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The small G proteins Cdc42, Racl, and Rac2 regulate the rearrangements of actin and membrane necessary for Fcy
receptor-mediated phagocytosis by macrophages. Activated, GTP-bound Cdc42, Racl, and Rac2 bind to the p21-binding
domain (PBD) of PAK1, and this interaction provided a basis for microscopic methods to localize activation of these G
proteins inside cells. Fluorescence resonance energy transfer-based stoichiometry of fluorescent chimeras of actin, PBD,
Cdc42, Racl, and Rac2 was used to quantify G protein activation relative to actin movements during phagocytosis of
IgG-opsonized erythrocytes. The activation dynamics of endogenous G proteins, localized using yellow fluorescent
protein-labeled PBD, was restricted to phagocytic cups, with a prominent spike of activation over an actin-poor region at
the base of the cup. Refinements of fluorescence resonance energy transfer stoichiometry allowed calculation of the
fractions of activated GTPases in forming phagosomes. Cdc42 activation was restricted to the leading margin of the cell,
whereas Racl was active throughout the phagocytic cup. During phagosome closure, activation of Racl and Rac2 increased
uniformly and transiently in the actin-poor region of phagosomal membrane. These distinct roles for Cdc42, Racl, and
Rac2 in the component activities of phagocytosis indicate mechanisms by which their differential regulation coordinates

rearrangements of actin and membranes.

INTRODUCTION

The Rho family GTPases Cdc42, Racl, and RhoA regulate
cell shape, cell motility, and phagocytosis. In their GTP-
bound, active state, they interact with effectors that alter the
actin cytoskeleton, contractility, and vesicle fusion (Ridley,
2001; Takai et al., 2001). Each of these GTPases drives distinct
morphological rearrangements. The regulation of these com-
ponent activities arises from activation and deactivation of
Rho GTPases by regulatory interactions with three classes of
molecules: guanine nucleotide exchange factors (GEFs),
which activate G proteins; GTPase accelerating proteins
(GAPs), which deactivate G proteins; and GDP disassocia-
tion inhibitors (GDIs), which inhibit the activation of Rho
GTPases by sequestering them from membranes. These reg-
ulatory interactions are predicted to result in differential
spatial and temporal activation of Rho family proteins,
which in turn regulate cellular movements (Etienne-
Manneville and Hall, 2002). Accordingly, complex move-
ments of cytoskeleton and membrane should contain dis-
tinct underlying patterns of activation and deactivation for
each of the participating GTPases.

Fcy receptor (FcyR)-mediated phagocytosis is a spatially
and temporally regulated process that requires the functions
of Racl and Cdc42 (Cox et al., 1997; Caron and Hall, 1998;
Massol et al., 1998). Particles coated with IgG activate FcyRs
on the surfaces of macrophages that subsequently induce
actin polymerization, myosin activity, and membrane fu-
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sion, leading to the extension of membrane over the particle
and a constriction process that closes the phagosome (Green-
berg, 1999; Swanson et al., 1999). Phagocytosis is essentially
comprised of three morphological phases: 1) particle bind-
ing, 2) pseudopod extension, and 3) phagosome closure.
FcyR-mediated phagocytosis also includes Rac-regulated as-
sembly of the NADPH oxidase complex for generating su-
peroxide in the phagosomal lumen (Bokoch and Diebold,
2002; Myers and Swanson, 2002). It has been speculated that
Racl and Cdc42 regulate distinct processes during phago-
cytosis, with Cdc42 regulating pseudopod extension and
Racl regulating phagosome closure (Castellano et al., 2001).
Recent work also has indicated different roles for Racl and
Rac2 in phagocytosis, chemotaxis, and superoxide produc-
tion (Gu et al., 2003). However, current approaches lack the
resolution needed to correlate the timing and localization of
Rho GTPase signaling with the phases of phagocytosis.

The mechanisms of activation and deactivation of Cdc42,
Racl, and Rac2 during FcyR-mediated phagocytosis are
largely unknown. First, ligation of the FcyR activates a phos-
phorylation cascade involving Src family and Syk tyrosine
kinases (Cox and Greenberg, 2001). The GEF Vav can be
phosphorylated by Syk and activates Rac during phagocy-
tosis (Patel et al., 2002). Second, Syk can phosphorylate the
p85 subunit of the type I phosphatidylinositol 3-kinase
(PI3K), leading to local production of phosphatidylinositol
3,4,5-trisphosphate [PI(3,4,5)P;] at the site of phagocytosis
(Marshall et al., 2001; Srinivasan ef al., 2003).

Once activated, Cdc42, Racl, and Rac2 regulate phago-
cytic functions by their interactions with effector molecules.
For example, Cdc42 interacts with Wiscott-Aldrich Syn-
drome Protein, whose deficiency in Wiscott-Aldrich Syn-
drome patients results in defective phagocytosis (Lorenzi et
al., 2000). Rac interacts with PAK1, which localizes to phago-
cytic cups and macropinosomes (Dharmawardhane et al.,
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1999; Diakonova et al., 2002) and may regulate macropino-
cytosis (Dharmawardhane et al., 2000; Srinivasan et al., 2003).
Rac interaction with p67phox subunit regulates the catalytic
activity of the NADPH oxidase complex (Bokoch and
Diebold, 2002).

Although the list of molecules that interact with the Rho
GTPases provides insight into the mechanisms of Rho
GTPase activation and downstream signaling, the signal
transduction organizing phagocytosis will only be under-
stood when the timing and organization of these interactions
are defined. In this study, the p21-binding domain (PBD)
from PAK1, which can detect GTP-bound Cdc42, Racl, and
Rac2 in biochemical and morphological assays (Kraynov et
al., 2000; Gardiner et al., 2002), was used to localize endog-
enous, activated Cdc42, Racl, or Rac2 during phagocytosis.
Ratiometric microscopy of yellow fluorescent protein (YFP)-
PBD and cyan fluorescent protein (CFP) identified two
phases of G protein activation that correlated with distinct
phases of phagocytosis. The first phase colocalized with
actin in the extending pseudopod, and the second phase was
marked by a prominent, transient spike of activity behind
the actin-rich region as the phagocytic cup closed. We also
used a novel fluorescence resonance energy transfer (FRET)-
based imaging method to localize and measure the fractions
of activated GTPases in living cells. The contributions of
Cdc42, Racl, and Rac2 to the phases of PBD localization
were estimated by measuring the fraction of YPF-labeled
GTPase bound to CFP-PBD and the fraction of activated
GTPase in various regions of the forming phagosome. Acti-
vation of Cdc42 occurred early and preferentially at the tips
of extending pseudopodia, activation of Racl occurred in
phagocytic cups and during closure, and Rac2 was primarily
active during phagosome closure.

MATERIALS AND METHODS

Constructs and Protein Purification

All constructs named YFP were either citrine (Griesbeck et al., 2001) or
monomeric citrine (Zacharias et al., 2002). YFP-actin, YFP-Akt, and YFP-PBD
were made with citrine. All YFP-GTPases were made with monomeric citrine,
and CFP-PBD was made with monomeric CFP. pCitrine-N1 was created as
described previously (Hoppe et al., 2002). To reduce the possibility of fluo-
rescent protein-mediated dimerization, monomeric fluorescent proteins (Za-
charias ef al., 2002) were generated with the QuikChange method (Stratagene,
La Jolla, CA) to yield the A206K mutation GCC—AAA, producing pmCit-N1
and pmCFP-N1. Plasmids encoding human Racl, RaclL61, and PBD were
generous gifts from Klaus Hahn (Scripps Research Institute, La Jolla, CA).
cDNA for human RacIN17, Rac2, Rac2V12, Rac2N17, Cdc42, Cdc42V12, and
Cdc42N17 were obtained from the Guthrie Institute (Sayre, PA). Polymerase
chain reaction was used to amplify the PBD region of PAKI1 or
PAK1(H83,86L) (from Gary Bokoch, Scripps Research Institute) coding for
amino acid residues 70-118 with the addition of Bg/II and HindIII restriction
sites. This product was then cloned into pmCFP-N1 to create CFP-PBD with
linking amino acids SGLRS. Three sets of primers were designed to amplify
Racl, Rac2, and Cdc42, with Bgl/ll and HindIIl sites for insertion into pm-
Cit-N1 to create YFP-Racl (wt, L61, N17), YFP-Rac2 (wt, V12,N17), YFP-
Cdc42 (wt, V12, N17) with linker SGLRS. The mutation Y40H was introduced
into YFP-Rac1(L61) by the QuikChange method (Stratagene) to yield YFP-
Racl(L61,H40). GFP-AktPH was a gift from Tobias Meyer (Stanford, Palo
Alto, CA). YFP-AktPH was generated by replacement of the GFP with citrine.
YFP-actin was generated by replacing YFP in pEYFP-actin (BD Biosciences
Clontech, Palo Alto, CA) with citrine.

The DNAs for YFP-Racl, YFP-Rac1(L61), and CFP-PBD were cloned into
pET-28a (Novagen, Madison, WI) prokaryotic expression vector by polymer-
ase chain reaction between the Nhel and HindIlI sites to add a six-His tag at
the N terminus. All constructs were verified by sequencing.

Prokaryotic expression plasmids were transferred to Codon Plus BL21(RIL)
Escherichia coli (Stratagene) for protein purification. The cells were grown with
shaking (150 rpm) at 33°C in LB, to an ODgy, of 0.7, and induced with
isopropyl B-p-thiogalactoside for 5 h. After induction, the culture was chilled
on ice 15 min, pelleted by centrifugation (5000 X g, 15 min), and resuspended
in G protein-specific lysis buffer (Self and Hall, 1995b) with 1 mg/ml ly-
sozyme for 15 min. Lysates were passed through a French press, treated with
DNase and RNase for 10 min at 4°C, cleared by centrifugation (15,000 X g, 30
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min), and then the proteins were purified on Ni?*-NTA agarose according to
the manufacturer’s protocol (QIAGEN, Valencia, CA). SDS-PAGE stained
with Coomassie Blue showed the proteins to be >98% pure.

In Vitro FRET Titration

A FluoroMax-2 spectrofluorometer, fit with a 96-well plate reader and con-
trolled by a computer running Data Max software (Instruments SA, Edison,
NJ), was used to measure FRET between His-YFP-Racl and His-CFP-PBD.
Equal volumes of 0.5 uM His-CFP-PBD in phosphate-buffered saline with 1
mg/ml bovine serum albumin were placed into the wells of a fluorescence
plate. His-YFP-Racl or His-YFP-Rac1(L61) were serially diluted through the
wells containing His-CFP-PBD. The plate was then read using 435-nm exci-
tation and 475-nm emission light. Background was measured from wells
containing PBD/bovine serum albumin and was subtracted from all wells.
FRET efficiency was calculated as the decrease in donor fluorescence E =1 —
Fpa/Fp. Data were fit with Prism Software to a single site mass action
binding equation that accounted for ligand depletion.

Cell Culture and Transfection

RAW264.7 cells from American Type Culture Collection (Manassas, VA) were
grown in DMEM supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA) (heat-inactivated at 56°C for 45 min) and 100 U/ml penicillin/
streptomycin mixture (Sigma-Aldrich, St. Louis, MO) at 37°C with 5% CO,.
Macrophages were plated on coverglasses 4 h before transfection. Transfec-
tion was carried out 24 h before the experiment with 1 pg of total plasmid
DNA and 2 ul of FuGene6 (Roche Diagnostics, Indianapolis, IN). During
microscopic observation, the cells were maintained at 37°C on a heated stage
in Ringer’s buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 2 mM
NaH,PO,, 10 mM HEPES, 10 mM glucose). Sheep erythrocytes opsonized
with rabbit anti-sheep erythrocyte IgG were prepared as described previously
(Swanson, 2002).

FRET Imaging

The FRET microscope consisted of an inverted fluorescence microscope (Ni-
kon TE-300; Nikon, Tokyo, Japan), equipped with a temperature-controlled
stage, a 175-W xenon arc lamp, shutters for trans- and epifluorescence illu-
mination, filter wheels for both excitation and emission filters, dichroic mir-
rors that allowed detection of multiple fluorophores, a 60X numerical aper-
ture 1.4 Planapo objective, and a cooled digital charge-coupled device camera
(Cool Snap; Photometrics, Tucson, AZ), all of which were controlled by
MetaMorph Image processing software (version 4.6.2; Universal Imaging,
Malvern, PA). Excitation and emission filters were selected using two filter
wheels (Sutter Instrument, Novato, CA) and a double pass dichroic mirror
bandpass combination JP4 filter set, Chroma (Chroma Technology, Brattle-
boro, VT). The microscope and imaging system were calibrated for FRET
stoichiometry as described previously (Hoppe et al., 2002). The component
images consisted of epifluorescence filter combinations for CFP (I;,: excitation
435 nm; emmission 490 nm), YFP (I,: excitation 505 nm; emmission 540 nm),
and FRET (Ij: excitation 435 nm; emmission 540 nm), as well as phase-contrast
images. Coefficients for image processing were determined from RAW264.7
cells expressing YFP only («), CFP only (B), and a linked CFP-YFP chimera
whose FRET efficiency was independently measured by fluorescence lifetime
spectroscopy (y and £). Shading-correction images (to correct differences in
illumination across the image plane) were collected from solutions of purified
CFP and YFP sandwiched between two coverslips.

During experiments, cells were maintained in a heated observation cham-
ber at 37°C. Macrophages expressing fluorescent probes were identified, and
then phagocytosis was initiated by adding ~10° IgG-opsonized erythrocytes
to the chamber. Image collection began as erythrocytes landed on cells. Image
series’ consisting of phase-contrast, I,, I, and I for FRET microscopy, or
phase-contrast, I, and I, for Ratio imaging, were collected every 30 s. These
primary images were shading corrected and used to obtain the processed
images E,, Ep, and R, as defined for FRET stoichiometry (Hoppe et al., 2002).
For each pixel of the image, R represented the molar ratio of YFP to CFP, E ,
was the fraction of YFP chimera in complex with CFP, times the characteristic
FRET efficiency of the YFP/CFP complex (or E, = ([YFP-CFP complex]/
[YEP]) X E¢), and Ep, was the fraction of CFP in complex with YFP, times the
characteristic FRET efficiency of the YFP/CFP complex (or E, = ([YFP-CFP
complex]/[CFP]) X Ec). Conditions were chosen such that photobleaching
was minimized. In general, the photobleaching as measured by loss of fluo-
rescence intensity for either YFP or CFP constructs was <10% for the duration
of data collection; differential photobleaching was generally <5%.

Ratiometric Imaging

A ratiometric imaging approach based on the imaging principles of FRET
stoichiometry (Hoppe et al., 2002) was used to measure the molar ratios of two
fluorescent chimeras expressed in macrophages. In its simplest form, chimeric
YFP, which localized according to the protein it was linked to, was coex-
pressed with CFP, which served as a general marker of soluble cytosol. The
Ratio image reported the concentrations of YFP-chimera relative to CFP,
thereby correcting for variations in optical pathlength related to cell shape.
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Ratiometric imaging has been used to image the localization of molecules
within living cells (Swanson, 2002; Henry et al., 2004). FRET stoichiometry
provides a method for quantifying the molar ratio of an acceptor, (YFP)-
labeled molecule to a donor, (CFP)-labeled molecule from three images, the
acceptor image I, donor image I5, and the “FRET” image Iy as in Hoppe et
al. (2002):

_[YFP] < §> aly
= W =\s)|—"—"F—".
[CEP] (Ir — aly — BID)g +1Ip
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In the case where there is no FRET, the Ig-al,-Bl term is zero, which allows
use of an expression that requires only two images:
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where «, v, and £ are defined as for FRET stoichiometry (Hoppe et al., 2002).

Particle Tracking

To quantify signaling events from multiple phagocytic events, a particle-
tracking image analysis algorithm was developed in MetaMorph software
(Universal Imaging). This algorithm measured the phagosome-associated
signals by tracking the center of the opsonized erythrocyte in the phase-
contrast image by the cross-correlation centroid-tracking algorithm TRACOB]
in MetaMorph (Universal Imaging). The algorithm used the position outputs
of TRACOB]J to position 5-um-diameter circular measurement regions in the
computed images, and the phase-contrast images at each frame in the time
series. A threshold was applied over the cell, and measurements were col-
lected from a logical AND of the binary threshold and the gray-scale images,
such that noncellular regions (zeros) were not included in the computed
averages. For ratiometric imaging, the tracking algorithm determined the
center of the erythrocyte and then positioned the measurement region in the
phase-contrast and Ratio images (Rp). The measurement region consisted of a
5-um-diameter circle that included the entire erythrocyte and a small amount
of surrounding cytoplasm. A second region was drawn around the entire cell
and then Ratio values for the cell were determined (Rc). This same process
also was applied to the FRET stoichiometry data for the Ratio, E 5, and Ep,. The
output of these tracking algorithms included the particle- and cell-associated
phase intensity, Ratio, E,, and Ep. Phagocytic events were aligned by the
phase-contrast grayscale values, which decreased as the particle changed
from phase-bright to phase-dark during phagosome closure (Diakonova et al.,
2002).

Recruitment Index Rp/R

Cells transfected with two separate plasmids express widely varying concen-
trations of CFP and YFP probes. A localization index was used to compare
YFP chimera recruitment to phagosomes in different cells. Assuming that CFP
distributes evenly throughout cytoplasm, the concentration of CFP should be
the same throughout the cell. Dividing the Ratio on the phagosome Ry, by the
Ratio for the entire cell Re should report the relative concentration of YFP-
chimera on the phagosome, such that

Ry [YFPL[CFPl. [YFP),
Rc [YFPI{CFP], [YFP]"

Determining the Fraction of Active G Protein

To compare signaling events among cells with varying expression levels of
labeled molecules, a relationship had to be defined the between E 4, Ep, Ratio,
and the fraction of active G protein. The relative concentrations of CFP-PBD
and YFP-GTPase affect the fraction of active GTPases bound by CFP-PBD. To
compare signals from cells expressing various ratios of CFP and YFP chi-
meras, we used empirical data from constitutively active GTPases to define a
relationship between E,, Ep, R, and the fraction of active GTPase.
Constitutively active GTPase chimeras were used to determine the effects of
relative expression levels on the maximum values of E, or Ep,. Assuming that
for constitutively active GTPases the fraction of active G protein is 1, the
relationship between molar ratio [e.g., YFP-Rac1(V12)/CFP-PBD] and E, or
Ep can be obtained by measuring Ratio, E,, and Ep, in cells expressing
different levels of YFP and CFP chimeras. In RAW264.7 macrophages, expres-
sion of YFP-Cdc42(V12), YFP-Racl(Q61L), or YFP-Rac2(V12) in combination
with CFP-PBD gave E, and Ej, values that were sigmoidal functions of the
Ratio (Figure 5). At higher ratios, Ep, approached maximal values that indi-
cated the characteristic FRET efficiency (Ec) for that CFP-YFP complex
(Hoppe et al., 2002). These plots allowed rescaling of the FRET images from
cells expressing wild-type YFP-GTPases. That is, fractions of donor or accep-
tor in complex (f, and f4, respectively) could then be obtained by dividing the
Ep or E, images by Ec (Hoppe et al., 2002). Data from the video sequences
were recalculated to obtain the fraction of YFP-labeled G protein in the
GTP-bound form, by using an empirical relationship between Ratio, and E
or Ep, defined by fitting the data in Figure 5 to single-site binding equations:
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E¢ X Ratio
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where Kyp, or K, are fitting constants (not to be confused with dissociation
constants) defined as the Ratio or 1/Ratio at which half of the donor or
acceptors are in complex, respectively. To obtain the fraction of active GTPase
(G*) for each component image of phagocytosis, the measured E, was di-
vided by E,* at the mean cellular Ratio as determined by fitting the data in
Figure 5 with equation 2:

E4

*— T
G Ej(Ratio)

®)

It should be emphasized that these calculations did not involve further
processing of the Ep and E, images. They simply changed the calibration
scales applied to the already processed images.

RESULTS

PBD Dynamics during Phagocytosis

Time-lapse ratiometric imaging of phagocytosis by
RAW264.7 macrophages expressing YFP-PBD and CFP al-
lowed measurement of the distributions of endogenous
GTP-bound G proteins that bind PBD. YFP-PBD was distrib-
uted uniformly throughout the cytoplasm, but it was con-
centrated in some ruffles and lamellipodia (our unpublished
data). During phagocytosis, YFP-PBD redistributed to the
forming phagosome and demonstrated a prominent burst of
localization during phagosome closure (Figure 1A). Closure
was recognizable in phase-contrast images by the particle’s
transition from phase-bright to phase-dark (Diakonova et al.,
2002).

A particle-tracking method was developed that could fol-
low movement of the opsonized erythrocyte through images
of a time series and guide measurements on the phagosome
in the Ratio image (see MATERIALS AND METHODS). By
tracking the phase-intensity of the particle and identifying
the frames in which particles became phase-dark, movies of
phagocytic events could be aligned temporally for quantita-
tive analysis. To compare cells with varying expression lev-
els of YFP and CFP probes, the YFP/CFP Ratio measured on
the phagosome (Rp) was divided by the YFP/CFP Ratio for
the entire cell (Rc). For all of the molecules studied, R
varied little over time, and CFP indicated the distributions of
cytoplasmic volume. Therefore, the ratio of the two ratios,
Rp/Re, indicated the fractional concentrations of YFP-la-
beled molecules near the phagosome (see MATERIALS
AND METHODS). Cells expressing nonchimeric YFP and
CFP demonstrated uniform ratios throughout phagocytosis,
with Rp/Rc values of 1, indicating that cell movements did
not create ratiometric artifacts (Henry et al., 2004; our un-
published data).

The recruitment of YFP-PBD was assessed from multiple
phagocytic events by particle-tracking-based quantification.
Localization of YFP-PBD to the phagosome was biphasic,
with limited recruitment during the binding (0-1 min) and
extension phases (0-5 min), followed by a transient local-
ization to the phagosome during the closure phase (5-8 min)
(Figure 1B).

In macrophages coexpressing YFP-actin and CFP, YFP-
actin redistributed to the phagosome (0-3 min), and then
was mostly cleared by 7 min (Figure 1B). Similar to previous
imaging studies (Araki ef al., 2003; Henry et al., 2004), YFP-
actin localized as a concentrated, narrow band that moved
over the opsonized erythrocyte at the leading edge of the
extending pseudopod, attaining localized molar ratios
greater than 10 times that of the cell body (our unpublished

3511



A.D. Hoppe and J.A. Swanson

-
(-]

==
(-2

=
Ry/R. YFP-PBD

Moe*e®00 00
= 4 2.5 4.5 5.5

L 35 & 45 & i 66 & 75 & 85 4

Ry/R; YFP-Actin

Y'Y

Ratio &

- P 4 - rd o g
e et Bt et Bt et Rt Bt s s
W35 a0 Mas Wso M55 Weo Wes Mo s Wso Wss

B S B il B B A

L]

Ahbddsdideas

| :
25 —l3.0

CFP-actin | B -~ e

YFP-PBD

Color
Overlay

Figure 1. Organization of PBD binding sites relative to actin localization during FcyR-mediated phagocytosis. (A) Time series showing
phase-contrast and Ratio images of a macrophage internalizing an IgG-opsonized erythrocyte. The color bar indicates the molar ratio
(YFP/CFP). YFP-PBD was recruited to the forming phagosome (1.5-4.5 min) to a much greater extent during closure (5.0-7.5 min) and was
cleared from the closed phagosome (8.5 min). (B) Particle-tracking analysis of YFP-actin (open circles) and YFP-PBD (closed circles) indicated
that actin was recruited to the phagosome after particle binding (0-1 min) and during extension (1-5 min), and YFP-PBD was recruited
throughout phagocytosis, with a pronounced increase in recruitment during closure (5.0-8 min). Data are mean = SEM for 10 phagocytic
events; no more than three events were taken from any one cell, and at least five different cells made up the 10 traces. (C) Simultaneous
imaging of YFP-PBD and CFP-actin indicated that actin and the majority of PBD binding sites formed a discrete interface during constriction
of the opsonized erythrocyte (constriction is inferred from the deformation of the erythrocyte; see arrow). CFP-actin was recruited to the
forming phagosome, moved as a concentrated band over the particle during the extension phase (1.5-6.0 min), and condensed at the point
of closure (6-7.5 min). YFP-PBD accumulated significantly on the base of the phagosome as constriction of the particle began (4.5-5.0 min),
closely followed the moving band of actin during closure (5.5-7.5 min) and then rapidly dissipated (7.5-8.5 min). Bars, 3 um. Also see Movie 1.

data). Quantitation of multiple phagocytic events in cells
expressing YFP-actin indicated that actin was cleared from
phagosomes before or during the transient increase in PBD
(Figure 1B).

To localize PBD relative to actin, macrophages expressing
YFP-PBD plus CFP-actin were imaged during phagocytosis.
CFP-actin in the forming phagosome moved over the parti-
cle in a narrow band that was spatially distinct from, and
preceded, the prominent labeling with YFP-PBD (Figure 1C
and Movie 1). Much more of the cellular CFP-actin was
recruited to the forming phagosome than YFP-PBD (com-
pare scales of Figure 1B), but a color overlay of the CFP and
YFP images showed that YFP-PBD localized to the base of
the phagosomal membrane, following the CFP-actin band as
it passed over the particle (Figure 1C and Movie 1). The
boundary between the YFP-PBD and CFP-actin defined a
region of constriction, as seen by the deformation of the
opsonized erythrocyte, which moved over the particle as it
was drawn into the cell (Figure 1C, 5-7 min). This boundary
therefore coincided with the circumferential contractile ac-
tivities of phagosome closure (Swanson et al., 1999; Araki et
al., 2003).

Localization of Racl, Rac2, Cdc42, and PI3K

To determine whether the dynamics of actin and PBD in
forming phagosomes could be explained by regulated redis-
tribution of G proteins, the distributions of YFP-Cdc42, YFP-
Racl, and YFP-Rac2 were measured by ratiometric imaging.
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YFP-Cdc42 localized to the tips of extending pseudopodia in
the phagocytic cup and to the entire phagosome during
closure (Figure 2A). Tracking analysis indicated that the net
concentration of YFP-Cdc42 on the phagosomal membrane
remained constant and elevated (Figure 2B). A similar pat-
tern of increased but constant association was measured for
YFP-Racl (Figure 2C). Importantly, YFP-Racl was often par-
tially localized on the plasma membrane, as indicated by
increased ratios near the cell periphery. Because the phago-
cytic cup is membrane rich (i.e., two membranes folded
around a very thin layer of cytoplasm), membrane-associ-
ated YFP molecules could have seemed to be recruited to the
site of phagocytosis simply as a result of the increase in
membrane density. YFP-Racl demonstrated a small decline
in localization to the phagosome during the extension phase
of phagocytosis (Figure 2D), probably indicating a transition
from the tightly folded plasma membrane of the pseudopod
to the uniform membrane surrounding the particle. YFP-
Rac2 also was present on the pseudopod; however, unlike
YFP-Cdc42 or YFP-Racl, its association was restricted to the
base of the forming phagosome (Figure 2E). In general,
YFP-Cdc42, YFP-Racl, and YFP-Rac2 were slightly enriched
on the phagosome (Figure 2B, D, and F) and displayed
minor differences in their spatial arrangements. These small
changes during phagocytosis indicated that their localiza-
tion was not sufficient to coordinate the moving band of
YFP-actin or the localization of YFP-PBD.

Molecular Biology of the Cell
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Figure 2. Ratiometric imaging and tracking analysis of YFP-Cdc42, YFP-Racl, YFP-Rac2, and YFP-AtkPH domain relative to CFP during
phagocytosis. (A, C, E, and G) Phase-contrast, YFP, and Ratio image time series of RAW macrophages phagocytosing IgG-coated erythro-
cytes. Color bars indicate the ranges of the Ratio values. (B, D, F, and H) Plots of Rp/Rc- indicating the dynamics of YFP-chimera localization
to phagosomes, averaged for 10 phagocytic events each. Error bars are the SE of the mean. (A) YFP-Cdc42 was present at the site of binding
(0.5 min), localized to the tips of the advancing pseudopod (1.5-4.5 min) and then remained on the phagosome during and following closure
(5.5-8.5 min). (B) Tracking analysis indicated the enhancement of YFP-Cdc42 on multiple phagosomes, but it did not indicate a significant
change in localization. (C) YFP-Racl was present on plasma membranes before phagocytosis as seen by the Ratio image (0.5 min). The ratio
increased as membrane extended around the particle (1.5-4.5 min) and then diminished somewhat during internalization (5.5-8.5 min). (D)
Cumulative tracking data indicated that the association of YFP-Racl with the phagosome was variable, decreased until closure (>8.0 min)
and then remained slightly elevated. (E) YFP-Rac2 localized to the base of the phagosome during extension and closure. (F) Tracking analysis
showed YFP-Rac2 slightly increased on the phagosome. (G) The YFP-AktPH domain localized rapidly to the site of particle contact (0.5-1.5
min), continually increased (1.5-4.5 min), and then was cleared from the plasma membrane after closure (5.5-8.5 min). (H) YFP-AktPH was
localized to phagosomes throughout formation and closure and then was cleared slowly. Bar, 3 um.

Wenextasked whether the dynamics of 3’ phosphatidylino-
sitols (PIs) could explain the patterns of actin and PBD. 3’ PIs
have been implicated in guiding actin polymerization and in
localizing activities to the forming phagosome (Marshall et
al., 2001), and PI3K has been proposed to function in a
positive feedback loop with Racl (Srinivasan et al., 2003).
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Ratiometric imaging was performed in cells expressing YFP-
AktPH, which binds to phosphatidylinositol 3,4-diphos-
phate (PI(3,4)P,)and PI(3,4,5)P; and is recruited to phago-
somes (Marshall et al., 2001). YFP-AktPH was recruited to
phagosomes rapidly after binding of the opsonized erythro-
cyte to the surface of the macrophage. It remained on the
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phagosomal membrane throughout phagocytosis (Figure
2G). The tracking analysis indicated that YFP-AktPH was
rapidly recruited to the phagosome; was present throughout
the binding, extension, and closure phases; and then was
cleared slowly (Figure 2H). This uniform pattern of YFP-
AktPH labeling indicated that distributions of PI(3,4,5)P;
and PI(3,4)P, were insufficient to explain the dynamics of
YFP-actin and YFP-PBD.

FRET-based Detection of Rho GTPase Activation

To determine the contributions of activated Cdc42, Racl,
and Rac2 to the localization dynamics of YFP-PBD during
phagocytosis, we localized active G proteins by using FRET
stoichiometry. To measure the affinity of CFP-PBD/YFP-
Racl interactions, purified His-CFP-PBD was titrated with
purified GDP-bound His-YFP-Racl or a GTP-bound His-
YFP-Racl(L61). In vitro FRET measurements indicated that
His-YFP-Racl(L61) bound to His-CFP-PBD with a K, value
of ~200 nM (Figure 3A). This was ~10-fold lower affinity
than that reported for PBD binding to Rac1(L61) (Thompson
et al., 1997), but higher affinity than reported for chemically
labeled PBD and GFP-Racl(L61) (Kraynov et al., 2000).
Therefore, the constructs were adequate for low-affinity de-
tection of GTPase activation.

FRET stoichiometry is an analytical imaging method that
can quantify FRET between separately expressed fluorescent
proteins inside cells (Hoppe et al., 2002). From three fluores-
cence images of a cell, FRET stoichiometry determines three
essential elements of a protein—protein interaction: 1) Ratio,
the molar ratio of acceptor to donor (e.g., [YFP-Racl]/[CFP-
PBD]); 2) E,, which is proportional to the fraction of donor
(CFP) in complex with acceptor (YFP); and 3) E,, which is
proportional to the fraction of acceptor (YFP) in complex
with donor (CFP) (e.g., the fraction of YFP-Racl bound to
CFP-PBD).

RAW 264.7 macrophages expressing YFP-Rac1(L61) and
CFP-PBD showed dramatically increased ruffling and lamel-
lipodia formation (Figure 3B). YFP-Rac1(L61) was localized
to the plasma membrane, whereas CFP-PBD was largely
soluble. FRET stoichiometry indicated that the fraction of
YFP-Racl(L61) in complex was uniform throughout the
plasma membrane (Figure 3B, E, image). The fraction of
CFP-PBD in complex displayed variations that matched the
Ratio image, indicating differences in membrane- versus
cytosol-rich regions (Figure 3B, compare Ratio with Ep).
Expression of YFP-Cdc42(V12) or YFP-Rac2(V12) also
caused morphological rearrangements in cells (our unpub-
lished data). However, YFP-Cdc42(V12) and YFP-Rac2(V12)
localized differently than YFP-Rac1(L61) and indicated FRET
on internal membranes, vesicles and to a lesser extent the
plasma membrane (our unpublished data).

To measure the effects of mutant Rho-family proteins on
the ability of FRET to detect the interaction of Rho GTPases
with CFP-PBD, various combinations of YFP and CFP chi-
meras were expressed in macrophages and their FRET sig-
nals were analyzed. FRET was measured as (E, + Ep)/2,
which allows for comparison of FRET signals from cells with
different ratios of protein expression. Constitutively active
mutants of Cdc42, Racl and Rac2 (YFP-Cdc42(V12), YFP-
Racl(L61), and YFP-Rac2(V12), respectively) exhibited
strong FRET signals when coexpressed with CFP-PBD, but
very little FRET when coexpressed with CFP or with CFP-
PBD mutated in amino acids essential for PBD interaction
with G proteins (CFP-PBD(LL)) (Bokoch, 2003) (Figure 3C).
Unexpectedly, dominant negative GTPases (YFP-Cdc42(N17),
YFP-Rac1(N17), and YFP-Rac2(N17), exhibited low but detect-
able FRET when coexpressed with CFP-PBD, but no FRET
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when expressed with CFP, indicating that, in the context of the
living cell, N17 mutants of Cdc42 or Rac permit interaction
with PBD. Importantly, the N17 mutants were largely localized
to membranes, suggesting that they were not bound to GDI
(our unpublished data). Also, the Y40H mutation was intro-
duced into YFP-Rac1(L61), which interferes with Rac binding
to PAK (Joneson et al., 1996). This mutant displayed low but
detectable FRET with CFP-PBD. Together, the measurements
indicated that FRET stoichiometry detected CFP-PBD interac-
tions with GTP-bound forms of YFP-Cdc42, YFP-Racl, and
YFP-Rac2.

Activation of G Proteins during Phagocytosis

To localize the activation of Rho GTPases during phagocy-
tosis, macrophages expressing CFP-PBD plus either YFP-
Cdc42, YFP-Racl, or YFP-Rac2 were imaged during phago-
cytosis of IgG-coated erythrocytes. YFP-Cdc42 and CFP-PBD
reported high E, at the site of particle attachment, immedi-
ately after contact with the macrophage (Figure 4A, 0.5 min,
and Movie 2). YFP-Cdc42 was active only at the advancing
edge of the pseudopod (Figure 4A and Movie 2). Applica-
tion of the particle-tracking analysis to the FRET stoichiom-
etry data allowed quantitative comparisons of the patterns
of activation. The cumulative data from 10 phagocytic
events indicated that YFP-Cdc42 gave high E, as soon as the
particle bound. This signal persisted throughout the extension
phase, but it decreased before the closure phase (Figure 4B).

As the pseudopod filled the particle-tracking region of
interest, the area over which the signal was averaged in-
creased. Therefore, for a signal such as E, for Cdc42, which
was localized at the advancing tips, the tracking algorithm
reported a declining average signal, even though the inten-
sity of the localized signal remained constant. This effect can
be seen by comparing the images in the time series Figure
4A with the tracking analysis trace in Figure 4B.

Macrophages expressing YFP-Racl and CFP-PBD dis-
played increased E, shortly after particle contact, through-
out the extending pseudopod and over the base of the
phagosome during closure (Figure 4C and Movie 3). Com-
piled tracking data indicated that these dynamics were con-
sistent from one event to the next (Figure 4D). The fraction
of YFP-Racl bound to CFP-PBD was greatest over the base
of the cup during phagosome closure, coincident with the
large peak in YFP-PBD recruitment during phagosome clo-
sure (compare Figures 1B and 4D).

Phagocytosis by cells expressing YFP-Rac2 and CFP-PBD
showed slightly increased E, in the vicinity of the particle
and a pronounced transient increase in E, distributed over
the base of the phagosome during closure (Figure 4E and
Movie 4). The cumulative tracking analysis showed that,
unlike YFP-Cdc42 or YFP-Racl, YFP-Rac2 displayed only a
minor activation during pseudopod extension. Its transient
activation during closure coincided strikingly with the peaks
of YFP-Racl activation and YFP-PBD localization (Figure 4,
E and F).

Control cells expressing YFP-Cdc42 and CFP displayed E ,
values of zero throughout phagocytosis, indicating that
FRET was dependent upon interaction between the GTPase
and PBD (Figure 4G). Tracking analysis of phagocytic events
for YFP-Cdc42, YFP-Racl, and YFP-Rac2 coexpressed with
CFP never indicated FRET (Figure 4H) nor did YFP-PBD
coexpressed with CFP or with CFP-actin (our unpublished
data). Thus, FRET signals were specific for the interactions
between the YFP-GTPases and CFP-PBD.

Molecular Biology of the Cell
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Figure 3. FRET measures YFP-Racl binding to CFP-PBD in vitro and in
vivo. (A) Titration of His-CFP-PBD with His-YFP-Racl and His-YFP-
Racl(L61). Curve-fitting and correcting for ligand depletion yielded Ky, ~
200 nM for His-YFP-Rac(L61) (mean * SD). (B) Cells expressing YFP-
Racl(L61) and CFP-PBD were imaged by FRET stoichiometry. Left, pri-
mary data: I,(CFP), I,(YFP) and I images. Right, computed FRET im-
ages: Ep, E,, and Ratio. Color bars indicate the magnitude of each.
Expression of YFP-Rac1(61L) induced significant ruffling and lamellipod
formation (primary images). YFP-Rac1(61L) localized primarily to the
plasma membrane (I, image), whereas CFP-PBD was mostly soluble,
with less of it recruited to the plasma membrane. Note that the cell had an
average Ratio of less than one, indicating a molar excess of CFP-PBD. E,
produced a uniform image with high E, values, indicating that most of
the YFP-Rac(L61) was bound to CFP-PBD. E, varied, similar to the Ratio
image, indicating that the Ep, signal was composed of the free (soluble)
and bound (membrane-associated) CFP-PBD. (C) FRET signals from var-
ious combinations of YFP and CFP chimeras inside macrophages. FRET is
indicated as (E,+ E)/2, averaged over the entire cell. Significant FRET
signals were detected from combinations of CFP-PBD plus the constitu-
tively active mutants YFP-Cdc42(V12), YFP-Racl(L61) and YEFP-
Rac2(V12). Little or no FRET was detected from cells expressing constitu-
tively active mutants plus either CFP or CFP-PBD(LL). Small but
significant FRET signals were detected from cells expressing CFP-PBD
plus the dominant negative mutants YFP-Cdc42(N17), YFP-Rac1(N17),
and YFP-Rac2(N17). Likewise, YFP-Rac1(L61,H40) gave reduced but de-
tectable FRET. Errors bars are the propagated SD. n values are indicated
on the right side of the figure.
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Comparisons of Signal Timing and Amplitude

Recalculation of the imaging data quantified the contribu-
tions of each activated G protein to the various phases of
PBD localization during phagocytosis. Data from cells ex-
pressing CFP-PBD and constitutively active YFP-Cdc42,
YFP-Racl, or YFP-Rac2 (Figure 5) allowed estimation of the
characteristic FRET efficiency (E) for each interaction. De-
termination of E. allowed recalculation of the E, data to
obtain the fractions of PBD-bound G protein (see MATERI-
ALS AND METHODS). For each time series of phagocytosis,
the Ratio for the entire cell was used to correct the magni-
tude of E, for mass action effects, yielding the fraction of
GTP-bound YFP-Cdc42, YFP-Racl, and YFP-Rac2 (Figure 4,
G* on color bars). The particle-tracking traces for each
phagosome were corrected for mass action and averaged
(Figure 6B). The corrected traces gave the same overall pat-
terns of activation as the uncorrected traces (Figure 4B, D,
and F), and the fractions of GTP-Cdc42, -Racl, and -Rac2
reached similar magnitudes (Figure 6B). Therefore, the FRET
stoichiometric analysis of component G protein signals in-
dicated that the first phase of YFP-PBD localization to
phagosomes (Figure 1) correlated with activation of Cdc42
and Racl at the leading edge of the phagocytic cup and that
the prominent spike of PBD localization reflected transient,
localized activation of Racl and Rac2 (Figure 6A and B).

Figure 6C is a cartoon that summarizes the overall pat-
terns of activation observed for YFP-Cdc42, YFP-Racl, and
YFP-Rac2. It is important to emphasize that the colors pre-
sented do not reflect the recruitment of the GTPases to the
membrane as measured in Figure 2. Rather, they are in-
tended to illustrate the temporal and spatial organization of
the fractional activation and of each GTPase as observed
from the FRET measurements in Figures 4 and 6B. From the
traces in Figure 6B, we interpret the apparent order of GT-
Pase activation to be Cdc42 activation followed by Racl
activation followed by Rac2 activation. However, given the
similarity in signal amplitude for Cdc42 and Rac1 activation
we cannot quantitatively verify that Cdc42 activation com-
pletely precedes Racl activation.

DISCUSSION

This work applied new analytical imaging methods to iden-
tify distinct contributions from Cdc42, Racl, and Rac2 to the
component activities of phagocytosis in macrophages. The
temporal and spatial resolution provided by these methods
indicated that endogenous PBD-binding proteins were ac-
tive in a precise pattern relative to actin during phagocyto-
sis. In particular, endogenous GTP-bound GTPases were
present during the actin-rich phase of phagocytic cup for-
mation, and were present at greater concentrations over
actin-poor regions during phagosome closure. FRET stoichi-
ometry showed that although recruitment of GTPases to the
phagosome was modest, the patterns of GTPase activation
during phagocytosis were distinct for each type of protein.

The imaging methods localized protein interactions in
various subregions of the forming phagosomes. The parti-
cle-tracking method of analysis allowed quantitative com-
parisons of separate phagocytic sequences. However, be-
cause that method averaged the signals from a 5-um region
encircling the entire phagosome, it lost much of the resolu-
tion available in the images. This loss of resolution was
necessitated by the fact that different phagocytic events oc-
curred with different orientations relative to the image
plane; sometimes a particle was ingested as a side-view,
other times as a top-view. For example, FRET stoichiometric
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Figure 4. FRET stoichiometric imaging of YFP-Cdc42, YFP-Racl, and YFP-Rac2 activation during phagocytosis of E-IgG. (A) Phase-contrast
and E, images for cells expressing YFP-Cdc42 and CFP-PBD. YFP-Cdc42 produced an E, signal as soon as the erythrocyte contacted the
macrophage. The high E, was restricted to the advancing tip of the pseudopod as it moved over the particle (1.5-5.5 min) and diminished
during the closure phase (5.5-8.5 min). (B) Tracking analysis indicated the rapid association of YFP-Cdc42 with CFP-PBD and persistent FRET
throughout pseudopod extension. (C and D) FRET microscopy and stoichiometry of macrophages expressing YFP-Racl and CFP-PBD.
YFP-Racl interacted with CFP-PBD shortly after particle binding and throughout the pseudopod during extension (1.5-5.5 min). The quantity
of YFP-Racl in complex with CFP-PBD increased transiently on the base of the pseudopod during the closure phase (5.5-7.5 min) and was
deactivated on the closed phagosome (8.5 min). (D) This response was consistent when averaged over multiple phagocytic events. (E and F)
FRET microscopy of cells expressing YFP-Rac2 and CFP-PBD indicated that Rac2 activation was delayed until closure. (G) Control cell
expressing YFP-Cdc42 and CFP showed a uniform value of E, = 0 throughout phagocytosis. (H) Averaged traces from control cells

expressing CFP plus YFP-Cdc42 (red), YFP-Racl (blue), or YFP-Rac2 (green) never indicated FRET. Bar, 3 um. Also see Movies 2—4.

imaging of Cdc42 activation, in side-views of phagocytosis
(Movie 2), showed that it was activated primarily at the
advancing edges of phagocytic cups. The quantitative anal-
ysis of the Cdc42 activation dynamics seemed to indicate
instead that the protein was simply being deactivated dur-
ing phagocytosis. However, the image sequences indicated
that the measured decrease of activated Cdc42 simply re-
flected the gradual decrease in the fraction of that region
occupied by the advancing edge. Thus, the dynamics dis-
covered here are best represented by the images, especially
the movies. The quantitative analyses from the tracking
support those images by demonstrating the consistency of
the signal timing in different phagocytic events.

FRET stoichiometry revealed the patterns of Cdc42, Racl,
and Rac2 activation underlying the recruitment of PBD to
the phagosome. During phagocytosis, each GTPase dis-
played distinct patterns of activation that correlated with the
phases of phagocytosis. GTP-Cdc42 and GTP-Racl localized
to the band of actin in the extending pseudopod. GTP-Racl
and GTP-Rac2 corresponded to contractile activities and
closure of the phagosome. Together, these three GTPases
displayed unique patterns of activation that could coordi-
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nate phagosome formation. The ability to quantify the inter-
actions of independent donor- and acceptor-labeled mole-
cules in cells has distinct advantages over methods that use
linked, FRET-based sensors, because these sensors often lack
essential localization domains. Importantly, the methods for
measuring fractions of activated G protein in regions of the
image (G*) allow unprecedented measurement of signal am-
plitudes. For example, the quantitative analyses revealed
that Racl activation was consistently greater during the
phagosome closure than during extension of the phagoso-
mal cup.

A major limitation of this approach is that it requires the
overexpression of fluorescently tagged molecules, which
may perturb the endogenous signaling pathways. However,
inhibitory effects due to overexpression can be discerned by
measuring the effects of probe expression on the rates of
phagocytosis. Any serious perturbation of the signaling
should slow the process. Although expression of dominant
negative Cdc42 and Racl chimeras inhibited phagocytosis,
expression of wild-type GTPase or PBD chimeras did not
measurably affect rates of phagocytosis (as measured by the
timing of the particle’s transition from phase-bright to

Molecular Biology of the Cell
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Figure 5. Estimation of E- for FRET pairs. In vivo titration of
YFP-Cdc42(V12), YFP-Racl(L61), and YFP-Rac2(V12) with CFP-
PBD. Populations of cells were imaged by FRET stoichiometry and
then average cellular E, (A, C, and E) or Ep, (B, D, and F) of entire
cells were plotted against Log(1/Ratio) or Log(Ratio), respectively.
At high 1/Ratio, CFP-PBD was present in excess and the plateau of
E, indicated the characteristic FRET efficiency (E.). Conversely, at
high Ratio, YFP-GTPase was present in excess and the maximal Ep,
indicated Ec. Data were fit to single site equilibrium binding equa-
tions and the parameters determined as indicated (see MATERIALS
AND METHODS). Cells expressed CFP-PBD plus YFP-Cdc42(V12)
(A and B), YFP-Rac(L61) (C and D), or YFP-Rac2(V12) (E and F).

phase-dark). This may be because the probes have suffi-
ciently low affinities for endogenous proteins that they can
report activities without measurably perturbing the endog-
enous interactions.

Our interpretation of these data assumes that PBD can
bind to GTP-bound GTPases in a manner comparable with
their binding to endogenous effectors. However, many of the
known effectors of Cdc42 and Rac also bind to other com-
ponents that may regulate their localization. Importantly,
the affinity of our CFP-PBD for GTP-bound GTPases (~200
nM) was considerably less than that observed for GTPase
binding to PAK (~20 nM) (Thompson et al., 1998) or to
p67phox (~1 nM) (Diebold and Bokoch, 2001). This lower
affinity indicates that, despite their overexpression, interac-
tions of the probes with endogenous molecules were not
seriously perturbed and may explain why expression of
CFP-PBD did not significantly inhibit phagocytosis. It is
likely that the dynamics of YFP-PBD in phagosomes missed
some of the activated GTPases because of stronger interac-
tions with nonfluorescent endogenous proteins.

Regulation of Cdc42, Racl, and Rac2 Activation

The distinct patterns of Cdc42, Racl, and Rac2 activation
during phagocytosis displayed changes on the subminute
time scale. This indicated that activation and deactivation of
these GTPases was affected by coordinated activities of GEFs
and GAPs. The rapid activation of these proteins requires
the action of GEFs to catalyze the exchange of GDP for GTP.
GTP-Cdc42 was detected at the site of phagocytosis as soon
as the particle bound (Movie 2), indicating the existence of a
GEEF capable of acting on Cdc42 immediately after ligation of
FcyR. GTP-Cdc42 remained at the tip of the extending pseu-
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dopod but was not present at the base, indicating either that
Cdc42 was dynamically activated at the tip of the advancing
pseudopod and deactivated at the phagosome base or that
some mechanism confined GTP-Cdc42 to the tip of the ad-
vancing pseudopod.

The activation of Racl was biphasic, in that it was acti-
vated shortly after particle binding and in a second, stronger
phase of activation coincident with the large peak of PBD
recruitment and Rac2 activation. This pattern of Racl acti-
vation indicated that GEFs act both early and late in phago-
cytosis. The slight delay in generation of GTP-Racl, along
with the differences in localization on the phagosome, sug-
gests that Racl was activated by a different mechanism than
Cdc42. Indeed, recent work on phagocytosis signaling has
indicated Vav1 as a GEF for Racl but not Cdc42 (Patel et al.,
2002), consistent with independent mechanisms for Cdc42
and Racl activation. Given the timing difference in activa-
tion between Racl and Cdc42, it is possible that the activa-
tion of Racl requires generation of 3’ phosphoinositides and
Cdc42 does not. In most systems, Racl activation is depen-
dent on PI3K; thus, an explanation for the delay could be
that 3’ phosphoinositides are required to first localize or
activate the GEF for Racl. Consistent with this notion is that
the AktPH domain is recruited early to the forming phago-
some, before activation of Racl and Rac2 (compare Figure
2H with 4D and 4H).

The second wave of Racl activation coincided with Rac2
activation, indicating that at this phase, the same GEF acts
on both Racl and Rac2. Mechanisms for the differential
regulation of Racl and Rac2 are unknown, although differ-
ences in their membrane localization may play a role
(Michaelson et al., 2001).

Deactivation mechanisms seemed to be enhanced after
phagosome closure. The intrinsic hydrolysis rate for Racl is
t;,» = 10 min (Self and Hall, 1995a), whereas the deactiva-
tion time for Racl and Rac2 during phagocytosis was on the
order of t,,, = 1 min (estimated from Figure 5B). This
discrepancy suggests either that the GTPase activities of
Racl and Rac2 are increased by the action of a GAP or that
CFP-PBD is competed off as other binding partners become
available. Myosin IXb is the only protein localized to the
phagosome which is known to have Rho-GAP activity to-
ward Rac (Post et al., 1998; Swanson ef al., 1999; Diakonova
et al., 2002).

Ratio imaging showed that YFP-Cdc42, -Racl, and -Rac2
were largely cytosolic, whereas constitutively active forms
were primarily localized to intracellular membranes. This
indicates that GDIs affect the localization of these proteins.
During phagocytosis, there was modest recruitment of YFP-
Cdc42, YFP-Racl, or YFP-Rac2 to the forming phagosomes
(Figure 2). The enrichment of GTPases on phagosomes was
not large (~20-40%) relative to the cytosol. This indicates
that in cells overexpressing a given GTPase, only a small
fraction of the GTPases need to be localized to a given area
and that signal amplification occurs downstream of Rac and
Cdc42 activation.

Implications of Patterns of G Protein Activation

Imaging the activation patterns of Rho GTPases indicated
the organization of their interactions with possible effec-
tors. GTP-Cdc42 preceded actin recruitment and was lo-
calized to pseudopod tips, indicating that GTP-Cdc42
regulates actin polymerization during phagocytosis (Fig-
ure 4A). The Cdc42 effector WASP stimulates the poly-
merization of actin when bound to GTP-Cdc42 (Rohatgi et
al., 2000) and could regulate actin polymerization in the
forming phagosome (Lorenzi et al., 2000).
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Figure 6. Summary of patterns of localization and activation on the
forming phagosome. (A) Replotting of Figure 1B, showing the dynam-
ics of YFP-actin (yellow) and YFP-PBD (black) on phagosomes relative
to the phases of pseudopod extension and phagosome closure. (B) Data
of Figure 4, B, D, and F, recalculated as fractions of active YFP-GTPase
in the phagosome. Active Cdc42 (red) was maximal during particle
binding and pseudopod extension, correlating with the strong recruit-
ment of actin to the extending pseudopod. After a brief delay, Racl
(blue) was active during pseudopod extension. The fraction of active
Racl and Rac2 (green) increased transiently during closure, coincident
with the increased PBD localization to the phagosome. (C) Cartoon
summary of the spatial organization of the distributions of actin and
activated GTPases during phagocytosis. YFP-actin (yellow) localized to
the pseudopod tips during extension and was removed during closure.
YFP-Cdc42 (red) was active at the advancing tip of the pseudopod.
YFP-Racl (blue) demonstrated modest activation along the sides of the
extending pseudopod, followed by prominent activation on the inner
phagosomal membrane during contraction of the particle and phago-
some closure. YFP-Rac2 (green) was active on the base of the phago-
some during contraction and closure.

3518

Racl activation followed shortly after Cdc42 activation
on the forming phagosome. This early phase of Racl
activation is consistent with GTP-Racl playing a role in
actin polymerization. Racl activation was not restricted to
the tip of the advancing pseudopod, indicating that it has
activities in addition to regulating actin polymerization.
In vitro data suggest that PAK1 may be a common effector
for Cdc42 and Racl in the regulation of actin polymeriza-
tion. PAK1 bound to Racl or Cdc42 can phosphorylate
LIM kinase, which can phosphorylate cofilin/actin depo-
lymerizing proteins and thereby promote pseudopod ex-
tension by inhibiting the depolymerization of actin fila-
ments (Bokoch, 2003). Racl also could regulate actin
polymerization without the aid of Cdc42, through activa-
tion of phosphatidylinositol-4-phosphate 5-kinase (Bishop
and Hall, 2000; Botelho et al., 2000).

The correlation of Rac activation with particle deforma-
tion indicates that GTP-Rac regulates contractile mecha-
nisms in the phagosome. Rac interactions with PAK1 can
activate myosin light chain kinase to regulate myosin activ-
ity (Bokoch, 2003). However, there is little information about
the molecular mechanisms governing this process. The
strong localization of PBD to the actin-poor phagosomal
membrane coincided with maximal Racl and Rac2 activa-
tion (Figures 1C and 4, C and E), indicating that active Racl
and Rac2 are involved in regulating membrane-associated
activities, such as activation of the NADPH oxidase complex
(Bokoch and Diebold, 2002). If our speculation is correct that
the transient activation of Racl and Rac2 coincides with the
generation of reactive oxygen species, then it also would
seem that those species are generated before full closure of
the phagosome, when they may be released from the cell.

A model for how patterns of Cdc42, Racl, and Rac2 acti-
vation correlate with the morphological rearrangements of
phagocytosis consists of three phases (Figure 6C). In the first
phase, receptor ligation increases Cdc42 activation, actin
polymerization and PI3K activity. In the second phase, pseu-
dopodia extend, with GTP-Cdc42 directing actin polymer-
ization at the leading tip of the pseudopod, and with Racl
inducing local contractile activities, facilitating pseudopod
extension and possibly also insertion of membrane. In the
third phase, Cdc42 is deactivated and Racl and Rac2 are
activated transiently, directing contractile activities and
NADPH oxidase functions. Because PI3K products are
present on the phagosome throughout the process, they
likely provide targets for 3’ PI-binding proteins to recruit
signaling and effector molecules to the region of phagocyto-
sis. Thus, the activation and deactivation patterns of Cdc42,
Racl, and Rac2 provide an essential framework for under-
standing the regulation of molecular activities during
phagocytosis.
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