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ABSTRACT: Activation of the phagocyte NADPH oxidase occurs via assembly of cytosolp4a6 #hox

and Rac with the membrane-bound flavocytochrdme Recently, we have found that pB7<(1—210)

(p67N) fused with p47ox(1—-286) (p47N) or with Rac efficiently stabilizes the oxidase in a cell-free
reconstitution system. In an attempt to further stabilize the oxidase, we herein used a constitutively active
Rac, RacQ61L, and examined its effect on the oxidase stability. The halftjfe ¢f the activity
reconstituted with wild-type Rac was 12 min at 37, which was extended 6-fold by RacQ61L. Also, the
stability of the oxidase without p2™*increased 8-fold using RacQ61L. RacQ61L had a higher affinity

for the complex than wild-type Rac and increased the affinity of p67N for the complex. Far-western
blotting showed an enhanced binding between RacQ61L and p67N. The oxidase was stabilized by
nanomolar FAD, and RacQ61L lowered the FAD concentration required. The combination of RacQ61L
and a fusion protein consisting of p67N and p47N produced an extremely stable engymel84 min

at 37°C). The effectiveness of RacQ61L and fusion proteins on stabilization was in the following order:
p67N—Rac< p67N+ RacQ61L=< p67N-RacQ61L<x p67N—p47N-+ RacQ61L. These results indicate

that a tightly bound ternary complex of g8%, Rac, and p47°xis very effective in maintaining the
oxidase and confirm that the longevity of the activated state requires continuous association of these
components. This simple and efficient method of stabilization may provide a useful tool to elucidate the
nature of the activated oxidase.

The phagocyte NADPH oxidase is a multicomponent (13, 14). However, actual interactions in the active complex
enzyme that produces superoxide anion({On response  and the whole structure of the complex are still sketchy.
to exposure of phagocytes to pathogens such as bacteria or With regard to the role of cytosolic phox proteins in the
fungi (1). The enzyme is dormant in resting cells and activation, the following points have been noted: (i) Rac
becomes active upon cell stimulation by pathogens or a and p6P"°*are the minimum activating components(16),
receptor-mediated stimulari,(3). The activation occurs via (i) p47°hox functions as an adapter proteid5 and a
assembly of the cytosolic regulatory proteins {7 p6 "% stabilizer (7, 18), (iii) p67P"*is involved in the regulation
and Rac with the membrane-associated flavocytochitmgae  of electron flow from NADPH to FAD 19, 20), and (iv) an
(cyt bssg)? (3). Cyt bssg consists of p22°and gp92'% the activation domain of p@"° is involved in the regulation
latter of which is classified as Nox-2 in the Nox/Duox family  (21), probably by direct interaction with cjss (20). Despite
(4). Two other factors, p40°and rap1A, are also assumed these findings, the mechanism for activation of the oxidase
to be involved in the enzyme regulation although they are has remained unclear.
not essential for the activity. The activated NADPH oxidase is highly labile, complicat-

Interactions among the subunit proteins have been exten-ing investigations of the subunit structure and preventing
sively studied §, 6). SH3 (Src homology 3) mediated jsolation of the active enzyme compleg@]. In earlier studies
interactions among p&P p67"> and p22" have been  we found that a chemical cross-linker remarkably improves
demonstrated’-9). An interaction between p8P*and Rac the stability of the oxidase in crude cell-free systerhi®).(
has also been revealed(( 11), and the interaction was e also applied the methodology to a pure reconstitution
shown to occur between the TPR (tetratricopeptide repeat)system consisting of the recombinant cytosolic components
domain of p6¥" (12, 13) and the switch | region of Rac  and purified cytbsss but the effect was not as dramatic as

— in the crude reconstitution systerhs.
T Supported by a grant (13480297) for Scientific Research from the | fusi .
Ministry of Education, Science, Sports, and Culture of Japan. Recently, we constructed fusion proteins between C-
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considerably improves the stabilit§&). From these results

Biochemistry, Vol. 42, No. 1, 2003.85

Sepharose beads, concentrated with a Centricon Y-10 (Mil-

we proposed a model for the topology of these phox proteinslipore Corp., Bedford, MA), and stored &80 °C until use.

in the active complex1@). Although these fusion proteins
reconstitute the oxidase activity that is fairly stable at 25

Preparation of Cyt bss Isolation of plasma membranes
from porcine neutrophils and purification of cltss were

°C, the activity thus obtained was still not stable enough at performed as previously describeld). The cythssg prepara-

higher temperatures (e.g., 3C).2
In an attempt to further stabilize the oxidase activity and

tion obtained was relipidated with a mixture of phospholipids
and cholesterol (PC:PE:Pl:SM:cholesteroB1:14:7.5:23.2:

to investigate the nature of the complex, we have used a24.3 wt % of total lipid) and stored at80 °C until use.

constitutively active Rac, RacQ61L, and examined its effect
on the stability of the oxidase activity in a cell-free
reconstitution system. We find that the RacQ61L mutant

Reconstitution of NADPH Oxidase and Assay for O
GenerationRac (6uM) was preincubated with 100M GTP
at 25°C for 20 min in buffer A (20 mM potassium phosphate

remarkably stabilizes the oxidase activity and the effect could buffer, pH 7.0) and reconstituted with p67N 1) with

be ascribed to an enhanced binding of RacQ61L t867
We applied a fusion technique to the RacQ61L-containing
system and found that when used with a fusion protein,
p67N—p47N, RacQ61L produces an extremely stabilized
oxidase activity. The mechanism for the excellent stabiliza-
tion is discussed in relation to the topology model of the
complex.

EXPERIMENTAL PROCEDURES

Materials.pGEX-2T, pGEX-6PEscherichia colBL-21,
and glutathione Sepharose were purchased from Amersham
Pharmacia Biotech (Little Chalfont, U.K.). Oligonucleotide
primers were synthesized by the same manufactieaR|
and BanHI| were purchased from Toyobo Inc. (Tokyo,
Japan). GTP, GTF5, GDP, and FAD were purchased from
Nacalai Tesque (Kyoto, Japan). NADPH was obtained from
Oriental Yeast Co. (Tokyo, Japan).

Preparation of Rac, p47 and p6P"*(1—210). Comple-
mentary DNAs encoding human Rac [Rac1(C189S)]P§47
and p67"°¢(1—-210) (p67N) were gifts from Dr. Dave
Lambeth (Department of Pathology, Emory University
School of Medicine). The protein Rac1(C189S) is referred
to as wild-type Rac in this paper. We constructed the
RacQ61L mutant on the basis of Rac 1(C189S), which is
fully active and more stable than natural Racl. The pGEX-
2T plasmid containing the cDNA for Rac or p67N or the
pGEX-6P plasmid containing pa”cDNA was transfected
into BL-21 cells. The proteins were expressed and purified
as previously describe@3).

Construction of Recombinant Plasmids for RacQ61L and
p67N-RacQ61L Fusion Proteind.he Rac cDNA in pGEX-

1.3 uM p47hoxand cytbssg (0.1 uM) in 50 uL of buffer A
containing 4 mM MgCJ, 10uM FAD, and 10uM GTP. In
some experiments, RacQ61L was used instead of Rac without
preloading (see Results). The mixture was incubated with
200uM SDS for 5 min at 25C to activate NADPH oxidase.
Four 10 uL aliquots of the reaction mixture were then
transferred into wells of a 96-well plate and diluted 25-fold
with buffer A containing 4 mM MgCJ, 200uM NADPH,

10 uM FAD, and 80uM cytochromec. Superoxide genera-
tion was measured by monitoring the cytochrammeduction

at 550 nm using a microplate reader (Tecan, Spectra Classic).
The assays were sometimes repeated in the presence of
superoxide dismutase (8@y/mL) to verify O,”-dependent
cytochromec reduction, and the rate of Ogeneration was
corrected.

GTPase Actiity. GTPase activities of Rac and its mutants
were measured by a filter binding assay usipgP]GTP
following the method of Geiszt et al4) with modifications.
Rac or its mutant (M) was loaded with 3QuM [y-32P]-
GTP (7uCi) at 20°C for 10 min in 8uL of buffer B (16
mM Tris-HCI, pH 7.5, 0.1 mM dithiothreitol) containing 5
mM EDTA. MgCl, was then added to a final concentration
of 20 mM, and the solution was kept on ice for 1 min. Three
microliters of [y-**P]GTP-loaded Rac or RacQ61L was taken,
diluted with buffer B (27uL) containing 1 mM GTP and
BSA (1 mg/mL), and incubated at 2@ for a given time.

An aliquot (5uL) was taken and filtered onto a nitrocellulose
membrane (Schleicher and Schell, BA45), followed by
washing three times with 2 mL of cold buffer C (50 mM
Tris-HCI, pH 7.7, 5 mM MgC)). The filters were dried, and
the radioactivity was counted in a scintillation counter
(Beckman LS6000). For the controls, the experiments were

2T was mutated to convert glutamine-61 (CAA) to leucine gqmetimes repeated without the proteins.
(CTA) using a site-directed mutagenesis kit (Stratagene QUIK =5, \western BlottingPurified p67N (6.6:g per lane) was

Change). For the fusion protein p67ARacQ61L, the pGEX-
2T containing the p67NRac cDNA (8) was engineered
to convert glutamine-61 (CAA) to leucine (CTA) in the Rac

moiety using the Quik Change kit. The sequences of the

mutant and fusion proteins were confirmed by dideoxynucle-
otide-based sequencing.

Expression of Mutant and Fusion Proteirfghe pGEX-
2T containing RacQ61L, p67MNRacQ61L, or p67N-p47N
cDNA was transfected int&. coli BL-21, expressed at 37
°C, and lysed using the conditions previously described for
Rac @3). In the case of p67NRacQ61L, the cells were
frozen and thawed before lysis to improve the protein
recovery as described for preparation of p6/Rac (8).
The expressed proteins were purified with glutathiene

3 K. Ebisu and M. Tamura, unpublished results.

electrophoresed in an SB$olyacrylamide gel (15% gel),
and the protein bands were transferred onto nitrocellulose
membrane (Schleicher and Schell, BA85). Each band cor-
responding to p67N (24 kDa) was excised and subjected to
far-western blotting. Each piece of membrane was blocked
with buffer D (300 mM NaCl and 0.05% Tween 20 in 20
mM Tris-HCI, pH 7.4), and the band was overlaid with Rac
or RacQ61L (0.4uM) at 25 °C for 30 min. For Rac, the
protein was preincubated with 100/ GTPyS at 25°C for

20 min, and all of the following buffers contained M
GTPyS. After being washed three times (5 min each) with
buffer D, each piece of the membrane was incubated with
anti-Rac 1gG for 12 h at 28C. The anti-Rac IgG was a
generous gift from Dr. Dave Lambeth (Department of
Pathology, Emory University). In a preliminary experiment,

we confirmed that there was no difference in anti-Rac IgG
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Ficure 1. Effect of the RacQ61L mutation of Rac on the
thermolability of NADPH oxidase. The reconstitution system
contained GTPS-treated Rac or RacQ61L (), p67N (6uM),
p47Phox (1.3 uM), and purified cythssg (0.1 uM). After activation

with SDS for 5 min at 25C, the mixture was kept at 3T for a
given time. NADPH was then added to start the enzyme reaction,
and Q™ generation was measured as described in the Experimental
Procedures. Symbols and error bars represent the re&msfrom

four determinations. The initial activities with Rac or RacQ61L
are shown in Table 1. The graph shows the theoretical curves
optimized by curve fitting to a first-order equation.

binding to RacQ61L or wild-type Rac. The membrane was
treated with goat anti-rabbit IgG conjugated with peroxidase
(Cappel Products) at 28 for 2 h and then washed twice
with buffer D and once with 20 mM Tris-HCI (pH 7.4)
containing 300 mM NaCl. After color development, blots
were scanned using a scanner (Epson GT8700) and analyze
with the NIH Image software.

RESULTS

Effect of the Q61L Mutation on the Stability of NADPH
Oxidase.The thermostability of NADPH oxidase activity
reconstituted with Rac or RacQ61L was examined. Prior to
reconstitution, both Rac and RacQ61L were loaded with
GTPyS as a conventional procedure. Following activation
of the oxidase, the mixture was incubated at@7#or 0—60
min and then assayed for,Ogeneration. Figure 1 shows
the residual activities of the oxidase incubated. The oxidase
with RacQ61L was significantly more stable at 32 than
that with wild-type Rac. After a 30 min incubation, the
residual activities of Rac and RacQ61L were 12% and 70%
of the initial activities, respectively. As deactivation was
found to be a first-order reaction, the half-livasg.j were
estimated by curve fitting of the data (Table 1). The half-
lives of the oxidase with Rac and RacQ61L were 9.5 and
60.2 min, respectively. This indicates a marked ability of
RacQ61L to improve the oxidase stability.

Effects of Various Guanine Nucleotides on the Oxidase
Activity. Rac and RacQ61L were pretreated with various

Miyano et al.

Table 1: Effect of Guanine Nucleotides on the Stability of NADPH
Oxidase Reconstituted with Wild-Type or Q61L Rac

half-life at 37°C (initial activity)°
wild type RacQ61L

12.5+ 0.8 (2053+ 20)  60.1+ 5.8 (27984 36)
11.3+ 0.7 (1920+£ 69)  53.1+ 2.7 (2571t 95%

9.5+ 0.2 (1540+ 20)  60.2+ 3.7 (2558+ 62)
GDP 3.2+ 0.1 (1252+ 13)  57.5+ 4.1 (2503+ 42)
none 6.3t 1.4 (513+ 10)  68.0+ 5.7 (2361+ 29)

aRac or RacQ61L was incubated for 20 min at’25with or without
a guanine nucleotide (1Q@M) and used in the cell-free reconstitution
system containing the same guanine nucleotide a0 Other
conditions were as described in the Experimental Procedtifé® half-
lives were determined from the data in Figure 1 and other experiments
by curve itting to an equation for a first-order reaction. The activities
are expressed as nmol ofOmin~* (nmol of cytbssg) 2. € Preincubation
with GTP was performed in the presence of 5 mM EDTA. An aliquot
of the mixture was added to the activation mixture containing an excess
amount of MgC} to achieve a final concentration of 4 mM free kg

guanine
nucleotide

GTP

GTPYS

(Table 1). Rac-GTP produced a slightly higher stabilttys (
= 12.5 min) than that with GTfS-treated Rac, and untreated
Rac produced a slightly lower stability;6 = 6.3 min),
whereas GDP-treated Rac resulted in very low stabitity (
= 3.2 min). The stability was in the following rank order:
GDP < none < GTPyS < GTP. Table 1 also shows the
initial activities with different guanine nucleotides. Unex-
pectedly, the activity with GT{S—Rac was slightly lower
than that with GTP-Rac, and furthermore GDFRac
produced a substantial activity (61% of the maximal). The
activity was in the following order: non& GDP < GTPyS

< GTP.

In contrast to wild-type Rac, for RacQ61L the stability of
the oxidase was not much changed by the nucleotide used.
To our surprise, untreated RacQ61L produced a similar, even
higher stability {1, = 68 min) compared with a guanine

ucleotide-treated one. Addition of EDTA during the GTP

ading did not change the results. On the basis of these
results, in the following experiments, Rac was treated with
GTP prior to reconstitution, and RacQ61L was used without
GTP loading.

Stability in the Absence of pa? The oxidase can be
activated without p4"°>*when p67"°* and Rac are used in
excess 15, 16). Therefore, we examined how RacQ61L
stabilizes the activity under these conditions. As seen in
Figure 2, RacQ61L considerably stabilized the oxidase in
the absence of pAP* The stability with Ractf,, = 15 min)
was improved 8-fold by RacQ61lt;, = 117 min) (Table
2). The stability was not much increased even wher?}947
was added. This indicates that stabilization by RacQ61L
occurs independently of pa?~

GTPase Actiity. To compare the intrinsic GTPase activity
of RacQ61L with that of Rac, we performed a filter binding
assay using)[-*?P]GTP. The radiolabeled GTP was loaded
on Rac or RacQ61L, and GTPase activity was measured at
20 °C. For Rac, GTP was readily hydrolyzed with a rate
constant K.,y of 0.066 minmt. For RacQ61L, only a small
population of GTP was exchanged under the conditions, and
hydrolysis occurred very slowly with la. of 0.003 mirr?,
which is 20-fold lower than that with Rac. The results

guanine nucleotides, and the effects on the stability of the indicate that the GTPase activity as well as nucleotide
oxidase were examined. For wild-type Rac, the stability of exchange ability is extremely diminished in the RacQ61L
the oxidase varied depending on the guanine nucleotide usednutant. The data, together with Table 1, indicate that
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Ficure 2: Thermolability of NADPH oxidase reconstituted with
a high concentration of p67N plus Rac or RacQ61L. The recon-
stitution system contained 38M Rac (triangles) or RacQ61L
(circles), p67N, and purified cWssg (0.14M). Other experimental
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Ficure 3: Intrinsic GTPase activities of Rac and RacQ61L

estimated by a radiolabeled GTP. Rac or RacQ61luN§ was
loaded with 3QuM [y-3?P]GTP in the presence of 5 MM EDTA at
20 °C for 20 min. MgC} was added to a final concentration of 20

conditions were as described for Figure 1. Data represent the meansnM to stop the GDP-GTP exchange reaction and start the GTP

4+ SD from four determinations. The initial activities are shown in
Table 3.

Table 2: Stability of NADPH Oxidase Reconstituted with High
Concentrations of p67N and Rac in the Absence and Presence of
p47phoxa

p4Phox Rac ty at 37°C (initial activity)
—p4phox wild type 14.54+ 0.9 (1491+ 46)
RacQ61L 116.8+ 5.8 (25754 43)
+pdhox wild type 24.94+ 5.3 (2909+ 78)
RacQ61L 128.1 7.3 (32304 62)

@ The reconstitution system contained Rac (or RacQ61L) and p67N
(38uM each) in the presence or absence of $%71.3uM). The half-
lives were estimated from the data in Figure 2 by curve fitting to an
equation for a first-order reactioAThe half-lives {;,,) are expressed
as min and the initial activities are expressed as nmol of ©in~*
(nmol of cythssg) L.

hydrolysis reaction. The mixture was incubated at@@or a given
time in the presence of 2 mM Mgg&Ill mM GTP, and BSA (1
mg/mL). An aliquot was taken and filtered onto a nitrocellulose
membrane. The radioactivity was measured in a scintillation counter.
Other experimental conditions were described in the Experimental
Procedures.

for p67N 4-fold but did not change the Efvalue for p4?m
and this is consistent with the concept that Rac does not
facilitate the interaction of p#7* with cyt bssg (26). The
above results show that RacQ61L has a higher affinity for
the complex and increases the affinity of p67N in the
complex.

Table 3 also shows the Efvalues for Rac (Q61L) and
p67N in the absence of p#?* With Rac, the EG, values
for Rac and p67N were 10.4 and M, respectively. In
comparison, with RacQ61L the values for RacQ61L and
p67N were 2.3 and 1,6M, respectively. The results showed

nucleotide exchange is not necessary for RacQ61L to activatethat RacQ61L has a higher affinity than wild-type Rac and

the oxidase. Diminished nucleotide exchange ability was
previously reported with Rac2 Q61L by Xu et a25j.

Effect of RacQ61L on Kinetic Parametei$he concentra-
tion dependence for RacQ61L in cell-free reconstitution was
examined and compared with that for Rac. The,&@lues
estimated for Rac and RacQ61L were 43 and 16 nM,
respectively (Table 3). RacQ61L decreased thg,E@lue

increases the affinity of p67N in the complex also in the
absence of p47° However, the affinities are still far lower
than those in the presence of p#7 (Table 3). Thus
RacQ61L does not substitute for {47 as an adapter protein.
Effect of Flain on Thermostabilityln the course of the
stability experiments, we happened to find that FAD in the
incubation mixture influenced the deactivation rate of the

Table 3: Effect of the Q61L Mutation on the E£Values for Rac, p67N, and p&w?*2

Rac p67N p4fnoxb
pahox Rac form EGo (NM) Vinax ECso (NM) Vimax ECso (NM) Vimax
+ wild type 43+ 6 1805+ 44 69+ 17 2002+ 83 39+ 16 1821+ 164
+ Q61L 16+ 6 2304+ 124 17+ 4 2342+ 105 39+ 19 2379+ 197
—c wild type 10400+ 1900 1255+ 160 2900+ 400 475+ 31
—¢ Q61L 2300+ 100 1657+ 40 1600+ 100 1245+ 35

aThe cell-free activation was performed as described in the Experimental Procedur®sJVedues are expressed as nmol of @in~* (nmol
of cyt bssg) L. ® The activities at [p47>] = 0 were not negligible, and therefore the data were fitted to a modified Michadbaten equationy
= Vo + Vmad(1 + Ki/[S]), whereV, is the activity at [p47®] = 0. FurthermoreyVmax is defined as follows:Vimax = Vo + Vmax The Vg values
observed for wild-type and Q61L Rac were 323 and 854 nmolof@in~* (nmol of cytbssg) %, respectively ¢ The system contained/@vl p67N
with various concentrations of Rac on#/1 Rac with various concentrations of p67N.
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Ficure 4: Effect of FAD concentration on the thermolability of 0
NADPH oxidase. After cell-free activation, the mixture was BSA Rac Q61L

incubated for 30 min at 37C in the presence of FAD (9100 . ) ) )
nM). After incubation, the mixture was diluted with an assay FIGURE 5: Detection of interaction between p67N and Rac or
mixture containing 10uM FAD and assayed for superoxide RacQ61L by far-western blo_ttlng. Purified p67N was electrophore-
generation. Activities were expressed as the percentages of thoseged in an SDSpolyacrylamide gel, and the protein bands were
without 37 °C incubation. The control activities with Rac and Plotted onto nitrocellulose membrane. The band corresponding to
RacQ61L were 202% 20 and 2489+ 54 nmol mir® (nmol of p67N was excised and subjected to far-western blotting as described
cytbssg 2, respectively. Symbols and error bars represent the meansin the Experimental Procedures.

+ SD from four determinations.

Table 4: Effect of RacQ61L and Fusion Proteins on the Stability of
oxidase. Therefore, the effect of FAD on the stability of the NADPH Oxidaseé

oxidase complex was investigated in more detail. Following ~ p6®"*form other proteins  tyat 37C (initial activity)
activation, the enzyme was heated at’87for 30 min with p67N p4Pho% Rac 12.5+ 0.8 (2053+ 20)
various concentrations of FAD and then assayed for O  p67N-Rac p4'P:°X 35.84 2.6 (2291+ 44)
generation. As shown in Figure 4, the oxidase stability was P87N pAP™* RacQ61L  63.6f 16.0 (2952+ 71p
p67N-RacQ61L  p4whex 86.34 21.2 (3049+ 12)

significantly influenced by the FAD concentration in the
inCUbat-ion' After q -30 mi-n incubation in the absence OfoFAD’ 2 The reconstitution system contained p67N and RacQ61L or the
the residual a.ctlwtles with Rac and RacQ61I__ were 5% and p67N-RacQ61L fusion protein (@M each), paT™ (1.3 uM), and
30%, respectively. When 50 nM FAD was included, they pyified cythsss Other conditions were as described in the Experimental
increased 18% and 72%, respectively. The estimategd EC Procedures. Half-livesty(;) are expressed as min and initial activities
value with Rac was 28 nM, and that with RacQ61L was 13 are expressed as nmol o Qnin~* (nmol of cythssg) ~*. ® When p47N

nM, suggesting that the affinity of flavin for ¢ is was used, the half-life was 840 8.8 min and the activity was 3085
increasgg by F\?aCQ61L y Wsse + 4 nmol of @~ min~! (nmol of cyt bssg) ™. ¢ p67N—p47N (2uM)

and RacQ61L (6.&M) were used in the reconstitution.
Binding Ability to p67NAs the Q61L mutation increased
the affinity of Rac and p67N in the oxidase complex, we

p67N—p47N RacQ61E 184.0+ 33.0 (3501 30)

stabilizes the oxidase. Therefore, here we applied a fusion

next tested whether the mutation increased the interactiontechniOlue to the system with the RacQ61L mutant. When
between Rac and p67N using far-western blotting. When ¢ ,caq p67N and RacO61L were used in the s stém the
GTPyS-treated Rac was used, a faint band was observed b Q Y ’

o . ; . ' “Ustability of the oxidase was slightly higheti/4 = 86 min)
under the conditions (Figure 5). In comparison, with than that with the individual = 64 mi
RacQ61L a more prominent band was observed. The an mat wi € individual components{ min)

. ) X (Table 4). However, the effect of fusion was not as dramatic
intensity of the RacQ61L band was 3.3—f0|d higher than that ;< 1hat observed with p67N and Ra@)Y This suggests that
with Rac-GTR'S. Thus, RacQ61L binds to p67N more

: RacQ61L and the fusion protein share a common mechanism

tightly than the GTP-bound form of Rac. for stabilization, namely, enhancement of the interaction
This result is somewhat different from that by Diekman petween p67N and Rac.

etal. 10), who showed that Rac2Q61L has a slightly lower  |n contrast, when RacQ61L was used with the p67N

affinity for p67°"> than wild-type Rac by using affinity  p47N fusion protein, the oxidase was extremely stabilized.

precipitation. The discrepancy might arise from the difference The stability ¢, = 184 min at 37°C) was the highest level

in the forms of p67™°>* used. They used full-length P87 of all the approaches we tested, including fusion and cross-
fused with glutathioneStransferase while we used a C-  |inking (17, 18, 23). The effectiveness for stabilization was
terminal truncated form of p&™x in the following rank order: p67N, Ras p67N—Rac <

Effect of Fusion on the Stabilityn preceding papers, we p67N, RacQ61L < p67N—RacQ61L < p67N—p47N,
found that fusion of p67N with p47N or Rac efficiently RacQ61L. Of interest is the fact that the stability with
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RacQ61L was higher than that with p67Rac, a covalently  linked to the C-terminus of p67N, stabilization would be
bound form of the protein pair. The remarkable stabilization more synergistically improved. However, the construction
with p67N-p47N and RacQ61L should be due to the of a triple fusion protein of such an arrangement is impossible
formation of a very stable ternary complex formed among using genetic engineering. Fortunately, in the present study
P67N, p47N, and RacQ61L. we found a tight binding between RacQ61L and p67N. This
provided us with the opportunity to overcome the experi-
DISCUSSION mental limitations and produce a mostly stable ternary

The Q61L mutation in small GTPases was originally Complex among p47N, p67N, and Rac.
discovered in a Ras variant from human lung carcinoma cells It is widely accepted that interaction between cytosolic
(27) and assumed to be the cause of its oncogenic naturephox proteins and cylissg is @ major process in the oxidase
RasQ61L has an impaired GTPase activity as with RasG12V,activation. In addition, the stoichiometry of the protein
which might lead to continuous activation of Ras and components in the complex formation has been postulated
continuous binding to Raf and, consequently, to nonregulated(5, 6, 30). However, Cross et al. reported that the activation
cell proliferation through intracellular signal transduction. process is primarily catalytic and not through the formation

The Q61L mutant of Rac has often been used as aof a stoichiometric complex3). Furthermore, Quinn et al.
constitutively active form of Rac, i.e., as a persistently GTP- showed that complex formation is required but not enough
bound form. In this study, we used RacQ61L in a pure for activation @2). Thus, the contribution of the stoichio-
reconstitution system of NADPH oxidase and found that it metric complex to the duration of the activation has not been
remarkably improved the stability of the oxidase. The data established. Our present results show that complex formation
showed the following properties of RacQ61L and the is centrally important in the duration of the oxidase activity.
RacQ61L-containing system: (i) the affinity of Rac and One of the most interesting findings in this paper is that

p67N_|n Fhe complex_ IS |_ncreased by the mutation, (i) the the oxidase stability is greatly influenced by FAD. FAD
stabilization occurs in either the presence or absence of.

47Phox (i) RacQ61L has a diminished guanine nucleotide mcreased'the stak_)ility 4-fold at a nanomolar order of
gxchang(e Lbility,Qand (iv) in combinationgwith D67NATN, concentration. The finding suggests that FAD, a chromophore

RacQ61L produced an extremely stable activity of the of NADPH oxidase, has a role in maintaining the oxidase
oxidase. complex. The presence of FAD on gp%k contributes to

As expected, RacQ61L had an impaired GTPase activity, Euetc?hnfofrlm\itrzona:]sta;btlrlltgi/ Orf trhe TS'SC?IS \{[\/iiﬁfiifonur;d
but this nature does not seem to be a major reason for the at the flavin concentration required for stabiiization 15

; - ; lowered by the RacQ61L mutant. It is tempting to speculate
improved stability, because GJB-loaded Rac did not N

stabilize the oxidase as effectively as RacQ61L. Rather, athat P67N, which is tightly bound to gp@t through
diminished nucleotide exchange, i.e., a suppressed GTP,Ra?QBIL* may prevent FAD dissociation either directly or
release 25), might contribute to the stability. indirectly.

Another possibility is a conformational change inthe Rac ~ The present experiments showed that GDP-bound Rac can
structure by the RacQ61L mutation. The crystal structure of produce substantial activity although the stability is low.
wild-type Rac revealed that GIn at position 61 is located Canonical small GTPases bind to their effector proteins as
close to switch 128), which interacts with p67N1@). Leu a GTP-bound form33) although there are atypical small
substituted for GIn-61 may have contact with switch | GTPases that bind to their effector proteins in GDP form
(particularly Pro-34) and move the loop or induce a confor- (e.g., ran and rab)3@, 35). With regard to the phagocyte
mational change in switch I, which is favorable to p67N NADPH oxidase, the Rac form that activates the oxidase is
binding. Xu et al. reported that Rac2Q61L loses the ability controversial. Many groups have reported that the GTP form
to bind GDS g5 and reverses the inhibitory effect of is necessary for the activatio®@—39), but some groups
mutations in the effector domain such as D3@8)( These  have demonstrated that the GDP form is also capable of
facts suggest that a drastic conformational change occurs inactivating the oxidase40—42). In addition, it has recently
RacQ61L and that RacQ61L has a partially different peen demonstrated that the interaction betweer"p&ahd
conformation from that of RacG12V, which shares the cytbgsssis enhanced by either the GTP or GDP form of Rac
properties of low GTPase activity and low responsiveness (43). Further studies will be required to clarify this point.
to GAP (9). Thus the stabilization of the oxidase activity In sUMMary. using a mutant of Rac and a fusion protein
by RacQ61L may be due to a conformational change in y, using u . usion protem,

we have accomplished the production of an extremely

RacQ61L induced by the mutation, which results in an - . . o
enhanced binding between RacQ61L and p67N and leads tostablhzed NADPH oxidase in a pure reconstitution system.

T This indicates that a tightly bound ternary complex amon
the complex stabilization. . p67"°x Rac, and p4PP°X?s véry effective in )r/naintzgining the ’
In the present study, we have established a remarkably ’ !

stabilized NADPH oxidase by combination of RacQ61L and oxidase a_ctivity and confirms Fhe conC(_apt that the Io_ng_evity
a fusion protein p67Np47N. The stability is at the highest of the actlvat_ed enzyme requires contlnuqus assom.atlon of
level of all of the approaches we testet?(18, 23). Our these cytosolic components as suggested in our earlier study
recent studies showed that the p67Rac or p67N-p47N @an.

fusion protein stabilizes the oxidase and suggested that the Finally, we emphasize that this simple and efficient method
orientation of the activation domain of p&% at the correct to stabilize the oxidase may provide a useful tool for
position is centrally important for activatio®3). The data  elucidating the nature of the activated complex, which is
predicted that if the N-termini of p47N and Rac were both transient in both cells and cell-free systems.
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