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ABSTRACT. NADPH-dependent superoxide generation can be reconstituted in a cell-free system using
recombinant cytosolic factors (p4hox p67phox and Rac) plus flavocytochronigss. Racl and Rac2

are closely related small GTPases, differing primarily in the C-terminal 10 residues where Racl but not
Rac2 contains a polybasic sequence. In their nonisoprenylated forms, Racl was highly effective in
reconstituting NADPH oxidase activity (low Eg; high Vinay, whereas Rac2 was only minimally effective
(high EG, low Vmay. In contrast, low concentrations of isoprenylated Racl and Rac2 both supported
high rates of superoxide generation. Like full length Rac2, truncated forms of both Racl and Rac2 in
which the C-terminal 10 residues were eliminated were poorly activating, pointing to the C terminus of
Racl as a determinant of activity. Mutation of single positively charged residues in the C terminus of
nonisoprenylated Racl markedly reduced its ability to support superoxide generation, affecting both its
EGCsp and theVimax  In contrast, mutation or truncation of the C terminus failed to affect the activation of
PAK, a Rac-regulated protein kinase. Thesgfr Racl increased with increasing salt concentrations,
whereas that of Rac2 was independent of salt, implicating the involvement of electrostatic forces for the
former. Using flavocytochrombsss reconstituted into phosphatidylcholine vesicles, the Gr Racl

but not Rac2 decreased (increased binding) when an acidic phospholipid (phosphatidylinositol) was present,
supporting a role for the Racl polybasic C terminus in binding to the membrane. A model in which Rac
must associate simultaneously both with giibxand with the membrane to activate the NADPH oxidase
can account for the above observations.

Activated phagocytic cells consume molecular oxygen in tion of the cytoskeleton, and intracellular transport. Rac
a process called the “respiratory burst”, which participates exists as two closely related isoforms, Racl and Rac2, which
in the killing of ingested bacteria. This reaction, which are 92% identical, differing in only 14 out of 190 residues
utilizes NADPH to reduce oxygen to superoxide, is catalyzed (Didsbury et al., 1989). The highest density of divergent
by a multicomponent enzyme, the NADPH oxidase. The residues is in the carboxyl terminus, where 6 out of the last
oxidase is dormant in resting cells but is activated by a 10 residues differ (see below, bold letters). In Racl, this
variety of agonists, including those which interact with cell region is highly basic, similar to a polybasic region seen in
surface receptors (e.g., opsonized particles and the chemoseveral other small GTPases, including K-Ras and Rapla.
tactic peptide f-Met-Leu-Phe). The NADPH oxidase is |n the former, this polybasic region is thought to participate

comprised of both membrane-associated and cytosolic pro-in membrane interactions and is essential for function
teins which assemble upon cell activation (Clark et al., 1990). (Hancock et al., 1990).

The membrane-associated component is the heterodimer
flavocytochromebssg, Which contains heme as well as  chart 1
putative NADPH- and FAD-binding sites (Rotrosen et al.,

1992; Segal et al., 1992). The cytosolic proteins p#hox 170 180 190

(Lomax et al., 1989) and p6Fhox(Leto et al., 1990) and Racl DEAIRAVL CP PPVKKRKRKC LLL

the small GTPase Rac (Knaus et al., 1991; Abo et al., 1992)

translocate to the plasma membrane, where they associate Rac2 DEAIRAVL CP QPTRQOKRAC SLL

directly or indirectly with cytochroméssg (Heyworth et al.,

1991; Uhlinger et al., 1993). The mRNA for Racl is expressed ubiquitously, whereas

Rac is a member of the Rho subfamily of Ras-related small Rac2 is found primarily in myeloid cells (Didsbury et al.,
GTPases, which are involved in the regulation of diverse 1989). Racl was isolated and identified as an oxidase-related
cellular processes such as growth, differentiation, organiza-factor from cytosol from guinea pig peritoneal macrophages
(Abo et al., 1991), while Rac2 was implicated as an oxidase-
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is cysteine, A is any aliphatic residue, and X is any residue diisopropyl! fluorophosphate, glutathione (insolubilized on
(see Chart 1, double-underlined region). This sequencecross-linked 4% beaded agarose), thrombin (human), and
signals for a series of post-translational modifications, which isopropyl 3-p-thiogalactopyranoside were obtained from
involves S isoprenylation of the cysteine [using the farnesyl Sigma. N-Methylisatoic anhydride (Mant) was obtained
(C15) or geranylgeranyl (C20) group for Ras and Rho from Molecular Probes.
subfamily members, respectively], followed by proteolytic Isolation of Human Neutrophils and Preparation of
cleavage of the AAX and carboxylmethylation of the cysteine Plasma MembranesHuman neutrophils were isolated from
(Clarke et al., 1988; Gutierrez et al., 1989; Philips et al., peripheral blood from healthy adult donors as described
1993). While these and other lipid modifications are critical (Pember et al., 1983). Informed consent was obtained from
for membrane association and function of Ras (Hancock etall donors. Plasma membranes were prepared and stored as
al.,, 1990, 1991), unmodified recombinant Ra€@TPyS described (Kreck et al., 1994) and contained approximately
stimulates superoxide generation to a rate similar to that seer0.25 nmol of cytochroméssg(mg of protein), on the basis
using neutrophil cytosol (Heyworth et al., 1993; Kreck et of the assumption of two hemes per cytochrome (Quinn et
al., 1994), the latter containing isoprenylated Rac. The al., 1992; Nishimoto et al., 1995).
unmodified Rac fails to undergo rapid guanine nucleotide  Expression and Purification of ProteinsRacl proteins
exchange but can be “preloaded” with GIF at low (native and mutant) were expressedbscherichia colias
magnesium concentrations. Isoprenylation appears to pro-fusion proteins with an N-terminal glutathio®gransferase
mote the interaction with a guanine nucleotide exchange using the PGEX-2T fusion vector and were purified to 99%
protein permitting rapid GTP binding (Ando et al., 1992; homogeneity using thrombin cleavage from a glutathione
Heyworth et al., 1993). These findings have been interpretedaffinity matrix (Kreck et al., 1994). The Racl gene was
as indicating that binding to the membrane is needed for previously engineered with flankin@anH1 and EcaR1
guanine nucleotide exchange but is not important for restriction enzyme sites, and the sequence was mutated to
activation of the NADPH oxidase. replace Cys 189 with Ser and thus eliminate the possibility
Superoxide generation can be reconstituted in a cell-free of isoprenylation. Cytochromigssgwas purified as described
system consisting of cytosol plus plasma membranes alongpreviously (Segal et al., 1992; Nisimoto et al., 1995).
with anionic amphiphiles such as arachidonate (Curnutte, Recombinant p4phoxand p67phoxwere expressed in and
1985; McPhail et al., 1985; Bromberg & Pick, 1984) plus purified from Sf9 and Hi5 cells, respectively, that had been
GTPyS (Uhlinger et al., 1991, Seifert & Schultz, 1987; Ligeti infected with recombinant baculovirus encoding the respec-
et al., 1989; Gabig et al., 1987). We have utilized plasma tive proteins (Uhlinger et al., 1992). Isoprenylated Racl and
membranes plus recombinant pgfiex p67phox and Racl Rac2 were expressed in Hi5 cells using the BlueBacHis
in place of cytosol and refer to this as the semirecombinant vector (Invitrogen Corp., San Diego, CA) as polyhistidine
system. In kinetic studies using this system, a peptide which fusion proteins. Cells were harvested 72 h after infection
corresponds to the carboxyl terminus of Racl [Rac1{178 with virus, resuspended in buffer A [100 mM KCI, 3 mm
188)] inhibited superoxide generation. Inhibition was com- NaCl, 4 mM MgC}, and 1 mM EGTA in 10 mM PIPES
petitive with respect to the Rac (Kreck et al., 1994) but (pH 7.0)] containing 2.5«M leupeptin, 2.5uM pepstatin,
noncompetitive with respect to pgoxand p47phox The and 2.5uM aprotinin and 0.37%M phenylmethanesulfonyl
peptide was ineffective once activation had taken place, fluoride, and incubated with 4 mM diisopropy! fluorophos-
indicating that it blocked assembly but not the catalytic phate for 20 min on ice. Cells were disrupted by nitrogen
function of the oxidase complex. “Peptide walking” studies cavitation at 500 psi and centrifuged for 1 h at 346908
(Joseph & Pick, 1995) confirmed inhibition of oxidase pellet the plasma membranes. The soluble fraction (contain-
activation by peptides containing the polybasic motif. These ing nonisoprenylated Rac) was removed, and the pellets were
data have been interpreted as pointing to a role for the briefly washed with buffer A before being resuspended in
Rac C terminus in proteifprotein interactions within the 20 mM Tris-HCI (pH 7.5), 5 mM MgGJ, 1 mM S-mercap-
NADPH oxidase. However, in an earlier study, this group toethanol, 10% glycerol, and 0.9% cholate. The suspension
found that inhibition by polybasic peptides was independent was gently agitated on ice for-8B h to solubilize Rac from
of sequence (Joseph et al., 1994), suggesting that the peptidenembranes and centrifuged for 30 min at 346§)@G0hd the
might be inhibiting by mechanisms other than by disruption supernatant was applied to a 3 mL Probond (Invitrogen)
of specific protein-protein interactions. In the present study, nickel column. The column was washed with at least six
we have investigated the functional role of the carboxyl 10 mL volumes of wash buffer [20 mM NaPi, 500 mM NaCl
terminal region of Rac in interactions with components of (pH 6.0), 5 mM MgC}, 10% glycerol, and 1 m\gB-mer-
the respiratory burst oxidase. We provide evidence that thecaptoethanol]. The column was washed with an imidazole
polybasic C terminus of Racl mediates the association notstep gradient (5 mL each of 50, 80, and 100 mM imidazole
with the oxidase itself but with the membrane and that in wash buffer), and the protein was eluted withZmL of
membrane association (whether via a polybasic region or350 mM imidazole in wash buffer containing 0.05% octyl
via isoprenylation) is essential for optimal activation of the glucoside. The protein was dialyzed into 25 mM Tris-HCI
NADPH oxidase. (pH 8.0), 1 MM EDTA, 5 mM MgC}, 0.15 mM DTT, 0.05%
octyl glucoside, and 20% glycerol.

EXPERIMENTAL PROCEDURES Construction of Truncation and Site-Specific Mutations
Materials Hespan (6.2% hetastarch in 0.9% NaCl) Racl(C189S), initially constructed to eliminate the possibility
was obtained from American Hospital Supply Corp. Lym- of isoprenylation, was used as the parent for further mutations
phocyte separation medium (6.2% Ficoll, 9.4% sodium and is referred to simply as Racl. Truncated Racl and Rac2
diatrizoate) was purchased from Bionetics Laboratory Prod- were made using PCR primers by substituting a stop codon
ucts. NADPH, cytochrome (type IV, horse heart), GTFS, for the codon specifying residue 179. The other mutant Rac
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proteins were made using oligonucleotide-directed mutagen-a 4-fold molar excess of§S]GTP/S (464 Ci/mol) in 100
esis in M13mp19 (Kunkel et al., 1987). Sequencing was mM KCI, 3 mM NaCl, 10 mM PIPES, and 1 mM EDTA at
carried out by the dideoxy method to confirm the mutation pH 7.0 and 25C for 4 min. The mixture was then diluted
before subcloning into the PGEX-2T plasmid for protein with 4 volumes of this buffer without EDTA but containing
expression. 10 mM MgCk, and protein was separated from free GBP
Assay for Cell-Free NADPH Oxidase Adty. Superoxide by chromatography on a 2% 1 cm Sephadex G-50/80
generation was measured by superoxide dismutase-inhibitableeolumn. Protein-containing fractions were pooled, and the
reduction of cytochrome (Burnham et al., 1990), using a [*S]GTP/S was quantitated by scintillation counting. The
Thermomax kinetic microplate reader (Molecular Devices, molar ratio of GTRS molecules per Rac protein was then
Menlo Park, CA). Unless otherwise noted, the semirecom- calculated.
binant cell-free reaction mixtures included 4@ of plasma Binding of Mant-GppNHp to Rac Using Fluorescence
membrane protein, 1.8M recombinant p4fhox 0.65— Mant-GppNHp was synthesized as described previously
1.3 uM recombinant p6phox 1 uM recombinant Racl  (Hiratsuka, 1983). To quantify the apparent dissociation
protein which had been preloaded with A0 GTPyS for constant for Mant-GppNHp binding to Rac and to the Rac
15 min at 25°C, 10 uM GTPyS, and 166-240 uM mutant proteins, increasing concentrations of Mant-GppNHp
arachidonic acid in a total volume of al.. The concentra-  were added to the fluorescence cuvette in the presence and
tion of arachidonate yielding optimal activity was determined absence of the Rac proteins, and the fluorescence emission
prior to the experiment by titration and differed slightly at 445 nm was measured using an excitation wavelength of
among different plasma membrane preparations. Three 10355 mm. Fluorescence measurements were made using a
uL aliquots of each reaction mixture were transferred to 96- Perkin-Elmer model LS-5B spectrofluorimeter. The fluo-
well assay plates (Corning) which were preincubated for 5 rescent increase due to the binding of Mant-GppNHp to Rac
min at 25°C before initiation with 24QuL of a solution was calculated by subtracting the fluorescence of the Mant-
containing 200uM NADPH and 80uM cytochromec in GppNHp alone. TheKqy using each of the proteins was
buffer A. The 5 min preincubation was determined to be calculated using the equatioKy = [Mantyed[Racred/
sufficient under the variety of conditions used herein to [complex], where [complex] was calculated for values off
permit complete assembly of the components of the NADPH the tangent lines according to the equatiBsiRma)[RaGotal-
oxidase. The preincubation eliminates a lag phase whichThe [complex] was subtracted from the total concentration
reflects the assembly process and thus permits linear reducof Mant-GppNHp added and the total concentration of Rac
tion of cytochromec. Thus, the conditions used allow added to get [Ragd and [Mant.d, respectively. Two to
observation under steady state rather than pre-steady statéour Ky values were determined in this manner for each

conditions. An extinction coefficient of 21 mM cm! at titration, and averages of these values are reported. The
550 nm was used to calculate the quantity of cytochrame apparent stoichiometry of binding was determined from the
reduced (Lambeth et al., 1988). intersection of the tangents with the initial slope and the
Experiments using purified cytochronigsg in place of horizontal slope representing saturation of binding. Ex-
plasma membranes included 0.2d4 p47phox 0.145uM amples of titrations and more detailed methodology are

p67phox varying amounts of GT#5-preloaded Rac as provided in Freeman et al. (1996).
indicated, and 5.8 nM cytochronigss. Components were Assay for PAK Actiity. Recombinant hPAK65 (12 ug)
incubated in buffer B [50 mM NaCl, 4 mM Mggland 1.25  (bound to protein G Sepharose conjugated with monoclonal
mM EGTA in 20 mM Tris-HCI (pH 7.0)] containing 18M Myc antibody) was washed once and incubated iné®f
FAD and 16-30uM arachidonic acid. Cytochrom®sswas  kinase buffer: 50 mM Tris-HCI (pH 7.5), 100 mM NaCl,
reconstituted with FAD into phospholipid vesicles (1.8 mg/ 10 mM MgCh, and 1 mM MnC} with 1-2 ug of either
mL) composed of the following weight percent ratio of phos- Rac1 or the indicated Rac mutant, previously loaded with
pholipids: 31:15:8:23:23 phosphatidylcholine:phosphatidyl- GTPyS or with buffer alone. The reaction was initiated by
ethanolamine:phosphatidylinositol:sphingomyelin:choles- adding 10uL of kinase buffer containing 5@M ATP and
terol. Phospholipid vesicles lacking phosphatidylinositol 5 ,Ci [y-32P]ATP, and the incubation was continued for 20
were comprised of the following weight percent ratio of the min at 30°C. The reaction was terminated by adding 10
above phospholipids: 33:17:0:25:25. Each reaction mixture 4| of 5X SDS—PAGE sample buffer and heating in boiling
(100uL) was preincubated for 4 min at 2& before addition  water for 5 min. In the presence of Rac under these
of 200 uM NADPH and 80uM cytochromec. The final conditions, autophosphorylation of PAK is linear up to
concentration of phospholipids was 0.45 mg/mL, corre- several hours. Samples were applied to a 14%-SP/SGE,
sponding to a concentration of approximately 380, and and the gel was stained with Coomassie Blue, destained,
the concentration of phosphatidylinositol when present was dried, and exposed to a film for-22 h. Phosphorylated
44 uM (8 mol %). bands were excised, and the incorporaf&iwas counted.
Vmax @and EGp (effective concentration at 50% of the Autophosphorylation in the absence of Rac was subtracted
maximal velocity) were determined using a nonlinear least- from that in its presence.
squares regression fit of the data to the Michaelfenten
equation, calculated and plotted using Sigma Plot (Jandel).ResSULTS
The EGy is formally equivalent to the binding constant if it
is assumed that the cytosolic proteins are functioning as Comparison of Full Length and Truncated Racl and Rac2
regulatory factors and that they are not altered (e.g., by post-in Supporting NADPH Oxidase Agtly. Full length Racl
translational modification) following binding to the oxidase. and Rac2 were expressed k coli containing a C189S
Binding of GTRH'S to Rac Using Gel Filtration Chroma-  mutation so that no isoprenylation was possible after addition
tography Normal or mutant proteins were incubated with to cell fractions. Truncated Rac proteins were designed to
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Table 1: Characterization of Rac Mutations with Respect to Table 3: Characteristics of Mant-GppNHp Binding of Racl,
Superoxide Generation and Kinetic Paraméters Rac1(+-178), Rac2, and Rac2(178}
superoxide generation GTPase appareily (nM) apparent stoichiometry (mol:mol)
relative rate relative Vmax ECso for Rac Racl 14+ 9 1.0+ 0.10
mutation at 1uM Rac (%) ([Rac]— ) (%) (nM) Rac1(1-178) 17+ 6 0.9+ 0.03
Rac2 13+ 5 1.0+ 0.10
RacF 100 100 <60(¢
RacZ 11 3 1300% 200 Rac2 (+-178) 10+ 2 0.5+ 0.02
Rac1(+178) 5 12 12006t 145 aThe Rac form shown (120 nM) was titrated with Mant-GppNHp,
Rac2(+178) 19 28 90Gt 210 and the fluorescence change was recorded. The binding consgant (
Rac2(S190L9 26 38 1000+ 243 and apparent stoichiometry of Mant-GppNHp binding to Rac were
Rac1(K1835) 18 35 1600+ 120 calculated as described in Experimental Procedures. Data shown are
Rac1(K183Q) 27 51 1500+ 100 the averages of two or three experiments and the standard error or range.
Rac1(K186E) 33 52 600+ 50
Rac1(K186Q) 33 42 40& 60 —
Racl(R187E;) 24 40 800+ 30 Table 4: PAK Activation by Racl, RaCZ, and Truncated Racl and
Rac1(R187Q) 29 47 80& 30 Rac2
Rac1(K188E) 78 83 300+ 120 GTPase PAK activity (% cpm normaliz8d
Rac1(K188Q) 74 82 300+ 50
— - - Racl 1.0+0.1
aThe indicated mutations were constructed in Racl and expressed Rac? 0.9+ 0.2
as described in Experimental Procedures. Superoxide generation was  Rac1(1-178) 1.5+ 0.8
determined as described in Experimental Procedures. Data shown are  Rac2(1-178) 0.7+ 0.2

representative of at least four determinatiohgma.x = 6480 (739)
nmol of Q- min~! (mg of PM protein)’. Because of small variations

in the activity of various plasma membrane preparatidfsy values

for all mutants were normalized to the rate obtained usingViL(a
saturating level) of native RaclAlso contains the C189S mutation.

d Because of the tight binding of native Rac1 and inaccuracies inheren
in estimating very low Eg; values, this number should be considered
as an upper limit.

a Autophosphorylation of PAK was measured as described in
Experimental Procedures. Results from two experiments were normal-
ized to the fraction of PAK which became autophosphorylated using
Racl. Basal autophosphorylation in the absence of Rac was typically

taround 25% of the stimulated level and was subtracted from the values
reported here. The average and range of two experiments are shown.

stoichiometry and affinity were also determined fluorometri-
Table 2: Binding of GTPS to Rac and Rac Mutarits cally, using a stable fluorescent derivative of GTP (Mant-
GppNHp), as described in Experimental Procedures. Using

protein GRS bound (mol/mol) this method, Racl, Rac2, and truncated Rac proteins all
Sgg; 8-;& 8-‘2‘ bound the guanine nucleotide with the same affinity, showing
Rac1(1-178) 0.69% 0.1 apparent binding constants of&ﬂ)? nM (see Table 3). The
Rac2(+-178) 0.63+ 0.1 Mant-GppNHp:Rac binding stoichiometry was also estimated
Rac1(K183Q) 0.53:0.1 by this method and was found to be about 1:1 for Racl,
Sggigﬁggg (1)-;8 Rac2, and truncated Racl but was about 0.5 for truncated
Racl1(R187E) 07401 Rac2_. Thus, th_ese _expressed fo_rr_ns of Rac appear to bind
Rac1(R187Q) 0.6 0.2 guanine nucleotide with normal affinity and near the expected
Rac1(K188E) 0.81 stoichiometry. This indicates that the folding of native and
Rac1(K188Q) 0.7% 0.2 truncated forms of Rac is essentially identical with respect

2 Proteins were incubated with a 4-fold molar excesSIGTP/'S to the guanine nucleotide binding site.

(464 Ci/molz ?ijdeSC][ibedGinBEEperir:nentatl PrOCﬁdureS- sThehijOtein Comparison of Full Length and Truncated Racl and Rac2
was separateda rrom iree chromatogra on a sephadex ; : : ]
G-50/8(§)column, anchS]GTI%F/S bgund to prot%inr\)/vgs quantifi(fd. For M Activating PAK To f“r.ther Co.nflrm Whej{her .the eXpre.Ssed
each protein, the binding assay was carried out between one and sixforms of R_ac We.re funCt'Ona"Y intact, their ab'“t.y to_ activate
times, and averages are reported. PAK was investigated. PAK is a soluble protein kinase that
is activated by Rac and CDC42 and which becomes
terminate after residue 178 (Chart 1). As shown in Table 1 autophosphorylated upon activation. The assay conditions
(column 1), at 1uM, Rac2 was consistently about 10-fold used reflect initial rate conditions, since autophosphorylation
less potent than Racl in supporting oxidase activity. Trun- is well below stoichiometric. Racl, Rac2, and their truncated
cated Racl and truncated Rac2 also had relatively low forms were all nearly equally active under these conditions,
activities, similar to that seen with full length Rac2. within experimental error (Table 4). Importantly, Racl and
Activity differences could not be accounted for on the basis Rac2 were equally active, indicating that the differences in
of differences in guanine nucleotide binding among the activity seen with the NADPH oxidase assay were not due
various forms of Rac. Binding of guanine nucleotide was to expression artifacts (e.g., a partially denatured form of
measured in two ways. In the first method, excess radio- Rac2). The NADPH oxidase and PAK utilize the same
labeled GTRS was added to the GTPase, as detailed in effector site on Rac, which includes amino acids within the
Experimental Procedures. Free G/BPwas separated from  range of 26-45 (Freeman et al., 1996). These data indicate
Rac-bound GTPS by gel exclusion chromatography, and that this effector region is functionally intact in Rac1, Rac2,
the molar ratio of GTPS to Rac was determined. Using and truncated forms of Rac.
this method, the binding stoichiometry ranged from 0.63 to  Kinetic Analysis of the Acatation of the NADPH Oxidase
0.76 mol of guanine nucleotide/(mol Rac) (see Table 2), by Racl, Rac2, and Truncated Radsinetic analysis was
indicating that all preparations showed significant guanine carried out (Figure 1) to determine the origin of the activity
nucleotide binding and that binding was essentially the samedifferences seen between Racl and Rac2, and kinetic
for wild type and truncated forms of the protein. Binding parameters are summarized in Table 1. Racl consistently
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Ficure 1: Concentration dependence for Racl(C189S), Rac2-
(C189S), and truncated Rac in supporting NADPH oxidase activity. 2000
Reaction mixtures included 10g of plasma membrane protein,
1.3 uM recombinant p4ghox 1.3 uM p67-phox and varying 0

amounts of GTRS-preloaded, recombinant Rac [Rac1(C189S),
filled circles; Racl(+178), open circles; Rac2(C189S), filled
squares; and Rac2(1178), open squares] as indicated on the
abscissa. GTFS (10 uM) and an optimal concentration of Ficure 2: Concentration dependence of C-terminal point mutant
arachidonic acid (166240uM, depending on the preparation) were  Racl in supporting NADPH oxidase activity. The reaction mixture
added 5 min prior to initiating the assay with NADPH and contained plasma membrane (&6), 1.3uM p47-phox 1.3 uM
cytochromer in a total volume of 5@cL. Cytochromec reduction p67phox and varying concentrations of G¥B-preloaded, re-

was measured as described in Experimental Procedures. Michaecombinant Rac1(C189S) or Rac mutants, as indicated on the
lis—Menten kinetic parameters were determined using a nonlinear abscissa. Data using Rac1(C189S) are indicated in each panel for
least-squares regression fit of the data. Data points represent thecomparison (filled circles), and data for the various mutant Rac
mean of three determinations obtained in a single experiment. proteins are labeled in each panel. Incubation conditions were as
Similar results were obtained in at least four separate experimentsin Figure 1. Similar results were obtained in at least five different
using three separate plasma membrane preparations and threexperiments using three separate plasma membrane preparations
individual preparations of Rac proteins. and at least two preparations of Rac proteins.

[Rac] uM

showed a low E& (<60 nM) and produced a higWmax were typically higher than with the truncation mutants. As
(6480 + 739). Rac2, Racl(178), and Rac2(x178), shown in Table 2, the binding of G to all of the mutated
which were all weakly activating, showed B@alues which forms was similar to that seen for native forms of Rac,
were increased by ¥5320-fold compared with that of Racl, indicating that activity differences cannot be attributed to
indicating a significantly weaker association with the oxidase differences in guanine nucleotide binding. Single amino acid
complex. Vmax values (extrapolating to infinite Rac concen- substitutions at position 183, 186, or 188 all caused an
tration) were also significantly reduced, ranging between 12 increase in the apparent dissociation constant compared with
and 28% of that seen with full length Rac1(C189S). As Racl that of Racl and caused a decrease in\thg (Table 1).
and Rac2 differ mainly in the carboxyl terminus, their These effects were similar in magnitude, regardless of
truncated versions are 96% identical, and differences for thewhether the residue was changed to a glutamine or to a
most part are conservative changes. Thus, in the cell-freeglutamate. Mutations at positions 183 and 187 produced the
system, the sequence differences between Racl and Racfargest effects, and these forms resembled the truncated Racs
in the regions other than the C terminus do not affect Rac in their activation properties.
function significantly, whereas differences in carboxyl Effect of the C Terminus of Rac on the Binding of p67-
termini account for the large differences in activity seen phox and p47-phox to the NADPH Oxidase Complé&o
between nonisoprenylated Racl and Rac2. investigate whether the carboxyl terminus of Rac affected
Effect of Point Mutations in the Carboxyl Terminus of Rac the association of p4ghoxand p67phoxwithin the NADPH
on NADPH Oxidase Actity. To ensure that activity oxidase complex, the concentration dependencies of these
differences between Racl and Rac2 were not due to theproteins for superoxide generation were determined in the
single amino acid sequence differences in the CAAX box presence of Racl and C-terminally truncated Racl. As
(see Chart 1), point mutation was first constructed to convert shown in Figure 3 (upper panel), when truncated Racl was
serine 190 of Rac?2 to a leucine, which is seen in Racl. Thereused in place of full length Racl and the concentration of
was no significant effect of this mutation on the kinetic p47phoxwas varied, the E& for p47phoxincreased by a
constants (Table 1). Thus, activity differences between Raclrelatively small amount (from 450 to 1500 nM), whereas
and Rac2 are due to differences in the region precedingthe Vi was reduced by about 75%. As determined from
residue 189 (i.e., the polybasic region of Racl) and are notFigure 3 (lower panel), the kinetic constants for p@x
due to the amino acid difference at position 190. were altered to a similar degree (the g@creased from
Mutations at positions 183 and 18688 converted some 50 to 200 nM) when truncated Racl was used in place of
of the basic residues (lysines and arginines) in the polybasicfull length Racl. A near-saturating level of Rac or truncated
region to either a neutral (glutamine) or an acidic (glutamate) Rac was used in all cases. Because truncation changes the
residue. Figure 2 shows representative experiments in whichECso for p67phoxand for p67phox by a relatively small
positively charged residues were converted to glutamine (Q) amount (3-4-fold compared with 20-fold for the Egfor
or glutamate (E). As summarized in column 1 of Table 1, Rac1l), the effects on the binding of either pgfiexor p67-
at 1uM, all mutants supported NADPH oxidase activity to phoxdo not appear to account for the activity differences
a significantly lower degree than did Racl, although activities seen between Racl and Rac2.
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Rac1(C189S) bsss was first reconstituted into phospholipid vesicles which
varied in their content of phosphatidylinositol {@rsus8
o _—% mol %). Concentration dependencies for Racl and Rac2
were then carried out, and E{ralues were calculated. As
4000 shown in Figure 5, the Ef of Racl(Q61H) decreased
(increased binding) nearly 4-fold from a value of 140
nM in the absence of phosphatidylinositol to a value of 40
4+ 6 nM when 8 wt % phosphatidylinositol was included. In
contrast, phosphatidylinositol weakened the binding of Rac2
. . . . (ECso values were 10@: 20 versus310+ 100 nM in the
[[;4.107-ph1<:(] M:-" 25 absence and presence of phosphatidylinositol, respectively),
although because of the low rates, £®alues with Rac2
are less accurate than those for Racl. The presence of 25
uM arachidonate in the assay mixture complicates the
Rac1(C189S) guantitative analysis of the effects of membrane charge.
Under our conditions, there is a total of 568 phospho-
lipid, of which there is 44«M phosphatidylinositol, corre-
sponding to 8 wt %. Although it is not clear how much
arachidonate partitions into the membrane, the worst case
Rac1(1-178) scenario assuming all the arachidonate partitions into the
membrane is that the membrane charge increases by includ-
o(;m5 ing Pl by around 3-fold. _Thus, the abovg Qata ir;dic;a_tte that
' ' [plB7-ph.ox] uNi " the presence _of _negatlvely charged lipids significantly
enhances the binding of nonisoprenylated Rac1 but not Rac2
Ficure 3: Effect of Rac truncation on the concentration dependence to the NADPH oxidase complex.

of p47phox and p67phox for superoxide generation. Each ; ;
incubation contained plasma membrane g, GTPyS-preloaded Effect of Isoprenylation on the Function of Racl and Rac2
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Rac1(C189S) (LM) or Racl(E-178) (2uM), plus either 1.3:M To investigate the effects of isoprenylation on Rac function,
p47phoxand varying amounts of péhox (lower panel) or 1.3  the concentration dependencies for recombinant Racl and
uM p67phox and varying amounts of p4ghox (upper panel). Rac?2 expressed in insect cells were determined and compared

Similar results were obtained in six separate experiments using threqyith that for Rac. As shown in Figure 6, isoprenylation
p:‘a;ma meimbrane preparations and three individual preparatlonspermitted both Racl and Rac? to support high activity at
of Rac proteins. ) . d

P concentrations as low or lower than effective concentrations
of nonisoprenylated Racl. For unknown reasons, isopren-
ylated versions of both Racl and Rac2 showed inhibition of

oxidase was investigated by comparing the effects of saItSUperOXiOIe ge_neration at higher concentrations, as ha_s_ been
9 y paring reported previously (Heyworth et al., 1993). The inhibition

concentration on the or Rac1(Q61H) and Rac2. Racl- T A X
B (Q61H) was probably not due to a contaminating inhibitor as it was

(Q61H) rather than Racl was used in these studies in order i
to more accurately access the effects of salt on the.EC not seen when excess GDP-bound Racl or Rac2 (isoprenyl-

e : : L ted) was added to a maximally stimulating concentration
As shown in Figure 4, increasing the ionic strength had no a .
effect on the EG, for Rac2. However, the Bgfor Racl- of GTPyS-bound Rac (data not shown). In addition, when
(Q61H) increased 3.5-fold, from 30 7to 54 to 105 nM at isoprenylated Rac was added to the cell-free oxidase as a
respective NaCl concentrations of 3, 50, and 200 mM NacCl comple>_< with RhoGDI, fsupe_rQX|de generation was maxi-
[corresponding to ionic strength&/@) of 33.5, 80.5, and mally sﬂmulatgd and no mhlbltlon was seen. This suggests
230.5 mM, correcting for the ionic strength of the buffer]. that some artifact which is dependent upon the mode of

These data indicate that the binding of nonisoprenylated dEIivery \7\; isr?prenylateql Rac gccqlrjlnts f_or the :nhibitoryd
forms of Racl but not Rac2 is mediated in part by phase. We have experimented with various solvents an

electrostatic interactions. other methods of delivery of the isoprenylated Rac but have

Effect of Lipid Composition on Rac Functioffo inves- not found a way to eliminate the inhibitpry phase. Despite
tigate whether the origin of the electrostatic component of the?‘e technical problems, these dgta mdmaﬁe that ISopren-
binding of Racl might be due to interaction of its polybasic ylation renders Rac2 highly potent in supporting superoxide

region with negatively charged phospholipids, cytochrome generation in the cell-free system.
DISCUSSION

2The data-fitting method used becomes less accurate under condi- o : ot
tions of very tight binding (the assumption that the free concentration The role of mer_nbrane association of Rac in the acf‘tlvatlon
of Rac equals the total Rac concentration is no longer valid), such as Of the NADPH oxidase has been a matter of debate in recent

is the case with Racl, and it becomes difficult or impossible to years. Ras requires both the farnesylation and a second
distinguish changes in in binding constants on the order of 3-fold. Thus, membrane-binding region (either palmitoylation or a poly-

it was not possible to demonstrate reliably an effect of ionic strength basic d in) f lete bl b | lizati

on the EGo for native Racl. For this reason, we utilized a mutant 0@SiC domain) for complete plasma membrane localization
form of Rac, Rac(Q61H), which shows a slightly weaker binding (Hancock et al., 1990; Cadwallader et al., 1994). Both the
(higher EG). This mutation, while weakening binding, is in aregion farnesylation and the polybasic domain are required for the

far removed from the C terminus, as judged by molecular modeling of ; i _
the Rac structure (J. D. Lambeth, unpublished observations). Thetransformlljg act|V|'ty of K-Ras (Symons etal., 1996)'. By
weaker binding permits relatively small perturbations in binding affinity analogy with Ras, it had been predicted that the function of

to be quantified very accurately. Rac would depend upon its association with the membrane.

Effect of lonic Strength on Rac FunctionThe role of
electrostatic interactions in binding of Rac to NADPH
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Ficure 4: Effect of salt on the concentration dependence of Racl and Rac2 for superoxide generation. As detailed in Experimental
Procedures, purified cytochronigsg was reconstituted with FAD and incorporated into phospholipid vesicles comprised of the following
weight percent ratio of phospholipids: 31:15:8:23:23 phosphatidylcholine:phosphatidylethanolamine:phosphatidylinositol:sphingomyelin:
cholesterol. The cytochrome (5.8 nM) in a volume of 10was preincubated with the indicated concentrations of &3-preloaded
Rac1(Q61H) or Rac2(C189S), 0.24B1 p47phox 0.1454M p67phox and 16-50 uM arachidonate for 4 min at 28C before activation

with NADPH and assay of cytochrontereduction, as described in Experimental Procedures. The final concentration of lipid in the assay
was 0.55 mM. The Rac1(Q61H) mutation also contained the C189S mutation. The reaction was carried out in buffer B with either 3 mM
(circles), 50 mM (squares), or 200 mM (triangles) NaCl. Similar results were obtained using two separate cytdekypneparations.
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Ficure 5: Effect of membrane charge on the concentration 0 )
dependence for Rac activation of superoxide generation. Purified 0.000 0025 0050 0075  0.100
cytochromebssg was reconstituted with FAD into phospholipid [Rac] M

vesicles comprised of a mixture of phospholipids (see Experimental g qe 6: Comparison of the ability of isoprenylated and noniso-
Procedures) containing either 0 (left panel) or 8 (right panel) wt % renviated Rac to activate superoxide generation. Concentrations
phosphatidylinositol. The final concentration of lipid in the assay 4t Rac(C189S) (filled triangles) or prenylated Racl (filled squares,
was 0.55 mM, and the final concentration of phosphatidylinositol . jicated by Raclp) or Rac? (filled circles, indicated by Rac2p)
was 44uM. The concentration of GTFS-preloaded Rac protein \yere varied, and superoxide generation was measured as in Figure
[Rac1(Q61H), filled circles; or Rac2(C189S), open circles] was 1 ~j,cybation conditions were as in Figure 1. Similar results were
varied, and the rate of superoxide generation was measured aghiained in at least five experiments using three individual plasma

described in Figure 1. Incubation conditions were as in Figure 4, .o whrane preparations and four separate preparations of Racl
except that 2QM arachidonate was used. Similar results were 54 Rac2p.p P P prep P

obtained using three individual membrane-reconstituted preparations N )
of cytochromebsss. was not critical for the function of Rac.

A second issue is the role of the C-terminal region of Rac
Indeed, early reports seemed to confirm this prediction (Ando in activation of the NADPH oxidase. On the basis of peptide
et al., 1992). In these studies, isoprenylated forms of both inhibition studies using a polybasic peptide from the C
Racl and Rac2 but not their nonisoprenylated forms were terminus of Racl (Kreck et al., 1994), and upon subsequent
effective in supporting cell-free superoxide generation. peptide scanning studies (Joseph & Pick, 1995), it was
Notably, these studies used isolated plasma membranes asuggested that the C terminus is an important determinant
the source of flavocytochromisss. It was subsequently  of protein—protein interactions. The peptide inhibited
discovered (Heyworth et al., 1993) that isoprenylation was competitively with respect to Rac but noncompetitively with
needed to promote rapid guanine nucleotide exchangerespect to p6phox and p47phox suggesting a specific
presumably by permitting the interaction with an exchange interaction of the peptide with a Rac binding site. However,
factor in the plasma membrane. However, guanine nucle-because of the highly charged nature of the peptide, it was
otide exchange occurred readily when magnesium waspossible that it was inhibiting by other mechanisms (Joseph
depleted, permitting preloading of Rac with GI® The et al., 1994). We now believe that the polybasic peptide
earlier failure to observe Racl activation of the oxidase was inhibits Racl function by binding at or near the membrane
found to be due to its failure to exchange guanine nucleotides,surface where it neutralizes negatively charged phospholipids,
since the RactGTPyS complex was highly effective in  thus interfering with the docking of Rac with its membrane
reconstituting superoxide-generating activity (Kreck et al., interaction site. Such a mechanism could give rise to the
1994; Kwong et al., 1993). The finding that nonisopren- observed competitive inhibition kinetics, and it seems
ylated RactGTPyS supported high levels of superoxide unnecessary to postulate protejrotein interactions medi-
generation was taken as evidence that membrane associatioated by the C terminus of Rac.
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p67-phox p67-phox
om0

The present studies support the idea that membrane
interaction is indeed necessary for optimal activation of the
respiratory burst oxidase. On the basis of the present studies,
nonisoprenylated forms of Racl but not Rac2 activate the Qoo
NA.DPH oxidase. The ability qf nonisoprenylated Racl to %°* 7" 77 oyt bS58
activate high levels of superoxide generation depends upon
the presence of a polybasic region at the C terminus. //////////// Yrrzzz,
Mutation or removal of basic residues in this region renders Active Conformation Inactive Conformation
Racl poorly effective in activating the oxidase, similar to FiGure 7: Model for simultaneous interactions of Rac with both
nonisoprenylated Rac2. This region is involved in electro- P67{hoxand membrane. The model diagrams the interaction of

- ; i ; the polybasic region of nonisoprenylated Racl with the negative
static interactions with its target, since Racl but not Rac2 charges of the membrane, resulting in an active conformation of

shows significant effects of salt on its EfJor the oxidase  the NADPH oxidase (left). For Rac2 (as well as for C-terminally
complex. That the C-terminal region interacts with the truncated forms of Racl and Rac2 and Racl mutants), there is a
membrane is supported by the finding that the binding of weaker interaction with the membrane, resulting in an inactive
Racl but not Rac2 is enhanced when a negatively chargegronformation of the oxidase complex (right).
phospholipid is included along with the neutral phosphati- o ) ) ) )
dylcholine in the reconstituted cytochrome preparation. This Meémbrane viaits C terminus. Through interactions with the
indicates that the Rac either binds directly to the membrane Meémbrane, Rac may help to tether and orient one or more
or is in close enough proximity to “sense” the membrane ©ther components of the NADPH oxidase complex.
charge. The importance of membrane binding is further ~One version of such a model is shown in Figure 7.
substantiated by the finding that, when Rac2 is isoprenylated,According to this model, nonisoprenylated Racl interacts
it becomes as effective as Racl(C189S) in supporting Simultaneously with both p6phox and the membrane to
NADPH oxidase activity. induce an active conformation of the complex. Nonisopre-
The finding that some mutations in the C terminus of Racl nylated Rac2 also binds efficiently to p@hoxbut does not
(e.g., at positions 183 and 187) give relatively larger effects interact effectively with the membrane, resulting in an
than others (e.g., 186 and 188, see Table 1) might beinactive (or weakly active) complex. This is not inconsistent
interpreted as evidence for proteiprotein rather than  With data using the yeast two-hybrid system which show that
protein-membrane interactions. However, it seems likely both Racl and Rac2 bind to p@hoxand that Rac2 may
that these charged side chains will reside at different distancegdind more tightly than Racl (Dorseuil et al., 1996). Ac-
from the membrane surface and/or might be partially cording to the proposed model, the binding of Rac to p67-
neutralized by negatively charged residues on other parts ofPhoxis not the sole determinant of activity, and binding
the protein, either of which would give rise to the observed affinity with p67phox alonewould not be expected to
differences in the effects of the mutations. For example, if correlate with activity. This model accounts for known
the C terminus is modeled as anhelix (as in Ras) lying protein—protein interactions as well as the observed func-
along the plane of the membrane, then the side chains oftional differences between nonisoprenylated forms of Racl
residues 183 and 187 project on the same face of a helicaland Rac2 (also the effects of truncation and mutation) with
wheel diagram, whereas the side chains of residues 186 andegard to not only the E4 but also théVmax. According to
188 would point away from this face. Thus, if the side chains the model, even when the binding of Rac2 (or Rac1 mutants)
of residues 183 and 187 lie close to the membrane, then thosds saturating, suboptimal activity will be seen since the weak
of residues 186 and 187 would be predicted to be severalinteraction with the membrane results in an inactive (or
angstroms more distant from the membrane surface andweakly active) conformation. This model predicts that there
would have less influence on the electrostatic interactions. should be an inverse relationship between the.@d the
Thus, positional effects of mutations do not distinguish be- Vmax Since interaction with the membrane affects not only
tween proteir-membrane and proteirprotein interactions. the overall binding affinity to the oxidase complex but also
Rac also interacts with protein components within the an equilibrium between active and inactive conformations
NADPH oxidase complex. Rac has an effector site, residues(Figure 7). This prediction is verified in Figure 8, in which
26—45, which binds to p6phox (Diekmann et al., 1994;  an inverse correlation between &@ndVmaxis seen for 11
Dorseuil et al., 1996; Nisimoto et al., unpublished studies), out of 13 forms of Rac. The possible exceptions are the
and this region is important for Rac activation of superoxide two mutations at positions 183 (open symbols), which have
generation (Freeman et al., 1994). An additional effector higher EGo values than are predicted from th¥irax values.
region which we refer to as the “insert” region, residues124 This may indicate that mutations at this position cause
135, is also crucial for Rac activity in the respiratory burst additional direct or indirect perturbations in binding to the
(Freeman et al., 1996), but its binding target is unknown. oxidase. The model also accounts for the effects of ionic
The finding that truncation of Racl causes a modest changestrength and membrane charge onsgEalues (Figures 4
in the EGy values for p47phoxand p67phoxsuggests that ~ and 5, respectively) and predicts that the isoprenylated forms
Rac participates in the cooperative assembly of the NADPH of both Racl and RAc2 will be equally active (Figure 6).
oxidase complex. This does not imply that the C terminus  The function of the polybasic region in the isoprenylated
of Racl participates directly in binding to other cytosolic form of Racl remains an open question. Racl can function
factors. Indeed, Racl and truncated Racl bind with the samein a variety of cellular processes, including regulation of
affinity to p67phox(Nishimoto et al., unpublished studies), mitosis, of differentiation, and of the actin cytoskeleton.
indicating that the C terminus does not participate in this Direct targets include the protein kinase PAK. Rac2 is
interaction. Rather, we propose that Rac binds simulta- expressed exclusively in phagocytic cells where its mMRNA
neously to p67®phox via its effector region and to the is significantly more abundant than that of Racl (Didsbury
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