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ABSTRACT: Rac, a small molecular weight GTPase in the Ras superfamily, participates in the activation 
of the multicomponent superoxide-generating NADPH oxidase of human neutrophils. Rac is 30% identical 
to Ras overall, but is 75% identical within the sequence corresponding to the effector region of Ras, 
which regulates mitogenesis through interactions with the protein kinase Rafl. We investigated the role 
of this region in Rac 1 using site-directed mutagenesis. In a cell-free semirecombinant NADPH oxidase 
system, mutants in the 26,33, 38, and 45 amino acids showed 20-1 10-fold reduced binding to the oxidase 
complex as judged by ECso values and reduced (44-80%) maximal activities in superoxide generation. 
Only the GTPyS-bound form associated, since the GDP-bound form of Rac neither activated alone nor 
competed with GTPyS-Rac. EC50 values for neither p47-phox nor p67-phox were affected when mutant 
Racs were used in place of Rac. Data indicate direct binding of the Rac effector region to one or more 
components of the respiratory burst oxidase. Results indicate a general role for conserved effector- 
equivalent regions in small GTPases in the regulation of protein-protein interactions. 

Phagocytic cells generate superoxide and secondary oxi- 
dants, which participate in microbial killing. The respiratory 
burst oxidase (NADPH oxidase) is dormant in resting 
neutrophils, but becomes activated upon exposure to micro- 
organisms or a variety of soluble agonists [reviewed in 
Lambeth (1988)l. The oxidase can be activated in a cell- 
free system consisting of cytosol plus plasma membrane by 
anionic amphiphiles such as arachidonate or sodium dodecyl 
sulfate (Bromberg & Pick, 1984; Cumutte, 1985; McPhail 
et al., 1985). In addition, nucleoside triphosphates (Seifert 
& Schultz, 1987; Gabig et al., 1987; Ligeti et al., 1989) and 
diacylglycerol (Bumham et al., 1990) augment activity. The 
nucleoside triphosphate requirement was demonstrated to be 
specific for guanine nucleotides (Uhlinger et al., 199 1 ; Peveri 
et al., 1992), implying the involvement of a GTP-binding 
protein. 

The active NADPH oxidase is composed of multiple 
components that are thought to assemble upon enzyme 
activation. Components include the heterodimeric cyto- 
chrome b558, which is located in the plasma membrane, and 
three cytosolic proteins, p47-phox, p67-phox, and a Ras- 
family small GTPase, Rac. Purified native or recombinant 
cytochrome b558, reconstituted with lipid and FAD, can 
replace plasma membrane in the cell-free system (Ab0 et 
al., 1992; Rotrosen et al., 1993). The cytochrome contains 
all the electron-transferring groups including heme(s) and 
FAD as well as an NADPH binding site (Rotrosen et al., 
1992; Segal et al., 1992). p47-phox (Lomax et al., 1989) 
and p67-phox (Leto et al., 1990) translocate to the plasma 
membrane upon oxidase activation (Heyworth et al., 1991; 
Clark et al., 1990) to form a 1:l:l complex with the 
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cytochrome b558 (Uhlinger et al., 1993). A small molecular 
weight GTP-binding protein, Racl or Rac2 (Didsbury et al., 
1989), regulates superoxide generation and is also presumed 
to assemble with the cytochrome or other oxidase compo- 
nents (Kreck et al., 1994), although fewer data exist on this 
point. Racl (Ab0 et al., 1991) and Rac2 (Knaus et al., 1991) 
were identified respectively from macrophage and neutrophil 
cytosols as the GTP-dependent activating factor. The two 
are 92% identical and may function interchangeably. In the 
resting cell, cytosolic Rac is in a complex with rho GDP- 
dissociation inhibitor (rho GDI) (Ab0 et al., 1991) and upon 
oxidase activation translocates to the plasma membrane 
(Quinn et al., 1993). Recombinant Racl expressed in 
Escherichia coli, together with recombinant p47-phox and 
p67-phox, substitutes for cytosol in the cell-free assay (Ab0 
et al., 1991, 1992; Kreck et al., 1994) and has permitted the 
kinetic analysis of its regulatory effects in the present study. 

Ras, the prototypical small GTP-binding protein, functions 
in the pathway for growth factor regulation of mitogenesis 
(Marshall, 1993). Activating mutations are oncogenic, 
resulting in uncontrolled growth, but certain other mutations 
can block these mitogenic effects. Such inhibitory mutations 
define the Ras effector region, comprised of residues within 
the region from amino acids 26-48. Specific residues within 
this region mediate protein interactions with Raf- 1, a protein 
kinase in the MAP kinase cascade (Warne et al., 1993; Koide 
et al., 1993). Overall, RaclI2 and Ras are approximately 
30% identical. However, the effector residues of Ras are 
approximately 75% identical with corresponding residues in 
the Racs (below), suggesting functional conservation in this 
region: 
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Table 1: Characterization of Racl Mutations with Reswct to Suwroxide Generation. Kinetic Parameters, and GTPyS Binding" 
~~~ ~~ 

superoxide generation ECso 
relative rate at relative V,, Rac $7-phox p67-ph0~ GTPyS binding 

mutation 1 pM Rac (a) (Rap- )  (%) (a) 01M) 01M) (mol/mol of Rac) 
none 100 100 42 0.66 0.33 0.91 
N26H 22 66 2970 0.57 0.29 0.56 
I33N 35 58 830 0.65 0.36 0.69 
D38N 8 44 4700 0.57 0.13b 0.67 
M45T 37 80 1510 0.62 0.29 0.49 

(I The indicated mutations were constructed in Racl and expressed as in the Experimental Procedures. Superoxide generation and GTPyS binding 
were determined as in the Experimental Procedures. Data shown are representative of a minimum of two experiments. Because of very low 
activity, this EC5o should not be considered accurate but representative of a rough approximation. 

The effector region residues in Ras are denoted by a double 
underline, and identical residues shared by Ras and Racs 
are denoted by a vertical line or by dots for conservative 
changes. Herein, we have made the indicated site-specific 
mutations of effector region equivalent residues in Racl 
(arrows). These residues were chosen based on known 
homologous mutations in Ras and also to span representative 
residues within the putative Rac effector region. We report 
herein that the effector-equivalent region in Rac is critical 
for protein-protein interactions within the NADPH oxidase 
complex. 

EXPERIMENTAL PROCEDURES 

Preparation of Cell Fractions and Recombinant Proteins. 
Human neutrophils were isolated from healthy adult donors 
as described (Pember et al., 1983) after informed consent 
was obtained. Plasma membranes were prepared and stored 
as described (Kreck et al., 1994). These preparations 
typically contained approximately 0.2 nmol of cytochrome 
b55$mg of protein, based on heme analysis and the assump- 
tion of two hemes per cytochrome (Uhlinger et al., 1993). 
Recombinant p47-phox and p67-phox were expressed and 
purified from baculovirus-infected sf9 insect cells according 
to Uhlinger et al. (1992, 1993). Racl and its mutants were 
expressed in E. coli as the glutathione S-transferase fusion 
proteins, purified using glutathione S-agarose beads, and 
released from the glutathione S-transferase domain by 
thrombin cleavage (Kreck et al., 1994). All recombinant 
proteins were purified to greater than 95% homogeneity. 

Mutagenesis. Rac 1 was previously engineered to include 
a S'BamHI and 3'EcoM restriction enzyme site (Kreck et 
al., 1994) and to eliminate the prenylation site by converting 
Cys189 to Ser. The change had no effect on cell-free activity 
but increased stability during storage; this form of Racl was 
therefore used as the parent for the further mutations. For 
Racl (M45T) and Racl(I33N), mutagenesis was achieved by 
sequential PCR site-directed mutagenesis (Cormack, 1991). 
The resulting DNA was digested with BamHI and EcoRI 
and ligated into the pGEX-2T expression vector, and the 
complete gene was sequenced by the dideoxy method 
confirming the mutation. For Racl(N26H) and Racl@38N), 
the BamHYEcoRI-digested Racl above was cloned into the 
multiple-cloning site in M13mp19 (Greenstein & Brent, 
1991). Oligonucleotide-directed mutagenesis was carried out 
according to Kunkel et al. (1987) followed by production of 
double-stranded DNA in DH5a E.  coli. Sequencing was 
carried out as above to verify the mutation prior to subcloning 
into the pGEX-2T plasmid. 

Assays. To quantify binding, normal or mutant proteins 
were incubated with a 4-fold molar excess of t3%]GTPyS 

(464 Ci/mol) in 100 mM KC1, 3 mM NaC1, 10 mM PIPES, 
and 1 mM EDTA, pH 7.0, at 25 "C for 15 min. Four 
volumes of buffer without EDTA, but containing 10 mM 
MgC12, were then added, and the mixture was chromato- 
graphed on a 25 x 1 cm Sephadex G-50180 column. 
Fractions (0.5 mL) were collected, protein was assayed 
(Bradford, 1976), and protein-containing fractions were 
pooled. [35S]GTPyS in the pool was quantified by scintil- 
lation counting. Data are expressed as a molar ratio of 
GTPyS to Rac. Superoxide generation was monitored 
continuously by superoxide dismutase inhibitable reduction 
of cytochrome c (Burnham et al., 1990; Kreck et al., 1994), 
using a Thermomax kinetic microplate reader (Molecular 
Devices, Menlo Park, CA). 

Kinetic Analysis. All rates were determined from a linear 
portion of the kinetic trace, which followed a 5-min 
preincubation with activators and protein components prior 
to the addition of NADPH and cytochrome c. This prein- 
cubation eliminated the lag that is seen prior to achieving 
linear cytochrome c reduction. Theoretical lines through the 
data which are shown in the figures were calculated using a 
nonlinear least squares fit of the data using the Michaelis- 
Menten equation and were calculated and plotted using 
Sigma Plot. Kinetic constants are reported as Vm, and ECSO 
(Effective Concentration at 50% of V-). Apparent binding 
constants are reported as ECso rather than K, values because 
it is assumed that the Rac and other cytosolic factors are 
functioning as regulatory factors, the binding of which 
modulates activity, and do not themselves participate in the 
catalytic mechanism. 

RESULTS 

The mutant proteins were first compared with Racl in the 
semirecombinant cell-free activation system, using a single 
fixed concentration (1 pM) of Rac or mutant Rac. These 
data are summarized in column 1 of Table 1. Effector region 
mutations produced significantly lower activity under these 
conditions, ranging from 8% to 37% of the activity using 
Racl. To rule out the possibility that these effects were due 
to the interaction of Rac with some other membrane 
component, we also utilized highly purified, lipid-reconsti- 
tuted cytochrome bs58 in place of plasma membranes. 
Results (not shown) were essentially the same as those using 
plasma membrane. 

To investigate the kinetic mechanism for the lowered 
activity, superoxide generation was determined as a function 
of the concentration of Racl or of mutant Racs, and kinetic 
parameters were determined. As shown in Figure 1 and 
Table 1, Rac effector mutations affected both the V,, and 
the ECso (apparent binding constant). While effects on the 
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FIGURE 1 : Concentration dependence for Rac 1 and Rac 1 effector 
mutants in superoxide generation in a semirecombinant cell-free 
NADPH-oxidase system. Plasma membrane (10 pg) was prein- 
cubated at 25 "C with recombinant p47-phox (1.3 pM) and p67- 
phox (1.3 p M ) ,  10 pM GTPyS, 260 pM arachidonate, and the 
indicated concentration of Racl (circles) or Racl mutant protein 
(triangles) in a volume of 50 pL. The Rac proteins were preloaded 
by incubating 0.5 pM Rac with 100 pM GTPyS for 15 min at 25 
"C. 10 pL of the incubation mixture was diluted to a total volume 
of 250 pL in buffer containing NADPH (200 p M )  and 80 pM 
cytochrome c, and superoxide generation was determined spectro- 
photometrically as in the Experimental Procedures. SMG refers 
to the small molecular weight GTPase. Data shown are representa- 
tive of a minimum of two experiments. 

V,, were relatively small (on the order of 2-fold, see Table 
1, column 2), effects on apparent binding ranged from 20- 
fold for the I33N mutation to 1 10-fold for the D38N mutation 
(Table 1, column 3). Mutations at positions 26 and 38 
produced the largest effects on binding. 

Figure 2 shows the concentration dependence for p47-phox 
in the presence of 1 p M  Racl or its effector mutants. Figure 
3 shows the corresponding concentration dependence for p67- 
phox using Racl or effector region mutants. EC5o values 
are summarized in Table 1. As is shown, mutations in the 
Rac effector region caused no significant effect on the ECso 
values for either p47-phon or p67-phox. 

As summarized in Table 1, all of the Rac mutants bound 
GTPyS, although the extent of binding differed. Racl bound 
nucleotide approximately stoichiometrically, while the mu- 
tants had equal to or greater than half the normal binding. 
This may indicate that a portion of the expressed protein is 
not active or that GTPyS is released during chromatography. 
Although either explanation might account for up to a 2-fold 
effect on the ECso for Rac, differences in GTPyS binding 
would not account for the up to 110-fold effects that were 
observed. In addition, neither ECso values nor V,, values 
correlated with guanine nucleotide binding. 

We also investigated whether the guanine nucleotide itself 
regulates the binding of Rac to the oxidase complex. GDP- 
preloaded Racl (1 pM) did not itself activate and, at an 
equimolar concentration, did not inhibit oxidase activation 
by 1 pM GTPyS-Racl (data not shown). Both complexes 
were formed by preincubating Rac with the appropriate 
nucleotide at low MgZf. Thus, only the nucleoside tri- 
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FIGURE 2: Concentration dependence for p47-phox in superoxide 
generation in a semirecombinant cell-free NADPH oxidase system 
using native and mutant Racl. Conditions were as in Figure 1, 
except that the final concentration of Racl or Racl mutant proteins 
was 1 pM, and the concentration of recombinant p47-phox was 
varied as indicated. Experiments were carried out using GTPyS- 
preloaded Racl (circles) or Racl mutant proteins N26H (inverted 
triangles), I33N (triangles), D38N (squares), and M45T (diamonds). 
The rate of superoxide generation was measured as described in 
Figure 1. Data shown are representative of a minimum of two 
experiments. 
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FIGURE 3: Concentration dependence for p67-phox in superoxide 
generation in a semirecombinant cell-free NADPH oxidase system 
using native and mutant Racl. Conditions were as in Figure 1, 
except that the final concentration of Rac 1 or Rac 1 mutant proteins 
was 1 pM, and the concentration of recombinant p67-phox was 
varied as indicated. Experiments were carried out using GTPyS- 
preloaded Racl (circles) or Racl mutant proteins N26H (inverted 
triangles), I33N (triangles), D38N (squares), and M45T (diamonds). 
The rate of superoxide generation was measured as described in 
Figure 1. Data shown are representative of a minimum of two 
experiments. 
phosphate form of Rac binds to the oxidase. These data also 
eliminated the possibility that some residual GDP bound to 
the mutant proteins might introduce a competing species, 
which could have decreased apparent binding. 

DISCUSSION 
Rac, a member of the Ras superfamily of small molecular 

weight GTPases, shows a relatively high degree of sequence 
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to cytochrome b558. An alternative explanation is that Rac 
binds to p47-phox or p67-phox in a region which is not 
involved in cytochrome interactions. However, it is difficult 
to envision how such a thermodynamically silent binding to 
a distant site would affect the electron transfer rate within 
the flavocytochrome. 

In summary, the present studies demonstrate that as in Ras, 
the effector-equivalent region in Rac is critical for regulated 
protein-protein interactions. The Rac is proposed to bind 
to cytochrome b558 to promote electron transfer among 
pyridine nucleotide, flavin, and/or heme groups. Conserved 
effector regions in small molecular weight GTPases may 
provide a general mechanism for guanine nucleotide- 
regulated protein-protein interactions in a variety of small 
GTPase-regulated systems. 
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