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ABSTRACT
The neutrophil is an integral part of the body’s line of defense against infectious
microbial agents. Its microbicidal activity is carried out by NADPH oxidase, an enzyme
that uses electron transfer to create superoxide (O2"), which is then transformed into
various toxins that are responsible for the demise of the foreign microorganism. The
oxidase system is composed of membrane and cytosolic components. One of the
cytosolic components is a low molecular-weight member of the Rho family of GTPases,
Rac2. A genetic link has recently been established between Rac2 and Chronic
Granulomatomous Disease (CGD), a disease in which the body’s immune system is
compromised as a result of a defect in the NADPH oxidase system. To further elucidate
the role of Rac2, cytosolic subcellular fractions were immunoprecipitated and
reconstituted in two different cell-free systems, SDS and McPhail, to determine the
specific amount of Rac2 present, as well as how much of this protein can be depleted
before immunity is compromised. Results indicated that immunoprecipitation (IP) of
Rac2 was incomplete with concurrent IP of two other essential proteins, p47phox and
p67phox, noted as well. The best results were obtained using 10% bovine serum albumin
to block the sepharose beads, which were incubated with the cytosol separately from the
antibody. It is possible that some Rac2 escaped IP or was present in the membrane prior
to activation. IP of both Racl and Rac2 was completed to test a hypothesis that Racl was
capable of substituting for Rac2 when its levels are diminished in the cell. Addition of
purified Rac2 to IP cytosol demonstrated an optimal level of 1 pg, after which the
increase in superoxide production began to level off. Finally, the GTP-dependency of this
protein was studied using GTP-depleted cytosol in the McPhail cell-free assay. Control
cytosol reached peak performance levels with the addition of GTP alone; GTP-depleted
cytosol was shown to be dependent on the addition of both ATP and GTP.
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INTRODUCTION
In the same fashion as a standing army, the human body’s defense system awaits
the signal to attack invaders and preserve the integrity of the human tissues. One cellular
constituent is phagocytic cells, which are the body’s second line of defense (after the
epithelial barriers of the skin) and the backbone of the immune system that fights
infection from bacteria and all other foreign invaders.
The human neutrophil or PMN is an important component of the immune system.
It is a motile cell, capable of directed movement via gradients of chemoattractants as well
as random movement. PMNs rely on their motility for phagocytosis, the first step in
removing foreign organisms from the body. Identification of the invading microorganism
is accomplished through the process of opsonization, or coating with specific proteins
(such as immunoglobulin), which the PMN recognizes as the signal to begin
phagocytosis (Ambruso et al., 1994). To initiate movement, the motile cell becomes more
linear in form, extending a pseudopod in the direction of movement. A uropod, located in
the posterior portion of the cell, acts as an anchor while the pseudopod moves forward
(Ambruso et ah, 1994). The anchor is detached and reformed as the process is repeated
and the cell moves in the desired direction.
•

Following ingestion, the PMN begins the process of degrading the captured
microorganism. This process involves a multi-component nicotinamide dinucleotide
phosphate (NADPH) oxidase system, which is responsible for the formation of
superoxide anion (O2’) and the major microbicidal activity of the cell. In the membrane of
the vesicle surrounding the invading microbe, electrons are transferred from NADPH to
oxygen, resulting in the formation of the superoxide anion. The dramatic increase in
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oxygen consumption which accompanies this process is known as the “respiratory burst”
(Ambruso et al., 1998). Superoxide, a relatively weak microbicidal agent, is then
converted into more toxic forms, such as hydrogen peroxide (by superoxide dismutase),
hypohalous acid (by myeloperoxidase), and hydroxyl anion (Segal et ah, 2000). These
toxic forms are then released into the vesicle surrounding the invading microorganism,
resulting in the foreign cell’s demise.
The NADPH oxidase system involves both membrane-bound and cytosolic
proteins. Cytochrome b558 (Cyt b) is a heterodimeric integral plasma membrane protein of
secretory vesicles and specific granules. It is composed of two peptides that are
designated the heavy chain, gp91phox, and the light chain, p22phox, with “PHOX”
refering to PHagocyte OXidase (Ambruso et ah, 1998; Babior, 1999; Kwong et ah,
1993). The cytochrome contains NADPH, heme, and flavin adenine dinucleotide (FAD)
binding sites, depicting the route for the flow of electrons down a reducing gradient en
route to oxygen (Ambruso et ah, 1998; Babior, 1999; Segal et ah, 2000). A proton
channel is located in the N-terminal portion of the gp91phox. The influx of protons is
necessary to compensate for the depolarization of the membrane potential during oxidase
activation as well as avoiding a rapid fall in intracellular pH (Segal et ah, 2000). Purified
•

cytochrome bsss has been shown to generate superoxide in the absence of cytoplasmic
components, though with a decreased rate of production (Segal et ah, 2000). In addition
to Cyt b, a low-molecular weight guanine nucleotide-binding protein, Rapl A, is
necessary for NADPH oxidase activation (Babior, 1999).
The active cytosolic components have been identified as p47phox and p67phox
(Nunoi et ah, 1988; Volpp et ah, 1988). Knaus et ah (1991) purified a guanine
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nucleotide-dependent protein from human neutrophils, known as Rac2, which has also
been proven to be a necessary component for activation of the NADPH oxidase system.
Another GTP-dependent protein, Racl, was identified from guinea pig macrophages by
Abo et al. (1991). Racl and Rac2 are 95% identical in their amino acid sequences
(Didsbury et al., 1989). Though both have been shown to support superoxide production
(Kwong et al., 1993), the cytosol of human neutrophils predominantly contains the Rac2
GTP-dependent protein. A fourth cytosolic component, p40phox, has also been
identified. However, though this protein translocates from the cytosol to the membrane
with p47phox and p67phox, it has not been shown to be necessary for the oxidase system
to function (Segal et al., 2000).
The exact mechanisms through which the cytosolic components necessary for
oxidase activation system interact with the cytoskeleton, resulting in the translocation of
the complex to the membrane, remain unknown. However, the interactive sites between
cytosolic components and the membrane-bound cytochrome b have been well
documented. In the resting state, Rac2 is bound to Rho-GDI, which prevents dissociation
of GDP from Rac2 (Babior, 1999; Segal et al., 2000). When the neutrophil becomes
exposed to stimuli triggered by the introduction of foreign microbes, a variety of
#

signaling proteins and pathways are employed to activate the oxidase system. Small
GTPases of the Rho family (Rho, Rac and Cdc42) regulate the actin cytoskeleton and aid
in cycling (of the cell) from the inactive GDP-bound state to the active GTP-bound state
(Ambruso et al., 2000). Guanine nucleotide exchange factors (GEFs) stimulate the release
of bound GDP, allowing Rac2 to bind to GTP, which is necessary for its active role in the
oxidase system (Ambruso et al., 2000). Rac2 translocates separately from the other two
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active cytosolic subunits, but then binds with p67phox at the membrane. It has been
proposed that this interaction brings the cytosolic components in close proximity to
cytochrome b. Translocation of the rest of the complex is dependent on the initial
phosphorylation of p47phox, which occurs at a group of C-terminal serine residues
(Segal et al., 2000). Phosphorylation of p46phox is regulated by protein kinase A
(Babior, 1999). The phosphorylation and translocation of p47phox precedes the
translocation of either p67phox or Rac2 (Babior, 1999). Once the complex reaches the
membrane, the C-terminal domain of gp91phox and a site on p22phox both house a
binding site for p47phox (Segal et al., 2000) (Figure 1).

Figure 1. Assembly and Activation of NADPH Oxidase System

Chronic Granulomatous Disease (CGD) is a rare immunodeficiency disorder, first
characterized by Berendes et al. (1957) and Landing and Shirkey (1957). CGD affects
approximately 1 in 200,000 persons, including 1,000 in the United States (Segal et al.,
2000). Patients with CGD suffer from recurring life-threatening bacterial and fungal
infections (low-grade pathogens) due to a defective microbicidal reaction of their
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phagocytic cells (Ambruso et al., 1998; Cumutte et al., 1994). The infections are most
often found in the skin, lungs, mouth, nose, intestines, and lymph nodes - areas
characterized as “external tissues” and which are most prone to come in contact with
microorganisms from the external environmolent. Infections at these sites are
•

...
characterized by granulomas, or localized, swollen collections of inflamed tissue
(Ambruso et al., 1998). Individuals who have CGD are most prone to infections from
catalase-positive organisms, such as Staphylococcus and Salmonella (Ambruso et al.,
1998; Winkelstein et al., 2000). On the other hand, catalase-negative organisms produce
hydrogen peroxide, countering the defect in the phagocytic cells which inhibits
production of this toxin, and therefore contribute to their own death (Winkelstein et al.,
2000). Premature death may result due to the continual infections, especially repeated
lung infections (Ambruso et al., 1998).
Studies to determine the molecular basis of CGD have implicated a clinical
significance for the oxidase pathway. Phagocytic cells, such as the neutrophil, from
patients suffering from CGD do not exhibit the characteristic respiratory burst after
phagocytosis (Ambruso et al., 1998; Segal et al., 2000).
Genetic research has indicated that mutations in any of the membrane-bound or

•

cytosolic components can result in CGD. The disorder is most commonly an X-linked
recessive genetic disease, resulting from a defect located in the gp91phox gene. RoyerPokora et al (1986) mapped the gene for X-linked CGD at Xp21.1. This transmission
inherently affects males to a greater degree than females. Autosomal recessive
inheritance patterns of CGD have also been described. Over the last decade, mutations in
the structural components p22phox, p47phox, and p67phox have each been mapped on
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different autosomal chromosomes and linked to CGD (Ambruso et al., 1998; Segal et al.,
2000).
The nitroblue tetrazolium (NBT) test is useful in identifying both patients with
CGD and carrier females (in cases of X-linked inheritance) (Segal et al., 2000). The
yellow, water-soluble dye, NBT, is converted to a purple, insoluble substance by
superoxide, indicating an active respiratory burst response (Ambruso et al., 1998). Carrier
females exhibit two populations of cells, those that are normal and those that do not
reduce NBT. The NBT test is a simple screening test. However, over time, even abnormal
cells begin to build up superoxide and reduce the dye. Therefore, further discriminatory
testing is used to confirm or refute the genotypes of patients and carriers, such as
flurorescence-based assays and other qualitative measurements of phagocyte oxidase
function (Ambruso et al., 1998).
There is currently no cure for CGD, though current treatment proposals are
focusing on applications of gene therapy. This treatment, recently described by Dr. Harry
Malech (Henderson, 1997), entails the insertion of the functional form of the mutated
phox component into stem cells via a retroviral vector, which are then transfused back
into the patient. Both p47phox and p67phox have been tested in clinical trials, and phox
%

activity was detected in patients for an average of three months after the transfusion of
transformed stem cells. A second study increased that time to more than six months
(Henderson, 1998). Though preliminary results are encouraging, the level of cells
containing the corrected proteins needs to be about 150 times that which has been
achieved in the study to guard against infections associated with CGD. These studies
have yet to be applied to the X-linked mutation (gp91phox) or the p22phox mutation.
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Recently, a genetic link between CGD and the Rac2 protein was provided by
Ambruso et al (2000). It was shown a single substitution of Asn for Asp57 resulted in a
mutant Rac2 that did not bind GTP (Ambruso et al., 2000). Instead, GDP remained
bound to the protein, and Rac2 was unable to migrate to the membrane and form a
complex with the other components of the oxidase system. This inhibition of the enzyme
activity affected the human immune system, associating the mutant Rac2 with CGD for
the first time. It is, therefore, important to determine more about the specific role of Rac2
in the neutrophil.
In order to characterize the protein and its role in the neutrophil, it is necessary to
determine the specific amount of Rac2 present in the cytosol of a cell, and how much of it
can be depleted before the function of the neutrophil, immunity, is compromised.
Superoxide activity can be measured using a sodium dodecyl sulfate (SDS)-dependent
cell-free oxidase activating system. The specific amount of Rac2 needed to activate the
oxidase system can be determined using a second cell-free system (McPhail System)
where purified Rac2 is added back incrementally to the depleted cytosol. Unlike the SDS
system, this assay involves the addition of phosphitidic acid (PA) and diacylglycerol
(DAG) and uses only one-tenth the concentration of GTP for the reaction.
ft

Secondarily, the necessity of GTP for the active form of Rac2 can be further
described through the use of GTP depleted cytosol and Rac2 in the McPhail cell-free
assay. Through the separate addition of ATP and GTP, as well as the addition of these
components simultaneously, the true dependency of Rac2 on GTP alone as well as the
optimal amount of GTP needed for Rac2 to function can be determined.
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MATERIALS AND METHODS

Isolation of Neutrophils
Fresh, human whole blood is the basic specimen utilized in this research. 60cc
syringes were prepared for the drawing and transport of human whole blood with the
addition of 0.5cc Heparin to each syringe. Donors were solicited from laboratory
personnel, and the same donor was not used again within one or two weeks, depending
on the amount of blood drawn (50cc or lOOcc and 200 cc respectively). Donors who
knew they were sick or had heightened allergies were not accepted as these health
concerns prime the neutrophil. Payment of $0.10/cc blood up to lOOcc, then $0.05/cc up
to 200cc was given to the donor. Neutrophil (PMN) isolation was carried out in
accordance with existing lab protocol (Bonfils Blood Center, updated 6/98). Briefly, red
blood cells were first removed from the blood specimen through incubation with 3%
dextran and 0.9% NaCl at room temperature for 25 minutes. The resulting supernatant
was centrifuged at lOOOrpm for 10 minutes, and the pellet was resuspended in 10-mL
PBS per 50cc whole blood. The PBS suspension of cells was pipetted over FicollHypaque (Pharmacia #17144002, density 1,077g/mL) in a ratio of 5cc Ficoll per 50cc
whole blood. The conical tube(s) was centrifuged at 1300rpm for 30 minutes at room

$
temperature. To lyse the remaining red blood cells, a solution of 0.2% NaCl was added to
the resulting pellet, vortexed, and immediately an equal volume of 1.6% NaCl + 0.2%
dextrose was mixed gently into the solution. Centrifugation at lOOOrpm for 10 minutes at
4°C separated out the remaining (lysed) red blood cells, and lysis was repeated until no
red cells were visible (usually two cycles). The cell pellet (primarily PMNs) was
suspended in Krebs-Ringer Phosphate with dextrose (KRP-d), counted in the Coulter
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apparatus to determine the concentration of cells present, and resuspended at 2.5 x 107
cells/mL KRP-d.

Assays of Neutrophil Function
*
After isolation of the PMNs from the whole blood, the whole neutrophils were
tested for activity by assaying the superoxide production in microtiter plates (reaction and
blank buffer mixtures modeled after Cumutte, 1988) using the Molecular Devices
Thermomax Microplate Reader (Bonfils Blood Center, Denver). This protocol used a
superoxide dismutase (SOD) inhibitor for the control wells. Cells and buffer mix were
warmed to 37°C from room temperature in preparation for the reaction. The Thermomax
program (DualGT; programmer: Gail Thurman) automatically shook the microtiter plate
every 20 seconds to keep the cells from settling to the bottom of the plate. In order to
ensure that the isolated PMNs were not activated during the isolation process, three
different stimulants were added in this assay. Phorbol myristate acetate (PMA)
stimulation showed an initial lag time, followed by a normal stimulation of superoxide
production. Formyl-methionyl, leucyl-phenylalanine (F-MLP) alone caused little
stimulation of cells, but when the platelet activating factor (PAF) was added prior to F-

P

MLP, a large increase in superoxide production was noted. PAF by itself did not cause
any stimulation of superoxide production, which indicated that the cells were not primed
before the assay was carried out. Superoxide production caused discoloration of the
cytochrome c component of the reaction mixture, which was then measured OD at
550nmol. The OD reading is then changed into a kinetic reading of nanomoles/min
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(nmol/min) of superoxide production relying on the following calculation: E550 for
150ul/well = 0.0084 nmol/mL.
mOD Rxn - mOD Blank * 1000 = nmol/min/2.5 x 106 cells/mL
0.0084

f

Isolation of Neutrophil Subcellular Fractions
After the PMN isolation technique was mastered (three successive isolations of
non-primed PMNs), subcellular fractions were made from the neutrophils. Suspension in
the membrane protease inhibitor Diisopropylfluorophosphate (DFP) for 10 minutes at
4°C was followed by centrifugation at lOOOrpm for 10 minutes at 4°C. The supernatant
was poured over NaOH pellets for proper disposal (deactivates residual DFP). Nitrogen
cavitation was implemented, with a modification made to the cavitation pressure (250psi)
which was worked out by Dr. Ambruso for Denver’s altitude. Briefly, this process
entailed the resuspension of the pellet from DFP treatment to a concentration of 10

o

cells/mL Relaxation buffer [0.1 M KC1, 3 mM NaCl, 3.5 mM MgCb, and 10 mM 1,4piperazinediethanesulfonic acid (PIPES) at pH 7.4]. Cell suspension and protease
inhibitors (phenylmethylsulfonyl fluoride [PMSF] and Leupeptin) sat with stirring in a
cavitation bomb under 250 psi N2. After 20 minutes, the lysed cells were released from
•

the cavitation bomb into a conical tube containing 1.2 mM ethylene glycol bis(Paminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), and centrifuged at 1700rpm for 10
minutes at 4°C. The post-nuclear supernatant (PNS) was then separated on sucrose
gradients into subcellular fractions. Sucrose solutions were prepared by the addition of
sucrose to Relax + EGTA buffer and stored at -20°C. Relaxation buffer simulates the
inside of the cell and EGTA binds calcium to prevent calcium ions from clumping in the
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subcellular fractions. Solutions of 15% sucrose and 40% sucrose were used to separate
the PNS into membrane and cytosol subcellular fractions with centrifugation. Inhibitors
(PMSF and Leupeptin) were added in amounts equal to 1/100 the total sucrose solution
volume for that particular concentration (3-mL of 15% and 4-mL of 40% per conical
tube). The sucrose solutions were then carefully layered in a conical tube, and the top
level of each solution was marked with a pen on the outside of the conical tube. The PNS
was then overlaid on these gradients. Centrifugation at 100,000 x g for one hour at 4°C
yielded a cytosol fraction on the top of the layered solutions (above the 15% sucrose
mark) and a membrane fraction between the 15% and 40% layers (Ambruso et al., 1990).
The fractions were then assayed for protein concentration using the Pierce BCA Protein
Assay kit (Product # 23225; Pierce Chemical Company, Rockford, IL) with the following
modifications: to the 50:1 mixture of reagents A and B respectively, 0.5 parts 10%
TritonX-100 (0.128-mL) was added. The standard protocol of incubation at 37°C for 30
minutes was used, and instead of cooling to room temperature before reading, the
Thermomax microtiter plate reader incubated the plate at room temperature while the
absorbance was read at 550 nmol. This result was then translated into ug/ul of protein
present in the subcellular fraction.
®

Next, the subcellular fractions were assayed for activity in the sodium dodecyl
sulfate (SDS)-dependent cell free assay. As per the microtiter plate technique described
by Cumutte (1988), specific concentrations of cytosol (25 ug) and membrane (1 ug) were
added to distilled water and reaction mixture. Gail Thurman again set up the program
used for this assay. Preincubation was shortened by 10 seconds to 140 seconds (instead
of the prescribed 150 seconds) due to the periodic shaking of the plate by the reader,
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which only allowed for intervals of 20 seconds to be measured. The same levels of
superoxide production observed with the whole cell assay were achieved with the
subcellular fractions (specifically using the different chemicals and stimulants Cumutte
described). This initial activity level of the subcellular fractions served as a marker for
determining whether future assays with other aliquots of the cytosol and membrane had
become deactivated in any way. The cytosol and membrane that were not immediately
used were frozen in 250-400 ul aliquots at -70°C.

Initial Imunoprecipitation Procedures
In preparation for the immunoprecipitation of Rac2 from the cytosol fraction, the
Protein A Sepharose Beads immobilized on 4% beaded agarose were spun down to form
a pellet, washed three times with Relax + EGTA buffer, and resuspended at a 50%
concentration in Relax + EGTA buffer as called for in the Antibodies Lab Manual
(Harlow and Lane, 1998). About 1.5 mg of protein (0.5-mL cytosol at 2.85 mg
protein/mL) was incubated and rotated overnight at 4°C with 200uL (40 ug) of Rac2
antibody. The next day, 1 OOuL of protein A beads (an increase from the prescribed
amount in the manual) were incubated with the cytosol + Rac2 antibody. This was done
in order to increase the likelihood of all the beads binding to the entire amount of Rac2
antibody, therefore pulling out more of the Rac2 protein in the cytosol. After incubation
at 4°C for two hours or overnight, the beads had recognized the antibody and were bound
directly to it. The tube was microfuged for 5 minutes at 4°C; once separated, both the
supernatant (cytosol minus Rac2) and the beads bound to the antibody were saved for
analysis by western blotting. In the first immunoprecipitation, two controls were
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prepared. The first was the original cytosol without the addition of the Rac2 antibody or
beads, and the second was cytosol incubated with beads but no Rac2 antibody to
determine the amount of non-specific binding to the beads.

Detection of Results from Immunoprecipitation
Electrophoresis required the preparation of 12.5% acrylamide gels, with the
separate stacking gel (about 2 cm) poured on top of the running gel. The samples of the
IP cytosol were prepared for the acrylamide gels using the digestion buffer (4x Sample
Buffer) suggested by Harlow and Lane (1998), as were samples of the original, non IP
cytosol, the Rac2 antibody, and the beads used in the immunoprecipitation. Standards of
Biotin low (low end weights of 90kD to 14kD) and a prestained standard showing
molecular weights (fragments) of 96kD, 66kD, 47kD, 33kD, and 20kD were also run
with the samples. The gels were run at 40 mA per gel for about 2 hours in 10% Laemmli
running buffer (0.025 M Tris pH 8.3, 0.192 M Glycine, 0.1% SDS). The gels were then
removed for the transfer to nitrocellulose, which took place at 1 A (amp) for 1 hour in
blotting buffer that was specific for low molecular weights (Harlow and Lane, 1998).
Western blot staining of the nitrocellulose followed Harlow and Lane’s method
•

(1998), using the Santa Cruz Rac2 antibody, Amersham’s goat anti-p47 and anti-p67 to
bind to the proteins, and a mixture of anti-rabbit/anti-goat + avidin to detect the antibody.
Preparation of the blot included incubation of the nitrocellulose with 5% skim milk + Tris
Buffered Saline + Tween (TBS-T) at room temp for at least 45 minutes (usually one
hour), or incubation overnight in the cold room, removal the next morning, and
subsequent incubation at room temperature for one hour. The primary antibody was
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incubated with the nitrocellulose for one full hour or more, sometimes overnight. The
secondary antibody was incubated for at least 45 minutes, though usually for one full
hour. The nitrocellulose was not left in the secondary antibody overnight as this caused
too much background to show up in the x-ray film. Skim milk and TBS-T were freshly
prepared each time the antibody staining process was carried out. Detection of the anti
rabbit and anti-goat agents was achieved with ECL Western blotting. This is a light
emitting non-radioactive method for detection of immobilized specific antigens,
conjugated directly or indirectly with horseradish peroxidase-labeled antibodies. The
ECL detection involves chemiluminescence, where emission of lights results from the
dissipation of energy from a substance in an excited state, effected by a chemical
reaction. In this instance, the reaction is an HRP/peroxide catalyzed oxidation of luminol
in alkaline conditions. Immediately after oxidation of the luminol, decay occurs rapidly
along a light emitting pathway, which is recorded on blue light sensitive autoradiograph
film (x-ray film). Peak emission occurs between five and 20 minutes. The advantages to
using this technique include the ability to strip and reprobe the nitrocellulose, the high
sensitivity (< lpg of antigen), and the speed of the procedure. During the ECL Western
blotting, rectangle x-ray films were cut in fourths and were initially exposed for 15
&

seconds. Then the exposure time was decreased or increased depending on what
resolution of the proteins was detected by the first attempt.

Subsequent Immunoprecipitation Techniques and Activity Assays
Variations on the immunoprecipitation of Rac2 were also performed. The Protein
A beads were blotted with 5% BSA, then 10% BSA to decrease the residual binding of
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p47 and p67 proteins to the beads during immunoprecipitation. This was accomplished
according to Harlow and Lane’s 1998 antibody lab manual. Beads were usually
incubated overnight, or for two hours before use. Additionally, the technique of directly
coupling the antibody to the Protein A sepharose beads was utilized, with the following
modification of the protocol listed in Harlow and Lane’s 1998 manual: After the beads
were coupled to the antibody, they were stored at a 50% concentration in EGTA at 4°C.
Assays for superoxide production in the immunoprecipitated cytosolic fractions
were also varied. Dilutions of 1:5 were prepared with distilled water of the controls and
the IP cytosol. Reduced activity was restored through the addition of purified proteins
p47 (0.205 ug proteinAiL) and p67 (0.353 ug protein/uL).

McPhail System: GTP Studies with Rac2
Studies on the GTP-dependency of Rac2 were carried out with dialyzed and
desalted cytosol (GTP deficient; 1.04mg/mL) using the McPhail cell-free system (Waite
et al., 1997). The cytosol was depleted of GTP by dialysis against relaxation buffer with
EGTA overnight at 4°C. The McPhail system requires the activity of phosphatidic acid
(PA)- activated kinase(s) and phosphorylation of various substrates (including p47) for
superoxide production, activity that is not required for the SDS system. Fresh
preparations of 0.01 mM, 0.05mM, O.lmM (standard concentration), 0.15 mM, and 0.2
mM of GTP were made before addition to the McPhail assay to determine a
concentration curve by which to analyze the results.
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RESULTS
Removal of Rac2 from Cytosol by Immunoprecipitation
The least complicated method for immunoprecipitation (IP) involves the separate
addition of antibody and sepharose beads. With this in mind, the IP of Rac2 from cytosol
(2.85 mg protein/ml) initially followed the well-described protocol of adding the antibody
to the cytosol subcellular fraction. After overnight incubation, the sepharose beads were
added to the mixture, and the Rac2 bound to the antibody was removed. This procedure
decreased the superoxide production activity in the SDS system of the cytosolic
subcellular fraction from the average control value of 16.3 nmol/min (before IP) to 3.96
nmol/min (after IP), a decrease of 75.7% of the original activity in the cytoplasm. To
determine the extent of residual binding of proteins to the beads used to removed the
Rac2-antibody complex, cytosol was incubated with protein A beads alone; antibody was
not added to the mixture. In this dummy IP cytosol superoxide production was still
reduced from the original average of 16.3 nmol/min to 11.2 nmol/min, a decrease of
27.9% of the original activity (Figure 2).

1 - Control
Cytosol
2 - IP Cytosol
minus Rac2
3 - Dummy IP;
non-specific
binding

(Figure 2) O2' Production in Immunoprecipitated Cytosolic Fractions

16

Activity of IP Cytosol Fraction
A decrease in the concentration of essential proteins will result in incomplete
activation of the oxidase system. Restoration of activity depends on the addition of those
proteins affected by the initial dilution. One method of diluting the concentration of a
specific essential protein is through IP. In order to simulate the decrease caused by IP in
the experimental cytosolic preparations, the control cytosol was diluted in a 1:5 ratio with
distilled water. Though this decreases all essential elements, it can still be used in a
comparative trial. After this dilution, superoxide production was reduced in the SDS
system (as expected) to 1.15 nmol/min. This demonstrated a decrease of 94.4% in activity
from the original superoxide production of 20.57 nmol/min. Addition of purified proteins
47 and 67 (p47 and p67) restored the activity in the control to 13.14 nmol/min, only
63.9% of the original activity noted.
A decrease in activity to 9.55 nmol/min was noted in the IP cytosol, which was
previous incubated with both beads and antibody. In order to determine if the loss of
activity was truly due to a depletion of Rac2, the two other essential cytosolic proteins,
p47 and p67, were added. Upon the addition of purified p47 and p67 the superoxide
production in the SDS system was greatly increased to 24.51 nmol/min. Cytosol that was
•

incubated with beads alone, the dummy IP, also decreased in superoxide production as
compared to the control, to a rate of 14.96 nmol/min. The proteins p47 and p67 were then
added to the dummy IP cytosol and activity was increased to 27.43 nmol/min.
Surprisingly, these values are over 100% of the original activity level noted in the control
cytosol (Figure 3).
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1 - Control Cyto
2- Diluted
control +
p47/67
3- IP Cytosol
4- IP Cyto +
p47/67
5- Dummy IP
6- Dummy IP +
p47/67

(Figure 3) O2" Production in Diluted IP Cytosolic Fractions with Addition of p47/67
Western blot analysis revealed reduction of Rac2 protein in both the dummy
cytosol (beads only) and the cytosol incubated with beads and Rac2 antibody. Since Rac2
has approximately 33,000 base pairs, the band for the Rac2 protein is located just above
the 31kD marker. The Rac2 band is reduced in size and intensity in both cytosolic
preparations and the same area appears darker in the beads used in each preparation,
results that indicate some success with the immunoprecipitation technique (Figure 4).
When the gels were probed with anti-p47 and anti-p67 goat antibody, the results
demonstrated non-specific binding of these essential proteins to the beads in both
cytosolic preparations (Figure 5).
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1-Ladder; 2-Non-IP Cytosol; 3-Rac2 Antibody; 4-IP Cytosol; 5-Dummy IP Cytosol; 6-Beads
from IP Cytosol; 7-Beads from Dummy IP Cytosol; 8 & 9-Ladders

A second trial of the immunoprecipitation procedure produced very low activity
overall. Though the same patterns were observed, that is, both the IP cytosol and the
dummy IP cytosol had reduced activity levels in the SDS system, the activity was so low
that the numbers were not useful for data comparison.

Reducing Non-Specific Binding
In the third immunoprecipitation procedure, a method to block the binding sites
on the beads that were contributing to the residual binding of p47, p67, and Rac2 was
attempted. Protein A beads were incubated overnight with 5% bovine serum albumin
(BSA) as the blocking agent.
Superoxide activity was assayed in the SDS system, and a rate of 8.36 nmol/min
in two trials was reported for the control cytosol. Activity in the IP cytosol was reduced
to 8.24 nmol/min, an insignificant decrease of only 1.4% in activity, so a second IP was
performed, again using the BSA blocked beads. On the second IP, the superoxide

19

production of the control cytosol averaged 11.39 nmol/min, while the IP cytosol averaged
only 1.92 nmol/min, a decrease in activity of 83.1%. In this experiment, both the IP
cytosol and the control cytosol were diluted in a 1:5 ratio with distilled water, which
served to dilute any essential proteins to such an extent that superoxide production was
compromised. When p47 and p67 were added to the 1:5 preparation of the IP cytosol,
superoxide production was restored to 8.93 nmol/min, a return of 78.4% of the activity
noted in the control cytosol. Addition of p47 and p67 restored most of the activity in the
diluted control cytosol as well. A greater recovery was observed in the control cytosol activity levels were returned to 10.04 nmol/min, 88.1% of the original control cytosol’s
activity (Figure 6).

1 - Control
2-1:5 dilution of
control
3 - Addition of
p47/67 to
diluted control
4 - IP cytosol
5-1:5 dilution of
IP cytosol
6 - Addition of
p47/67 to
diluted IP
cytosol

(Figure 6) O2' Production in Cytosol IP with 5% Blocked Beads

Western blots of the third IP indicated better retention of the p47 and p67 proteins
in the IP cytosol, but some non-specific binding still occurred on the beads. Bands
indicating the presence of p47 and p67 were noted in the digested preparations from the
beads used in the immunoprecipitation (Figure 7). The size of the Rac2 band was
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diminished in the IP cytosol, but the presence of the protein could still be elucidated from
the developed film, indicating the extraction of Rac2 was still incomplete (Figure 8).
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(Figure 8) Gel Probed for Rac2 After IP with
5% Blocked Beads

(Figure 7) Gel Probed for p47/67 After IP with
5% Blocked Beads

1 - Ladder; 2 - Non-IP Cytosol; 3 - Rac2 Antibody; 4 - IP Cytosol; 5 - Dummy IP Cytosol; 6 - Beads
from IP Cytosol; 7 - Beads from Dummy IP Cytosol; 8, 9, 10 - Ladders

Further Immunoprecipitation Techniques and Reduction of Non-Specific Binding
Noting the success of 5% BSA in retaining p47 and p67 in the IP cytosol, beads
were prepared with 10% BSA to further hinder non-specific protein binding to the beads.
Incomplete IP of Rac2 using the protocol of separate addition of antibody and beads
prompted the introduction of a different IP technique where the beads and antibody were
coupled prior to their addition to the cytosol. Therefore, in the fourth IP, an attempt was
made to differentiate between the effectiveness of using Rac2 antibody and beads
separately and using the two agents chemically coupled together. As was observed in the
previous immunoprecipitation, the first IP reduced the activity of the cytosol only
slightly. The superoxide production observed in the SDS system for the control cytosol
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was 18.56 nmol/min. After IP with the antibody and the beads added to the cytosolic
fraction separately, superoxide production was decreased slightly, so that 95.1% of the
original activity remained (Table 1). The cytosolic subcellular fraction which was
incubated with the antibody coupled to the beads also decreased in activity, with 84.1%
of the original activity remaining (Table 1). All three samples were diluted with distilled
water in a 1:5 ratio, and a marked decrease in superoxide production was observed. The
subsequent addition of p47 and p67 resulted in a significant return of activity to all three
cytosolic fractions (Table 1). Cytosol incubated with the antibody and beads separately
had a superoxide production of 17.14 nmol/min after p47/p6 addition, and cytosol
incubated with the coupled agents returned to an activity of 15.33 nmol/min (Table 1).

Table 1. Superoxide Production (nmol/min) in IP Subcellular Fractions
[(1/5) is 1:5 dilution with distilled water]
Control Cytosol

Trial 3
Trial 4
Avg.

0

Not
Diluted
18.56
—

1:5 dil.

18.56

0.893

0.893
—

1:5 dil.
+ p47/67
18.345
17.952
18.15

IP Cytosol
Antibody & Beads Separate
Not
Diluted
17.66
—

1:5 dil.

17.66

0.607

0.607
—

1:5 dil.
+ p47/67
16.964
17.321
17.14

IP Cytosol
Antibody Coupled w/ Beads
Not
Diluted
15.61
—

1:5 dil.

15.61

0.464

0.464
—

1:5 dil.
+ p47/67
17.024
13.631
15.33

The superoxide levels listed indicate that the addition of coupled antibody and
beads was slightly more effective in reducing superoxide activity. However, analysis of
Western blotting points to the separate addition of antibody and beads as the more
effective protocol. The band for Rac2 is much more diminished in the column of cytosol
incubated with the antibody and beads added separately than it is in the column for the
coupled agents (Figure 9). The results seem to contradict each other, but the larger
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implication of these data is the possibility of the activation of another GTP-dependent
protein in the cytosol when Rac2 concentrations are lowered in the cell.

33kD (Rac2)

Addition of Coupled Agents

(Figure 9) Separate vs. Coupled Addition of Beads and Antibody
1 - Ladder; 2 - Non-IP Cytosol (20pg); 3 - IP (Separate) Cytosol (20pg); 4-IP (Coupled) Cytosol (20pg);
5 - Non-IP Cytosol (40pg); 6 - IP (Separate) Cytosol (40pg); 7 - IP (Coupled) Cytosol (40pg); 8 - Beads
from IP (Separate); 9 - Beads from IP (Coupled); 10 - Ladder

Attempts to Immunoprecipitate both Rac2 and Rac 1
Since Rac2 and Racl are over 90% homologous in their sequences, it was
hypothesized that Racl might be substituted for Rac2 in the cell when its concentration
was decreased due to immunoprecipitation. With the great variance noted in superoxide
activity levels, results were taken from the more stable Western blots, which seemed to
indicate that uncoupled agents quantitatively removed more Rac2 from the cytosol.
Consequently, Rac2 antibody and 10% BSA blocked beads were added separately
following overnight incubations. The procedure was then repeated with Racl antibody
and 10% BSA beads. The total protein in the cytosol was decreased from 2.068 mg/ml to
1.302 mg/ml, a 63% reduction. The level of superoxide activity in the cytosol was
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reduced from an average of 10.03 nmol/min to 3.87 nmol/min (a reduction of 61.4%),
indicating some remaining residual activity. Data from the Racl and Rac2 depleted IP
cytosol in the SDS system indicated low activity. The IP cytosol was divided into two
aliquots, one of which was diluted in a 1:5 ratio. Rac2 was added to both samples, and
little change in activity was noted. With the addition of p47 and p67, both the undiluted
and diluted IP cytosol increased dramatically in activity (Figure 10). Addition of all three
proteins, Rac2, p47 and p67 resulted in the same increased superoxide production, though
in each experiment the diluted cytosol did not reach the same levels observed in the
undiluted IP cytosol. The effect of Rac2 is ambiguous in these results, as it decreased
activity when it was added alone and then increased activity when it was added with p47
andp67 (Figure 10).

20
18
16
14
12
nmol/min 10
8
6
4
2
0

I IP Cytosol
(Rac1&2)

■ Diluted IP
Cytosol
(Rac1&2)

12

3

1 - Nothing
added
2 - Purified
Rac2 added
3 - Purified
p47/67
added
4 - Both Rac2
and P47/67
added

4

(Figure 10) IP Cytosol (Racl&2) in SDS System
Concentration curve of Rac2
For purposes of further comparing the Racl & 2 IP cytosol to control cytosol, the
McPhail system was utilized to estimate the effects of p47 and p67 on the depleted
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cytosol, as well as to establish a standard concentration curve for the optimal
concentration of Rac2 in the cytoplasm. In the McPhail system, both ATP and GTP must
be added for activation of superoxide production. GTP is added at 1/100 the
concentration used in the SDS assay. In addition, the McPhail system requires the
phosphorylation of essential proteins, such as p47, whereas activation of the oxidase
system in the SDS assay does not require this process.
In addition to the essential components noted above, different concentrations of
purified Rac2 were added to the IP cytosol; the control cytosol did not have Rac2 added
to it. Superoxide production was measured after 120 minutes (Table 2).

Table 2. O2’ Production (nmol/min) in McPhail System: 120 minutes
Amount of Rac2 added to IP Cytosol in system

IP Cytosol Trial 1
(Rac 1&2)
Trial 2
Average
Control

Average
Trial 1&2

No Rac2

+100ng

+ 500 ng

+ 1ug

+ 5ug

0.214

0.161

0.286

0.375

0.554

0.196

0.232

0.286

0.321

0.357

0.205

0.1965

0.286

0.348

0.456

3.232

—

—

—

—

Initially, the activity was very low, though an increasing trend was observed with
increasing concentrations of Rac2; the steepest increase in the curve is noted over the first
three additions of Rac2 (Figure 11).
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Rac2 Concentration Curve

(Figure 11) Rac2 Concentration Curve at 120 Minutes
Seven minutes after the first results were recorded the activity of the oxidase
system was again measured, with the same low levels of activity recorded (data not
shown). After seven more minutes (at time =134 min), p47 and p67 were added to the IP
cytosol wells to determine if the reduced activity described above was due only to Rac2
and Racl deficiencies, or if p47 and p67 had also been depleted from the cytosol. After
the addition of p47 and p67, superoxide production increased immediately from an
average of 0.205 nmol/min to 1.05 nmol/min (Table 3). Rac2 was again added in
incremental amounts to the IP cytosol, with the steepest increase noted over the first three
additions (Figure 12).

Table 3. O2' Production (nmol/min) in McPhail System: 134 Minutes + p47/67
Amount of Rac2 added to IP Cytosol in system

Time 17:31

IP Cytosol
Normal

No Rac2

+100ng

+ 500 ng

+ 1ug

1.054

1.143

1.518

1.768

2

3.839

...

...

...

...
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+ 5ug

Rac2 Concentration Curve

(Figure 12) Rac2 Concentration Curve (at 134 min)
After Addition of p47 and p67

The plate was measured three more times without further addition of Rac2 or
p47/p67 until the activity levels began a decreasing trend, indicating the peak oxidase
activity had been reached.
Depletion of Racl and Rac2 from the cytosol was confirmed with Western blot
analysis. As in prior experiments, a substantial amount of the Rac2 protein was extracted
from the cytosol (data not shown); however, the IP of Racl from the cytosol was
incomplete (Figure 13). The blot was then probed with goat anti-47 and goat anti-67 to
see if there was residual binding of these proteins to the beads. Though bands indicating
the presence of p47 and p67 were still present in the IP cytosol, the heavier bands in the
beads clearly showed that the double IP included non-specific binding (Figure 14).
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(Figure 13) Gel Probed to Demonstrate IP of Racl

(Figure 14) Non-Specific Binding in Double IP

1 - Ladder; 2 - Non-IP Cytosol; 3 - Rac2 Antibody; 4 - Racl Antibody; 5 - IP Cytosol; 6 - Beads from IP of
Rac2 from Cytosol; 7 - Beads from IP of Racl from Cytosol; 8 - Ladder

Requirement for GTP in a Phosphorylation-dependent System (McPhail)
As a member of the Rho family of GTPases, Rac2’s dependency on GTP in the
process of phosphorylation prior to activation of the oxidase system can be further
described with the use of McPhail’s cell-free system. In contrast to this system, the SDS
system does not require the phosphorylation of essential proteins prior to activation. With
this in mind, cytosol was dialyzed and desalted (D&D) to deplete the subcellular fraction
of GTP. Though the activity observed in the McPhail system was lower than expected,
several trends were evident. Initially, superoxide production was minimal, only 0.893
nmol/min for the control cytosol and 0.054 nmol/min for the D&D cytosol. Addition of
ATP only slightly increased the control to 1. 04 nmol/min, and the D&D increased to
3.04 nmol/min. The highest levels of superoxide activity observed with the addition of a
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single component were obtained with the addition of GTP. Superoxide production for the
control cytosol was measured at 4.23 nmol/min and the D&D cytosol increased to 4.14
nmol/min. The addition of both ATP and GTP resulted in a superoxide production of 3.30
nmol/min for the control, and 6.43 nmol/min for the D&D cytosol (Figure 15).

McPhail: 120 minutes

□ Control Cytosol

nmol/min

■ D&D

1 - Nothing added
2 - Addition of
ATP
3 - Addition of
GTP
4 - Addtion of
both ATP and
GTP

(Figure 15) O2’ Production in McPhail System with Dialyzed and Desalted Cytosol
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DISCUSSION AND CONCLUSIONS
The partial immunoprecipitation of Rac2 from the cytosol was successful as
measured by the decrease in superoxide production and the reduction in the bands on the
Western blots. However, the reduction in activity of the dummy IP cytosol, which was
*

incubated without the antibody, demonstrated the residual binding of essential proteins to
the protein A beads during the IP procedure. Western blots confirmed the concurrent
precipitation of p47 and p67 with the IP of Rac2. In some experiments, the necessity of
repeating the IP procedure to sufficiently decrease superoxide production could have
served to further deplete these essential proteins as the beads were once again introduced
to the cytosolic fraction, providing another opportunity for residual binding. This may
have been one of the contributing factors in the double IP procedure where both Rac2 and
Racl were immunoprecipitated. The addition of purified p47 and p67 to IP cytosolic
fractions constantly returned superoxide production to near pre-immunoprecipitation
levels. These results seem to indicate that the decreased superoxide production initially
attributed solely to a decrease in Rac2 concentration was also affected by the loss of p47
and p67.
A limitation of the assay protocols followed in these experiments is that an excess

•

of p47 and p67 is intentionally added to the system to ensure activation of the oxidase
system and production of superoxide. The exact amount of each of these proteins needed
to form complexes with Rac2, thereby activating the oxidase system, is not known. It is
possible that the amount of the cytosolic proteins p47 and p67 in the control cytosol (no
alterations) might be enough to complex with Rac2 and activate the oxidase system, but
an excess of p47 and p67 could cause more rapid rates and more abundant complexes to
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form. This would result in the constant return of activity noted when these proteins were
added to cytosol that had been immunoprecipitated through incubation with the Rac2
antibody and beads.
Another one of the drawbacks to the SDS system used to assay the superoxide
production of the subcellular fractions is that it does not require the phosphorylation of
various components, such as p47. Phosphorylation is one of the steps necessary for
translocation of the cytosolic complex to the membrane in the active state of the oxidase.
If the oxidase system can be activated in the SDS assay without phosphorylation through
the anionic detergent (Babior, 1999), it is quite possible that the need for greater amounts
of Rac2 in the cell is diminished. This leads to another explanation for the restoration of
activity through the addition of p47 and p67. It is possible that Rac2 was still present in a
high enough concentration to assist in the assembly and activation of the oxidase system.
The reason for the high degree of non-specific binding by the proteins p47 and
p67 is unclear. In order to restrict this extraneous precipitation, two concentrations of
BSA were used as a blocking agent for the beads. The success of the IP with 5% BSA
prompted the use of 10% BSA with the beads. The experiment to determine the effect of
the 10% BSA was incorporated into the same trial that determined if separate addition of
•

antibody and beads was more successful than coupling the two agents. However, it can
still be inferred from the Western blots that the increased concentration of BSA aided in
further blocking the non-specific binding of p47 and p67. The effect was not a full
exclusion of the proteins from binding to the beads, and it is possible that further
increases in concentration of BSA would have continued positive effects in this area.
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The attempt to differentiate between the separate addition of antibody and protein
A beads and the coupling of these agents provided variable results. Assays of the IP
cytosolic fractions yielded superoxide production levels that were scarcely reduced from
the original, and the values were also within 14% of each other. When p47 and p67 were
added to both of the diluted IP preparations, activity was nearly restored in each case,
indicating that p47 and p67 had again been significantly though unintentionally reduced
through the IP procedure. Superoxide production results indicated a slightly lower
activity level for the addition of coupled agents rather than adding the antibody and beads
separately to the subcellular fraction. However, the decrease in activity was small
compared to previous attempts: 95.1% activity remained for separate addition of agents,
84.1% activity remained with the use of coupled agents. With the variance in activity
levels observed, in addition to the dramatic increase in activity to nearly normal levels
after p47 and p67 were added to the IP preparations, no concrete conclusion could be
made. However, results from the Western blots on the same experiment seemed to
indicate that the addition of antibody and beads separately to the cytosolic fractions
resulted in a more significant reduction of Rac2. Less variance was noted with Western
blot analysis, and consequently it was this hypothesis that was used as the basis for the
•

following experiments where separate addition of antibody and beads were used to IP
Rac2 from cytosolic fractions. It remains to be determined whether or not the coupled
agents truly are more effective than the addition of antibody and beads separately.
The variant result between the Western blots and the superoxide assay might be
an indication that another protein was stimulated to take over for Rac2, keeping the
activity levels higher than expected with the observed IP of Rac2 on the blots. It is
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possible that the protein in question was the closely related protein Racl, part of the Rho
family of GTPases. This theory implies that in the previous experiments it was not the
removal of Rac2 that diminished the activity, but solely the non-specific binding of p47
and p67, since the addition of these proteins restored nearly all of the activity.
The double (Rac2 and Racl) immunoprecipitated cytosol was utilized in the
McPhail system to determine a concentration curve for the optimal amount of Rac2
needed to activate the oxidase system. Low activity levels were initially recorded for both
the control cytosol and the IP cytosol, but addition of Rac2 did stimulate an increase in
the superoxide production observed. The low activity of the control cytosol might be
attributed to an inactive or only slightly active initial cytosolic preparation, as indicated
with the immediate increase in activity in both preparations upon the addition of p47 and
p67. The five-fold increase noted in the IP cytosol seems to indicate that once again an
essential quantity of these proteins was extracted from the cytosol during the IP
procedure. The trend of increasing activity that was noted in the IP cytosol as purified
Rac2 was added began with a steady and steep slope until 1 ug was added. After this
point, the slope begins to level off, indicating that an optimal or near optimal
concentration of Rac2 is present. The continued increase in activity, though it seemed to
•

be on a more gradual slope, may be explained in much the same way that the addition of
p47 and p67 in excess to the SDS assay continue to increase superoxide production in
diluted preparations. It seems possible that activity increases when one of the components
necessary for the complex is in excess; binding would occur faster or even more
thoroughly than possible under non-excess conditions in the cell.
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The GTP-dependency of Rac2 was further characterized through the experiments
involving dialyzed and desalted cytosol in the McPhail cell-free system. Without the
addition of either ATP or GTP, superoxide production in the control cytosol and the
D&D cytosol was very low (data not shown). The addition of ATP only partially
reconstituted the system, but when GTP was added, superoxide production increased
dramatically. When ATP and GTP were added together, only a slight increase from the
activity stimulated with GTP addition alone was noted. Since ATP can support GTP
production via enzymes, this data indicates the necessity for GTP in supporting oxidase
activity, which lends further support to the suggestion that Rac2, as a GTP-dependent
protein, is critical for activation of the oxidase system.
Several factors indicate the incomplete success of the immunoprecipitation
technique for use in the depletion of Rac2 from the cytosol. Western blotting clearly
demonstrates the continued presence of the protein, though in reduced amounts, as well
as the persistent problem of residual binding of p47 and p67 to the protein A beads.
While this non-specific binding was reduced through the technique of blocking the beads
with BSA, the result was still not a clear depletion of Rac2. Double immunoprecipitation
resulted in greater success of removal of Rac2, but again, the other essential proteins
were removed as well. In addition, it seems that either very little Rac2 is needed for
activation of the NADPH pathway for superoxide production, or Racl is able to act as a
substitute due to its 95% similarity. Though the latter theory was tested in the final set of
experiments, future research could help further characterize the relationship between
Racl and Rac2 in the cell. It is likely that a close relationship between the two proteins
will be supported, as the research by Kwong et al. (1993) indicated that both recombinant
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Racl and Rac2 were active in supporting the complex of p47, p67 and membranes for
superoxide production.
Another possibility for the dilemma concerning the actions of Rac2 is that the
protein may exist in areas outside of the cytosol. Some amount of Rac2, which is capable
of forming a complex with p47 and p67 and traveling to the membrane to stimulate the
NADPH oxidase system, may already be present as a complex with the other proteins in
the membrane separated during nitrogen cavitation. Thus, when the cytosol is depleted,
the system can still function, as the results indicated, though at much lower levels, since
some minimal concentration of Rac2 can be pulled from previously existing membrane
complexes when the two subcellular fractions are combined in the assay. The addition of
p47 and p67 to the system may serve to bind up the residual Rac2 that remained in the
cytosol after IP, creating a greater response of superoxide production than expected, as
noted in the results. It is also possible that the Rac2 protein is capable of recycling in the
oxidase system; that is, that Rac2 might aid in the initial activation and complex
formation in the membrane, and then is freed to initiate activation of the oxidase system
at another site.
Current research (Ambruso, unpublished data) has found similar complexes pre
existing in the membrane, and studies are now focusing on ways to remove the Rac2
from the membrane as well as the cytosol in an attempt to obtain truly pure Rac2depleted subcellular fractions. Once these fractions have been obtained, it would be
possible to use the McPhail system and the addition of purified Rac2 to reconstitute the
system. This would give a better indication of the amount of Rac2 that is needed to
activate the oxidase system. If only a small amount of Rac2 is necessary to start the
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cascade of phoshporylation and subsequent activation, it would indicate the need for a
more refined method for removing the protein from cytosolic fractions.
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