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Summary

The formation of macropinosomes requires large-scale
movements of membranes and the actin cytoskeleton. Over
several minutes, actin-rich surface ruffles transform into 1-
5 um diameter circular ruffles, which close at their distal
margins, creating endocytic vesicles. Previous studies using
fluorescent reporters of phosphoinositides and Rho-family
GTPases showed that signals generated by macrophages in
response to the growth factor Macrophage Colony-
Stimulating Factor (M-CSF) appeared transiently in
domains of plasma membrane circumscribed by circular
ruffles. To address the question of how signaling molecules
are coordinated in such large domains of plasma membrane,
this study analyzed the vrelative timing of growth
factor-dependent signals as ruffles transformed into
macropinosomes. Fluorescent protein chimeras expressed in
macrophages were imaged by microscopy and quantified
relative to circular ruffle formation and cup closure. The
large size of macropinocytic cups allowed temporal resolution

of the transitions in phosphoinositides and associated enzyme
activities that organize cup closure. Circular ruffles contained
transient and sequential spikes of phosphatidylinositol
(4,5)-bisphosphate (PI(4,5)P,), phosphatidylinositol (3,4,5)-
trisphosphate (PIP;), diacylglycerol, PI(3,4)P,, PI(3)P and
the activities of protein kinase C-a, Racl, Ras and Rab5. The
confinement of this signal cascade to circular ruffles indicated
that diffusion barriers present in these transient structures
focus feedback activation and deactivation of essential
enzyme activities into restricted domains of plasma
membrane.

© 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Introduction
Macropinocytosis is an actin-based movement of the cell surface
leading to ingestion of extracellular fluid. During macropinosome
formation, the actin cytoskeleton reshapes membrane topography,
initially through the formation of cell surface ruffles. Some ruffles
curve to form circular ruffles, also known as macropinocytic cups,
which then close into plasma membrane-derived intracellular
vacuoles (Swanson, 2008). Macropinocytosis mediates antigen
sampling by dendritic cells and provides a mechanism of cell
invasion by some viruses and bacteria (Mercer and Helenius, 2009;
Swanson and Watts, 1995). It occurs constitutively in many cells,
including many cancer cells, and in other cells after stimulation
with growth factors or phorbol esters (Kerr and Teasdale, 2009).
This study examines the mechanisms which coordinate
signaling chemistry with ruffling, ruffle closure into cups and
cup closure into macropinosomes. Macropinocytosis and the
trafficking of many membranous organelles are regulated by
membrane phosphoinositides (PIs) in the cytoplasmic leaflet of the
membrane bilayer (Di Paolo and De Camilli, 2006). PIs recruit
cytoplasmic proteins or activate membrane-associated enzymes
with specific PI-binding domains, thereby organizing membrane-
associated chemistries locally (DiNitto and Lambright, 2006;
KrauB and Haucke, 2007). Species of PI which affect
macropinocytosis include phosphatidylinositol (PtdIns) (4,5)-
bisphosphate (PI(4,5)P,), PtdIns (3.,4,5)-trisphosphate (PIP3),

PtdIns (3,4)-bisphosphate (PI(3,4)P,), and PtdIns 3-phosphate
(PI(3)P). Enzymes which phosphorylate, dephosphorylate or
hydrolyze PlIs are essential to ruffling and macropinocytosis.
Synthesis of PI(4,5)P, by phosphatidylinositol 4-phosphate 5-
kinase (PI4P5K) at the plasma membrane can increase actin
polymerization (KrauB and Haucke, 2007). PI(4,5)P, can be
phosphorylated to PIP; by phosphatidylinositol 3-kinase (PI3K)
type I or hydrolyzed by phospholipase C-y (PLCy) to inositol
1,4,5-trisphosphate (IP3;) and diacylglycerol (DAG). PI3K and
PLCy act sequentially during macropinocytosis in Src-transformed
cells (Amyere et al., 2000). DAG in membranes recruits and
activates Protein Kinase C (PKC) (Azzi et al., 1992), which
regulates actin polymerization (Apgar, 1995; Hartwig et al., 1992).
The inositol 5-phosphatase SHIP-1 can dephosphorylate PIP; to
yield PI(3,4)P,, which may be further dephosphorylated by PI 4'-
phosphatases to PI(3)P (Ivetac et al., 2005). PI(3)P is also
synthesized from PtdIns by PI3K type III (Fruman et al., 1998).
The versatility of PIs as signaling molecules relates partly to
the diversity of proteins and activities they regulate. Prominent
among these are small GTPases, which regulate a wide variety of
cellular activities through effector enzymes. GTPases implicated
in macropinocytosis include Racl (Jaffe and Hall, 2005), Ras
(Bar-Sagi and Feramisco, 1986), Rab5 (Feliciano et al., 2011;
Lanzetti et al.,, 2004), Cdc42 (Garrett et al., 2000), Arf6
(Donaldson et al., 2009), Rab34 (Sun et al., 2003) and RhoG
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(Ellerbroek et al., 2004). Formation of circular ruffles and
macropinosomes entails a sequence of interdependent regulatory
interactions between GTPase-dependent effector pathways. For
example, Ras and PI3K act upstream of Rac and Rab5, leading
to circular ruffle formation (Lanzetti et al, 2004) and
Rab5 regulates increases in Racl signaling on forming
macropinosomes (Palamidessi et al., 2008). However, these
interactions do not yet comprise a coherent model of how
cytoplasmic chemistry is organized to build a macropinosome.

Signal dynamics can be imaged by fluorescence microscopy of
reporter molecules expressed in living cells and applied to large
scale movements of phagocytosis and macropinocytosis. During
Fc receptor-mediated phagocytosis, distinct chemical transitions
are evident during early and late stages of phagosome formation.
The initial movements of phagocytosis and the advancing edge of
the developing phagocytic cup contain high concentrations of
PI(4,5)P,, PIP3, and active Cdc42, Racl and Arf6 (Beemiller et
al., 2006; Botelho et al., 2000; Hoppe and Swanson, 2004; Vieira
et al., 2001). Later during cup formation, especially at the base of
the cup, concentrations of the early signals decrease and levels of
DAG, PKCg, active Rac2, Racl and Arfl increase (Beemiller
et al., 2006; Botelho et al., 2000; Hoppe and Swanson, 2004).

PI3K is necessary for completion of both Fc receptor-mediated
phagocytosis and M-CSF-stimulated macropinocytosis. The PI3K
inhibitors wortmannin and LY294002 do not inhibit ruffling or
phagocytic cup formation, but instead inhibit contractile activities
that close phagosomes and macropinosomes into the cell (Amyere
et al.,, 2000; Araki et al., 1996; Swanson et al., 1999). This
indicates that the products of PI3K are required for the later stages
of cup closure. Consistent with a role for PI3K in organizing late
stages of phagosome formation, transitions from early to late
signals were shown to be regulated by PI3K and by concentrations
of 3'Pls in the cup (Beemiller et al., 2006; Zhang et al., 2010).
Imaging studies of macrophages responding to the growth factor
M-CSF identified two signaling nodes during macropinosome
formation. PIP; and Racl-GTP appeared transiently in
macropinocytic cups soon after ruffle closure (Welliver et al.,
2011; Yoshida et al., 2009). These spikes of PIP; and Racl
activation were confined to circular ruffles and preceded the
gradual accumulation of PI(3)P and Rab5a, which peaked about
the time of cup closure. The correlation between ruffle closure and
the spikes of PIP; and Racl indicated that signal amplification in
large subdomains of plasma membrane is conditional on
morphological transitions; i.e., the formation of the circular
ruffle (Yoshida et al., 2009). As ruffles and macropinocytic cups
can limit lateral diffusion of membrane proteins (Welliver et al.,
2011) and phagocytic cups contain barriers to diffusion of
PI(4,5)P, (Golebiewska et al., 2011), we hypothesize that the
spatial organization provided by restricted lateral mobility permits
localized organization of signaling cascades in cup domains of
plasma membrane. The large size of macropinosomes allowed us
to analyze how signaling nodes are organized during
macropinosome morphogenesis. Using live cell fluorescence
microscopy to visualize signals generated in murine bone
marrow-derived macrophages (BMM) in response to M-CSF, we
quantified essential signals relative to the component stages of
macropinosome formation. We report that circular ruffles confine
transient, sequential spikes of signaling activities, which include
transitions between PtdIns isoforms and associated activities of
Racl, Ras, Rab5 and PKCa.

Results

Because signaling correlates with morphological stages of
macropinocytosis, and macropinosomes form at various times
after growth factor addition (Yoshida et al., 2009), we used visual
markers of the process to compare the timing of different signals.
Ruffle closure, identified by phase-contrast microscopy, was used
to align macropinocytic events from different video sequences.
To relate the timing of Rab5 localization to cup closure, we
localized CFP-MEM and mCherry-Rab5 by 4-dimensional
fluorescence microscopy. Expression of CFP-MEM allowed
visualization of plasma membrane morphology during
macropinocytosis. The 4-D imaging indicated that Rab5
localized to forming macropinocytic cups and reached peak
intensities after macropinosomes had closed into the cell
(Fig. 1A).

The timing of cup closure relative to Rab5 localization was
determined by FM4-64 photobleaching experiments. FM4-64 is a
lipophilic dye that, when added to culture medium, labels the
outer leaflet of exposed membrane surfaces. As its fluorescence
is negligible in water, membranes can be visualized in the
continuous presence of dye (Yoshida et al., 2009). FM4-64 has
low photostability, causing it to bleach quickly under
epifluorescence illumination. In cell membranes exposed to
dye-containing medium, bleached molecules are rapidly replaced
by non-bleached molecules. In a closed macropinosome with a
limited supply of FM4-64 molecules, photobleaching depletes the
fluorescent molecules enclosed in the macropinosome, leading to
decreased fluorescence. Hence, the inflection point of FM4-64
fluorescence intensity vs. time indicates the point of cup closure
(i.e., macropinosome isolation from the external medium). We
measured FM4-64 photobleaching by ratiometric imaging of
BMM expressing CFP-MEM and Citrine-Rab5. The inflection
point in FM4-64/CFP-MEM ratios, marking cup closure,
occurred 100 s after ruffle closure (Fig. 1B,C), consistent with
earlier observations (Yoshida et al., 2009). Citrine-Rab5/CFP-
MEM ratios increased continuously in macropinocytic cups,
beginning just after ruffle closure and peaking 80 sec after the
FM4-64 inflection point (i.e., 180 sec after ruffle closure)
(Fig. 1B,D).

The consistent intervals between ruffle closure and maximal
Rab5 recruitment allowed the timing of other signals to be
measured relative to the stages of macropinosome formation. PI
and DAG levels were measured by ratiometric imaging of cells
expressing the CFP and Citrine-chimeras of various lipid-binding
domains, including Citrine-PLCS1PH to localize PI(4,5)P,
(Botelho et al., 2000; Lemmon et al., 1995), Citrine-BtkPH to
localize PIP; (Rameh et al., 1997; Varnai et al., 1999), Citrine-
Tapp1PH to localize PI(3,4)P, (Dowler et al., 2000; Kamen et al.,
2007), Citrine-2xFYVE to localize PI3P (Gillooly et al., 2000;
Henry et al., 2004) and Citrine-C19 to localize DAG (Botelho et
al., 2000; Oancea et al., 1998). Each of these probes concentrated
in macropinocytic cups. Moreover, the timing of their peak
localization varied and revealed patterns of PI modification. A
spike of PI(4,5)P, localization followed 20 sec after ruffle
closure (Fig. 2A; supplementary material Movie 1). At the end
of the spike, Citrine-PLC31PH/CFP ratios dropped below the
initial levels, indicating depletion of PI(4,5)P, from cup
membranes. The PIP; spike followed the PI(4,5)P, spike
(Fig. 2B,E; supplementary material Movie 1), indicating
phosphorylation of PI(4,5)P, by PI3K type I. Similarly, the
pattern of Citrine-TapplPH recruitment indicated that PI(3,4)P,
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concentrations peaked as PIP; concentrations were declining,
roughly coincident with cup closure (Fig. 2C,E; supplementary
material Movie 1). In contrast to the sharp transient increases in
PI(4,5)P,, PIP; and PI(3,4)P,, the concentrations of PI(3)P
increased gradually and coincidently with Rab5, beginning just
after ruffle closure and peaking after PI(3,4)P, concentrations
decreased (Fig. 2D,E; supplementary material Movie 1). DAG
concentrations peaked shortly after the disappearance of
PI(4,5)P, and coincident with the peak of PIP;, indicating that
PI(4,5)P, was concurrently converted to DAG and PIP; in cups
(Fig. 3A,D; supplementary material Movie 1). Overall, the
patterns observed by ratiometric imaging indicated three
courses of PI conversion in cups: (a) PI(4)P to PI(4,5)P, to
PIP; to PI(3,4)P, to PI(3)P, (b) PI(4)P to PI(4,5)P, to DAG and
IP; and (c) a prolonged synthesis of PI(3)P, likely from PI.

Enzymes relevant to macropinocytosis showed variable
localization in cups. Citrine-PLCyl localized to cups
throughout macropinosome formation (Fig. 3B). Citrine-PKCa
localized to cups following the spike of DAG, in patterns
resembling those for Cherry-Rab5 and PI(3)P (Fig. 3C,D).
Unlike phagocytosis (Larsen et al., 2002; Zhang et al., 2010),
YFP-PKCe did not localize to macropinocytic cups (data not
shown).

GTPase activities were measured relative to ruffle closure and
Rab5 localization. Endogenous Racl activity was localized using
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Fig. 1. Macropinosome closure precedes peak localization of
Rab5. (A) 4D reconstruction of Cherry-Rab5 localization during
macropinocytosis. Through-focus z-stacks of CFP-MEM and
mCherry-Rab5 at regular intervals during M-CSF-stimulated
macropinocytosis, showing distribution of CFP-MEM (blue, top
row), Cherry-Rab5 (red, middle row) and Cherry/CFP ratio
(pseudocolor). Time points are separated by 60 s; “0 s” marks the
point of cup closure. Rab5 localization increased after complete
cup closure. (B-D) The timing of cup closure relative to Rab5
localization. (B) Macrophages expressing CFP-MEM and Citrine-
Rab5 were imaged in 1 pug/ml FM4-64. Top row: phase-contrast;
middle row: intensity of ratiometric FM4-64/CFP-MEM; bottom
row: Citrine-Rab5/CFP-MEM ratio. Ruffle closure occurred at
t=0. FM4-64 photobleaching increased at /=100 s, indicating cup
closure. Scale bars = 3.0 um. (C) Plot of ratiometric FM4-64/
CFP-MEM intensity during macropinosome formation; the
inflection point occurred at /=100 s. (D) Plot of Cit-Rab5/CFP-
MEM ratios during macropinosome formation. Rab5 localization
peaked at =180 s, after macropinosome closure. Error bars
indicate standard deviation. n=9 for each curve.

|
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a Citrine chimera of the p21-binding domain (PBD) of Pakl,
which binds to GTP-bound Racl (Edwards et al., 1999; Hoppe
and Swanson, 2004). As noted previously, ratiometric
localization of YFP-PBD indicated peak Racl activation
coincident with the PIP; spike (Fig. 4A,C) (Yoshida et al.,
2009). Peak Ras activation, measured by ratiometric localization
of Citrine-labeled Ras-binding domain (RBD), occurred after the
PIP; spike (Fig. 4B,C), approximately concurrent with
localization of Rab5. This indicated that Ras is active on
macropinosomes at the early endosome-like stage, consistent
with earlier studies (Porat-Shliom et al., 2008). The dynamics of
Ras and Rab5 were not monitored more than 180 sec after ruffle
closure.

Thus, the patterns of labeling in cups revealed two distinct
signaling nodes organizing macropinosome formation: PIPs/
DAG/Racl, peaking 60-80 sec after ruffle closure, and PI(3)P/
PKCo/Ras, reaching maximal levels after cup closure. Moreover,
the PIP; spike was bracketed by spikes of PI(4,5)P,, PI(3,4)P,
and PI(3)P, indicating the flow of phosphate in the signaling
cascade.

Discussion

This study identified a sequence of signals that occur during
macropinosome formation, most strikingly in the clear
spatiotemporal organization of PI modifications that underlie
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Fig. 2. Fluorescence imaging of phosphoinositide localization during
macropinocytosis. (A—D) Macrophages expressing mCerulean, mCherry-
Rab5, and Citrine-tagged probes for PIs were imaged during M-CSF-stimulated
macropinocytosis. Top rows: phase-contrast; middle rows: Citrine-tagged
fluorophore/mCerulean ratios; bottom rows: mCherry-Rab5/mCerulean ratios.
Ruffle closure occurred at t=0. Scale bars = 3.0 pm. (A) Citrine-PLC31PH
peaked at =20 s. (B) Citrine-BtkPH peaked at =80 s. (C) Citrine-Tapp1PH
peaked at =100 s. (D) Citrine-FYVE peaked at =180 s. (E) Plot of compiled
data comparing relative timing of peak labeling by different PI probes. Error
bars indicate standard deviation. n=9 for each condition.

the PIP; spike. Two major signaling nodes appeared in circular
ruffles (Fig. 5). The first, a spike in Racl activity, PIP; and DAG,
appeared in a large subdomain of plasma membrane created by
ruffle closure. The second, a slower rise in the activities of PKCa,
Ras, Rab5, and PI(3)P, began in the open cup and peaked shortly
after cup closure. The transition between these two signaling
nodes was confined to these isolated regions of plasma
membrane.

The timing of PI spikes indicated coordinated chemical
transformations inside macropinocytic cups. PtdIns (4)-
phosphate (PI(4)P), the likely substrate in the synthesis of
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Fig. 3. Fluorescence imaging of the DAG pathway during
macropinocytosis. (A—C) Macrophages expressing mCerulean, mCherry-
Rab5, and Citrine-tagged probes were imaged during macropinocytosis. For
each panel: top row = phase-contrast, middle row = ratio of Citrine-tagged
fluorophore/mCerulean, bottom row = ratio of mCherry-Rab5/mCerulean.
Ruffle closure occurred at 7=0. Scale bars = 3.0 um. (A) Citrine-C13 peaked at
t=60 s. (B) Citrine-PLCy did not demonstrate differential localization during
macropinocytosis. (C) Citrine-PKCa localization peaked at =180 s,
resembling localization patterns of Rab5. (D) Relative timing of signaling in the
DAG pathway. n=9 for each curve. Error bars indicate standard deviation.

PI(4,5)P,, is widely distributed in the plasma membrane (Di
Paolo and De Camilli, 2006). PI(4,5)P, concentrations were high
in ruffles but increased after ruffle closure, suggestive of a
positive feedback amplification of PI4P5K in cups. As PI(4,5)P,
concentrations decreased, concentrations of PIP; and DAG
increased, indicating concurrent activities of PI3K and PLCyl.
The depletion of PI(4,5)P, continued until its levels fell below
pre-spike levels. Similarly, PIP; and DAG concentrations
decreased to negligible levels following their transient
increases. This suggests that the PIP; spike could be explained
by changing enzyme activities and substrate concentrations in
cups. Accordingly, increased PI(4,5)P, concentrations provide
substrate for PIP; synthesis by PI3K, PIP; activates PLCy1l and
PI3K to generate DAG and more PIP;, respectively, producing a
rapid localized increase in PIP; concentration. The continued
action of PLCy1 and PI3K deplete PI(4,5)P, in the cup, slowing
PIP; synthesis. Finally, PIP; is depleted by dephosphorylation to
PI(3,4)P,.



c
o
o

@)
>
(o))

9

e

a8)]

Signaling in circular ruffles 758
A ; ™ "~ ™
\J ! A !
PI4PSK PI3K SHIP1 P
PI{4)P ———=PI(4,5)P2 " PIPs > PI(3,4)P: >PI(3)P
| !
‘// |+ I+
PLCY1 yi v
7 Raci Rabs
A
[
I
Ras
1P3 DAG ——==—==—===— P PKCa
Node 1 Node 2
c B PI(4,5)P> Node 1 PI(3,4)P2 Node 2
1.0 /’\\ "!--y‘ /,—'\\ "_--‘"‘b
] > ! \ o ‘;\/ A - -
310 £ ! K s A
g 2 ’f AL J/ NN
") ¥ - N
808 o 05 S KA L - ‘\ e
3 | - - R et . Tl
ic © - . -~
o 0.6 I ET S-SR — .~~ -
E ——————— T — i ——
£ o4 % 0 30 60 90 120 150 180
- 1 1 . I Time (sec) I
Co2 ) d—aS s .
g M E - % ‘ Ruffle Closure Cup Closure
Z r
0 ) e R e oy e . Fig. 5. Summary of the signal cascade in circular ruffles. The sequence of

Time (s)

Fig. 4. Imaging of GTPase activity during macropinocytosis.

(A,B) Macrophages expressing mCerulean, mCherry-Rab5, and either
mCitrine-PBD, a probe for RacI-GTP, or mCitrine-RBD, a probe for Ras-GTP,
were imaged during macropinocytosis. Top rows: phase-contrast; middle rows:
Citrine-tagged fluorophore/mCerulean ratio; bottom rows: mCherry-Rab5/
mCerulean ratio. /=0 indicates ruffle closure. Scale bars = 3.0 pm. Color bars
indicate relative intensities of ratio images. (A) Citrine-PBD localization
peaked at =80 s. (B) Citrine-RBD peaked at =780 5. (C) Quantitation
showed that peak activation of Racl occurred at /=80 s. Ras reached maximal
activation at t=/80 s. n=9 for each condition.

These studies also revealed the dynamics of GTPase activities
relative to the PI transitions. Coincident accumulation of PIP;
and activation of Racl suggested that these molecules contribute
to a feedback amplification mechanism. Cherry-Rab5 recruitment
to cups began just after ruffle closure, consistent with roles for
Rab5 in Rac delivery into cup domains (Palamidessi et al., 2008)
and in stabilizing circular ruffles (Lanzetti et al., 2004). Maximal
Ras activation appeared later than maximal DAG accumulation,
consistent with models in which Ras is activated by PKCa or
DAG and signals on formed endosomes (Hancock, 2003; Porat-
Shliom et al., 2008).

Circular ruffles circumscribe relatively large regions of plasma
membrane — much larger than other known spatially organized
domains for receptor signaling, such as lipid rafts (Prior et al.,
2003) or signaling complexes (Kholodenko et al., 2010). Circular
ruffles limit diffusion of membrane proteins out of cups
(Welliver et al., 2011), and the present findings suggest they
also confine lipids to cup domains. Barriers to diffusion of
PI(4,5)P, were identified in phagocytic cups (Golebiewska et al.,
2011), which are structurally analogous to macropinocytic cups.
Thus, barriers that limit molecular egress by lateral diffusion can
define signaling domains that restrict enzymatic reactions to
subregions of the cell surface. This leads to spatially focused
transitions of PIs which integrate GTPase-dependent effector

chemical transformations occurring between the formation of a fully circular
ruffle and the closure of the circular ruffle into the cell as a macropinosome
begins with an increase in PI(4,5)P,. (A) Chemical changes in cups. Solid lines
with small arrowheads indicate precursor-product relationships. Hatched lines
with large arrowheads indicate activation pathways enhanced inside circular
ruffles. The spike of PI(4,5)P, is followed by increases of PIP;, DAG and the
activity of Racl (Node 1), and later by a transient increase of PI(3,4)P,. The
levels of PI(3)P and the activities of Ras, Rab5 and PKCa (Node 2) increase
continuously in the cup, peaking after cup closure and the transient increases of
PI(4,5)P,, PIP;, DAG and PI(3,4)P,. (B) The timing of signals in cups relative
to Ruffle Closure and Cup Closure.

pathways on cup membranes. Accordingly, these transitions of
regulatory molecules would lead to transitions in the cytoskeletal
movements necessary for macropinosome closure.

As diffusion barriers, membrane ruffles could facilitate
local feedback activation and inhibition of lipid-modifying
chemistries. Signal amplification by restricted diffusion would
require PI concentration-dependent feedback amplification. For
example, absent barriers, PIP; produced by locally activated
PI3K would diffuse laterally in the plasma membrane from its
site of synthesis and remain at concentrations below the
thresholds for downstream signaling. Diffusion barriers that
confine PIP; could allow its concentrations to increase near their
sites of synthesis to levels that activate positive feedback
activation of PI3K and increased synthesis of PIP;. Feedback
activation of PI3K by PIP; could occur via Gab2 (Gu et al., 2003)
or Gabl (Rodrigues et al., 2000).

In many of the mechanisms in which PI chemistry organizes
cell morphology, such as in phagocytosis and chemotaxis, PIs
and GTPases cooperatively activate effector proteins to organize
cell structure (Di Paolo and De Camilli, 2006). This work
indicates a complementary dynamic, in which cell structure itself
organizes lipid-modifying chemical reactions. Assembly of
plasma membrane subdomains defined by circular ruffles
precedes receptor-dependent signal amplification, deactivation
and transitions to later signals. This indicates that
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macropinocytosis is a self-organized chemical process, the
beginning of which is conditional on formation of the circular
ruffle.

Materials and Methods

Cell culture

Bone marrow-derived macrophages (BMMs) were generated as described
previously (Knapp and Swanson, 1990; Swanson, 1989). Bone marrow exudate
was obtained from femurs of C57BL/6J mice and cultured in medium (DMEM
with 20% FBS and 30% L cell-conditioned medium) promoting the differentiation
of macrophages. Bone marrow cultures were differentiated for 1 week with
additions of fresh differentiation medium at days 3 and 6. Macrophages were
transfected using Amaxa Nucleofector II, protocol Y-01, and plated onto 25-mm
circular coverslips. Plasmid constructs included Citrine-PLC31PH (Botelho et al.,
2000; Lemmon et al., 1995), Citrine-BtkPH (Rameh et al., 1997; Varnai et al.,
1999), Citrine-TapplPH (Dowler et al., 2000; Kamen et al., 2007), Citrine-
2xFYVE (Gillooly et al., 2000; Henry et al., 2004), Citrine-C18 (Botelho et al.,
2000; Oancea et al., 1998) and mCherry-Rab5 (Feliciano et al., 2011). Cultures
were incubated overnight in medium lacking M-CSF (RPMI 1640 with 20% heat-
inactivated FBS). All experiments were performed the day after transfection. All
imaging experiments were temperature controlled at 37°C.

Microscopy

Phase-contrast and fluorescence images were collected at 20 sec intervals in a
Nikon Eclipse TE-300 inverted microscope with a 60x numerical aperture 1.4, oil-
immersion PlanApo objective lens (Nikon, Tokyo, Japan) and a Lambda LS xenon
arc lamp for epifluorescence illumination (Sutter Instruments, Novato, CA, USA).
Fluorescence excitation and emission wavelengths were selected using a JP4v2
filter set (Chroma Technology, Rockingham, VT) and a Lambda 10-2 filter wheel
controller (Shutter Instruments) equipped with a shutter for epifluorescence
illumination control. Images were recorded with a Photometrics CoolSnap HQ
cooled CCD camera (Roper Scientific, Tucson, AZ, USA). Cells were first imaged
in Ringer’s Buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 2 mM
NaH,PO,4, 10 mM glucose and 10 mM HEPES at pH 7.2), then 200 ng/mL M-
CSF (R&D Systems) in Ringer’s buffer was added to stimulate macropinocytosis.
Image acquisition and processing were performed using MetaMorph v6.3
(Molecular Devices, Sunnyvale, CA, USA).

Ratiometric imaging

Ratiometric imaging was used to correct for variations in optical path length
caused by cell morphology. Specifically, fluorescence intensities for images of a
fluorescent chimera were divided by fluorescence intensities of a non-chimeric
fluorescent marker of cell volume (e.g. Ceramide) or plasma membrane (CFP-
MEM). All ratiometric images were generated using MetaMorph processing
software.

FM4-64 microscopy experiments

FM4-64 (1 pg/mL) in Ringer’s buffer was applied to cells expressing CFP-MEM
and YFP-Rab5. Images were collected every 20 seconds, with 1 second exposures,
using a 555-nm excitation filter and a 605-nm emission filter.

Fluorescence intensity measurements

Measurements of fluorescence intensities were made using the “draw region” and
“region measurement” tools of Metamorph. For each macropinosome,
measurements were collected starting two frames (—40 s) before the frame
showing ruffle closure (0 s). Measurements were collected until after Rab5 had
reached its peak intensity, typically around 180 s after ruffle closure.

For each condition, the average fluorescence of the entire cell was subtracted
from experimental readings, removing baseline signal. Comparison of the timing
of different signaling events relied on normalizing signals to their peak intensities
during macropinosome formation. Peak intensity was the highest measured
fluorescence ratio during a sequence. Fluorescence ratios at all timepoints of a
series were divided by the peak intensity to obtain a normalized fluorescence ratio
that indicated the strength of a signal relative to that molecule’s peak intensity. The
peak intensity therefore indicated the time at which that signaling molecule was
most prevalent relative to ruffle closure.

4D reconstruction microscopy

Cells expressing CFP-MEM and mCherry-Rab5 fluorophores were imaged using
an Olympus FV-500 Confocal microscope fitted with a 100x 1.45 NA oil
immersion objective. The microscope was equipped with argon (for CFP imaging),
and HeNe green (for mCherry imaging) lasers. Image collection used Fluoview
FV500 imaging software. Image Z-stacks used a step size of 250 nm between
planes. Images were collected continuously in line sequential scanning mode.

Image stacks were deconvolved using Huygens Essential (Scientific Volume
Imaging, Hilversum, Netherlands). Resulting images were reconstructed into 4D
image stacks. Ratiometric image stacks of mCherry-Rab5/CFP-MEM were created
using MetaMorph. Stacks were visualized using the 4D viewer and linescan
function in MetaMorph.
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