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The GTPase Rab5a regulates the homotypic and het-
erotypic fusion of membranous organelles during the
early stages of endocytosis. Many of the molecules which
regulate the Rab5a cycle of association with membranes,
activation, deactivation and dissociation are known.
However, the extent to which these molecular scale activ-
ities are coordinated on membranes to affect the behav-
ior of individual organelles has not been determined.
This study used novel Forster resonance energy trans-
fer (FRET) microscopic methods to analyze the Rabba
cycle on macropinosomes, which are large endocytic
vesicles that form in ruffled regions of cell membranes.
In Cos-7 cells and mouse macrophages stimulated with
growth factors, Rabba activation followed immediately
after its recruitment to newly formed macropinosomes.
Rabba activity increased continuously and uniformly over
macropinosome membranes then decreased continu-
ously, with Rabba deactivation preceding dissociation by
1-12 min. Although the maximal levels of Rab5a activ-
ity were independent of organelle size, Rabb5a cycles
were longer on larger macropinosomes, consistent with
an integrative activity governing Rab5a dynamics on
individual organelles. The Rab5a cycle was destabilized
by microtubule depolymerization and by bafilomycin
A1. Overexpression of activating and inhibitory proteins
indicated that active Rab5a stabilized macropinosomes.
Thus, overall Rab5a activity on macropinosomes is coor-
dinated by macropinosome structure and physiology.
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Introduction

Rabb regulates the fusion, trafficking and recycling of early
endosomes (1,2). The Rab5b isoforms Rabba, b and ¢ are

regulated by activating guanine nucleotide exchange fac-
tors (GEFs), inhibitory GTPase-activating proteins (GAPs)
and proteins which facilitate Rab5 delivery to and removal
from membranes (3). Rabb functions in a multi-step cycle
in which it associates with endosomal membranes in an
inactive form, is activated by a GEF and binds to effector
proteins such as Rabaptin-5 (4), EEA1 (5), Rabankyrin-
5 (6), Rabenosyn-5 (7) or the type Il phosphoinositol 3-
kinase Vps34 (8). Rabb is deactivated at the membrane by
a GAP and then dissociates from the membrane as other
Rab proteins increase their association. Membrane asso-
ciation is regulated by GDP-dissociation inhibitors (GDI) (9)
and GDI-displacement factors (GDF) (10).

Despite consensus about the Rabb cycle of membrane
association and activation, the mechanisms which coor-
dinate Rabb dynamics on endocytic membranes remain
largely unexplained. Rab5 GEFs and GAPs are regulated
by proteins which are themselves regulated by other
enzymes or by phosphatidylinositol 3-phosphate (PI3P) on
vesicle membranes. Rabb activation may involve positive
feedback amplification through the Rabb GEF Rabex-5 and
the Rabb effector Vps34, a type Il Pl 3-kinase which syn-
thesizes PI3P (11). Rab5 deactivation could result from
GAP activities of other signaling proteins on endocytic
vesicles; for example, p85a, the regulatory subunit of
phosphatidylinositol 3-kinase IA, is a Rab5 GAP (12). Rab5
deactivation occurs coordinately with the arrival of the late
endosomal protein Rab7, through Rab7-dependent inter-
ference with Rabex-5 function (1,13). However, it remains
unknown how much individual Rab5 molecular cycles are
coordinated with each other on any individual organelle
and the extent to which organelle physiology or structure
modulate Rabb activity cycles.

Macropinosomes are large endocytic organelles which
form in response to various stimuli. Some cells exhibit
macropinocytosis spontaneously, while in other cells
macropinocytosis is initiated by growth factors or
membrane-permeabilizing peptides (14). Rab5 regulates
macropinosome formation and maturation (6,15). As
macropinosomes mature, they either recycle to the cell
surface or lose Rab5 and acquire Rab7 before fusing with
lysosomes (16,17). The relationship between Rabb activity
and macropinosome dynamics is not known.

To analyze the regulation of the Rabba cycle on
macropinosomes, we developed a Forster resonance
energy transfer (FRET) microscopy system to visualize
and quantify Rabba cycle dynamics. Using fluorescent
protein chimeras of Rabba (CFP-Rabba), the Rab5-binding
domain from the amino terminus of EEA1 (YFP-RBD) and
IRES vectors expressing monomeric Cherry (mCherry)
and regulatory proteins, we measured the Rabba cycle
on individual macropinosomes. In Cos-7 cells stimulated
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with epidermal growth factor (EGF) and in murine
bone marrow-derived macrophages (BMM) stimulated
with macrophage colony-stimulating factor (M-CSF),
quantitative fluorescence microscopy indicated that Rabba
association, activation, deactivation and dissociation
occurred coordinately on individual macropinosomes.
This coordination was disrupted by the microtubule
depolymerizing drug nocodazole and by the proton ATPase
inhibitor bafilomycin A1. Modulation of Rabba cycling by
coexpression of Rabex-b, Rin1, the GTPase-defective
mutant CFP-Rab5a(S34N) or the GAP RabGAP-5 (18)
indicated that active Rabba stabilizes macropinosomes.

Results

The Rabba cycle on macropinosomes

To analyze the Rabba activation cycle on individual
organelles, a widefield fluorescence microscopy system
was designed for ratiometric and FRET microscopic anal-
ysis. Fluorescent chimeras of Rabb5a and the amino
terminal Rabba-binding domain (RBD) of EEA1, which
binds to GTP-Rabba (19,20), were developed and char-
acterized. To study the activation cycle of Rabba on
macropinosomes, Cos-7 cells and murine BMM were
transfected with plasmids encoding CFP-Rab5a, YFP-RBD
and a plRES2-mCherry vector. The mCherry reported
cytoplasmic volume distribution and marked the cells
expressing non-fluorescent proteins from pIRES2 tran-
scripts. Macropinocytosis was stimulated by addition of
EGF to serum-starved Cos-7 cells expressing fluorescent
chimeras (21). The formation and intracellular movements
of macropinosomes were observed by widefield phase-
contrast and fluorescence microscopy (Figure 1A-D).
FRET stoichiometry (22) was used to measure the essen-
tial parameters of Rabb5a dynamics on macropinosomes.
Informative parameters included D - the total fluores-
cence of CFP-Rabba corrected for fluorescence loss due to
FRET, EDA - the total fluorescence attributable to FRET
and Eayg — the average of the apparent donor and accep-
tor FRET efficiencies (Figure 1E,F). By correcting for vari-
ations in the average ratios of CFP-Rabba and YFP-RBD,
Eavg measures the level of Rabba activation, with Eavg
of 0.40 approximating full activation. Eayg images were
thresholded using binary masks made from the D images
(to identify CFP-Rabba-positive organelles), then a pseu-
docolor scale was applied to the masked Eayg images,
assigning different colors at 5% Eayg steps (0-40% Eavg).
Overlaying the masked, pseudocolored Eayg images onto
the phase-contrast images afforded study of the move-
ments and activation patterns of CFP-Rab5a on individ-
ual macropinosomes (EO panels Figure 1E). Cos-7 cells
formed macropinosomes of various sizes, sometimes as
large as 12 um diameter (Figure 1A-E, Movie S1, Sup-
porting Information). The levels of Rabba activation varied
between macropinosomes in a single cell, but the FRET
signal on each individual macropinosome was relatively
uniform over the entire organelle, indicating signal inte-
gration at the organelle level. After reaching maximal EDA

1912

values, the FRET signals declined before the CFP-Rabba
dissociated from the macropinosome. Similar patterns of
Rabba dynamics were observed on macropinosomes in
BMM stimulated with M-CSF (Figure 1F, Movie S2).

The overall Rabba activation cycle on macropinosomes
was quantified and analyzed using algorithms developed in
MetaMorph. CFP-Rabba recruitment to macropinosomes
increased gradually, reaching higher total levels on larger
organelles (D, Figure 2A). Similar patterns were observed
for total levels of FRET (EDA, Figure 2B). The cycle of
Rabba on each macropinosome was studied by normaliz-
ing curves to the maximal levels attained for D and EDA
(Figure 2C). The ascending curves for Rabba association
(D; CFP-Rabba recruitment) and activation (EDA; YFP-
RBD/CFP-Rabba FRET) were nearly coincident, indicating
that CFP-Rabba was activated immediately as it associ-
ated with the macropinosome membrane. However, the
EDA curve decreased sooner than the D curve, indicat-
ing that Rabba was deactivated several minutes before it
dissociated from the macropinosome.

Because macropinosomes form asynchronously after
addition of growth factor (23), we could not use bio-
chemical methods to measure rates of Rabb activa-
tion on macropinosomes. Net Rabb activation could be
estimated by the rate of FRET increase on individual
macropinosomes. The maximal rate of Eayg increase was
0.033 per minute (£0.003). However, this is not easily
translated into a rate of Rabb activation.

The relationships between macropinosome size and
Rabba cycle parameters were measured in several ways.
Although macropinosome size in Cos-7 cells did not corre-
late with the maximal level of Rabba activation (EaygMax,
Figure 2D), the duration of the Rabba cycle increased
with macropinosome size. By measuring cycle duration
as the widths of the association and activation curves
(parameters a and b of Figure 2C), we determined that
macropinosomes smaller than 3 um diameter showed
shorter cycle times than did larger macropinosomes
(Figure 2E). Rabba activation coincided with organelle
association (parameter c¢ of Figure 2C), regardless of
macropinosome size (solid symbols, Figure 2F). How-
ever, on the descending curves, the EDA signal declined
earlier than the D signal, indicating that Rabba deactiva-
tion preceded Rabba removal from the macropinosome
membrane. The interval between Rabba deactivation
and dissociation increased with macropinosome size
(open symbols, Figure 2F). Macropinosomes formed by
BMM were all less than 3 um diameter. Although
macropinosomes in BMM showed lower maximal Eayg
than similarly sized macropinosomes from Cos-7 cells
(Figure 2D), their overall Rabb5a cycle dynamics were sim-
ilar to macropinosomes of the same size in Cos-7 cells
(Figure 2E,F).

We quantified the extent to which probe expression
altered Rab5 dynamics on macropinosomes. To examine
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Figure 1: Visualization of the Rabb5a activation cycle on macropinosomes. A) A Cos-7 cell transfected with CFP-Rabba, YFP-RBD
and mCherry, stimulated with EGF and viewed by phase-contrast microscopy (PC). The enlarged region shows a macropinosome labeled
with CFP-Rabba (B) and YFP-RBD (C), and the distribution of cytoplasm indicated by mCherry (D). E) A time series showing a region
of the cell shown in panels (A)-(D), processed for ratiometric imaging of CFP-Rabba (D = I + EDA x &) and for total fluorescence due
to FRET between CFP-Rabba and YFP-RBD (EDA = [r —a x Ia — B x Ip). In the bottom row, Eayg values are presented as pseudocolor
overlaid on the phase-contrast images (Eavg = (Ea + Ep)/2). Color scale indicates Eayg values. EGF (100 ng/mL) was added after
acquisition of the first frame. F) BMM expressing CFP-Rabba, YFP-RBD and mCherry, stimulated with M-CSF. Image processing for
FRET stoichiometry obtained the CFP-Rabba distribution (D), total FRET signal (EDA) and Eayg. For both cells, CFP-Rabba recruitment
to macropinosomes coincided with the increase in FRET, but FRET decreased before CFP-Rabba dissociated from the macropinosome.

Scale bars = 10 um.

the effects of YFP-RBD expression on the Rabba asso-
ciation with macropinosomes, we compared Cos-7 cells
expressing YFP-RBD, CFP-Rabba and mCherry with Cos-7
cells expressing YFP-Rab5a and CFP. The presence of the
YFP-RBD increased the rate of Rabba association with
macropinosomes. In cells expressing the FRET pair, the
rate of change was 0.263 ARwm/Rc per minute (£0.09,
n =5), whereas for cells expressing the YFP-Rabba and
CFP the rate was 0.293 ARw/Rc per minute (£0.06,
n = 4). Moreover, the expression of YFP-RBD prolonged
the total Rabba cycle. Without YFP-RBD, a = 3.67 min,
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with YFP-RBD, a = 17.75 min. This indicates that YFP-
RBD enhanced Rabb5 association with macropinosomes
and inhibited dissociation. However, it remains possible
that overexpression of FP-Rabba accelerated Rabb cycle
dynamics on macropinosomes, but this could not be mea-
sured by our methods.

Rabba activation cycle modulation by GEFs
To modulate the Rabba activation cycle, two GEFs were
introduced into a plRES2-mCherry vector and expressed in
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Figure 2: The Rab5a cycle is slower on larger macropinosomes. A and B) Quantification of the CFP-Rab5a activation cycle on
individual macropinosomes of different diameters from Cos-7 cells, 7.5 um (closed circles) and 2.2 um (open circles). A) CFP-Rabba
association and dissociation from macropinosomes. The larger macropinosome in the Cos-7 cell was labeled longer with CFP-Rabba.
B) FRET from macropinosome-associated CFP-Rabba and YFP-RBD (EDA). C) Comparison of CFP-Rabba association (closed symbols,
from panel A) and activation (open symbols, from panel B) profiles on a single macropinosome from Cos-7 cells, normalized to
the maximum and minimum values and plotted as Fraction of the Maximal Signal versus Time. Measured parameters were: a, for
CFP-Rabba association (D), the interval between the time the macropinosome reached half-maximal value ascending to the time it
reached half-maximal value descending; b, for CFP-YFP FRET signals (EDA), the interval between the time the macropinosome reached
half-maximal value ascending to the time it reached half-maximal value descending; ¢, for the ascending phase of D and EDA curves,
the interval between the time of half-maximal D and half-maximal EDA; d, for the descending phases of the D and EDA curves, the
interval between the time of half-maximal D and half-maximal EDA. D) Maximal FRET signals (EaygMax) on individual macropinosomes,
plotted versus macropinosome diameter. Although maximal FRET signals were lower in BMM (triangles) than in Cos-7 cells (circles)
for macropinosomes of comparable sizes, maximal FRET signals did not correlate with macropinosome size. E) Half-maximal widths
for Rabba cycles were measured in macropinosomes of Cos-7 cells (circles) and BMM (triangles). CFP-Rab5a FRET cycles (a, closed
symbols) were shorter than CFP-Rabba association cycles (b, open symbols). Cycles were generally longer on larger macropinosomes.
F) For both Cos-7 cells (circles) and BMM (triangles), CFP-Rab5a activation coincided with association for all sizes of macropinosomes (c,
closed symbols), whereas deactivation preceded dissociation by up to 12 min, with larger macropinosomes exhibiting longer lag times
(d, open symbols).

Cos-7 cells along with the Rabba FRET reporter constructs.
Use of the pIRES2 vectors expressing mCherry and non-
fluorescent GEFs allowed us to use mCherry fluorescence
to identify cells expressing the non-fluorescent proteins.
GEF effects on the Rabba cycle were assessed by obtain-
ing EavgMax for 15 macropinosomes (Figure 3). In control
macropinosomes expressing empty pIRES2-mCherry vec-
tor, EavgMax was 0.19 4+ 0.018. Cos-7 cells expressing

macropinosomes (Figure 3A,B, Movies S3 and S4). Thus,
overexpression of Rabba GEFs increased and prolonged
Rabba activity on macropinosomes and increased tubular
endosome formation.

Bafilomycin A1 increases tubule formation
and destabilizes the Rab5a cycle

YFP-RBD, CFP-Rabba and plRES2-Cherry-Rabex-5 con-
tained enlarged macropinosomes with significantly higher
FRET values (EaygMax = 0.24 +0.014; p < 0.001). Cells
expressing plRES2-mCherry-Rin1 did not contain enlarged
macropinosomes, but reached higher FRET levels than
control macropinosomes (EaygMax = 0.32 +£0.01; p <
0.0001). These were similar to levels observed after
expression of constitutively active Rabba (data not
shown). Expression of Rabex-5 or Rin1 also increased
the abundance of FRET-positive tubular extensions from

1914

Inhibition of the proton ATPase by bafilomycin A1
inhibits acidification of endocytic compartments (24) and
increases endosome tubulation (25). To examine the role
of pH in the Rabba cycle, Cos-7 cells transfected with
YFP-RBD, CFP-Rabba and mCherry were treated with
bafilomycin A1 and stimulated with EGF. Bafilomycin
A1 showed a range of effects on the Rabba cycle.
Macropinosomes showed increased active Rabba on
tubular endosomes protruding from macropinosomes
near the center of the cell (Figure 4C), suggesting that

Traffic 2011; 12: 1911-1922
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Figure 3: Rab5a GEFs increase formation of macropinosome-associated tubules. A) Cos-7 cell expressing FRET probes and
pIRES2-mCherry-Rabex-5. B) Cos-7 cell expressing FRET probes and plRES2-mCherry-Rin1. Top row, phase-contrast; middle row,
D (CFP-Rabba); bottom row, EO (Eayg Overlay). Overexpression of both GEFs increased CFP-Rab5a FRET on macropinosomes and
remained higher than control. Macropinosomes extended tubules with high FRET signals. Color scale indicates Eayg FRET signals. Scale

bar =10 um.

vacuolar pH affects Rabb-dependent tubule formation.
The Rabba cycle on macropinosomes was irregular. Com-
pared to macropinosomes in control cells, which exhib-
ited uniform cycles of Rab5 activation (Figure 4A,D—F),
macropinosomes in bafilomycin Al-treated cells exhib-
ited erratic patterns of Rabba association and activation
(Figure 4B,G-1). FRET signals on macropinosomes had a
variegated appearance (Figure 4C). CFP-Rabba association
and dissociation sometimes occurred more than once on
a macropinosome and Rabba association was not consis-
tently accompanied by increased FRET (Figure 4G-1).

Microtubule depolymerization destabilizes the Rab5a
cycle

To examine whether microtubule-based motility affects
the Rabba cycle on macropinosomes, cells expressing
YFP-RBD, CFP-Rab5a and mCherry were treated with the
microtubule depolymerizing agent nocodazole. The few
macropinosomes which did form in these cells did not con-
tain tubular extensions, but like the bafilomycin A1-treated
cells they showed irregular patterns of Rabb activation
(Figure 5). FRET signals were uneven and sometimes
not restricted to the macropinosome itself (Figure 5A).
This was also evident from the quantitative analysis
(Figure 5B-E).

Inhibition of Rab5a activity destabilizes
macropinosomes

To examine the roles of small GTPases in macropinosome
formation and Rabba activation, we expressed from
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pIRES2-mCherry vectors GTPase-deficient forms of small
GTPases which affect motility and macropinocyto-
sis, including Arf6(T27N), Cdc42(N17), Rac1(N17) and
Rab5a(S34N), and measured their effects on macro-
pinosome formation and the Rabba cycle. Expression of
pIRES2-mCherry constructs of Arf6(T27N), Cdc42(N17)
and Rac1(N17) inhibited the cells ability to ruffle and
form macropinosomes (data not shown). In Cos-7 cells
which were transfected with YFP-RBD, CFP-Rab5a(S34N)
and plRES2-mCherry and stimulated with EGF, no FRET
was observed and the majority of macropinosomes that
formed were unstable, fusing back with the membrane
shortly after closure (Figure 6A).

Expression of Rabba GAP, RabGAP-5, lowered FRET
signals and destabilized macropinosomes. Like cells
expressing CFP-Rab5a(S34N), cells expressing Rabba
FRET reporters and pIRES2-mCherry-RabGAP-5 formed
small macropinosomes with little CFP-Rabba associa-
tion and very low FRET signals (Figure 6B, Movie Sb).
Many macropinosomes would start to form but fused
back with the membrane. A small amount of CFP-
Rabba localized to these unstable macropinosomes, but
EpvgMax was very low (0.04 +0.007, p value <0.0001,
compared to controls). Macropinosome size and stability
were measured in BMM expressing CFP and either YFP-
Rabba or YFP-Rab5a(S34N). YFP-Rab5a(S34N) decreased
macropinosome size (Figure 6C, D) and increased the frac-
tion of unstable macropinosomes (Figure 6E). Thus, the
increase in unstable macropinosomes in Cos-7 and BMM
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Figure 4: Bafilomycin A1 increases tubule formation and destabilizes the Rab5a cycle on macropinosomes. Macropinosomes in
control cells (A) showed a single cycle of Rabba activation and deactivation, whereas bafilomycin Al-treated cells (B) showed erratic
patterns of CFP-Rabba association, activation and deactivation and multiple tubular extensions with high Rab5a activity. Top row,
phase-contrast; middle row, D (CFP-Rab5a); bottom row, EO [phase-contrast with overlay showing inactive CFP-Rab5a (red) and active
CFP-Rabba (green)], with the threshold for CFP-Rabba activation set at Eayg = 8%. C) Top row, phase-contrast; middle row, TO,
phase-contrast with overlay showing active Rab5 on tubular extensions (green) of cell treated with bafilomycin A1; bottom row; EO,
Eavg values presented as pseudocolor overlaid on phase-contrast. Scale bars = 10 um. D-1) Individual traces from macropinosomes in
control (D-F) and bafilomycin Al-treated (G-I1) Cos-7 cells showing CFP-Rab5 association (closed circles) and CFP-Rab5 FRET signals
(open circles).

expressing dnRabba or RabGAP-5 indicated a role for macropinosome size (Figure 7). Macropinosomes in con-
Rabba in stabilizing the macropinosome. trol cells were a wide range of sizes, all of which

exhibited single cycles of Rabba activation. Rabex-5 and
The effects of these overexpressed proteins on the Rin1 increased the overall levels of EaygMax. RabGAP-5
Rabba cycle in Cos-7 cells were analyzed relative to and dnRabba showed low levels of Rabba recruitment
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Figure 5: Nocodazole destabilizes the Rab5a cycle on macropinosomes. A) Rabb5a activation on a macropinosome of a cell in
nocodazole; top, phase-contrast; bottom, EO, phase-contrast with overlay showing inactive CFP-Rabba (red) and active CFP-Rabba
(green), with the threshold for CFP-Rabba activation set at Eayg = 10%. Rabba activity fluctuates on the macropinosome. Scale
bar = 5 um. B—E) Individual traces from macropinosomes in nocodazole-treated cells.

to nascent macropinosomes and little if any Rabba acti-
vation. Bafilomycin A1 increased macropinosome size
and Rabba activity on tubular extensions. Although both
bafilomycin A1 and nocodazole destabilized the Rabba
cycle on macropinosomes, neither significantly decreased
overall FRET levels.

Thus, the analysis of Rabba cycle dynamics on
macropinosomes indicated novel mechanisms that reg-
ulate the level and overall uniformity of Rabba activity on
large areas of membrane.

Discussion

Using new tools to elucidate the dynamics of Rabb
in living cells, this study revealed a novel feature of
organelle biology, which is that physiological parameters
affect overall molecular cycles. These tools allowed us
to observe and quantify the Rab5 cycle of association
with macropinosomes, activation, deactivation and disso-
ciation. The ability to measure all of these parameters
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on individual organelles permitted analysis of the overall
Rabb cycle with respect to morphological transitions. Visu-
alization of Rabba dynamics revealed a single, continuous
sequence of Rabba localization, activation and deactivation
covering the entire organelle. This indicated a large-scale
coordination of Rab5 activity on macropinosomes. It is
important to note that these methods measure net activ-
ities on organelles. Individual molecular cycles are likely
more rapid.

The overall Rab5 cycle

Although expression of the fluorescent chimeras altered
Rabba dynamics, general patterns were evident. As the
macropinosome formed, the D and EDA signals increased
at the same rate, beginning just as the macropinosome
closed into the cell. This indicated that the mechanisms
of Rabb association and activation are independent of
the timing of growth factor addition (closure occurred
at various times after EGF addition). The slope of Eavg
was not affected by the size of the macropinosome.
Rabb dissociation from the membrane occurred more
slowly than deactivation. This delay was partly due to
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Figure 6: RabGAP-5 and Rab5a(S34N) destabilize macropinosomes. A) Cos-7 cells expressing YFP-RBD, CFP-Rab5a(S34N) and
mCherry were stimulated by addition of EGF after the first frame was acquired. Small macropinosomes formed rarely. Most
macropinosomes showed no association with CFP-Rab5a(S34N), no FRET and did not persist. B) Cos-7 cells expressing YFP-RBD,
CFP-Rabba and pIRES2-mCherry-RabGAP-5 formed macropinosomes, which showed low CFP-Rabb association and low FRET signals.
The vast majority of the macropinosomes were unstable and fused back with the membrane. Some small macropinosomes that were
able to form showed low FRET signals. C, D) Macrophages expressing CFP-Rab5a(S34N) (black bars) formed smaller macropinosomes
in response to M-CSF than macrophages expressing CFP-Rabba (white bars). E) Macrophages expressing CFP-Rab5a(S34N) formed
unstable macropinosomes more often than did macrophages expressing CFP-Rabba.

expression of YFP-RBD, which significantly slowed the
Rabba cycle, but it could also be the result of phos-
phoinositide turnover dynamics or delayed recruitment or

access of Rabb-dissociation factors.
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Size-dependent activities

Different sizes of macropinosomes showed similar overall
patterns of Rab5 cycle dynamics. Small macropinosomes
generally cycled faster than large macropinosomes. The
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Figure 7: The Rab5a cycle is modulated by GEFs and GAPs.
Cos-7 cells were transfected with YFP-RBD, CFP-Rabba and
pIRES2-mCherry co-expressing GEFs (Rin1 and Rabex-5), GAP
(RabGAP-5) or nothing (control). Cells were stimulated and
macropinosomes were imaged and analyzed as in Figures 1 and 2.
For each condition, the maximum Eayg values were calculated for
>9 macropinosomes and plotted as functions of macropinosome
diameter. Relative to control cells expressing YFP-RBD, CFP-
Rabb5a and mCherry only, the GEFs, Rabex-5 and Rin1, increased
EavgMax, whereas the GAP, RabGAP-5, decreased EaygMax.
Treatment of control cells with bafilomycin A1 or nocodazole
showed lower EaygMax levels, but these were not significant.

principal size-dependent effect was on Rab5b dissociation
from the macropinosome (Figure 2F), which indicated a
role for organelle size in maturation rates or Rab conver-
sion (13). Movement of smaller endosomes around the
forming macropinosome area suggested that mechanisms
such as piranhalysis (26) could play a role in reducing the
cargo and diameter of the macropinosome to a size which
can mature and fuse with the lysosomes.

Cycle modulation by GEFs and GAPs

The effects of Rabb activity on macropinosome dynam-
ics were analyzed by expressing GEFs and GAPs from
mCherry-pIlRES vectors. Overexpression of the GEFs
Rabex-5 and Rin1 increased EaygMax values and the per-
sistence of active Rab5a on macropinosomes. Sustained
Rab5 association and activation on macropinosomes in
these cells did not allow measurement of cycle times
(i.,e. D and EDA remained elevated). Interestingly, cells
expressing Rabex-5 contained enlarged active Rabba-
positive vesicles that had formed prior to stimulation and
image acquisition, a phenotype resembling the effect of
overexpression of constitutively active Rabba (data not
shown). Rin1 overexpression did not result in enlarged
endosomes, indicating that the two GEFs function in dif-
ferent aspects of macropinosome maturation. Both GEFs
increased the number of active Rabba-positive tubular
endosomes, which appeared only rarely in control cells.

Conversely, cells expressing RabGAP-5 contained
macropinosomes with low levels of FRET. Such cells
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also contained more cytosolic CFP-Rabba, indicating
a higher fraction of inactive Rabba in those cells.
Most macropinosomes were unstable. Typically, nascent
macropinosomes would close into cells with an irregular
profile, but would fail to mature into circular organelles.
Rather, the irregularly shaped phase-bright organelles per-
sisted for up to 2 min then collapsed, presumably by
finally fusing with the plasma membrane. These unsta-
ble macropinosomes recruited little or no Rabba and the
Rabba that did accumulate was inactive. Similar inhibition
was observed in cells expressing YFP-RBD and CFP-
Rab5a(S34N). BMM expressing YFP-Rab5a(S34N) and
CFPincreased the frequency of unstable macropinosomes
when compared to BMM expressing YFP-Rabba. These
results indicate that activation of Rabba plays a critical
role in macropinosome stability. The failure of unsta-
ble macropinosomes to round up may be related to
their ability to form tubular extensions. A study by Kerr
et al. (27) showed that sorting nexins-1 and -5 (SNX1,
SNX5) contribute to the formation of Rabba-positive tubu-
lar extensions and the rounding of macropinosomes.
Rabba may facilitate the SNX-mediated tubulation nec-
essary for macropinosome rounding.

Irregular Rab5a cycles

The uniformity of the Rabba cycle on macropinosomes
became more obvious with the appearance of irreg-
ular Rabba cycles. Bafilomycin A1 treatment led to
erratic cycles of Rabba and irregular localization and
activation of Rabba on the macropinosome membrane.
Treatment of cells with nocodazole also caused irregular
and erratic patterns of Rabba localization and activation
on macropinosomes. Bafilomycin A1- and nocodazole
did not affect the maximum levels of FRET on the
macropinosomes (Figure 7). These variegated patterns
of Rabba activation indicate the existence of signal-
integrating activities on organelle membranes and suggest
that luminal pH and microtubule integrity affect overall
cycle dynamics.

Tubular endosomes

Bafilomycin A1 increased the appearance of Rabba-
positive tubular endosomes that stretched from the
nuclear area toward the edges of the cell and exhib-
ited movements typical of microtubule-based motility.
Conditions which caused sustained activation of Rabba
(Rin1 or Rabex-5) also created tubules with active Rabba.
Tubular endosome morphologies were shown by earlier
studies to be microtubule-dependent (25). The increase in
FRET-positive tubular endosomes after overexpression of
Rabex-5 and Rin1 and after bafilomycin A1 treatment indi-
cates a relationship between macropinosome pH, Rabba
activity and microtubule-based endosome trafficking. This
could be attributable to the Rabb effector Rabenosyn-5,
which mediates microtubule-based extension of endoso-
mal membranes (28).

Thus, imaging of Rabba cycles on macropinosomes
revealed the existence of mechanisms which shape the
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overall Rabba cycle. We speculate that organelle size
affects the rate of formation of 3’-phosphoinositides and
concentrations of 3’-phosphoinositides affect overall lev-
els of Rabb GEF or GAP activities. Furthermore, these
studies indicate that Rabba activity facilitates the exten-
sion of tubules and the rounding of the macropinosome,
which may help to stabilize the organelle.

Materials and Methods

Tissue culture, treatment and transfection

The kidney fibroblast-like cell line Cos-7 (American Type Culture Collection)
was maintained at 37°C with 5% CO,. Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (HIFBS), 100 U/mL penicillin, 100 pg/mL and 4 mm
L-glutamine (Invitrogen). BMM were prepared from femurs of C57/BL6
mice and cultured 6 days, as described previously (29). For microscopy,
Cos-7 cells were plated 1 day prior to imaging onto 256 mm, No. 1.5
circular coverslips (Fisher Scientific) at 2.0 x 10° cells per coverslip. Cells
were incubated for 4 h to allow attachment to the coverslips, transfected
with plasmids using Roche FUGENE HD, following the manufacturer's
protocol (Roche Diagnostics) and serum-starved overnight prior to imaging.
BMM were transfected using Mouse Macrophage Nucleofector kit (Lonza)
according to the manufacturer's protocol, plated on coverslips and
incubated in RPMI-1640 with 20% HIFBS, 4 mm L-glutamine, 20 U/mL
penicillin and 20 pug/mL streptomycin for 3 h. Cells were incubated for 20 h
in DMEM without added M-CSF.

Forimaging, coverslips with cells were placed in a Leiden chamber (Harvard
Apparatus) with Ringer's buffer (1565 mm NaCl, 5 mm KCI, 2 mm CaCl, 1 mm
MgCl, 2 mm NaH,POg4, 10 mm glucose, 10 mm HEPES at pH 7.2) at 37°C.
Macropinocytosis was stimulated by addition of 100 ng/mL EGF (R&D
Systems) to Cos-7 cells, or 200 ug/mL M-CSF to BMM. Bafilomycin A1
(0.5 um, Sigma-Aldrich) and nocodazole (5 pm, Sigma-Aldrich) were added
to Cos-7 cells 30 min prior to image acquisition.

Plasmids

Monomeric versions of the cyan fluorescent protein (CFP), citrine (YFP)
and Cherry (mCherry) were used for all chimeric constructs (30). Rab5a,
Rab5a(Q79L), Rab5a(S34N), Arf6(T27N), Cdc42(N17), Rac1(N17), RabGAP-
5, Rin1 and Rabex-5 were cloned in YFP, CFP or mCherry vectors.
RabGAP-5 plasmid was provided by F. A. Barr (Max-Planck Institute of
Biochemistry, Martinsried, Germany). Constructs for Rin1 and Rabex-5
were provided by A.R. Saltiel (University of Michigan, Ann Arbor, Michi-
gan). Polymerase chain reaction was used to amplify the RBD from the
amino terminus of EEAT (residues 36-218 aa) which was subcloned
into mCit-C1 and mCFP-C1 vectors (19,20,31). The Clontech pIRES2-EGFP
vector was modified by replacing EGFP with mCherry. Rab5a, Arf6(T27N),
Cdc42(N17), Rac1(N17), RabGAP-5, Rin1 and Rabex-5 were cloned into
the pIRES2-mCherry using In-Fusion Advantage PCR Cloning Kit (Clon-
tech Laboratories Inc.). All constructs originated from human cDNA and
all sequences of constructs were confirmed by DNA sequencing at the
University of Michigan DNA Sequencing Core.

Ratiometric and FRET microscopy

Cells were co-transfected with plasmids encoding YFP-RBD, CFP-Rabba,
mCherry or pIRES2-mCherry. The plRES2 vector contains an internal
ribosomal entry site between its multiple cloning site and the fluorophore
site which allows the translation of both in a single bicistronic mRNA.
mCherry served as a cytosolic volume marker which corrected for optical
pathlength due to cell shape. mCherry also allowed identification of cells
expressing non-fluorescent Rab5-modifying proteins (GAPs and GEFs).
Five images were acquired: Phase-contrast, /5, which contains the FRET-
independent fluorescence from the acceptor; Ip, which contains the
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fluorescence from the donor; /g, which contains a mixture of donor,
acceptor and FRET fluorescence and /g, which contains the fluorescence
from mCherry. These images were acquired on a Nikon TE300 widefield
inverted fluorescence microscope with a 60x 1.4 Planapo objective,
excitation and emission filters in filter wheels, a temperature-controlled
stage, shutters for both phase-contrast and epifluorescence and a cooled
digital charge-coupled camera (Quantix; Photometrics). The source of
epifluorescent light was a mercury arc lamp (OSRAM GmbH). Images
were corrected for exposure times and shade and bias corrections were
applied before processing. All images were acquired using MetaMorph
version 7.7r1 (Molecular Devices).

FRET and ratiometric measurements were calculated for each cell using
MATLAB R2009a (The Mathworks), the DIPImage toolbox for MATLAB
(http://www.diplib.org, Quantitative Imaging Group, Delft University of
Technology, Netherlands) and FRET Calculator (available from the Center
for Live Cell Imaging at the University of Michigan). Ratiometric images
of YFP- and CFP-chimeras were calculated from three images, the YFP
image /p, the CFP image /Ip and mCherry image /g. The ratio of YFP-
or CFP-chimera to mCherry reported the localization of each chimera
normalized to cell volume. FRET stoichiometry (22) was used to measure
the proportions of donor, acceptor and donor—acceptor complex in each
pixel. FRET calibration parameters were determined using Cos-7 cells
expressing YFP only (a), CFP only (B) or a linked YFP-CFP molecule of
known FRET efficiency (y and &). FRET calculator was used to obtain
the total concentrations of acceptor (A) and donor (D = Ip + EDA x §),
the FRET efficiency times the concentration of donor—acceptor complex
(EDA = [ —a x In — B x Ip), the fraction of the acceptor in complex times
the FRET efficiency (Ep), the fraction of the donor in complex times the
FRET efficiency (Ep), the average FRET efficiency (Eayg = (Ea + Ep)/2),
the ratio of acceptors to cytoplasmic marker (Ryg), the ratio of donors to
cytoplasmic marker (Rcgr) and molar ratio of acceptors to donors (Ry).
The EO image was created by thresholding the Epyg image with different
binary masks made from D images. The masks were thresholded to
identify only the CFP-Rabba-positive organelles and a pseudocolor scale
was applied to the masked Exyg images, assigning different colors at 5%
Envg steps (0-40% Eayg). the new scaled images were overlayed onto
the phase-contrast images (EO in Figures 1, 3, 4C and 6). In Figures 4A,B
and 5 the £py images were thresholded with two different binaries from
D images; the threshold was set to red for values from 0 to 8% and green
from 8 to 40%. In Figure 4C, the TO images were created by averaging
the EDA images and subtracting the average noise from the original EDA
images, the new EDA images were eroded and dilated in Metamorph to
improve the visualization of the active Rabba-positive tubules. The images
were then overlaid as green on phase-contrast images.

Particle tracking

The centroid-tracking algorithm TRACKOBJ of Metamorph was used
to measure signals associated with macropinosomes, as previously
described (22). Using the phase-contrast image, the center of the
macropinosome was identified; a region encompassing the macro-
pinosome was drawn in the phase-contrast, Ep, Ep, EDA, Eayg., A D
and Ratio images. To compare multiple image series, the macropinosome
data traces were aligned by designating the first phase-contrast image
containing a fully rounded macropinosome as the 1-min time point.

Data analysis

To quantify the Rabba activation cycle, the particle tracking plots for D
(total Rabba signal) and EDA (total FRET signal) images were selected
and all values were normalized to the maximum and minimum values. D
and EDA signals for each macropinosome were analyzed for the interval
between half-maximal values ascending and descending (i.e. the width of
the association or activation profiles). D and EDA signals were also analyzed
to determine the intervals between D and EDA at half-maximal ascending
and half-maximal descending parts of the curve (Figure 2C). The mean
EavgMax for each modulator was used to compare the effect on Rabba
FRET during macropinocytosis. To measure EaygMax and diameter on
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the unstable macropinosomes in RabGAP-5-expressing cells, the diameter
of the circular ruffle was measured prior to collapse and fusion with the
membrane.

Statistical analysis

A paired two-tailed Student's t-test (two-sample assuming equal variances)
was used to compare the effect on the EpaygMax average of the
macropinosomes formed in control cells, cells expressing pIRES2-
mCherry-RabGAP-5, pIRES2-mCherry-Rin1 and cells expressing pIRES2-
mCherry-Rabex-5.

Acknowledgment

The authors gratefully acknowledge technical support and advice from
Adam Hoppe, Lad Dombrowski, Michael Davis, Tim Welliver and Youxin
Zhang. Supported by NIH grant Al-79414 to J. S.

Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Movie S1: Macropinosome formation and Rabba activation in Cos-7 cells.
A Cos-7 cell transfected with CFP-Rab5a, YFP-RBD and mCherry. Right
panel, phase-contrast; central panel, D; left panel, EO, Epyg values are
presented as pseudocolor overlaid on the phase-contrast images. Color
scale indicates £pyg values below 12% (red) and above 12% (green). EGF
(100 ng/mL) was added after acquisition of the first frame and frames were
acquired every 30 seconds. Video was speeded up 60x (two frames per
second) over real time (scale bars = 10 pm).

Movie S2: Rabba cycle on macropinosomes in BMM. Primary murine
bone-marrow-derived macrophage transfected with CFP-Rabba, YFP-RBD
and mCherry, stimulated with M-CSF. Right panel, phase-contrast; central
panel, D; left panel, EO, Epyg values are presented as pseudocolor overlaid
on the phase-contrast images. Color scale indicates Epyg values below
8% (red) and above 8% (green). Frames were acquired every 30 seconds.
Video was speeded up 60x (two frames per second) over real time (scale
bars = 5 um).

Movie S3: GEF, Rabex-5, effect on Rabba cycle. Cos-7 cell transfected
with CFP-Rab5a, YFP-RBD and plRES2-mCherry-Rabex-5. Right panel,
phase-contrast; central panel, D; left panel, EO, Eayg values are presented
as pseudocolor overlaid on the phase-contrast images. Color scale indicates
Epyg Vvalues below 12% (red) and above 12% (green). EGF (100 ng/mL)
was added after acquisition of the first frame and frames were acquired
every 30 seconds. Video was speeded up 60x (two frames per second)
over real time (scale bars = 10 um).

Movie S4: GEF, Rin1, effect on Rabba cycle and active Rabba-positive
tubular endosomes. Cos-7 cell transfected with CFP-Rab5ba, YFP-RBD and
pIRES2-mCherry-Rin1. Right panel, phase-contrast; central panel, D; left
panel, EO, Eayg values are presented as pseudocolor overlaid on the
phase-contrast images. Color scale indicates Epyg values below 12% (red)
and above 12% (green). EGF (100 ng/mL) was added after acquisition of
the first frame and frames were acquired every 30 seconds. Video was
speeded up 60x (two frames per second) over real time (scale bars =
10 um).

Movie S5: GAP, RabGAP-5, disruption of macropinsome formation and
deactivation of Rab5a. Cos-7 cell transfected with CFP-Rab5a, YFP-RBD
and pIRES2-mCherry-RabGAP-5. Right panel, phase-contrast; central panel,
D; left panel, EO, Epyg values are presented as pseudocolor overlaid on
the phase-contrast images. Color scale indicates Epyg values below 6%
(red) and above 6% (green). EGF (100 ng/mL) was added after acquisition
of the first frame and frames were acquired every 30 seconds. Video was
speeded up 60x (two frames per second) over real time (scale bars =
10 pm).
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