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ABSTRACT: The aim of the present study was to investigate possible mechanisms that could be involved
in the deactivation of the assembled, catalytically active NADPH oxidase of phagocytic cells and thereby
lead to termination of @ production. Our major findings are the following: (1) Addition of GDP to

the active oxidase is able to reduce Oproduction both in the fully purified and in a semirecombinant
cell-free activation system. (2) p&?*inhibits GTP hydrolysis on Rac whereas p#7has no effect on

Rac GTPase activity. (3) Soluble regulatory proteins (GTPase activating protein, guanine nucleotide
dissociation inhibitor, and the Rac-binding domain of the target protein p21-activated kinase) inhibit
activation of the NADPH oxidase but have no effect on electron transfer via the assembled enzyme complex.
(4) Membrane-associated GTPase activating proteins (GAPS) have access also to the assembled, catalytically
active oxidase. Taken together, we propose that the GTP-bound active form of Rac is required for sustained
enzyme activity and that membrane-localized GAPs have a role in the deactivation of NADPH oxidase.

The superoxide- (& -) producing NADPH oxidase of in the intensity and duration of © production induced by

phagocytic cells is a central factor in the antimicrobial various stimuli.

defense of the organism. In resting phagocytes the enzyme In our previous papers we provided experimental support
is inactive, but it can be rapidly activated by various stimuli. for the involvement of Rac GTPase activating proteins (Rac-
Failure of G~ generation results in impaired killing of GAPs} in the regulation of the activation phase of the
microorganisms as in the case of chronic granulomatous NADPH oxidase and characterized Rac-GAP proteins local-
diseasel—3). On the other hand, production of toxic oxygen ized in the membrane and cytosol of neutrophil granulocytes
metabolites by neutrophil granulocytes was shown to con- (11—14). The aim of the present study was to investigate
tribute to tissue damage occurring in postischaemic statesthe fate of the assembled, catalytically active enzyme
or low-rate perfusion in critical organs such as brain and complex. We show that (1) GDP is able to inhibit electron
heart @, 5). Thus, tight regulation of both the site and transfer via the active oxidase and (2) membrane-localized
intensity of activation of phagocytic NADPH oxidase is a Rac-GAP(s) is (are) able to interact with the assembled
basic requirement for physiological functioning of mam- oxidase complex. We propose that membrane-associated

malian organisms. Rac-GAP(s) has (have) a significant role also in the
Activation of the NADPH oxidase involves translocation deactivation of the enzyme and in termination of O
of several subunits (pa™% p67" p40"°x and the small production, determining thus both the intensity and the

GTPase Rac) from the cytosol and assembly of the catalyti- duration of the oxidative burst.
cally active enzyme complex in the plasma (or phagosomal)
membrane of the phagocytic cell. The proteins minimally EXPERIMENTAL PROCEDURES

required for @~ production have been cloned, and their Materials. Recombinant p&7oand p6P"*were produced

molecular interactions as well as the kinetic properties of as GST fusion proteins iEscherichia coliand purified as

the activation have been analyzed in various cell-free systems : . Iy
(for review see ref$—10). However, information is still described in refl5. Cytochromebsss was purified and

lacking on the mechanisms of fine-tuning of O production relipidated as described in r&6. Prenylated Rac was isolated

which could provide an explanation for the wide differences from the membrane fraction & cells by extraction with
1% Chaps and purified as described in¥&fNonprenylated

Rac1, Rho guanine nucleotide inhibitory factor (Rho-GDI),
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the GAP domain of p50Rho-GAP (amino acids 1989), In the semirecombinant system membranes:¢» and
and the Rac-binding domain (RBD) of p21-activated kinase recombinant p47°* (0.5 «g) and recombinant p87* (0.5
(PAK) were produced in the form of GST fusion proteins ug) were preincubated for 90 min in the presence of 375
and purified as described in ref8. The E. coli clones UM PA, 250uM OAG, and 125%M cytochromec in a final
producing Racl, Rho-GDI, and p50Rho-GAP were a gener- volume of 120uL of PBS containing 1 mM MgGl The
ous gift of A. Hall, the clone producing RBD was obtained membrane fraction isolated from human PMN contained
from G. Bokoch, and the clones producing p®¥¥ and sufficient Rac, as addition of either prenylated or nonpre-
p67Phoxwere from F. Wientjes. Rac mutant A27K G30S was nylated Rac to the system did not influence the maximal
made using the Quickchange site-directed mutagenesis kitrate of Q*~ production. Nucleotides (GTP, G7B, GDP,
(Stratagene) according to the manufacturer’'s protocol, andUDP) or regulatory proteins were added in the indicated
the sequence was checked. Ficoll-Paque and nitrocelluloseconcentrations. Superoxide £O) production was initiated
were purchased from Pharmacia, glutathione, glutathione by the addition of 10QuM NADPH and followed for 10
agarose, ampicillin, components of the LB medium, BSA, min. The initial linear portion of the absorption curves
aprotinin, pepstatin, PMSF, phosphatidic acid (PA), 1-oleoyl- (lasting for 2-4 min) was used for calculation of the rate of
2-acetylglycerol (OAG), and ferricytochroneghorse heart, Oy~ production. Parallel samples were run in the presence
type VI) were from Sigma, IPTG was from Promega, of 100ug of superoxide dismutase (SOD). The absorption
NADPH, superoxide dismutase, G®, and GTP were from  coefficient of ferricytochrome of 21000 Mt cm™! was used
Boehringer Mannheim, andy{*?P]JGTP and S|GTP/S for calculation of the @~ production.
were from Izofe Intezet, Hungary. All other reagents were In the fully purified system 0.00%g of purified and
of the highest available quality. Incubations were carried out relipidated cytochromésssg was incubated with 0.xg of
in 137 mM NacCl, 2.7 mM KCI, 8.1 mM N&PQO,, and 1.5 p47hox 0.5, of p6P"% 0.12ug of GTP-loaded prenylated
mM KH,POy, pH 7.4 (PBS). Rac, 75uM OAG, 112.5uM PA, and 125uM cytochrome
Preparation of Neutrophils and Subcellular Fractions. cin a final volume of 12Q:L for 10 min. Superoxide (&)
Human neutrophil granulocytes were prepared from buffy production was initiated by the addition of 1081 NADPH
coats of healthy volunteers as described in 18f were and followed for 10 min. Nucleotides (GTP, G¥®, GDP,
suspended in PBS, and were treated with 1 mM diisopropyl UDP) or regulatory proteins were added in the indicated
fluorophosphate for 10 min at room temperature. After being concentrations.
washed in PBS, cells were suspended in PBS supplemented |n contrast to cell-free activation systems applying other
with 1 mM EGTA, 10ug/mL aprotinin, 2uM pepstatin, 10~ amphiphiles (e.g., arachidonic acid or SDS), in this system
uM leupeptin, and 0.1 mM phenylmethanesulfonyl fluoride. Oy~ production was independent of the applied concentra-
Cells were broken by ultrasonic treatment, and membranetion of PA and OAG in a broad range.
and cytosolic fractions were prepared on a discontinuous  For |oading of prenylated or nonprenylated Rac with
sucrose gradient as described in 26f _ guanine nucleotides, 1.8g of the small GTPase was
Measurement of the GTPase Ady of Rac.This was  incubated in a final volume of 2aL of PBS containing 4
performed by the nitrocellulose filter binding assay as mp EDTA and 20uM GTP or GTR/S for 10 min at 25C.

described in reR1. Loading of Racl (¥4 ug of E. colior  gypsequently, 20 mM Mgeivas added, and the protein was
SB cell protein) was performed with a high specific activity kept on ice 21).

of [y-*?P]GTP (5000 Ci/mmol) in the following solution:

. Measurement of Guanine Nucleotide Exchageubation
16 mM Tris-HCI, pH 7.5, 20 mM NaCl, 0.1 mM DTT, 5

. : i was carried out as described for measurement of superoxide
mM EDTA, and 100 nM {-**P]JGTP (5uCi) for 10 min at  yeneration in the cell-free system in the presence of 1.25
room temperature. Thereafter, MgCWas added to a uM [35S]GTPyS. After complete activation of the enzyme,

concentration of 20 mM in order to block further nucleotide GDP was added, and at the indicated time points the reaction

eXCh*’?‘”ga a”?' ,t.he solution was kept on ice. The GTPasenjyt re was filtered through nitrocellulose filters. Washing
reaction was initiated by addition of 3L of Rac loaded

4 of the filters was carried out as for measurement of GTPase
with [y-*2P]GTP to 27uL of a warmed (30°C) buffer

/T - activity. Radioactivity was measured in toluene/Triton
_contalnmg 16 mM Tr|s—l_-|CI, pH7.5,0.1 mM DTT, and the . intillation cocktail.
!nd;cgtedd protemsl. Bow?e_ Sil:ﬁm atlbumln (1 m,?/linl‘) vtvas Protein Determination.The protein content was deter-
Included as a carrier protein. Aliquots Oﬁfﬁ were laken a mined as described by Bradfor@3) with bovine serum
regular intervals and filtered through nitrocellulose filters ;
. . : .~ albumin as standard.

(0.45um pore size), followed by washing three times with Statistical AnalvsisDat ted cArSEM
2 mL of cold buffer consisting of 50 mM Tris-HCI and 5 atistical Analysisuala are presented as m
mM MgCl,, pH 7.7. The filters were dried, and radioactivity of the indicated number of determinationy.(
was measured by the Cerenkov effect in a Beckman LS RESULTS
5000TD liquid scintillation spectrometer. GAP activity is
presented as the decrease of protein-bound radioactivity in Effect of GDP on the Catalytically Act, Assembled
time. Oxidase ComplexXn previous studiesl1—13) we showed

Measurement of Superoxide Generation in the Cell-Free that Rac GTPase activating proteins (Rac-GAPs) effectively
SystemThe rate of superoxide generation was determined counteract the activation phase of the NADPH oxidase, but
as the superoxide dismutase-sensitive portion of ferricyto- the information available on their possible interaction with
chromec reduction measured at 550 nm in a Labsystems the assembled enzyme complex is scarce. In our earlier
IEMS microplate reader. A two-step activation system was experiments, using crude membrane and cytosol fractions
applied as described in reR. of porcine neutrophils, we could decrease oxidase activity
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Ficure 1: Effect of GDP on the activation and catalytic activity 0.0 -
of NADPH oxidase. Control represents the rate gf Qoroduction CONT. 0 5 10 20 30
obtained in the semirecombinant system in the presence @fMLO P f GDP in the incubati
GTP (A) or in the fully purified system with RacGTP (B). GDP resence o in the incubation

was added at a concentration of 2 mM either at the beginning of mixture (min)

the activation phase or after the completion of enzyme activation Ficure 2: Kinetics of the effect of GDP on £ production and

at 90 min (A) or 10 min (B){+). Where present, UDP was applied  [35S]GTP/S binding. Activation of the enzyme was achieved in

in a concentration of 2 mM. Mean and SEM of 10 measurements the presence of 10M GTP or 1.25uM [35S]GTP/'S in 90 min (in

are shown. the semirecombinant system, shown in part A) or with RacGTP/
RacP°S]GTPyS in 10 min (in the fully purified system, shown in

by adding GDP to the assembled enzyri&)( However, part B). GDP (2 mM) was added at the end of the activation phase,

the crude preparations contained several GTP-binding pro-agg,?fwf IPT:'\] Xgilgﬁte(% lde:flyzt? prodt)Jction hélls l:;%en ti)rjit(i]l:;\teol by

. : : addition o ack columns) or nucleotide binding was
teins SO that the Slt.e of action of (.BDP could not be determined by filtration (empty columns). Mean and SEM of five
unequ_ocally_determmed. Therefore, in the present study (O~ production) or four @SJGTP/S exchange) measurements
we first investigated whether replacement of GTP by GDP are shown.

has any effect on the catalytically active oxidase complex

in more purified versions of the in vitro activation system. min in the two versions of the cell-free activation system.
In the experiments summarized in Figure 1, complete After 30 min in both systems approximately 35% of the
activation of the enzyme was achieved in the semirecom- control value was detectable. Similar results were obtained
binant and in the fully purified systems in 90 and 10 min, when GTP or GTPS was used for activation of the enzyme.
respectively (data not shown). Thereafter, GDP was addedAs control, we applied UDP or GTP, but none of these
simultaneously with NADPH. In the semirecombinant system nucleotides had an inhibitory effect.

(Figure 1A) GDP significantly reduced,©O production also In parallel experiments activation of the enzyme was
when it was added after the completion of the activation carried out in the presence 6f$]|GTP/S, and decrease of
phase. In contrast to our findings in the semirecombinant protein-bound radioactivity was followed after addition of
and crude activation systems, GDP added together with GDP (Figure 2, empty columns). Good correlation was found
NADPH had only weak effect on £ production in the between decline of enzyme activity and nucleotide exchange
fully purified system (Figure 1B). in both types of the cell-free system.

As our membrane preparation contains Rac exchange Thus, independently of the type of the cell-free system
factor activity (P. Moskwa and E. Ligeti, unpublished applied, replacement of the activating guanine nucleotide by
observation), the difference between the crude and semire-GDP was able to reduce electron transfer via the catalytically
combinant versus the fully recombinant system may be dueactive enzyme complex. This finding indicates that, in
to different kinetics of GDP exchange. Therefore, in the next addition to its role in the activation phase, the participation
experiment we followed the effect of GDP in time by varying of the active, GTP-bound form of Rac in the complex is
the interval between addition of GDP and initiation of O required also for sustained enzyme activity.
production by NADPH. As shown in Figure 2 (black Effect of the Oxidase Subunits on the GTPaseuiygtof
columns), in the semirecombinant system a reduction of Rac.In living cells the concentration of GTP exceeds that
Oz~ production to 60% of the control value was achieved of GDP; thus nucleotide exchange brings G-proteins in their
at the first measurable time point (Figure 2A) whereas in active form. However, acceleration of GTP hydrolysis can
the fully recombinant system only after 10 min (Figure 2B). rapidly transform the active form of the GTP-binding protein
The time required for 50% inhibition was5 min and>20 into its inactive form. In the case of several heterotrimeric
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—e—Rac —#—p67 A Table 1: Effect of Soluble Oxidase Subunits on the GTP Hydrolytic
Activity of Various Small GTPases of the Rho Subfarfily
120
= half-life of protein-bound
% 100 interacting proteins [y-3%P]GTP (min)
5 & Rac 6.5+ 0.41
& 60 +p4Phox 6.5+ 0.35
o 40 +p67Phox 17.04+1.19
£ +pa7Phox 4 pghox 17.54 1.42
2 20 +p4Phox+ PAIOAG 7.25+ 0.26
04 . . . Rho 17.5+0.34
+p67Phox 18.04+ 0.51
0 5 10 15 Cdca2 4.08+ 0.08
Time (min) +p67Phox 4.23+0.04
Rac A27K+ G30S 6.0+ 0.66
—e—Rac —=-PAK B +p67Phox 45+0.26
120

aHalf-life of protein-bound §-3?P]JGTP is expressed in minutes.
Interaction of the small GTPase (Quj) with 1.4ug of p4®"* and/or
2.0ug of p6P*was followed for 15 min as described in Experimental
Procedures. Where indicated, 3™ PA and 250uM OAG were
applied. Mean and SEM of four to six measurements are shown.

100
80 4
60 -

401 with p67"°*have been replaced by the corresponding amino

acids of Cdc42. p@7° had no inhibitory effect on the
hydrolysis rate of this mutant (Table 1).

Thus, the soluble subunit p&7* of the oxidase complex
has the tendency to prolong the prevalence of Rac in the
active, GTP-bound form, sustaining thereby continuous
electron transfer.

Effect of Rac-Interacting Proteins on the Adgty of the

Bound **P-GTP (%)

20 -

0 T T ]
0 5 10 15
Incubation time (min)
Ficure 3: Effect of p6P" (A) and the Rac-binding domain of
PAK (B) on GTPase activity of Rac. Decrease of protein-bound

[y-32P]GTP in time is shown in (A) in the presence of @d of
prenylated Rac only®) or Rac plus 2.Q:g of p67hox (M) and in Assembled Oxidaskn these experiments we tested the ability

(B) in the presence of Rac onl@j or Rac plus 0.6:g of PAK- of various Rac-interacting proteins to influencg Oproduc-
RBD rg.)' Mean and SEM of six (A) or three (B) measurements ., by the activated oxidase complex. p50Rho-GAP is the
are shown. dominant protein with Rac-GAP activity present both in the
membrane and in cytosolic fractions of human PMIS)(
Rho-GDI was shown to be present in the cytosol and to bind
tightly to Rac @9). In addition to these regulatory proteins
we investigated the Rac-binding domain (RBD) of the target
assembled in the oxidase complex could present a mechanisnR0tein PAK which has been shown to interfere with the
leading to termination of @ production. activation Qf the o>_<|dase30): In Flgure 4 the effect of the .
Following thi tional . tigated the effect of three Rac-interacting proteins is compared under two dif-
Ioblowm% IS Ta |onaetwe |ré\;/_|e_lsj Igate . 'te ef Fe;: OA ferent conditions: added at the beginning of the preincuba-
Soluble oxidase components on ase acltivity of Rac. Ay, , phase or to the activated oxidase, simultaneously with
shown in Figure 3A, addition of p8™* clearly inhibited NADPH. The GAP domain of p50Rho-GAP, Rho-GDI, and
Eygrollys[s of radplabeledé;fTP bySR?c: fge hglf—tllme of tGTF: PAK-RBD intensively inhibited enzyme activation when they
ﬁd'rt(') yS|sf Wzghol?tcreélseh ;om ; hc')b't m'?f' ? cog trﬁs’ were present in the preincubation phase, indicating that
addition of p 0 Rac had no Inhibitory €trect, and e - ) e proteins had free access both to soluble (in the fully
presence of PA and OAG in similar concentrations as used recombinant system) and to membrane bound (in the
fodr dg;_)(lda.s;e j;ht(')\xlat'gn g;]doxﬁo deti;]fect elthe;.f Stlmultar;reous semirecombinant system) Rac. In contrast, none of the three
addition orp andp adthe same eflect as pe . roteins had any significant effect on’O production when
alone (Table 1.). These data are in accordance with previou hey were added at the end of the activation phase, i.e., when
. . . . . 0X 0X 1 . "
f'”d"?gs |nd|_cat|ng th_at only p67 _and not p4#" was a the oxidase complex has been assembled. Prolongation of
Rac-interacting proteir2g, 27). Identical data were obtained the interval between addition of regulatory proteins and
when prenylated or nonprenylated Rac was tested (data Nol ADPH up to 30 min had no influence onO production
shown). ] ) S at all. Identical results were obtained in all tested forms of
GTP hydrolysis by Rac was shown earlier to be inhibited the cell-free system. Apparently, in the assembled complex
by the Rac target protein p21-activated kinase (PAR)(  Rac is in an embedded position so that Rac-interacting
Therefore, we compared the inhibitory effect of B87to  proteins have no longer access to the small GTPase. A similar
that of the Rac-binding domain (RBD) of PAK. According  conclusion has been reached earlier using p190Rho-GAP and
to the data of Flgure 3, the |nh|b|t0ry action of the two a crude form of the in vitro activation Systeralbl
proteins was comparable. The membrane fraction of human PMNSs contains several
The inhibitory effect of p67°* was specific for Rac as  Rac-GAP proteins which counteract the activation of the
no change in the hydrolysis rate could be observed eitheroxidase 13). Next we investigated whether this membrane-
with Rho or with Cdc42 (Table 1). In the Rac mutant A27K  associated Rac-GAP activity can be involved in the termina-
+ G30S two critical amino acids of the domain interacting tion of O~ production by the assembled oxidase. We made
g p y

G-proteins interaction with the target protein induces drastic
increase in the rate of GTP hydrolysis, promoting thereby
the termination of the biological process regulated by the
G-protein @4, 25). Acceleration of GTP hydrolysis by Rac
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Ficure 4: Effect of Rac-interacting proteins on the activation and ) o
catalytic activity of NADPH oxidase. Activation has been carried FIGURE 5: Effect of membrane-localized GAPs on the activation
out in the semirecombinant system in the presence pfM@GTP and catalytic function of NADPH oxidase. Activation of the enzyme
(A) or in the fully purified system with RacGTP (B). The GAP  Was carried out in the presence of 1,28 GTPyS (empty column)
domain of pSORho-GAP (1@g), Rho-GDI (10ug), and PAK- or 10uM GTP (all other columns) in the semirecombinant system
RBD (10 4g) has been added at the beginning of the activation (A) or with RacGTP in the fully purified system (B). NaF (30 mM)

phase or to the activated enzyme’)( Mean and SEM of six was added either at the beginning of the activation phase or after
measurements are shown. completion of the activation of the enzyme*). Mean and SEM

of three measurements are shown.

use of the previously characterized inhibitory action of system Rac is the only GTP-binding protein; the effect of
fluoride ions on various Rac-GAP proteinsl( 14). The  Gpp clearly represents the exchange of previously bound
effect of GAP is indicated by the difference in7O  GTp or GTR'S for GDP added in excess. In the presence
production achieved in the presence of GBPor GTP ot memprane (in the crude and semirecombinant systems)
(Figure 5A). In the experiment presented in Figure 5, We Gpp has an initial rapid effect. An obvious explanation is
compared the action of fluoride on the activation phase with ,4vided by accelerated nucleotide exchange due to exchange
its effect on the active oxidase complex by adding fluoride factor(s) associated to the membrane fraction. The possibility
either at the beginning or at the end of the activation phase. y¢ any additional effect of GDP on other GTP-binding
In the semirecombinant system fluoride clearly augmented protein(s) present in the membrane fraction has to be
O~ production also when it was added at the end of the investigated in future experiments.

activation phase (Figure 5A). Whereas GTP alone was able  The ghservation that GDP is able to terminate the catalytic
to evoke only approximately 35% of the maximal rate of 4ctivity of the NADPH oxidase indicates that Rac in its
O production, addition of fluoride together with NADPH  5¢ive, GTP-bound form is definitely required for sustained
nearly doubled this value. When fluoride was present from enzyme activity. In recent studies it has been suggested that
the beginning of the activation phase, approximately 85% pghox py jtself is able to bring about the critical confor-

of the maximal rate could be achieved. A similar result was yational change on the cytochrorbgg and to initiate the
obtained in the crude system, too (data not shown). However,gjactron flow through the membrane compone32-34).

in the fully recombinant system, which contained no Rac- RacGTP and p&Tex serve as important adaptor proteins,

GAP activity, fluoride was without any effect (Figure 5B).  increasing the affinity of soluble subunits for the membrane
This observation substantiates that under our expenmentalcomponem and allowing their correct positioning in the

conditions the membrane-associated GAP activity was thecomplex 80, 33, 35). The affinity of RacGTP for p&ox

target of the fluoride action. largely exceeds that of RacGDP§( 27). Thus, hydrolysis
Thus, in contrast to the externally added regulatory of GTP on Rac results in a significant decrease of the affinity
proteins, membrane-associated GAP(s) was (were) able toyf the small GTPase for p8P< The loosening of the
interact also with the assembled oxidase complex and therebyineraction between these two proteins could slightly alter
decrease the catallytlc. activity of NADPH oxidase and e position of p6#°¢ moving it to a position less favorable
accelerate the termination of,O production. for electron transfer. Recent experiments showed that certain
chimera proteins in which various fragments of the soluble
DISCUSSION subunits (Rac and p8P* or p67" and p4P"™) are
The results presented in Figures 1 and 2 clearly indicate covalently linked are able to increase both the rate §f O
that GDP is able to inhibit electron transfer via the assembled, production and the lifetime of the active enzyn$,(37).
catalytically active oxidase complex. As in the fully purified These findings support the view that stabilizing or destabiliz-
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ing the interaction between the individual subunits represents Taken together, we propose that participation of RacGTP

a decisive factor in positioning the activation domain of in the NADPH oxidase complex is required for sustained

p67™°xand thus in determination of the rate of electron flow enzymatic activity and membrane-localized GAP(s) could

through the complex. be regarded as attached regulatory proteins of the oxidase
Our data indicate that GTP hydrolysis by Rac is differ- which reduce both the intensity and the duration of O

entially regulated during the activation phase and in the production.

assembled oxidase. In previous experiments we demonstrated

that during the activation phase RacGTP was equally ACKNOWLEDGMENT

accessible for soluble and membrane-localized GAPs, and The authors thank Professor Linda McPhail for help with

some experiments indicated that the two effects could be he in vitro activation system, Gergely Mkrgar help with

additive (3). In contrast, in the assembled oxidase RacGTP yrotein purification and preparation of the manuscript, and
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