometer scale, 2) PI3K-dependent guidance of the patch
and the membrane extension along the convex surface, and 3)
actomyosin-dependent patch constriction at the concave sur-
face. The topography-dependent patch nucleation and the ridge
capturing suggest a mechanism whereby a cup is selectively
generated when the plasma membrane is in contact with a suffi-
ciently curved surface. We demonstrated that patch nucleation
at the ridge is independent of PI3K (Fig. 2B) and F-actin (Fig.
2 F and G). Strict topographical dependence was observed in
the wild-type NC4 strain (Fig. 2 A and C). Even for the axenic
strain, which has hyper Ras activity and constitutive patch for-
mation on flat surfaces (32, 33), our results demonstrate that
the patch is preferentially initiated at the ridge (Fig. 2A), sug-
gesting that topographical sensing still operates on top of the
elevated Ras activity. Since forced elevation of Ras/Rap activity
can enhance spontaneous patch generation (50), the present
analysis indicates that surface topography has a similar effect
on Ras but acting locally. Under chemoattractant stimulus, Ras
is thought to be under adaptive feedforward-type regulation.
Here, activation of RasGAP follows that of RasGEF, and both
stay elevated so that the level of Ras-GTP is adjusted close to a
fixed level (51, 52). Suppression of the patch by extracellular
cAMP can be explained if one assumes RasGEF is activated or
RasGAP is inhibited by the topography however weakly, so
that it is canceled by the adaptive response elicited by the
cAMP stimulus. Although the observed cell–cell variability in
the preference between chemotaxis versus topography guidance
may be associated with variability in these responses, it is
unclear how they should be mutually exclusive. Strengthening
the contact between the substrate and the plasma membrane
also almost completely abolished the patch both on the flat and
structured surfaces (SI Appendix, Fig. S7B). Because strong

adhesion flattens the membrane, patch induction may be based
on spontaneous curvature of lipid- and membrane-bound mole-
cules (53). Alternatively, strongly adhesive conditions may be
more directly inhibitory to patch initiation, propagation, or
both. In several mammalian cell lines, ventral F-actin waves
require a cycle of integrin engagement and disengagement to
extracellular matrix (ECM) (54). We found that Talin A and
Paxillin B localized to the inner region of the patch and Talin B
to the rim where F-actin is enriched (SI Appendix, Figs. S3 B
and C and S11 A–C). A potential role of Talin in Rap1 and
PI3K signaling (55, 56) suggests that spatiotemporally coordi-
nated turnover of cell–substrate adhesion may also be part of
the patch dynamics.

According to our mathematical model, a self-enclosing mem-
brane cup arises from size-limited patch expansion whose rim
defines the position of the protrusive force (47). The model
simulations indicate that as long as the initial seed of patch for-
mation is given near the top of a ridge, membrane protrusion
can push toward the indentation and enclose the ridge (Fig.
5B). According to this generic mechanism, the primary roles of
PI3K are to restrict the protrusive force to the patch rim by
mediating amplification of F-actin therein and to support patch
propagation. While the former is simplified in the model by
assuming a static force profile function (figure 1E in ref. 47),
the process is likely more self-regulatory and involves feedback
amplification of Ras, PI3K, and F-actin (30). Such notions are
supported by the fact that, in pi3k1-5�, the patch is not con-
strained to the ridge (Fig. 1H), and F-actin at the rim is dimin-
ished (SI Appendix, Fig. S5 A and B). On the other hand, the
elongated cell shape that closely covers the ridge can be
explained by minimization of the cell surface area in addition
to capturing of the ridge by the protruding membrane at the
rim of the patch. In the model, under reduced surface tension,
the membrane spreads beyond the concave edge and can hence
allow the patch to escape (Fig. 5C). Poor confinement of the
patch to the ridge in Myosin-null (SI Appendix, Fig. S9 G–I)
and Cortexillin-null cells (SI Appendix, Fig. S10C) is consistent
with their reduced cell surface tension (45, 46). A noticeable
discrepancy likely due to oversimplification of the model, how-
ever, is that even when the patch was guided by the ridge, the
patch and the membrane were not as well confined to the ridge
in the simulation compared with the real cells (Figs. 1D and
5B). If topography dependence of Ras activity continues to
hold during feedback amplification through PI3K/F-actin, such
a property may support much tighter patch propagation along
the concave edge. In addition, membrane translocation of Myo-
sin II, Cortexillin I/II, and PTEN are known to be invoked by
aspiration (57, 58) and thus mechanically regulated, and this
can also reduce Ras-GTP (59). Such mechanochemical regula-
tion may explain why trapping was temporarily improved in
Cortexillin-null cells when being stretched at the bifurcating
ridges (SI Appendix, Fig. S10 I and J). Absence of patch rever-
sal at the junction in Cortexillin-null strains (SI Appendix, Fig.
S10B) suggests that cortical contractility acts negatively on the
patch persistence at the cell anterior also. Another important
aspect is the speed of patch propagation which should be com-
parable to cell movement for it to effectively guide the cell.
According to our model, without the inhibitor the
reaction–diffusion scheme is no longer excitable and thus the
patch stalls (45). Given the fact that the patch propagation
speed was significantly reduced in pi3k1-5� and pten� cells (SI
Appendix, Fig. S5C), the activity of this hypothetical inhibitor
may depend on the specific balance of phosphoinositides pre-
sent in the plasma membrane.

All in all, our results suggest that PI3K play roles in guiding
the patch along the convex feature, while Myosin II and Cortex-
illin I/II facilitates tight constriction of the patch toward the
concave edge. These processes run in a self-regulatory manner
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with the accompanying membrane protrusion and retraction.
The topographical dependency is in line with earlier observa-
tions of trapping of actin patches at the sidewall of perforated
microwells (60) and stalling of the cup at the furrow of a bud-
ding yeast (2). Such regulation may be a widespread mecha-
nism for large particle uptake. In PI3K-null cells, the ingestion
rate is severely impaired for yeast particles of 3 to 5 μm in
diameter (36) but not for bacteria or 1-μm latex beads (27).
Phagocytic uptake of IgG-coated beads in RAW264.7 cells
requires PI3K when beads are larger than 3 μm in diameter
(61). In macrophage, phagocytic cups are accompanied by
Myosin II accumulation when tight contact is formed with IgG-
opsonized erythrocytes (62). It should be noted that the macro-
pinocytic signaling patches described here take place in the
order of minutes, which contrasts with the nano-scale curva-
ture-dependent waves of endocytosis that propagates in sec-
onds timescale (63, 64). The distinction was also clear from the
fact that a BAR domain protein that localized to submicrome-
ter bead did not colocalize to the patch (SI Appendix, Figs. S3
B and C and S4 B and C). The macropinocytic guidance is also
distinct from those based on mature focal adhesions (65) and
actin cables (66, 67), which are both absent in Dictyostelium.

F-actin waves appear in the leading edge of migrating neu-
trophils (68) as well as in neuronal extensions during the
neurite outgrowth (69); however, their role in Dictyostelium
migration (50, 70) has been questioned due to its incompatibil-
ity with chemotaxis (71). Our work demonstrated a clear exam-
ple of F-actin wave–directed migration. It was guided not by
chemoattractant but by the substrate topography. Because NC4
cells did not exhibit this behavior, its migratory role is not clear.
This puzzle parallels that for large-scale macropinocytosis in
Dictyostelium as extracellular environment that supports it is
also unknown (72). We envisage that the natural habitat that
supports efficient macropinocytosis (i.e., large patch formation
in nonaxenic wild-type is also likely to support “phagotactic”
behavior). We note that vertically confined Dictyostelium
formed phagocytic cup sideways facing a yeast particle in
contact (SI Appendix, Fig. S12A). The cup which was more per-
sistent in the aggregation-stage cells (SI Appendix, Fig. S12B)
supported directed migration as the cell pushed the particle
forward. Such movements may help cells transfer target par-
ticles to an open location for ingestion. Similar mechanisms
may underlie streaming migration of macrophages in contact
with target cancer cells (73) as well as during collective cell
migration in Dicyostelium morphogenesis (74).

Materials and Methods
Surface Fabrication. Microstructured SU-8 surfaces were prepared by standard
photolithography. The structured surface used for cell assay consisted of two
layers of fabricated SU-8 to make the surface homogeneous for cell attach-
ment. Ridges with various curvature were fabricated by grayscale lithography.
For construction of microgrooved glass substrates, glass coverslips (MATSU-
NAMI, 0.13 ∼ 0.17mm in thickness) were loaded into a dry-etching system and
etched by gas plasma. Microfabricated SU-8 and glass surfaces were measured
using AFM (Nanowizard3, JPK, now Bruker) or DektakXT (Bruker). For precise
estimation of the surface curvature, the substrate was coated by Cyanine5
fluorescence, and confocal Z-stack images were obtained. Refer to SI
Appendix,Materials andMethods for details.

Cell Preparation and Time-Lapse Imaging. All plasmids and cell strains used in
this study are described in SI Appendix,Materials and Methods. Axenic strains
of D. discoideum were grown while shaken at 22 °C in HL5 with 60 μg/mL
hygromycin B, 10 μg/mL G418 where appropriate. GFP-RBDRaf1/pi3k1-5

� cells
were cultured in HL5 supplemented with developmental buffer (DB) including
Escherichia coli B/r at a final concentration OD600 = 0.3 and then cultured in
axenic medium for at least 2 d before assay. Lifeact-GFP/NC4 and PHCRAC-GFP/
NC4 cells were cultured in DB including E. coli B/r at OD600 = 6. For live-cell
imaging, growing Dictyostelium cells were washed twice, resuspended in DB
at 5 × 106 cells/mL and shaken at 22 °C, 155 rpm for 1 h. Cells were then pulsed
with cAMP (final concentration 50 nM) every 6 min for 4.5 h. Starved cells

were plated at ∼3 × 103 cells/cm2 on a fabricated SU-8 or glass surface. For
observation on glass surfaces (SI Appendix, Fig. S3), adenylyl cyclase inhibitor
SQ22536 (Wako) was added at a concentration of 150 μM to circumvent
cell–cell agglutination facilitated by the low adhesiveness of the glass surface.
NC4 cells were collected by suspending in DB, pelleted by centrifuged at 100 ×
g for 3 min and resuspended in DB. The step was repeated three times to
remove bacteria. Washed cells were plated at a density of ∼1 × 105 cells/cm2.
For observation with yeast, AX2 cells expressing Lifeact-neon and yeast Rho-
dotorula mucilaginosa (NBRP, S90641) were loaded into polydimethylsiloxane
chamber. The chamber was fabricated as previously described (75). Images
were obtained using an inverted microscope (IX83 or IX81, Olympus)
equipped with a laser confocal scanning unit (CSU-W1 or CSU-X1, Yokogawa)
and an electron magnified CCD camera. For cAMP and LY-loading, 20 μL 100
nM cAMP and 100 μg/mL Alexa594 or 1 mM LY294,002 and 10 μg/mL Alexa594
were prepared in DB and loaded into Femtotips II (Eppendorf). The tip
mounted on the micromanipulator (TransferMan 4r or TransferMan NK2,
Eppendorf) was pressurized at 80 to 100 hPa using a microinjector (IM300,
Narishige or FemtoJet, Eppendorf). All live-cell imaging was performed
at 22 °C.

Data Analysis. Image analysis was performed using ImageJ, Python, and
Microsoft Excel. To quantitate the relationship between cell migration and
the ventral actin patches, confocal and transmitted-light images of GFP-
Lifeact–expressing cells that were acquired using 20× objective lens at 1-min
intervals for 50-min time windows (n = 6) were analyzed. To calculate the
ratio of patch-positive cells, cells were manually assigned 1 or 0 according to
the presence or the absence of the actin patches at each timepoint and aver-
aged over all timepoints and cells (SI Appendix, Fig. S1A). Cell trajectories
were obtained by auto or manual tracking of cell centroids (SI Appendix, Fig.
S1 B and C). The average speed and distribution ofmigratory direction relative
to the ridge were calculated from the centroid displacement in moving time
window of 1 min (SI Appendix, Fig. S1 D and E). The relationship between the
mean square displacement and time was fitted to the persistent randomwalk
model (76) to obtain the persistence time (SI Appendix, Fig. S1F).

To measure the liquid uptake in cells adhered to the SU-8 surface (SI
Appendix, Fig. S4A), FITC-dextran (Sigma, 46945-100MG-F, 70 kDa) solution
was added to the surrounding buffer at a final concentration of 0.5 mg/mL 3
h after plating the cells. 3D confocal imageswere acquired at 0, 1, and 2 h after
adding FITC-dextran, and the number of fluorescent foci in the cytoplasm was
counted. To evaluate the effect of LY294,002 treatment on patch formation
(Fig. 1E), the average percentage of patch-positive cells in the same field of
view was compared for 15-min time windows before (t = �15 to 0 min) and
after (t = 10 to 25 min) application of the inhibitor (t = 0 min). The measure-
ment was taken from several field of views in two independent trials per
experimental condition. For quantification of spatial distribution of ventral
PIP3 patches in Latrunculin A–treated cells (Fig. 2G and SI Appendix, Fig. S8A),
3D confocal images of PHCRAC-GFP–expressing cells were acquired every 10 s
for >5 min from z = 0 (the basal surface) to 3 μm at 0.5-μm interval. The distri-
bution of the patch nucleation (Fig. 2G) was obtained based on the distance
between the cell centroid and the patch along the x-axis (i.e., perpendicular
to the ridge direction). The counts in histograms were corrected for the area
of each bin and normalized against the total counts for all bins. To obtain the
average spatial profile of PHCRAC (SI Appendix, Fig. S8A), the binarized mask
of PHCRAC-GFP patches and the cell outlines were extracted from the maxi-
mum intensity projection of Z-stacks and aligned against the average cell cen-
troid positions. The aligned binary image stacks of patches and cell outlines
were cropped to 180 × 90 pixels and averaged over 892 frames from 15 cells
(Struc.) and 826 frames from 14 cells (Flat). The frequency of patches was nor-
malized against the total value for all pixels. Averaged cell outlines were cal-
culated in the polar coordinate system.

To measure localization of BAR domain–containing protein (SI
Appendix, Fig. S4 B and C), cells were first starved and pulsed with cAMP
for 4.5 h and suspended in DB at 1 × 105 cells/mL Fluorescent polystyrene
beads (Invitrogen, φ0.2 μm, F8810, ×1/1,000 dilution and φ1.0 μm, F8821,
×1/100; Spherotech, φ2.0 μm, FP-2062-2, ×1/10 and φ6.0 μm, FP-6058-2,
×1/1) suspension was briefly vortexed and added to the cell suspension
together with adenylyl cyclase inhibitor SQ22536 (Wako) at 200 μM (final
concentration) and plated in a glass-bottom 24-well dish. Cells were
allowed to settle for 30 min before measurement. Time-lapse confocal
images were obtained every 10 s, and the time when BAR protein was
membrane localized was counted by manually detecting strong puncta
of GFP-tagged BAR protein near the bead surface. Detected time was
divided by the total time the bead was in contact with the cell.

To quantitate the height dependence of patch dynamics on the plateau
(Fig. 3D), Z-stacked time-lapse confocal images of cells expressing GFP-Lifeact
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were acquired every 10 s. Images were projected into the x-axis in Fig. 3C as
maximum fluorescent intensity were displayed. In the projected images, DU,
DH, lengths from convex corner to the patch edges within top and lateral sur-
faces, DL, a length from concave corner to the patch edge within bottom sur-
face, andD, the sum of these three lengths, weremeasured at each timepoint.
Ratio DU/D, DH/D, and DL/D were averaged over all timepoints from all cells
and plotted. To quantitate the patch dynamics on the ridge with various cur-
vature at its apex (Fig. 3G and SI Appendix, Fig. S9J), time-lapse Z-stacked con-
focal images of GFP-Lifeact were acquired every 10 s The region of actin
patches were extracted from images of XZ plane projection and binarized.
Kymographs of the patch presence were obtained by taking the binarized
mask image of the patch along the curved surface. The contour length was
normalized for comparison of autocorrelation in Fig. 3G.

For quantification of the relationship between the angle of the ridge
corners and F-actin accumulation (Fig. 4 C and D), Z-stacked time-lapse
confocal images of GFP-Lifeact–expressing cells plated on the zig-zag
ridges were acquired every 6 or 12 s. From kymographs of GFP-Lifeact
along the inner and outer corners, fluorescent intensities within actin
patch regions were extracted and integrated at each timepoint. Time
frame was aligned so that patch centroids reached the corner (Fig. 4B)
at time 0. The integrated fluorescence intensities were normalized to
the value at t = �120 s and averaged over all events. The membrane
extension accompanied by two separate patches and the patch diame-
ters on the Y-shaped ridges were quantitated using kymographs along
both branches (SI Appendix, Fig. S10 C–G). Lengths from junction point
to the two leading edges were defined as ls and ld (s: survived and d:
disappeared). Cell area outside the ridge (SI Appendix, Fig. S10 I and J)
was measured using binary cell-mask images created from GFP-Lifeact
or Lifeact-neon fluorescence images from which the region of ridges
were subtracted. The remaining area was time-averaged according

to whether cells exhibited a single patch (ANS) or two separate
patches (AS).

Phase-Field Model. Mathematical modeling and simulations were performed
according to ref. 47. For details, refer to SI Appendix,Materials andMethods.

Data Availability. All study data are publicly available at RIKEN Systems Sci-
ence Biological Dynamics (SSBD) database repository (https://ssbd.riken.jp/
repository/182/).
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