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Rac plays a pivotal role in the assembly of the superoxide-
generating NADPH oxidase of phagocytes. In resting cells, Rac
is found in the cytosol in complex with Rho GDP dissociation
inhibitor (RhoGDI). NADPH oxidase assembly involves dissoci-
ation of the Rac'RhoGDI complex and translocation of Rac to
the membrane. We reported that liposomes containing high
concentrations of monovalent anionic phospholipids cause
Rac'RhoGDI complex dissociation (Ugolev, Y., Molshanski-
Mor, S., Weinbaum, C., and Pick, E. (2006) J. Biol. Chem. 281,
19204-19219). We now designed an in vitro model mimicking
membrane phospholipid remodeling during phagocyte stimula-
tion in vivo. We showed that liposomes of “resting cell mem-
brane” composition (less than 20 mol % monovalent anionic
phospholipids), supplemented with 1 mol % of polyvalent ani-
onic phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P)
in conjunction with constitutively active forms of the guanine
nucleotide exchange factors (GEFs) for Rac, Trio, or Tiam1 and
a non-hydrolyzable GTP analogue, cause dissociation of
Racl(GDP)-RhoGDI complexes, GDP to GTP exchange on
Racl, and binding of Rac1(GTP) to the liposomes. Complexes
were not dissociated in the absence of GEF and GTP, and opti-
mal dissociation required the presence of PtdIns(3,4,5)P; in the
liposomes. Dissociation of Rac1(GDP)-RhoGDI complexes was
correlated with the affinity of particular GEF constructs, via the
N-terminal pleckstrin homology domain, for PtdIns(3,4,5)P;
and involved GEF-mediated GDP to GTP exchange on Racl.
Phagocyte membranes enriched in PtdIns(3,4,5)P; responded
by NADPH oxidase activation upon exposure in vitro to
Racl(GDP)-RhoGDI complexes, p67°"°*, GTP, and Rac GEF
constructs with affinity for PtdIns(3,4,5)P; at a level superior to
that of native membranes.
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The superoxide (O3)*-generating NADPH oxidase of phago-
cytes (briefly “oxidase”) consists of a membrane-localized cyto-
chrome b, and four cytosolic components, p477"°*, p677"°%,
p407"°* and the small GTPase Rac (Racl or Rac2) (for reviews,
see Refs. 1-4). The separation between membrane-bound
cytochrome b, and the cytosolic components is a character-
istic of the resting phagocyte. In response to stimuli acting via
cell surface receptors, the cytosolic components become
engaged in protein-protein and protein-membrane lipid inter-
actions culminating in their translocation to the plasma mem-
brane (PM).

Oxidase assembly can be reproduced in vitro by mixing phag-
ocyte membranes with the cytosolic components p477/°%,
p677"°%, and Rac and using an anionic amphiphile as activator
(for a review, see Ref. 5). Oxidase assembly can also be achieved
in vitro in the absence of an activator in a system consisting of
phagocyte membranes, p677°%, and Rac, even in the absence of
p477"°*, provided that Rac is in the prenylated form (6).

The absolute requirement for Rac, a member of the Rho fam-
ily of small GTPases, in oxidase function has been confirmed
both in vitro and in vivo (7). It is generally assumed that Rho
proteins must associate with the PM to trigger a cellular
response. A polybasic domain and an isoprenyl (geranylgera-
nyl) group, both at the C terminus, have been shown to play a
critical role in anchoring Rac to the PM (8 —11). Polyphospho-
rylated derivatives of phosphatidylinositol, collectively referred
to as polyphosphoinositides (pPIs), which are transiently gen-
erated in the cytosolic leaflet of the PM upon phagocyte stim-
ulation (for a review, see Ref. 12), are likely candidates for
recruiting the prenylated C-terminal polybasic domain of Racl

2 The abbreviations used are: O3, superoxide; PM, plasma membrane; DH, Dbl
homology; PH, pleckstrin homology; GDI, GDP dissociation inhibitor; GEF,
guanine nucleotide exchange factor; GMPPNP, guanylyl imidodiphos-
phate; mant-GMPPNP, 2'-(or 3')-O-(N-methylanthraniloyl)-guanylyl imido-
diphosphate; mant-GDP, 2’-(or 3')-O-(N-methylanthraniloyl)-guanosine
5'-diphosphate; FPLC, fast protein liquid chromatography; HPLC, high
pressure liquid chromatography; DOPC, 1,2-dioleoyl-sn-glycero-3-phos-
phocholine; DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; pPI(s),
polyphosphoinositide(s); PtdIns(3,4,5)P;, phosphatidylinositol 3,4,5-
trisphosphate; PtdIns(3,4)P,, phosphatidylinositol 3,4-bisphosphate;
PtdIns(4,5)P,, phosphatidylinositol 4,5-bisphosphate; PtdIns(3,5)P,, phos-
phatidylinositol 3,5-bisphosphate; PHn, N-terminal PH; TrioN, N-terminal
DH-PH tandem of Trio; ELISA, enzyme-linked immunosorbent assay; PHc,
C-terminal PH.
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to the PM. Indeed it has been shown that Racl selectively
interacts with  phosphatidylinositol  3,4,5-trisphosphate
(PtdIns(3,4,5)P;) and, to a lesser extent, with phosphatidylino-
sitol 3,4-bisphosphate (PtdIns(3,4)P,) (13, 14). Furthermore
Heo et al. (14) demonstrated that phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P,) and PtdIns(3,4,5)P, target a vari-
ety of small GTPases to the PM.

As true of all Rho GTPases, Rac acts as a molecular switch
cycling between inactive (GDP-bound) and active (GTP-
bound) conformations. This cycle is regulated by guanine
nucleotide exchange factors (GEFs) and GTPase-activating
proteins, which stimulate GTP loading and hydrolysis, respec-
tively (for a review, see Ref. 15). In addition, Rac cycles between
cytosolic and membrane-associated forms through the associ-
ation with and dissociation from the cytosolic regulatory pro-
teins, Rho GDP dissociation inhibitors (RhoGDIs) (for reviews,
see Refs. 16 and 17).

The canonical GEFs for Rho GTPases share a common motif
designated the Dbl homology (DH) domain and an adjacent
pleckstrin homology (PH) domain C-terminal to the DH
domain (for a review, see Ref. 18). The DH domain makes
extensive contacts with the switch I and II regions of Rho
GTPases and contains virtually all the residues required for
substrate recognition, binding, and guanine nucleotide
exchange (19-22). PH domains of many Dbl family members
have been shown to direct membrane localization of their host
proteins through binding to PM pPIs (23). For example, it has
been shown that the PH domain of Dbl binds to PtdIns(4,5)P,
and PtdIns(3,4,5)P5, and these interactions modulate the nucle-
otide exchange activity and subcellular localization of Dbl (24).
Mutational analysis of the GEF P-Rexl demonstrated that
recruitment to the PM of P-Rexl mutants missing the PH
domain, known to selectively bind to PtdIns(3,4,5)P;, was
severely impaired (25). Several groups of investigators provided
evidence for the requirement of the N-terminal PH domain of
Tiam1 for localization to the PM through its apparent binding
preference for PtdIns(3,4,5)P;, PtdIns(3,4)P,, and PtdIns(4,5)P,
(26 —29). Furthermore binding of Vav1 (30, 31) and Sos1 (32) to
PtdIns(3,4,5)P; is believed to regulate their targeting to the PM.
Very recently, the PH domain of the GEF Asef was shown to
bind to PtdIns(3,4,5)P; and target it to the PM (33).

Dissociation of prenylated Rac from RhoGDI is an obligatory
step in the assembly of the oxidase, preceding translocation of
Rac from the cytosol to the PM (34 -36). A hydrophobic pocket,
within the C-terminal immunoglobulin-like domain of
RhoGD], regulates the partitioning of Rac between the cytosol
and PM by binding the prenylated polybasic C terminus of Rac
(for reviews, see Refs. 16 and 17).

The mechanism(s) responsible for dissociation of Rho
GTPases from RhoGDI in general and of Rac from RhoGDI in
the context of oxidase assembly in particular remains largely
unsolved. Several reports point to the possibility that biologi-
cally relevant anionic lipids might serve as RhoGDI displace-
ment factors (for a review, see Ref. 17). In an earlier publication,
we demonstrated that Rac'RhoGDI complexes were dissociated
by exposure to liposomes containing anionic but not neutral
phospholipids, suggesting that the stability of Rac'RhoGDI
complexes is regulated by the phospholipid composition of the
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phagocyte membrane with emphasis on the charge of phospho-
lipids (37).

A large body of evidence supports the idea that generation of
PtdIns(3,4,5)P; in the PM, upon cell stimulation, is functionally
related to two events culminating in the formation of GTP-
bound and membrane-anchored Rac: the dissociation of the
Rac'RhoGDI complex and activation and translocation of a Rac
GEF from the cytosol to the PM. In the present study, we set out
to explore the relationship between these events by modifying
the liposome-based system used earlier (37) by reducing the
concentration of monovalent anionic phospholipid to that
present in the membranes of resting phagocytes, supplement-
ing the liposomes with PtdIns(3,4,5)P;, and adding a Rac GEF
and free GTP. We found the following. 1) Anionic liposomes
enriched in PtdIns(3,4,5)P, combined with DH-PH tandem
regions of Rac GEFs cooperatively promoted the dissociation of
Rac'RhoGDI complexes. 2) The affinity of specific PH domains
for PtdIns(3,4,5)P; determined the efficacy of Rac'RhoGDI dis-
sociation by PtdIns(3,4,5)P5-enriched liposomes and Rac GEF.
3) GDP to GTP exchange on Rac by GEFs occurred at the level
of the liposomes and was critical for Rac'RhoGDI dissociation
to become irreversible and be followed by binding of Rac(GTP)
to the liposomes. 4) DH-PH tandems of Rac GEFs, with a bind-
ing preference for PtdIns(3,4,5)P, elicited oxidase activation in
a cell-free system consisting of PtdIns(3,4,5)P5-enriched phag-
ocyte membranes, Rac1(GDP)-RhoGDI complexes, and GTP in
the absence of an amphiphilic activator.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—The hydrolysis-resistant GTP ana-
logue GMPPNP (tetralithium salt, 83%, <0.2% GTP) was pur-
chased from Roche Applied Science. GTP (lithium salt, 97%) and
GDP (sodium salt, type I, 98%) were obtained from Sigma. The
fluorescent hydrolysis-resistant GTP analogues mant-GMPPNP
and mant-GDP were obtained from Jena Bioscience GmbH.
The following synthetic phospholipids (purity > 99%)
were purchased from Avanti Polar Lipids: 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC; product 850375P), 1,2-
dioleoyl-su-glycero-3-phospho-L-serine (DOPS; sodium salt,
product 830035P), PtdIns(3,4,5)P; (tetra-ammonium salt,
product 850156P), phosphatidylinositol 3,5-bisphosphate
(PtdIns(3,5)P,; triammonium salt, product 850154P),
PtdIns(3,4)P, (triammonium salt, product 850153P), and
PtdIns(4,5)P, (triammonium salt, product 850155P). Common
laboratory chemicals were from Sigma or Merck.

Construction of Tiam1(C1199) Protein—pcDNA 3.0 plasmid
carrying the full-length mouse Tiam1 gene (corresponding to
amino acids 1-1591) was obtained from J. G. Collard. PCR
primers 5'-Ndel-6XHis (5'-GTGTGTCATATGCATCACC-
ATCATCATCATGGCTCCAGTACCACCAACAGTGAGA-
GCC-3’) and 3'-Stop-Sall (5'-CTCTCTGTCGACTCATATC-
TCCGTGTTCAGTTTCC-3") were designed to amplify a
Tiam1 fragment consisting of amino acids 394—1591 (referred
to as Tiam(C1199)). The PCR product was digested with Ndel
and Sall restriction enzymes and subcloned into a pET-30a
vector (Novagen) to allow expression of His,-tagged
Tiam1(C1199) in Escherichia coli. The DNA construct was ver-
ified by automated sequencing. Point mutations K452A,
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DOPC/DOPS B

DOPC/DOPS/PtdIns(3,4)P,

the buffer also used for membrane

solubilization containing 40 mMm
octyl glucoside. To facilitate solubi-
lization, the phospholipids were
first homogenized by using an ultra-
sonic processor (Vibra Cell, VCX
400 watts, Sonics and Materials) at
20% amplitude for three 10-s cycles
in ice-cooled tubes. Next the mix-
tures were stirred magnetically in
ice-cooled glass vials until a clear
solution was obtained. All pPIs
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(PtdIns(3,4,5)P;,  PtdIns(3,4)P,,
PtdIns(3,5)P,, and PtdIns(4,5)P,)
were also dissolved in the buffer
used for membrane solubilization
containing 40 mMm octyl glucoside at
a concentration of 100 uM. As
before, the solutions were first sub-
jected to homogenization in an
ultrasonic processor at 60% ampli-
tude for three 20min cycles in ice-
cooled tubes. This was followed by
gentle agitation for 3 hat4 °C. Lipo-
somes consisting of a mixture of
DOPC and DOPS were prepared by
mixing 1.48-ml aliquots of a 1 mm
solution of DOPC with 0.32-ml ali-
quots of a 1 mm solution of DOPS

FIGURE 1. DOPC/DOPS liposomes enriched in PtdiIns(3,4,5)P; or Ptdins(3,4)P, cause only minimal disso-
ciation of Rac1(mant-GDP)-RhoGDI complexes. 1 nmol of Rac1(mant-GDP)-RhoGDI complex was mixed with
liposomes (90 nmol of total phospholipids) comprising 0.74 mm (82.22 mol %) DOPC and 0.16 mm (17.77 mol %)
DOPS (A); 0.74 mm (81.30 mol %) DOPC, 0.16 mm (17.58 mol %) DOPS, and 10 um (1.10 mol %) PtdIns (3,4)P, (B);
or 0.74 mm (81.30 mol %) DOPC, 0.16 mm (17.58 mol %) DOPS, and 10 um (1.10 mol %) (PtdIns(3,4,5)P5 (C). In all
experiments the Rac1(mant-GDP)-RhoGDI complex was preincubated with phospholipid liposomes for 12 min
at room temperature. The mixtures were subjected to gel filtration on a Superose 12 FPLC column, and the
eluates were monitored in line for the fluorescent signal of Rac1(mant-GDP). In each panel, peak 1 represents
Rac1(mant-GDP) dissociated from the Rac1(mant-GDP)-RhoGDI complex and bound to the liposomes eluting
in the exclusion volume, and peak 2 represents the non-dissociated Rac1(mant-GDP)-RhoGDI complex. The
numbers next to peaks 1 and 2 express the amount of Rac1(mant-GDP) dissociated from the complex and left
in the complex, respectively, expressed as a percentage of the total amount of Rac1(mant-GDP) present in the
complexinjected into the column. Calculations were based on the integration of the relevant peaks. The panels
illustrate representative individual experiments of at least two to three experiments performed for each com-

and 0.20 ml of solubilization buffer,
all containing 40 mm octyl gluco-
side. The final phospholipid con-
centrations in DOPC/DOPS lipo-
somes were 0.74 mMm DOPC (82.22
mol %) and 0.16 mm DOPS (17.77
mol %). Liposomes consisting of
DOPC/DOPS/pPI were prepared by
mixing 1.48-ml aliquots of a 1 mm
solution of DOPC with 0.32-ml ali-

bination of components.

K453A, R459A, and R460A within the N-terminal PH (PHn)
domain of Tiam1(C1199) (modified from Ref. 29) were gener-
ated by PCR-based site-directed mutagenesis and confirmed by
DNA sequencing. The mutated protein is referred to as
Tiam1(C1199) KK/AA, RR/AA.

Preparation of Macrophage Membrane Liposomes—Mem-
branes were isolated from guinea pig peritoneal macrophages
as described previously (38). Membranes, suspended to a con-
centration of 500 X 10° cell eq/ml, were first solubilized by 40
mM octyl glucoside and then reconstituted into liposomes by
dialysis against detergent-free buffer as reported before (39).
The specific cytochrome b, heme content of membrane lipo-
somes was measured by the difference spectrum of sodium
dithionite-reduced minus oxidized samples (40).

Preparation of Anionic Phospholipid Liposomes—These were
prepared essentially as described in Refs. 37 and 41. Briefly
DOPC and DOPS were dissolved at a concentration of 1 mm in
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quots of a 1 mM solution of DOPS
and 0.20-ml aliquots of a 100 um
solution of pPI. The final phospholipid concentrations in
DOPC/DOPS/PtdIns liposomes were 0.74 mm DOPC (81.30
mol %), 0.16 mm DOPS (17.58 mol %), and 10 uM PtdIns (1.10
mol %). The mixtures were dialyzed against a 500-fold excess of
detergent-free buffer using dialysis membranes with a molecu-
lar weight cutoff of 25,000 (Spectrum Laboratories) for 18 h at
4 °C. On gel filtration on a Superose 12 10/300 GL fast protein
liquid chromatography (FPLC) column (GE Healthcare), the
vesicles elute in the exclusion volume (corresponding to an M,
of =2 X 10°).

Determination of Membrane Phospholipid Concentration—
The concentration of total phospholipids in native macrophage
membrane liposomes was measured as described in Ref. 42 fol-
lowing extraction by chloroform as described in Ref. 43. The
concentrations varied from 3.2 to 3.5 mm.

Enrichment of Phagocyte Membranes in PtdIns(3,4,5)P;—
The lipid composition of macrophage membranes was modi-
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25 nM.

Preparation  of Recombinant
Proteins—Non-prenylated ~ Racl
and RhoGDI were expressed as glu-
tathione S-transferase (GST) fusion
proteins in E.coli BL21-Codon-
Plus™ competent cells (Strat-
agene) and purified by affinity chro-
matography on glutathione-agarose
(Sigma) followed by cleavage by
thrombin in situ as described in Ref.
44. Full-length p67”h"", Tiaml (res-
idues 394-1591) (referred to as
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Tiam1(C1199) KK/AA, RR/AA),
Tiaml (residues 1033-1406)
(referred to as Tiam1(C374)), and
Trio (residues 1225-1537) (referred
to as TrioN (the N-terminal DH-PH
tandem of Trio)) were expressed as
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teins and purified by metal chelate
affinity chromatography. Briefly
C-t pET-30a plasmids carrying cDNA
of p677"°* or Tiam1(C1199) either
wild type or point mutant, pProEX
HT plasmid carrying c¢cDNA of
Tiam1(C374), and pET15b plasmid

| 1033 |

‘ 1406 ‘

carrying cDNA of TrioN were intro-

Tiam1(C374)

FIGURE 2. Schematic representation of GEF constructs used in this study. A, domain architecture of full-
length Trio and Hisg-tagged TrioN. Numbers indicate the position of amino acids in the full-length protein. DHn
and DHc stand for the N- and C-terminal Dbl homology domains, respectively; SH3 stands for Src homology 3
domain; /g stands for Ig-like domain, and STK stands for serine-threonine kinase domain. B, domain architecture
of full-length Tiam1 and its Hise-tagged derivatives Tiam1(C1199) (residues 394-1591) and Tiam1(C374) (res-
idues 1033-1406). Numbers indicate the position of amino acids in the full-length protein. RBD stands for
Ras-binding domain, and PDZ stands for PSD-95 Discs large/ZO-1 homology domain.

fied by mixing 1.35 ml of phagocyte membranes, solubilized by
40 mM octyl glucoside (at a concentration above 2100 pmol of
cytochrome b, heme/ml), with 0.15 ml of PtdIns(3,4,5)P; (ata
concentration of 100 M) also dissolved in buffer containing 40
mM octyl glucoside. The mixtures were reconstituted into lipo-
somes by dialysis against detergent-free buffer as described
under “Preparation of Anionic Phospholipid Liposomes.” The
final concentration of PtdIns(3,4,5)P; in the enriched phago-
cyte membranes was 10 uM, corresponding to 0.28 —0.31 mol %
in relation to total membrane phospholipids. The concentra-
tion of cytochrome b, was measured after dialysis and was
normally found to be close to 1900 pmol of heme/ml. The final
concentration of cytochrome b, heme of PtdIns(3,4,5)P5-en-
riched membranes in cell-free oxidase activation assays was 5
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duced into E. coli BL21 (DE3, pRIL)-
CodonPlus™ cells. The bacteria
were induced with 0.4 mm isopropyl
B-D-thiogalactopyranoside at 18 °C
for 16 h. The induced cells were sus-
pended in a buffer (buffer A), con-
sisting of 20 mm sodium phosphate
buffer, pH 7.4, 500 mm NaCl, and 20
mM imidazole, supplemented with
“Complete  EDTA-free” protease
inhibitor (Roche Applied Science).
The bacteria were disrupted by
exposure to lysozyme (Sigma) at a concentration of 0.5 mg/ml
for 20 min at 4 °C with stirring followed by sonication by a
500-watt sonic disruptor (Vibra Cell, Sonics and Materials) at
20% amplitude for 5 min in the 50% pulse mode in an ice-cooled
beaker. The resulting material was supplemented with 1% Tri-
ton X-100 (Sigma) and stirred on ice for 15 min. Insoluble mate-
rial was sedimented by centrifugation at 23,000 X g for 25 min
at 4 °C, and the cleared cell-free extract was added to nickel-
Sepharose 6 Fast Flow Affinity Resin beads (GE Healthcare).
Binding was performed in the batch mode at room temperature
for 60 min. Following binding, the beads were washed twice
with buffer A and twice with buffer A supplemented with 40
mMm imidazole. The His,-tagged proteins were eluted from the
resin with buffer A supplemented with 400 mm imidazole. All

VOLUME 283 +NUMBER 32+AUGUST 8, 2008



Dissociation of Rac1-RhoGDI Complexes by pPIs, GEF, and GTP
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nescence Western blotting sub-

Areas of the fluorescent peaks strate (Pierce, product 32106).

(relative finarescence) Assessment of the Translocation of

Type of GEF Peak 1 Peak 2 Hisg-tagged Proteins to Liposomes

(liposome-bound Racl) (free Racl) by  ELISA—Column fractions

A. No GEF 979 + 22 175 + 45 derived from gel filtration, corre-

S — 9119 L4632 321163 spondin‘g to the exc‘lusion volume,

were diluted 1:4 in phosphate-

C. Tiam1(C1199) 5905 + 56 464 =116 buffered saline (PBS; consisting of

D. Tiam1(C1199) KK/AA, RR/AA 4185 + 539 749 + 234 137 mm NaCl, 2.7 mm KCI, 4.3 mm

E. Tiam1(C374) 3136 + 348 238 + 147 I;I]iz};.g)ozgnilni/elrf ;lli\i/leéqihkpvco)ﬁ

FIGURE 3. All GEF constructs display nucleotide exchange activity on prenylated Rac1 bound to DOPC/
DOPS liposomes. DOPC/DOPS liposomes (180 nmol of total phospholipids) were mixed with 2 nmol of pre-
nylated Rac1(GDP), 10 nmol of mant-GDP, and one of the following components: buffer (A), 3 nmol of TrioN (B),
3 nmol of Tiam1(C1199) (C), 3 nmol of Tiam1(C1199) KK/AA, RR/AA (D), or 3 nmol of Tiam1(C374) (E). Reaction
mixtures were incubated for 12 min at room temperature. The mixtures were subjected to gel filtration on a
Superose 12 FPLC column, and the eluates were monitored in line for the fluorescent signal of Rac1(mant-GDP).
In each panel, peak 1 represents liposome-bound prenylated Rac1 labeled with mant-GDP eluting in the
exclusion volume, and peak 2 represents free prenylated Rac1 labeled with mant-GDP eluting in a volume
corresponding to its molecular mass. The numbers next to peaks 1 and 2 express the percentage of the total
amount of prenylated Rac1 labeled with mant-GDP associated with the respective peaks. Calculations were
based on the integration of the areas of peaks 1 and 2 in the five experimental situations (A, B, C, D, and E), which
are listed in the table at the bottom of the figure. The panels illustrate representative individual experiments of
three experiments performed for each combination of components. The numerical results in the table are

means *+ S.E. of three experiments.

purified proteins were supplemented with 30% glycerol and
stored in small aliquots at —75 °C.

Protein Concentration—This was estimated by the method of
Bradford (45) modified for use with 96-well microplates (Tech-
nical Bulletin 1177EG, Bio-Rad) using the Bio-Rad protein
assay dye reagent concentrate and bovine <y-globulin as
standard.

SDS-PAGE and Immunoblotting—These were performed as
described in Ref. 46. Molecular mass standards in the 97.4 —-14.4
kDa range (unstained SDS-PAGE standards, low range) were
purchased from Bio-Rad. Rac1 was detected by affinity-purified
rabbit polyclonal anti-Racl C-terminal peptide antibody C11
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umes of 100 ul, in duplicates, to
96-well microplates (Dynex Tech-
nologies, Immulon 4 HBX, High
Binding Extra, product 3855). The
proteins were allowed to adhere to
the wells for 18 h at 4 °C, and the
plates were processed as described
in Ref. 47. The wells were washed
with PBS supplemented with
0.05% (v/v) Tween 20 (Sigma).
Blocking buffer consisted of PBS
supplemented with 0.1% (v/v) Tween 20 and 3% (w/v) bovine
serum albumin. His.-tagged proteins were detected using a
mouse monoclonal anti-polyhistidine antibody conjugated
with peroxidase (Sigma, product A7058) diluted 1:4000 in
blocking buffer. Peroxidase was quantified with the 3,3',5,5'-
tetramethylbenzidine liquid substrate system (Dako Cyto-
mation, product S1599) followed by stopping the reaction
with 1 M H,SO,, and the absorbance at 450 nm was read in a
Spectramax 340 microplate reader (Molecular Devices).

Enzymatic Prenylation of Racl—Recombinant non-preny-
lated Racl was prenylated in vitro by recombinant geranylgera-
nyltransferase type I as described before (48).
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Isolation of Pure Racl-RhoGDI Complexes in Vitro—These
were prepared essentially as described in Ref. 37. Briefly non-
prenylated Rac1(GDP) expressed in E. coli was prenylated in
vitro and either used in native (=GDP-bound) form or
exchanged to the fluorescent GDP analogue mant-GDP. Preny-
lated Racl was mixed with RhoGDI at a ratio of 1:4, and the

B

>

mixture was incubated in a rotary mixer (Thermomix Comfort,
Eppendorf) set at 500 rpm for 20 min at room temperature.
Following incubation, the solution, now containing
Racl‘RhoGDI complexes, was subjected to ultrafiltration
(using Amicon Ultra-4 centrifugal filter units with a pore size of
10,000 Da, Millipore) to remove any unbound fluorescent
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nucleotide and also to transfer the proteins into the loading
buffer for the final purification step by anion exchange chroma-
tography, which was performed as described in Ref. 37.

Assessment of Racl Dissociation from RhoGDI by In-line Flu-
orescence Assay—In experiments aimed to examine the ability
of pPI-enriched liposomes to dissociate Racl:‘RhoGDI com-
plexes, DOPC/DOPS or DOPC/DOPS/pPI liposomes (90 nmol
of total phospholipids) were mixed with Rac1‘RhoGDI com-
plexes (1 nmol) in which the native nucleotide on Racl (GDP)
was exchanged to the fluorescent analogue mant-GDP. In
experiments aimed to study the effect of various GEF con-
structs in cooperation with pPI-enriched liposomes on the sta-
bility of Rac1-RhoGDI complexes, Racl in the Racl‘RhoGDI
complex carried its native nucleotide, GDP. In these experi-
ments, either mant-GDP or mant-GMPPNP (10 nmol) and var-
ious GEF constructs (3 nmol) were added to the reaction mix-
tures containing liposomes (90 nmol of phospholipid) and
Rac1-RhoGDI complexes (2 nmol). In both types of experi-
ments, the mixtures were incubated for 12 min in a rotary mixer
set to room temperature and 500 rpm and injected immediately
into a Superose 12 10/300 GL FPLC gel filtration column. Chro-
matography was performed with a buffer consisting of 50 mm
Tris-HCI, pH 7.5, 5 mm MgCl,, and 150 mMm NaCl on an HPLC
system (Waters) at a flow rate of 0.2 ml/min at 4 °C, and both
absorbance (at 280 nm) and the fluorescent signal (excitation =
361 nm; emission = 440 nm) were measured continuously by
passing the column eluate through a diode array detector (MD-
1510, Jasco) and a spectrofluorometer (model FP-750, Jasco)
fitted with an HPLC flow cell (MFC-132, Jasco). We expected to
obtain a fluorescent signal in the exclusion volume if prenylated
Racl (labeled with fluorescent nucleotide), originating from the
dissociation of Rac1-RhoGDI complexes, was bound to the lipo-
somes. The intact Rac1'RhoGDI complex was expected to elute
in a volume corresponding to its molecular mass.

Assessment of Nucleotide Exchange Activity of GEFs on Lipo-
some-bound Prenylated Racl by an In-line Fluorescence Assay—
In this set of experiments, prenylated Rac1(GDP) (2 nmol),
mant-GDP (10 nmol), and various GEF constructs (3 nmol)
were added to DOPC/DOPS liposomes (180 nmol of total phos-
pholipids). The mixtures were incubated for 12 min in a rotary
mixer set to room temperature and 500 rpm and injected
immediately into a Superose 12 10/300 GL FPLC gel filtration
column. Chromatography and measurements of absorbance

and fluorescent signal were performed as described in the pre-
ceding section. We expected to obtain a fluorescent signal in
the exclusion volume consequent to and proportional with the
extent of GEF-mediated GDP to mant-GDP exchange having
taken place on prenylated Racl bound to the liposomes.

Cell-Free NADPH Oxidase Activation Assay—In these exper-
iments, native phagocyte membranes or phagocyte membranes
supplemented with PtdIns(3,4,5)P; were used. Oxidase activa-
tion was assayed in a cell-free system (5) consisting of either
native or supplemented phagocyte membranes (equivalent to 5
nM cytochrome bs., heme), free prenylated Racl(GDP) or
Rac1(GDP)-RhoGDI complexes (both at 100 nm), p672"°* (300
nM), guanine nucleotides (GTP or GDP) (1 uMm), and one
of the following GEF constructs: TrioN, Tiam1(C1199),
Tiam1(C1199) KK/AA, RR/AA, or Tiam1(C374) (200 or 400
nM). The order of addition of the components was as follows: a
mixture of phagocyte membrane and p677%°%, free prenylated
Rac1(GDP) or Rac1(GDP)-RhoGDI complex, GEF, and guanine
nucleotides. The assay mixtures were incubated for 5 min at
room temperature in the absence of an anionic amphiphile, and
O; production was initiated by the addition of NADPH
(240 um).

RESULTS

Effect of DOPC/DOPS Liposomes Enriched in PtdIns(3,4,5)P
on the Stability of Racl(GDP)-RhoGDI Complexes—In an ear-
lier study we demonstrated that Racl(GDP)-RhoGDI com-
plexes were dissociated by contact with protein-free liposomes
containing monovalent anionic phospholipids (having a net
charge of —1) serving as “membrane models” (37). However,
the amount of anionic phospholipid required for significant
dissociation of Rac1:‘RhoGDI complexes was above that present
in the PM of resting and stimulated phagocytes (discussed in
Ref. 37). On the other hand, PM pPIs such as PtdIns(4,5)P, and
PtdIns(3,4,5)P, with high net negative charges of —5 and —7,
respectively, were found to promote membrane targeting of
Racl (14). PtdIns(3,4,5)P, is present at very low concentrations
in quiescent cells but is transiently produced in the PM of stim-
ulated cells (12, 49). We thus reasoned that PtdIns(3,4,5)P, or
PtdIns(3,4)P, at low concentrations may represent the physio-
logical equivalents of the monovalent anionic phospholipids
present at a high concentration in the liposomes used in our
earlier study (37). With the purpose of studying the effect of

FIGURE 4. Exposure of Rac1(GDP)-RhoGDI complexes to anionic liposomes, mant-GMMPNP, and TrioN causes dissociation of complexes, GDP to
mant-GMPPNP exchange on Rac1, and binding of Rac1-GMPPNP to liposomes. 2 nmol of Rac1(GDP)-RhoGDI complex were mixed with 10 nmol of
mant-GMPPNP and DOPC/DOPS liposomes (90 nmol of total phospholipids) and 3 nmol of TrioN (A), DOPC/DOPS/PtdIns(3,4,5)P5 liposomes (90 nmol of total
phospholipids) and 3 nmol of TrioN (B), or DOPC/DOPS/PtdIns(3,4,5)P5 liposomes (90 nmol of total phospholipids) and buffer (C). In all experiments, the
reaction mixtures were incubated for 12 min at room temperature. The mixtures were subjected to gelfiltration on a Superose 12 FPLC column, and the eluates
were monitored in line for the fluorescent signal of Rac1(mant-GMPPNP) (upper panels). In each panel, peak 1 represents Rac1 dissociated from the
Rac1(GDP)-RhoGDI complex, labeled with mant-GMPPNP, and bound to the liposomes eluting in the exclusion volume, and peak 2 represents the non-
dissociated Rac1(GDP)-RhoGDI complex. The areas of the fluorescent peak 1 in the three experimental situations (A, B, and C) are listed in the table associated
with the figure and represent means = S.E. of three experiments. The panels illustrate representative individual experiments of at least three experiments
performed for each combination of components. The dissociation and translocation of Rac1 to liposomes was confirmed by Western blot analysis (lower
panels). 35 ul of each fraction (0.6 ml), corresponding to peak 1 (fractions 11 to 14), were subjected to SDS-PAGE followed by immunoblotting with anti-Rac1
antibody as described under “Experimental Procedures.” Rac1-RhoGDI complex, applied to the first lane at the left, served as a control for the ability of anti-Rac1
antibody to detect Rac1. The figure illustrates representative individual experiments of two performed with Rac1(GDP)-RhoGDI complexes mixed with lipo-
somes in the three experimental conditions (A, B, and C). D, detection of liposome-bound Hisg-tagged TrioN by ELISA. 25-ul aliquots of fractions 13 and 14,
corresponding to peak 1, were used to coat the wells of 96-well microplates. His-tagged TrioN was detected using anti-polyhistidine antibody as described
under “Experimental Procedures”; results are means = S.E. of three experiments. Error bars represent S.E. E, SDS-PAGE analysis of peak 2. 35 ul of each fraction
corresponding to peak 2 (fractions 20-24) were analyzed by SDS-PAGE. D and E illustrate representative individual experiments of at least two to three
experiments performed. w/o, without.
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pPIs on the stability of Rac1-RhoGDI complexes, two new types
of protein-free membrane models were designed: (a) liposomes
containing physiological amounts of the synthetic neutral
phospholipid DOPC (82 mol %) and the synthetic anionic phos-
pholipid DOPS (18 mol %), representative of the PM of resting
phagocytes, and (b) liposomes containing almost identical
amounts of DOPC and DOPS supplemented with various pPIs
(1.1 mol %), mimicking the PM of stimulated phagocytes. To
study the stability of Rac1-RhoGDI complexes in the presence
of liposomes of well defined composition, we utilized an assay
based on FPLC gel filtration combined with in-line detection of
fluorescent mant-guanine nucleotide-labeled Racl. The assay
allows accurate and easy quantification of both intact
Racl‘RhoGDI complexes and of Rac1 dissociated from RhoGDI
and bound to liposomes (37).

We first assessed the ability of free prenylated Racl(mant-
GDP) to bind to the newly designed liposomes. We found that
free prenylated Racl(mant-GDP) was efficiently targeted to
DOPC/DOPS liposomes. We observed no significant increase
in Racl(mant-GDP) binding when such liposomes were
enriched with 1.1 mol % PtdIns(3,4,5)P; (results not shown).
Next we created highly purified Racl(mant-GDP)-RhoGDI com-
plexes in vitro and incubated these with DOPC/DOPS liposomes
or with DOPC/DOPS liposomes enriched with either
PtdIns(3,4,5)P, or PtdIns(3,4)P, (1.1 mol %). As apparent in Fig.
1A, exposure of Racl(mant-GDP)-RhoGDI complexes to DOPC/
DOPS liposomes resulted in only minor dissociation of the com-
plex (3.5%). DOPC/DOPS liposomes enriched with either
PtdIns(3,4)P, or PtdIns(3,4,5)P5 (1.1 mol %) caused only a mar-
ginal increase in Rac1-RhoGDI dissociation (5.3 and 7.7%, respec-
tively) (Fig. 1, B and C). These results indicate that despite the
reported property of polyvalent pPIs to promote binding of Racl
to the PM (14) mere enrichment of the liposomes with such pPIs
was not sufficient for driving the equilibrium between RhoGDI-
bound and membrane-bound Rac toward the latter state.

DOPC/DOPS Liposomes Enriched in PtdIns(3,4,5)P; Com-
bined with TrioN and Free GMPPNP Promote Racl-RhoGDI
Dissociation—Upon cell stimulation, the generation of
PtdIns(3,4,5)P; at the PM occurs coincidentally with the trans-
location of Racl and of Rac-specific GEFs to the PM. Given the
large body of evidence showing an important role of PM pPIs in
the recruitment of GEFs to the PM (24 -33), we examined the
effect of Dbl-like GEFs on the stability of Rac1(GDP)-RhoGDI
complexes in the presence of PtdIns(3,4,5)P,-enriched lipo-
somes. N-terminal truncation of many Dbl-like GEFs enhances
their nucleotide exchange activity in vitro and promotes their
association with the PM in vivo (26, 50). Because it has been
shown that certain DH-PH tandems of GEFs are capable of
independent membrane translocation and can act as constitu-
tively active GEFs in vitro and in vivo (24, 25, 51-54), we
decided to investigate the effect of constitutively active DH-PH
tandems and free guanine nucleotides on the dissociation of
Racl-RhoGDI complexes in a controlled liposome environ-
ment. The schematic representations of the N-terminally trun-
cated Rac GEFs used in this study are shown in Fig. 2. We first
tested the ability of various DH-PH domains to catalyze nucle-
otide exchange on prenylated Rac1(GDP) bound to DOPC/
DOPS liposomes. Prenylated Racl1(GDP) was incubated with
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DOPC/DOPS liposomes in the presence of mant-GDP and var-
ious GEF constructs. As shown in Fig. 3, all GEF constructs
exhibited the ability to catalyze nucleotide exchange on Rac1 in
the presence of DOPC/DOPS liposomes; the C-terminal
DH-PH tandem of Tiam1 (Tiam1(C374)) was the least efficient.
Most significantly, all GEF constructs preferentially catalyzed
guanine nucleotide exchange on prenylated Racl bound to
DOPC/DOPS compared with free prenylated Rac1 (Fig. 3). This
result shows that liposome-associated prenylated Racl is a
much better substrate for Dbl-like GEFs than free prenylated
Racl, confirming earlier findings by Antonny and co-workers
(55). It is also apparent in Fig. 3 that mutating essential residues
in the N-terminal PH domain of an N-terminally truncated
form of Tiam1 (Tiam1(C1199) KK/AA, RR/AA) (29) led to only
a moderate reduction in nucleotide exchange ability.

To explore the possible destabilizing effect of various GEFs
on Racl‘RhoGDI complexes, we incubated Racl(GDP)-
RhoGDI complexes with DOPC/DOPS or PtdIns(3,4,5)P;-en-
riched DOPC/DOPS liposomes, TrioN, and mant-GMMPNP.
As apparent in Fig. 44, exposure of Rac1(GDP)-RhoGDI com-
plexes to DOPC/DOPS liposomes, TrioN, and mant-GMPPNP
resulted in a fluorescent peak in the exclusion volume (peak 1),
indicating that both dissociation of Rac1(GDP)-RhoGDI and
exchange of GDP to mant-GMPPNP on Racl took place.
Enrichment of DOPC/DOPS liposomes with just 1.1 mol %
PtdIns(3,4,5)P; led to a 2-fold increase in the level of fluo-
rescence in peak 1 (Fig. 4, B and associated table), demon-
strating an enhancing effect of liposome-incorporated
PtdIns(3,4,5)P; on the ability of TrioN to promote
Rac1l‘RhoGDI dissociation and GDP to mant-GMPPNP
exchange on Racl. The exposure of Rac1‘-RhoGDI complexes
to PtdIns(3,4,5)P5-enriched liposomes and mant-GMPPNP
in the absence of TrioN did not result in the appearance of a
fluorescent peak in the exclusion volume (Fig. 4C), confirm-
ing that the dissociation of Racl:‘RhoGDI complexes and
GDP to mant-GMPPNP exchange were GEF-dependent.
Enhanced dissociation of Rac1:-RhoGDI complexes, similar
in intensity to that found with DOPC/DOPS liposomes
enriched with PtdIns(3,4,5)P,, was also obtained with
PtdIns(3,4)P,-, PtdIns(3,5)P,-, and PtdIns(4,5)P,-enriched
DOPC/DOPS liposomes in the presence of TrioN and mant-
GMPPNP (data not shown). No effect of TrioN and mant-
GMPPNP on the stability of Rac1‘RhoGDI complexes in the
absence of liposomes was observed (data not shown).

The quantitative and temporal parameters chosen for the
performance of these experiments were derived from prelimi-
nary work. This involved varying the concentration of
PtdIns(3,4,5)P, in the DOPC/DOPS liposomes from 0.55 to 2.2
mol %. This range was chosen based on the knowledge that pPIs
phosphorylated at position 3 on the inositol ring represent less
than 0.025 mol % of total membrane lipids in the resting state
and that their concentration increases markedly upon cell stim-
ulation (56). We opted for working with 1.1 mol %
PtdIns(3,4,5)P;, taking into consideration that dissociation of
the Rac1'‘RhoGDI complex increased by only 54.9 = 4.1% when
the concentration of PtdIns(3,4,5)P; was increased 4-fold from
0.55 to 2.2 mol %. The duration of incubation of the
Racl‘-RhoGDI complex with liposomes and supplements was
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FIGURE 5. Replacement of mant-GMPPNP by mant-GDP eliminates the dissociation of Rac1-RhoGDI com-
plexes by anionic liposomes and TrioN, but nucleotide exchange on Rac1 in complex with RhoGDI is
conserved. 2 nmol of Rac1(GDP)-RhoGDI complex and 10 nmol of mant-GDP were mixed with DOPC/DOPS
liposomes (90 nmol of total phospholipids) and 3 nmol of TrioN (A), DOPC/DOPS/PtdIns(3,4,5)P; liposomes (90
nmol of total phospholipids) and 3 nmol of TrioN (B), 3 nmol of TrioN without liposomes (C), and DOPC/DOPS/
PtdIns(3,4,5)P; liposomes (90 nmol of total phospholipids) without TrioN (D). In all experiments, the reaction
mixtures were incubated for 12 min at room temperature. The mixtures were subjected to gel filtration on a
Superose 12 FPLC column, and the eluates were monitored in line for the fluorescent signal of Rac1(mant-GDP).
In each panel, peak 1 represents Rac1 dissociated from the Rac1(GDP)-RhoGDI complex, labeled with mant-
GDP, and bound to the liposomes eluting in the exclusion volume, and peak 2 represents the non-dissociated
Rac1(mant-GDP)-RhoGDI complex. The areas of fluorescent peak 2 appear in the tables below the upper and
lower panels and represent means =+ S.E. of three experiments. The panels illustrate representative individual
experiments of three experiments performed for each combination of components. w/o, without.

chosen as 12 min based on the preliminary finding that dis-
sociation of the Rac1‘RhoGDI complex at 1-min incubation
was 71.4 £ 2.5% of the plateau value, which was reached at 5
min; we chose 12 min to be certain that we were recording
results at a state of equilibrium. These time measurements
did not include the time elapsed from the injection of the
mixture in the gel filtration column to the emergence of the
liposomes with bound Rac (40 min).
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ent in the reaction mixture injected
into the gel filtration column not
bound to the liposomes and were
recovered at the elution volumes
corresponding to their molecular
mass. These were undissociated
Racl(GDP)-RhoGDI  complexes,
TrioN, and probably some free
RhoGDI (dissociated from Racl and
eluting as a homodimer (37)).
Replacement of GMPPNP by
GDP Abrogates the Dissociation of
Racl-RhoGDI Complexes by PtdIns(3,4,5)Ps-enriched DOPC/
DOPS Liposomes and TrioN—To further characterize the
mechanism of Rac1-RhoGDI dissociation by anionic liposomes
and GEF, we examined whether the nature of the guanine
nucleotide added to the reaction mixture was a determining
factor in the dissociation of the complex. For this purpose, we
exposed Racl(GDP)-RhoGDI complexes to DOPC/DOPS or
DOPC/DOPS/PtdIns(3,4,5)P; liposomes in the presence of
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TrioN and mant-GDP (instead of mant-GMPPNP). As seen in
Fig. 5, A and B, no fluorescence was detected in the exclusion
volume (peak 1), indicating that replacement of mant-GMP-
PNP by mant-GDP completely abrogated the dissociation of
the Rac1(GDP)-RhoGDI complex. Surprisingly peak 2, corre-
sponding to the elution volume of the undissociated
Racl‘-RhoGDI complex, became labeled with mant-GDP, indi-
cating that an exchange of native GDP, bound to Rac1, for exog-
enous mant-GDP took place. An ~2-fold increase in the
fluorescent signal of peak 2 was observed when PtdIns(3,4,5)P;-
enriched DOPC/DOPS liposomes were used compared with
DOPC/DOPS liposomes (see table associated with Fig. 5, A and
B). Only a minor fluorescent signal was obtained in peak 2 when
Rac1(GDP)-RhoGDI was incubated with mant-GDP and TrioN
but in the absence of liposomes (Fig. 5C and associated table).
This result indicates that GDP to mant-GDP exchange on Racl
occurred exclusively at the liposome level. Incubation of
Racl(GDP)-RhoGDI with PtdIns(3,4,5)P;-enriched DOPC/
DOPS liposomes and mant-GDP but in the absence of TrioN
prevented the appearance of fluorescent peak 2, proving that
the exchange of GDP to mant-GDP was TrioN-dependent (Fig.
5D and associated table).

Affinity of the PH Domains of GEFs for PtdIns(3,4,5)P;
Determines the Efficacy of Racl-RhoGDI Dissociation by
PtdIns(3,4,5)P;-enriched Liposomes, GMPPNP, and GEF—
Tiam]l, a specific GEF for Rac, is a unique Dbl family member
that contains a PHn domain in addition to the C-terminal PH
(PHc) domain present in the DH-PH tandem. The PHn domain
of Tiam1 was shown to possess a higher affinity for PtdIns than
the PHc domain with a preference for PtdIns(3,4,5)P5 over
PtdIns(3,4)P, and PtdIns(4,5)P, (26 —29). This is in contrast to
the PHc domain, which was shown to interact only with
phosphatidylinositol 3-phosphate (57). The enhanced Racl-
(GDP)-RhoGDI dissociation by PtdIns(3,4,5)P;-enriched
liposomes versus DOPC/DOPS liposomes (Fig. 4, B versus A)
led us to hypothesize that the affinity of certain PH domains
for specific pPIs determines the efficacy of a particular GEF
in causing Racl(GDP)-RhoGDI dissociation. To test this
assumption, we took advantage of the unique properties of
Tiam1l PH domains and made use of the Tiam1 constructs
illustrated in Fig. 2B and of a Tiam1 construct with muta-
tions in the PHn domain.

It has been demonstrated that positively charged residues in
the B1-B2 loop of PH domains are critical for high affinity
binding of phosphoinositide 3-kinase products (58) and that

substitution of arginines 459 and 460 with alanines within the
N-terminal PH domain of Tiam1 significantly reduced its bind-
ing affinity for PtdIns(3,4,5)P5 (29). To impair the ability of
Tiam1(C1199) to bind PtdIns(3,4,5)P; we substituted Lys-452,
Lys-453, Arg-459, and Arg-460 with alanines. Tiam1(C1199)
KK/AA, RR/AA retained most of its ability to catalyze nucleo-
tide exchange on liposome-bound prenylated Rac1(GDP) (Fig.
3D). Exposure of Racl(GDP):RhoGDI complexes to
PtdIns(3,4,5)P5-enriched DOPC/DOPS liposomes, mant-
GMPPNP, and the Tiam1(C1199) construct (containing both
the C-terminal DH-PH tandem and the PHn domain) led to a
2-fold increase in the fluorescent signal in the exclusion volume
(peak 1) compared with DOPC/DOPS liposomes (Fig. 6, A ver-
sus D and associated tables). On the other hand, incubation of
Racl(GDP)-RhoGDI complexes with PtdIns(3,4,5)P;-enriched
DOPC/DOPS  liposomes, mant-GMPPNP, and the
Tiam1(C1199) KK/AA, RR/AA construct led to a moderate flu-
orescent signal in the exclusion volume (peak 1) very similar to
that observed in the presence of DOPC/DOPS liposomes (Fig.
6, B versus E and associated tables). Exposure of Rac1(GDP)-
RhoGDI complexes to PtdIns(3,4,5)P;-enriched DOPC/DOPS
liposomes, mant-GMPPNP, and the Tiam1(C374) construct
(containing only the C-terminal DH-PH tandem) resulted in a
moderate dissociating effect, reflecting the lower affinity of the
PHc domain of Tiam1 for PtdIns(3,4,5)P; (Fig. 6C and associ-
ated table). Exposure of Racl(GDP)-RhoGDI complexes to
DOPC/DOPS liposomes, mant-GMPPNP, and Tiam1(C374)
resulted in an even lesser dissociating effect (Fig. 6F and asso-
ciated table). The binding of Tiam1(C1199), Tiam1(C1199)
KK/AA, RR/AA, and Tiam1(C374) proteins to liposomes, as
assessed by ELISA, revealed a good correlation with the results
obtained in the dissociation assays based on in-line recording of
fluorescence (Fig. 6, G-I). These results support the hypoth-
esis that the higher the affinity of a PH domain for
PtdIns(3,4,5)P; the more efficient the GEF harboring this
domain is in assisting dissociation of Rac1(GDP)-RhoGDI
complexes by PtdIns(3,4,5)P;-enriched DOPC/DOPS liposomes.

Rac GEFs Harboring PH Domains with High Affinity for
PtdIns(3,4,5)P5 Support Oxidase Activation in Vitro—We pre-
viously reported that oxidase activation can be achieved in vitro
by mixtures of phagocyte membrane liposomes, p677"°*, and
prenylated Rac1(GTP) in the absence of an amphiphilic activa-
tor and of p477"°* (6). This was followed by the reconstitution
of oxidase activity in a cell-free system consisting of membrane
liposomes, p677"°*, prenylated Rac1(GDP), the GEFs TrioN or

FIGURE 6. The N-terminal PH domain of Tiam1 is essential for promoting the dissociation of the Rac1(GDP)-RhoGDI complex in the presence of
PtdIns(3,4,5)P;-enriched liposomes and mant-GMPPNP. 2 nmol of Rac1(GDP)-RhoGDI complex and 10 nmol of mant-GMPPNP were mixed with DOPC/
DOPS/PtdIns(3,4,5)P5 liposomes (90 nmol of total phospholipids) and 3 nmol of Tiam1(C1199) (A), DOPC/DOPS/PtdIns(3,4,5)P; liposomes (90 nmol of total
phospholipids) and 3 nmol of Tiam1(C1199) KK/AA, RR/AA (B), DOPC/DOPS/PtdIns(3,4,5)P; liposomes (90 nmol of total phospholipids) and 3 nmol of
Tiam1(C374) (C), DOPC/DOPS liposomes (90 nmol of total phospholipids) and 3 nmol of Tiam1(C1199) (D), DOPC/DOPS liposomes (90 nmol of total phospho-
lipids) and 3 nmol of Tiam1(C1199) KK/AA, RR/AA (E), and DOPC/DOPS liposomes (90 nmol of total phospholipids) and 3 nmol of Tiam1(C374) (F). In all
experiments, the reaction mixtures were incubated for 12 min at room temperature. The mixtures were subjected to gel filtration on a Superose 12 FPLC
column, and the eluates were monitored in line for the fluorescent signal of Rac1(mant-GMPPNP). In each panel, peak 1 represents Rac1 dissociated from the
Rac1(GDP)-RhoGDI complex, labeled with mant-GMPPNP, and bound to the liposomes eluting in the exclusion volume, and peak 2 represents the non-
dissociated Rac1(GDP)-RhoGDI complex. The areas of fluorescent peak 1 in the six experimental situations are presented in the tables beneath the panels
illustrating the in-line recording of fluorescence (A, B, C, D, E, and F) and represent means =+ S.E. of three experiments. The panels illustrate representative
individual experiments of at least three experiments performed for each combination of components. G, H, and /, detection of liposome-bound His,-tagged
Tiam1 constructs by ELISA. 25-ul aliquots of fractions 13 and 14, corresponding to peak 1, derived from the experiments illustrated in A-F were used to coat the
wells of 96-well microplates. The Hisg-tagged Tiam1 proteins were detected using anti-polyhistidine antibody as described under “Experimental Procedures.”
Results are means = S.E. of three experiments. Error bars represent S.E.
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brane was more active in O} pro-
duction than was native membrane
in the presence of TrioN or

FIGURE 7. Amphiphile-independent oxidase activation in native versus Ptdins(3,4,5)P;-enriched phag-
ocyte membranes by Rac1(GDP)-RhoGDI complexes, guanine nucleotides, and GEFs. In these experi-
ments, native phagocyte membranes or membranes supplemented with 10 um PtdIns(3,4,5)P; were prepared
as described under “Experimental Procedures.” Oxidase activation was assayed in a cell-free system consisting
of either native or supplemented membranes (equivalent to 5 nm cytochrome bss, heme) mixed with preny-
lated Rac1(GDP) (100 nm), p67°"°* (300 nm), one of the GEF constructs (200 nm), and GTP (1 um) (A) or with
Rac1(GDP)-RhoGDI complex (100 nm), p67°"°* (300 nm), one of the GEF constructs (400 nm), and either GDP or
GTP (1 um) (B). Assay mixtures were incubated for 5 min at room temperature in the absence of an anionic
amphiphile, and O; production was initiated by the addition of NADPH (240 um). The results are means * S.E.

of three experiments. Error bars represent S.E. w/o, without.

Tiam1(C374), and GTP (44). We reasoned that exposure of
Racl(GDP)-RhoGDI complexes to PtdIns(3,4,5)P;-enriched
phagocyte membranes in the presence of a GEF and GTP will
mimic the destabilizing effect on Rac1:RhoGDI complexes of
protein-free anionic liposomes, under the same circumstances,
with the ensuing translocation of prenylated Racl to the phag-

22268 JOURNAL OF BIOLOGICAL CHEMISTRY

Tiam1(C1199) and GTP (Fig. 7B).
No advantage of PtdIns(3,4,5)P,-
enriched membrane over native
membrane  was  seen  with
Tiam1(C1199) KK/AA, RR/AA.
Tiam1(C374) was unable to support
oxidase activation by either native
or PtdIns(3,4,5)P;-enriched mem-
brane. These results indicate that
phagocyte membrane supplemented with PtdIns(3,4,5)P; is
superior to native membrane only when prenylated Rac1(GDP)
is found in complex with RhoGDI and a GEF harboring a PH
domain with preference for PtdIns(3,4,5)P; is present in the
reaction. No oxidase activation was found with either native or
supplemented membrane when GTP was replaced by GDP.
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cells caused dissociation of Rac-
GDP from RhoGDI and transloca-
tion of Rac to liposomes (37). Upon
cell activation, the concentration of
anionic phospholipids in the inner
leaflet of the PM increases sharply
as exemplified by the rapid genera-
tion of PtdIns(3,4,5)P; from the
constitutive membrane component
PtdIns(4,5)P, by type I phosphoi-
nositide 3-kinase (for a review, see
Ref. 49). Thus, we designed an in
vitro system based on liposomes
with a phospholipid composition
imitating that of the PM of either
resting or activated phagocytes. We
found that exposure of Rac1(GDP)-
RhoGDI complexes to DOPC/
DOPS liposomes (82.22/17.77 mol
%), representing the PM of resting
cells, caused only minimal dissocia-

FIGURE 8. Extrapolation of the in vitro mechanism of Rac‘RhoGDI dissociation by the cooperative action
of Ptdins(3,4,5)P;-containing liposomes, GTP, and GEF to events hypothesized to occur in the course of
oxidase activation in the intact phagocyte. The proposed sequence of events is as follows. 1,in the PM of the
resting cell, represented by a phospholipid composition of less than 20% anionic lipids (phosphatidylcholine
(PC)/phosphatidylserine (PS)), the Rac'RhoGDI complexes are in the cytosol. 2 and 3, upon phagocyte stimula-
tion, PtdIns(3,4,5)P; is generated on the cytosolic aspect of the PM resulting in a marked increase in negative
charge. A small proportion of the Rac‘RhoGDI complexes dissociates spontaneously, and Rac(GDP) translo-
cates to the PtdIns(3,4,5)P;-enriched PM. 4, a marked enhancement of the dissociation of Rac:-RhoGDI com-
plexes takes place upon the translocation of a Rac-specific GEF to the PM by virtue of the affinity of the PH
domain of GEF for PtdIns(3,4,5)P5. This leads to GDP to GTP exchange on Rac, also bound to the PM, preventing
reassociation with RhoGDI due to the lower affinity of the latter for Rac(GTP). 5, membrane-associated Rac(GTP)
interacts with downstream effectors, exemplified by p67°"°%. Intrinsic or GTPase-activating protein-enhanced
GTPase activity leads to the conversion of Rac(GTP) to Rac(GDP), which reassociates with RhoGDI and is
returned to the cytosol. “Minus” symbols represent the negative charge of the phospholipids on the cytosolic
aspect of the PM, “plus” symbols represent the positive charge of the polybasic C terminus of Rac, and “ip”
stands for isoprenyl. PI3K, phosphoinositide 3-kinase. Some elements in this scheme are inspired by a model

tion of the complex. This result is in
agreement with our earlier finding
that only marginal levels of dissoci-
ation were obtained upon exposure
of Racl(GDP)-RhoGDI complexes
to native membranes derived from
resting phagocytes (37). Enrich-
ment of DOPC/DOPS liposomes
with 1.1 mol % PtdIns(3,4,5)P; or
PtdIns(3,4)P,, representing an
attempt to mimic the PM of stimu-
lated cells, caused only minimal

proposed by Bokoch et al. (see Fig. 7 in Ref. 67).

DISCUSSION

The small GTPase Rac is required for the assembly and acti-
vation of the phagocyte oxidase complex. In resting cells, Rac is
found in the cytosol as a prenylated protein, in the GDP-bound
form, associated with RhoGDI. Upon cell stimulation, the Rac-
RhoGDI complex dissociates, and Rac translocates to the PM.
This event is probably preceded by the generation of
PtdIns(3,4,5)P; in the PM and the movement of a Rac-specific
GEF to the PM.

In the present work, we establish a connection between Rac:
RhoGDI dissociation, the generation of PtdIns(3,4,5)P,, and
GEF-mediated GDP to GTP exchange on Rac, all occurring at
the level of the PM. To support this contention, we designed an
in vitro system, which is meant to reproduce the events in the
intact cell, consisting of liposomes of controlled phospholipid
composition, purified Rac'RhoGDI complexes, constitutively
active Rac GEF constructs, and guanine nucleotides.

The PM of the resting mammalian cell contains less than 20
mol % monovalent anionic phospholipids, mainly phosphati-
dylserine, in its inner leaflet (56, 59, 60). We reported previously
that exposing Rac(GDP)-RhoGDI complexes to liposomes con-
taining negatively charged monovalent phospholipids at con-
centrations well in excess of those present in the PM of resting
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increases in the level of Racl-
RhoGDI dissociation compared
with DOPC/DOPS liposomes.

In the light of these results, we reasoned that a proper model
of a stimulated phagocyte should also include the changes in the
subcellular localization of Rac GEFs. The majority of Dbl family
GEFs are located in the cytosol of resting cells, and membrane
association is generally accepted to be a prerequisite for nucle-
otide exchange on Rac. In the case of GEFs homologous to Dbl,
the isolated DH-PH tandem alone is sufficient for PM localiza-
tion and biological activity in vivo (24, 25, 51-54). Therefore, to
investigate the possible role of Dbl-related GEFs in Rac1(GDP)-
RhoGDI dissociation, we designed a system consisting of
DOPC/DOPS or PtdIns(3,4,5)P,-enriched DOPC/DOPS lipo-
somes (representing the PM of resting and stimulated phago-
cytes, respectively), DH-PH tandems of GEF, Racl(GDP)-
RhoGDI complexes, and guanine nucleotides. We found indeed
that three constitutively active Rac GEF constructs, together
with mant-GMPPNP, caused various degrees of Rac1‘RhoGDI
dissociation and association of mant-GMPPNP-labeled Racl
with the two liposome prototypes; the liposomes enriched in
PtdIns(3,4,5)P; were more effective. The efficacy of Racl-
RhoGDI dissociation by PtdIns(3,4,5)P5-enriched liposomes
appears to be correlated with the presence and affinity of the
N-terminal PH domain of a particular GEF for PtdIns(3,4,5)P;.
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The essential role of DH-PH tandems of GEFs in the dissocia-
tion of Racl-RhoGDI complexes is in good agreement with
findings that transgenic expression of the constitutively active,
N-terminally truncated Rac GEFs Vavl, Vav2 and Tiaml
causes membrane targeting and activation of endogenous Racl
(61, 62).

Our study provides additional proof for observations made in
the past that membrane-bound prenylated GTPases are better
substrates for GEFs (55, 63). We found indeed that the GEF
constructs used in our study preferentially catalyzed guanine
nucleotide exchange on prenylated Racl bound to DOPC/
DOPS liposomes as opposed to free prenylated Racl. Thus,
release of Rac1(GDP) from RhoGDI and translocation to the
membrane must precede its interaction with GEF. This conclu-
sion has to be reconciled with our finding that replacement
of mant-GMPPNP by mant-GDP completely abolished
Racl(GDP)-RhoGDI dissociation and liposome targeting of
Racl but did not prevent TrioN-dependent exchange of endog-
enous GDP for exogenous mant-GDP on Racl. The persistence
of GEF-mediated nucleotide exchange on Rac1(GDP) in com-
plex with RhoGDI in the absence of significant complex disso-
ciation and binding of Racl to liposomes is best explained by
the occurrence of some degree of dissociation or partial open-
ing (64) of the complex (upon random contact with
PtdIns(3,4,5)P,-containing liposomes) followed by the tran-
sient association of small amounts of Rac1(GDP) with the lipo-
somes. Activated GEF, also bound to liposomes, catalyzes the
exchange of Racl-bound GDP for mant(GDP), and Racl(mant-
GDP) reassociates with RhoGDI due to the higher affinity of
Racl(GDP) for RhoGDI (37, 65).

Onthebasisofour findings, we propose amodel for Rac(GDP)-
RhoGDI dissociation in the intact cell by the cooperative action
of membrane-localized PtdIns(3,4,5)P;, a Rac GEF, and free
cytosolic GTP (see Fig. 8 and legend). The dissociation of the
Rac(GDP)-RhoGDI complex can be visualized in the form of a
“two-step” or “one-step” mechanism. In both, what drives the
reaction toward dissociation of the complex is the higher affin-
ity of Rac(GTP) for PtdIns(3,4,5)P;, at the cytosolic aspect of
the membrane, than for RhoGDI. In the two-step mechanism,
limited spontaneous dissociation of the complex is the initiator
of the process followed by the GEF-induced conversion of
Rac(GDP) to Rac(GTP), enhanced complex dissociation, and
binding of Rac(GTP) to the membrane. In the one-step mech-
anism, complex dissociation is, from the start, dependent on
the GEF-induced GDP to GTP exchange on Rac. We favor the
two-step mechanism but are aware of the fact that our meth-
odology only permits measurement of Rac binding to liposomes
at equilibrium (=infinite time) and is inappropriate for distin-
guishing between the two mechanisms.

Recent reports have established the importance of polyvalent
anionic pPIs for the targeting of proteins containing polybasic
prenylated motifs to the PM. Thus, Yeung and Grinstein (66)
demonstrated that membrane-associated cationic molecules,
such as K-Ras and Rac1, were released from membrane subdo-
mains following hydrolysis of pPIs and displacement of phos-
phatidylserine, resulting in a decrease in negative charge. Fur-
thermore Heo et al. (14) reported that the majority of
PM-localized small GTPases possess polybasic clusters and
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bind to the PM by electrostatic interaction with the negatively
charged PtdIns(3,4,5)P; and PtdIns(4,5)P,. Our findings pro-
vide a good illustration of the concept emphasizing the contri-
bution of anionic phospholipids, at the inner aspect of the PM,
to the attraction, anchoring, and release of cationic cytosolic
proteins to and from the membrane (for a review, see Ref. 56).
At a more particular level, we provide the first definite experi-
mental demonstration of the involvement of a membrane-
bound GEF in the dissociation of the Rac(GDP)-RhoGDI com-
plex and the membrane association of Rac(GTP) as first
proposed in a landmark study by Bokoch et al. (67).
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