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ABSTRACT. Activation of the superoxide ()-generating NADPH oxidase of phagocytes is the consequence

of the assembly of a membrane-associated flavocytochimggevith the cytosolic proteins p£™* and
p67xand the small GTPase Rac (1 or 2). We proposed that Racl serves as a membrane-targeting molecule
for p67"°x This hypothesis was tested by constructing recombinant chimeric proteins, joining various
functional domains of p@¥7°*and Rac1, and expressing thes&atherichia coli Chimeras were assayed

for the ability to support @ production by phagocyte membranes in an amphiphile-activated cell-free
system in the presence or absence ofPpA7A chimera consisting of p&7* truncated at residue 212

and fused to a full-length Racl [p8P(1—212)-Rac1(}192)] was a potent NADPH oxidase activator.

A p67ho(1—-212)-Rac1(178-192) chimera, to which Racl contributed only the C-terminal polybasic
domain, was a weaker but consistent activator. Chimeras comprising the full length of Racl bound GTP/
GDP, like bona fide GTPases. The activity of p&7-Racl chimeras was dependent on the presence of

the tetratricopeptide repeat and activation domains, in thé"gf6&egment, and on an intact polybasic
region, at the C terminus of the Racl segment, but not on the insert region of Racl. Partial activation by
chimeras, in the GTP-bound form, was also possible in the absence BPp&Xidence is offered in
support of the proposal that the GTP- and GDP-bound forms of chimeFa°|{&7212)-Rac1(1+-192)

have distinct conformations, corresponding to the presence and absence of intrachimeric bonds, respectively.

Phagocytic cells utilize oxygen-derived radicals as major addition of an anionic amphiphile to a mixture of phagocyte
microbicidal agents. Appropriate triggering of membrane re- membranes and the cytosolic componentsPis47p67P"ox
ceptors is transmitted to an enzyme complex, known as theand Rac 4, 5).

NADPH oxidase (referred to here as “oxidase”), responsible  The identity of the cytosolic component(s) responsible for
for the generation of the primordial oxygen radical, superox- the induction of a conformational change in gp9tis

ide (O;")" (reviewed in refsl and2). The oxidase is com-  unknown. There is firm proof for the interaction of pA%
posed of a membrane-attached heterodimeric flavocyto-with p22hox and indirect evidence for its interaction with
chrome (cytochromebssg), consisting of two subunits, gp9Phox but these interactions are insufficient for the

gp9P* and p22"% and four cytosolic proteins, p&P% induction of Q™ production in vitro. Supplementation of the
p67"% p4®hox and the small GTPase Rac (1 or 2). All of  system with p6#* will still not lead to oxidase activation,
the redox stations of the oxidase are located on gp%dnd, which requires the presence of Rac, too.

in Ehe resting state, are not engaged in electron transport. A ey approach to solving this issue is offered by the
O;" production is, most likely, the result of a conformational - finging that oxidase activation can be elicited in a cell-free
change in gp91® consequent to the translocation of cyto-  gystem consisting of membranes or purified cytochrogse
solic components to the membrane environment, and thehigh concentrations of p8P* and Rac, and amphiphile in
interaction of one or more components with cytochrdmgig the absence of p&P*(6, 7). This suggests that p&P*might

a process termed oxidase assembly (reviewed iB)réDx- be the protein directly responsible for the induction of a
idase assembly can be induced in a cell-free system by the,oniormational change in gp9 a proposal supported by
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98, and the Germarlsraeli Foundation Grant 1-017-207.02/96. to Cytochromeb559 (10) The emerging model is that of
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p21-activated kinase; PBD, the RaCDC42Hs binding domain of The design of the experiments described in this paper rests

mPAK (residues 65137). principally on two groups of findings. The first relates to
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the fact that cell-free oxidase activation can be achieved with
p67®"°truncated at residues 2482 or 210 8). The segment
consisting of residues-1210 includes the tetratricopeptide
repeat (TPR) domain, found to be involved in binding of
p67"x to Rac (L13—15), and the activation domairg( 9).

The second relates to the paramount role of the C-terminal
polybasic region of Racl in its binding to the plasma
membrane 16—19). The present paper describes the con-
struction of chimeric molecules, joining together various
functionally important segments of g and Rac1. Several
chimeras were found capable of substituting for the combi-
nation of individual p67"* and Rac1 in inducing NADPH-
dependent @ production by phagocyte membranes in vitro.

EXPERIMENTAL PROCEDURES

Preparation of Phagocyte Membrane Vesiciembranes

were prepared from guinea pig peritoneal macrophages by

a modification of an earlier proceduré)( This modification
consisted of resuspending the membrame$ M KCI and
resedimenting the KCl-washed membranes at 17§ 000
2 h at 4°C (see the Discussion for the rationale behind this
step). The membranes were solubilized by 40 midctyl-

p-b-glucopyranoside, and membrane vesicles were generated

by the removal of detergent by dialysis, as described before
(20).
Preparation of Recombinant Proteins ?"°* and p6 P

were prepared in baculovirus-infected Sf9 cells, as described

(22). Nonprenylated Racl and pB%, truncated at residue
212 (p6P"9(1—212)), were produced iEscherichia colias
described 11, 21). The Rae-CDC42Hs binding domain
(designated PBD) of mouse p21l-activated kinase (MPAK;
residues 65137; 22) was expressed irE. coli as a
glutathione Stransferase fusion protein and purified by
affinity chromatography on glutathior@garose (Sigma),
followed by cleavage by thrombir28). Rac1A[123—133]
was produced irkE. coli, as described2d).

Generation of Chimeric Constructs and Protei@even
chimeric constructs were generated, joining residue®1P
of p67"°X or parts of it, with a full-length Racl (residues
1-192), or parts of it. One chimera consisted of residues
1-212 of p6P" and a full-length CDC42Hs (residues
1-191). All of the chimeras are listed in Figure 1. The

Alloul et al.

CHIMERA 1 (24,811)
p67P"~ Rac1
-------------------- (212)C] <> N(189)--(192)C|

CHIMERA 2 (26,129)
p67°"* Rac1
.................... (212)C] < [N(178)---(192)C]

CHIMERA 3 (45,800)

p67Phox Rac1
) —— (212)C| & N(1)--mc-mmmmommeee (192)C|
CHIMERA 4 (45,609)

p67Px CDC42Hs
e — TP O R L — {(191)C|
CHIMERA 5§ (44,142)

P67~ Rac1
[ ——— {212)C] < [N(1)-----rormemmememe (178)C]
CHIMERA 6 (28,056)

p67°P Rac1
IN(155)----—---- PP o R ) e — {(192)C|
CHIMERA 7 (22,833)
p67Phox Rac1

IN(199)----(212)C] < N(1)--=-smsmsmrmnonmev (192)C
CHIMERA 8 (44,458)

p67° Rac1

.................... (212)C) &> N(1)--A[123-133]-(192)C]

FiGURE1: Schematic representation of p&F—Racl and p6To—
CDC42Hs chimeras. The numbers in brackets, following the
chimera number, are the theoretibélvalues. Within the rectangles
are indicated the residue numbers in the native sequencesrPp67
Racl, or CDC42Hs, representing the N- and C-terminal limits of
the segments forming the chimeras.

2T (Amersham Pharmacia Biotech, Piscataway, NJ) that was
cut with the same enzymes. The pGEX-2T constructs were
then transformed ian E. coliDH5a strain (Life Technolo-
gies, Grand lIsland, NY). The chimeric proteins were
expressed as glutathior&transferase fusion proteins and
purified from IPTG-inducedE. coli DH5a cells, using
gluthatione-agarose, and release by thrombin cleavage (
Cell-Free NADPH Oxidase Assa@xidase activation was
assayed in a cell-free system consisting of macrophage
membrane vesicles and recombinant cytosolic components,
with lithium dodecyl sulfate (LIDS) serving as the anionic
amphiphilic activator, as described4). Briefly, the basic

chimeric constructs were generated by polymerase chainsystem contained membranes (equivalent to 5 nM cyto-

reaction (PCR), combining DNA fragments from p&7with
DNA fragments from Racl or CDC42Hs. The following
cDNA clones were used as templates: pGEX-pb Pox
(1—212) 1), pGEX-2T-Racl @4), pGEX-2T-Racl A-
[123—133] (24), and pGEX-2FCDC42Hs. The cDNAs of
chimeras 2-8 were generated by overlapping PCR, using

chromebssg heme), p4#°% p6Phox (or p6P"(1—-212)), and
Racl, exchanged to guanosiné3850-(thio)triphosphate
(GTPyS), at various concentrations. LiDS was present at a
concentration of 13@M, and incubation was performed in
96-well microplates, in a total volume of 200 of assay
buffer per well @4), for 90 s at 25°C before the addition of

internal sense and antisense primers (encoding identical Rac240 uM NADPH to initiate Q°~ production. This was
(or CDC42Hs, for chimera 4) sequences) and external sensequantified by the kinetics of cytochrome reduction, as

and antisense primers (binding to the extremes of the two
initial p67°"°* and Racl (or CDC42Hs) fragments and
containing restriction sites faanH| and EcoRI enzymes,
respectively). The chimera 1 cDNA was generated by one-

described 24). The specificity of cytochrome reduction
was ascertained by its prevention by superoxide dismutase.
Chimeras were assayed for the ability to support oxidase
activation by addition to a mixture of membranes (equivalent

step PCR using an antisense primer which already includedto 5 nM cytochromebssg heme) and p47°* (300 nM) and,

the Racl fragment to be combined with the f¥§7#ragment.

in another series of experiments, to membranes only (in the

Both the sense and antisense primers contained restrictiorabsence of p#7°. The cell-free oxidase assay was also

sites for BanHI and EcoRl, respectively. The resulting
chimeric DNAs were digested witlBanH| and EcadRl

enzymes and ligated to the bacterial expression vector pGEX-

utilized for assessing the functional integrity of the compo-
nent parts of the chimeras, by an “oxidase-activity recon-
stitution assay” 11). Thus, the competence of the p&H1—
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212) segment was assayed by its ability to support cell-free the detection of the p6™* portion in the chimera, we used
O, production when chimera (600 nM) was supplemented a goat polyclonal anti-p&7 antiserum. For the detection
with a membrane (equivalent to 5 nM cytochrolag heme), of the Racl portion in the chimeras, we used an affinity-
p4PhoX and Ract:GTPyS (the latter two components were  purified rabbit polyclonal anti-Racl antibody, raised against
at 300 nM); the competence of the Racl segment wasa peptide corresponding to residues 47181 of Racl (Santa
assayed by its ability to support cell-free; Oproduction Cruz Biotechnology, Santa Cruz, CA).

when chimera (600 nM) was supplemented with a membrane Binding of Chimeras to Membran&his was measured
(equivalent to 5 nM cytochrombssg heme), p47#°% and by gel filtration, as recently describetll). Briefly, chimeras
p677ho{1—212) (the latter two components were at 300 nM). were subjected to nucleotide exchange to mant-GTP, as
Kinetic parametersMnax and EGo) were determined using  described previously, and aliquots of 1500 pmol were mixed
the GraphPad Prism, version 3.0, program (GraphPadwith membrane vesicles (250 pmol equivalent of cytochrome

Software). bsso heme) in a volume of 0.6 mL. The mixture was injected
Nucleotide Exchangéracl and chimeras were subjected in a Superose 12 HR 10/30 FPLC gel filtration column
to nucleotide exchange to G¥B or guanosine'®-O-(thio)- (Amersham Pharmacia Biotech), and chromatography was

diphosphate (GDFS; both from Roche Molecular Bio- performed as described previously for the Superdex 75
chemicals, Mannheim, Germany) for use in oxidase- column except for the fact that the membramwhimera
activation assays. Some preparations were subject to mockmnixture was chromatographed once in the absence and once
exchange, performed in the absence of added nucleotidein the presence of the ampbhiphilic activator, LiDS (130),
Chimeras were also exchanged to the fluorescent GTPadded to the column buffer. Fluorescence was recorded
analogue 2 or 3-O-(N-methylanthraniloyl)guanosine’-5 continuously, as described previously, and the amounts of
triphosphate (mant-GTP) or the hydrolysis-resistant GTP free and membrane-bound chimera were calculated by the
analogue, 2 or 3-O-(N-methylanthraniloyl)3:y-imidogua- integration of the fluorescent signal of the free chimera and
nosine 5triphosphate (mant-GMPPNP; Molecular Probes, that associated with the membrane vesicles eluting in the
Eugene, OR). All of the exchange reactions were performed excluded volume of the column.

at a free M@+ concentration of 0.&M, as described1(1). Synthetic Racl Peptidé peptide corresponding to the
GTP/chimera protein stoichiometries were determined on C-terminal polybasic segment of Racl (residues-117/#2)
preparations of chimera exchanged to mant-GMPPNP andwas synthesized by Mimotopes Ltd. (Melbourne, Australia)
freed of unbound nucleotide by gel filtration, using an at a purity of 92%. The peptide was dissolved in 75%
extinction coefficient €zso nm) 0f 5700 Mt cm™! for the mant dimethyl sulfoxide/25% water (v/v) at a concentration of 1.5
moiety (25). The protein content was determined by the mM and further diluted in oxidase-assay bufféd) to the
method of BradfordZ6). The ability of chimera 3 to bind  desired final concentration.

mant-GMPPNP was first tested in pilot experiments, at a

free M@’ concentration of 0.aM, by measuring the kinetics RESULTS

of increase in fluorescence (excitatien361 nm; emission Properties of Chimerasseven chimeric proteins consisting
= 440 nm) in a spectrofluorometer (model FP-750; Jasco, of parts of p67"°*and Racl were constructed; one chimera
Easton, MD), fitted with a magnetically stirred cefi7). consisted of part of p&7™*and the small GTPase CDC42Hs

Gel Filtration. Chimera p67*(1—212)-Rac1(1-192), (Figure 1). The rationale behind the design of the chimeras
exchanged to GTFS or mant-GMPPNP, was subjected to was to include in or exclude from the fused-proteins domains,
gel filtration on a Superdex 75 HR 10/30 fast protein liquid belonging to p6#°*or Rac1, found in the past to participate
chromatography (FPLC) column (Amersham Pharmacia in one of the following functions: activation of the oxidase,
Biotech). The column was eluted with a buffer consisting interaction with cytochrombssg, interaction between p8P*
of 65 mM sodium potassium phosphate (pH 7.0), 2 mM and Racl, or binding to the plasma membrane. All of the
NaNs, 1 mM ethylene glycol bis(2-aminoethyl ether)- proteins were expressed B coli, an organism in which
N,N,N',N'-tetraacetic acid, 1 mM Mggland 1uM flavin post-translational modification of small GTPases does not
adenine dinucleotide. Chromatography was performed on antake place. This means that the chimeras, whether containing
HPLC system (Waters Corp., Milford, MA), at a flow rate the C terminus of Racl or CDC42Hs, were not prenylated.
of 0.2 mL/min at 4°C, and absorbance at 280 nm was  All of the chimeras, with the exception of nos. 6 and 7,
measured continuously by a diode array detector (MD-1510; contained p67°* residues +212 as their N-terminal half.
Jasco). When the chimera was labeled with mant-GMPPNP, This region comprises the entire TPR domain (residues
the fluorescent signal (excitatien 361 nm; emissior 440 1-154) as well as the activation domain (residues-199
nm) was also recorded continuously, by passing the column210) but is lacking the N-terminal proline-rich domain and
eluate through a spectrofluorometer (FP-750; Jasco) fitted both of the src homology 3 (SH3) domains. To the C end of
with an HPLC flow cell (MFC-132; Jasco). Forty 0.6 mL  p67"h°(1—212) were fused the C-terminal residues 489
fractions were collected, and the chimera-containing fractions 192 of Racl, representing the signal motif for geranylgera-
were identified by their ability to support cell-free oxidase nylation 29), (inactive inE. coli; chimera 1); the C-terminal
activation, as described above. The column was standardizedesidues 178192 of Racl, comprising the six-residue
with molecular mass markers (range 6 5@® 000; Sigma, polybasic motif (chimera 2); a full-length Racl (chimera 3);
St. Louis, MO). a full-length CDC42Hs (chimera 4); a Racl, truncated at

Polyacrylamide Gel Electrophoresis (PAGE) and Immu- residue 178, which removes both the polybasic and prenyl-
noblotting. The chimeric proteins were analyzed by SBS  ation motifs (chimera 5); and a full-length Racl containing
PAGE and immunoblotting28). The gels were stained with  a deletion of the insert region (residues +2A33), which
GELCODE blue stain reagent (Pierce, Rockford, IL). For was proposed to be involved in oxidase activation possibly
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™ . activation, with aVpax of 12.004 0.54 mol of @~ s* (mol
h‘,{? Chimera No. of cytochromebssg heme)! and an EG, of 79.95+ 16.49

s"*\ nM chimera (mean values SEM of three experiments).

N Chimera 3, which comprised a full-length segment of
§ 1 2 3 4 5 6 7 8 Rac1l, was potentially capable of GTP/GDP exchange, and
66 its ability to support cell-free oxidase activation was inves-
45 tigated following its exchange to G} or GDFBS. As is
36 : e W o gt apparent in Figure 3B and Table 1, chimera 3, in the &3P

bound form, was a potent oxidase activator, witkiay of

29 o

P _ 71.27 £ 2.16 mol of Q~ s (mol of cytochromebsse
24.‘ g- heme)?! and an EG, of 216.1+ 20.2 nM chimera (mean
2049

values+ SEM of three experiments). This approached the
Ficure 2: SDS-PAGE analysis of chimeras. Amounts<2 Q)

&
g
¢

activity of a combination of equimolar amounts of p&*
of chimeric or parent proteins were loaded on the gels (12.7% (1~212) and RactGTPyS, which exhibited a simila¥Vmax
acrylamide). The first lane contained the molecular weight markers, of 69.17 4 1.62 mol of Q= s* (mol of cytochromebsso
with M, x 1073 indicated to the left of the lane (SBAGE heme)? but a fourfold lower EG, (50.274 6.48 nM p6P"ox
standards, 14 06670 000; Dalton Mark VII-L; Sigma). (1-212)+ Racl; mean values SEM of three experiments).

) ) ) _ L These results represent mere approximations, because the
by direct interaction with cytochrorigse (30—32; chimera  gose/response curves of the chimeras did not reach a proper
8). Two chlmeras con;amed smaller segments OPW— plateau, even at a concentration of 1000 nM.
212)hoat their N terminus. Thus, chimera 6 consisted of * | js assumed that the reason for the superior activity of
p67"*(155-212), lacking the TPR domain (residuesIbd4), Raci-GTP)S in the cell-free system is that high affinity
but with an intact activation domain and an additional binding to p6P"* requires Racl to be in the GFB-bound
segment, C terminal to the missing TPR domain, fused 1o aorm (13). Because, in chimera 3, the two interacting proteins
full-length Racl. Chlmerg 7 consisted of the actl_vat|on are fused, this requirement might no longer apply. We found,
domain of p67">*only (residues 199212), the C terminus  jheed, that chimera 3 was also active in the Bound
of which was f_USGd to a full-length Racl. and mock-exchanged forms (Figure 3B) and even in native

All of the chimeras were analyzed by SBBAGE, asa  form (results not shown). At high concentrations of chimera,
check of purity and propeM.. As seen in Figure 2, the there was little difference in the activity among these
chimeras were of sizes corresponding closely to theoretical preparations and the GFB-bound form, but the latter form
predictions (listed in Figure 1). Chimeras 1, 2, 4, and 6 were was clearly more active at low concentrations. The reason
contaminated with what appears to be a degradation productqr this difference was investigated further.

of close to 24 kDa in size; preparations of chimera 6 |n the absence of amphiphile, neither chimera 2 nor 3 was
contained an additional contaminant of less than 24 kDa. gctive.

Varying the conditions of thrombin cleavage had no effect  Actiyation of Oxidase by Chimera 3 in the Absence of
on the level of contaminants. All of the chimeras, with the pg7hox pgPhox and Racl, when present in micromolar
exception of no. 7, were recognized on an immunoblot by a concentrations, can support cell-free oxidase activation in
polyclonal anti-p67'°* antibody and, with the exception of the absence of pAP* (6, 7). p4P"x (and amphiphile)-
nos. 4 and 5, by an anti-Racl (residues-1I81) antibody  independent oxidase activation is also induced by prenylated
(results not shown). Racl (L1). We, consequently, examined the ability of chimera
Chimeras were also tested for the ability of the {167 3 to activate the oxidase in the absence offp&7Chimera
and Racl segments to function independently of their fusion 3, in the GTR'S-bound form, was indeed capable of
partners by an oxidase-activity reconstitution assay, per-supporting amphiphile-dependens Qproduction by mem-
formed as described under the Experimental Procedurespranes in the absence of p4% (Figure 3C). In fact, the
section. Thus, all of the chimeras, with the exception of nos. activity of chimera 3, in the absence of 4% exceeded
6 and 7, were found to contain a functionally competent that of a combination of equimolar amounts of pPBY{1—
p671°x segment, as shown by the ability to suppost O  212) and RactGTPyS in the absence of paPx A feature
production when combined with a membrane, 1147 and characteristic of the p#P*independent activation by chi-
Ract-GTPyS (Table 1; column 3). Chimeras 3 and-& mera 3 was that the G/S-bound form was the only one
contained a functional Rac1 segment, as shown by the abilityactive; chimera 3 exchanged or mock exchanged to P
to support @~ production when combined with a membrane, had much lower activities. The dose/response curves of
p47" and p6¥"* chimeras 1, 2, 4, and 5 (containing chimera 3-GTRS, in the absence of p#P% were nonhy-
CDC42Hs) exhibited no Racl-associated activity (Table 1; perbolic and made accurate kinetic analysis impossible.
column 4). Molecular Characteristics of Chimera 3Ve first con-
Activation of NADPH Oxidase by Chimeras-3. First, firmed the ability of chimera 3 to bind GTP by employing
we tested the first three chimeras for the ability to support the fluorescent GTP analogue, mant-GMPPNP. Figure 4A
amphiphile-dependent oxidase activation in a cell-free systemshows that chimera 3 binds mant-GMPPNP in a manner
consisting of a membrane and p%F and lacking p67o* indistinguishable from Rac1l. Identical results were obtained
and Racl. Chimeras 1 and 2 were tested in native form onlywhen uptake of mant-GDP by chimera 3 was assessed
because the Racl segment of these does not include the GTRfesults not shown). The stoichiometries of mant-GMPPNP/
GDP binding sites. As seen in Figure 3A and Table 1, chimera 3 and mant-GDP/chimera 3, determined on prepara-
chimera 2 was capable of moderate, dose-dependent, oxidastons freed of unbound mant nucleotides by gel filtration on
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Table 1: Activation of NADPH Oxidase by p8P—Racl and p67>—CDC42Hs Chimerds

NADPH oxidase activity
[mol of O,~ s~ (mol of cytochromedssg heme) 1]

activity of complete chimera activity
chimera no. composition + p47ehox w/o p4Phox p67Phoxsegment Racl segment

1 p6P9(1—212)-Racl(189-192) 4.99+ 0.47 3.09+0.13 83.03+ 4.04 8.44+ 0.75
2 p6Pho{1—-212)-Racl(178-192) 10.99+ 0.39 6.04+ 0.30 85.90+ 3.57 21.72+ 3.62
3 p6PhY(1—-212)-Racl(+192) 54.68t 1.47 35.76+ 0.96 84.06+ 3.68 79.89%+ 7.14
4 p6PhY(1—-212)-CDC42Hs(+191) 4.38+ 0.07 2.104+ 0.05 70.67+ 4.34 5.514+ 0.92
5 p6Pho(1-212)-Racl(1-178) 4,274+ 0.39 2.06+ 0.10 69.98+ 3.47 4.79+ 0.60
6 p6Pho(155-212)-Racl(1-192) 3.50+ 0.34 2.27+ 0.06 5.72+ 0.45 70.88+ 6.88
7 p6Phx(199-212)-Racl(+192) 3.83+0.12 2.184+0.08 6.02+ 0.46 62.90+ 6.06
8 p6P"(1—-212)-Racl(-A[123—-133]-192) 70.03+ 0.17 44,79+ 1.58 88.98+ 3.08 85.114+ 9.85

mixture of p6P"°{(1—212)+ Racl(+192) 64.08+ 3.24 16.49+ 0.81

mixture of p6Pho{(1—-212)+ 64.50+ 0.82 5.08+ 0.46

Racl(t-A[123-133]-192)

a Cell-free, amphiphile-dependent, NADPH oxidase activation was performed as described in the Experimental Procedures section. The
concentrations of components were as follows: membrane, equivalent of 5 nM cytodhsgineme; all of the chimeras, 600 nM; P4% (when
present), 300 nM. In the mixtures of pB%(1—212) + Racl [or Rac1(3+A[123—133]-192)], both of the components were 600 nM. The results
were derived by assaying chimeras and Rac1l in the)&HBound form. The concentration of LiDS was 13d. The abilities of the p67°* and
Racl segments of the chimeras to function independently of their fusion partners (columns 3 and 4) were measured as described in the Experimental
Procedures section. The results represent the mean val&tsM of three experiments.

Superdex 75 (Figure 4B), were above 0.9 mol/mol, indicating however, no protein, 32 kDa in size, was detected by SDS
a behavior identical to that of canonical small GTPases. PAGE analysis in the fractions comprising the second peak
We next performed a more detailed analysis of chimera 3 or in any other fraction. The oxidase-activating ability of a
by FPLC gel filtration on Superdex 75. Chimera 3 was particular fraction was in close correlation with the presence

exchanged to either G/ or GDRSS, and the two  and intensity of the<45 kDa band. The nature of the material
preparations were injected in the column; fractions of the making up the third peak is unknown; it is likely to consist
eluates were analyzed for the ability to support cell-free of proteolytic degradation products of the chimera.
oxidase activation, as described in the Experimental Proce- The most likely explanation for the association of two
dures section, and by SB®AGE. As seen in Figure 5A, apparent molecular masses of chimera 3 by gel filtration,
chimera 3, exchanged to G¥8, exhibited a chromato- with a single mass on electrophoresis following denaturation,
graphic pattern different from that of the chimera exchanged is that chimera 3 is homogeneous in size but exists in two
to GDRSS. Both absorbance curves at 280 nm revealed two conformations, depending on the type of bound nucleotide.
peaks, eluting at 10.2& 0.02 and 10.94+ 0.03 mL, The GTP-bound form of the chimera exists predominantly

corresponding tdv/l; values of 44 021+ 588 and 32 08G: in the conformation eluting in peak 1, true to its molecular
401, respectively (mean values SEM, derived from the = mass of 44 kDa; the GDP-bound form elutes predominantly
fractionations of chimera 3 exchanged to GBor GDEBS; in peak 2, with an apparent mass of 32 kDa, probably

four and five experiments, respectively); however, the 44 resulting from retention on the column due to electrostatic
kDa peak was dominant in chimera 3-Gi®preparations,  or hydrophobic interactions (see the Discussion section for
whereas the 32 kDa peak was dominant in chimera 3/8DP an elaboration of this model).
preparations. A third peak, eluting at 11-501.62 mL, was Oxidase-Actiating Abilities of Chimeras 48. We con-
also detected. The 32 kDa peak was also found dominantstructed a number of additional g8%—Rac1 chimeras, with
when preparations of native chimera 3 (not subjected to the purpose of establishing the structural elements required
nucleotide exchange) were chromatographed on SuperdeXor endowing these with oxidase-activating capacity. The
75. Native chimera 3 is expected to be predominantly in the chimeras were tested in native and GB*bound forms in
GDP-bound form. Rechromatography of pooled fractions both the presence and absence ofPp%7In preliminary
centered on the 44 kDa peak on a fresh Superdex 75 columrexperiments, we ascertained that chimeras 4ll bound
resulted in the recovery of the same molecular species (44mant-GMPPNP, at ratios similar to those found with chimera
kDa). Attempts to reseparate the 32 kDa peak met with 3. Chimeras in which the Racl segment was replaced by a
difficulties because of poor recovery and the appearance offull-length CDC42Hs (chimera 4), the Racl segment was
lower M, species, probably representing degradation products.C-terminally truncated at residue 178 (chimera 5), the TPR
The fractions corresponding to the area under the first two domain of the p67°* segment was missing (chimera 6), or
peaks contained material which supported amphiphile- only the activation domain of p8P*was present (chimera
dependent @ production by the membranes in the presence 7) were all inactive (Figure 6A and Table 1). The lack of
of p47hox the fractions derived from the separation of activity of chimeras 6 and 7, both containing the ¥8Y
chimera 3 in the GTS-bound form were considerably more activation domain and missing the TPR domain, came as a
active (Figure 5B). SDSPAGE analyses of the oxidase- surprise (see the Discussion section for further treatment of
activating fractions originating from the separation of both this issue).
GTPyS-bound and GDFS-bound forms of chimera 3 Chimera 8 (lacking the insert region in the Racl segment),
revealed the presence of only one major band, slightly lessin the GTP/S-bound form, was a potent activator of the
than 45 kDa, in all of the fractions (parts C and D of Figure oxidase (Figure 6B and Table 1). Its activity{x of 89.88
5). This corresponds closely to the size of the protein eluting + 2.52 mol of @~ s (mol of cytochromebssg heme)?!
as the first peak, as determined by gel filtration standards; and EG of 138.44+ 14.3 nM chimera; mean valugs SEM
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~ 40 4 Ficure 4: Binding of fluorescent GTP analogue to chimera 3. (A)
Chimera 3 or Racl (both M) were exposed to 0.2M mant-
30 4 GMPPNP in a buffer containing 048V free Mg?*, and the binding
of mant-GMPPNP was followed kinetically in a spectrofluorometer,
20 A as described in the Experimental Procedures section. The tracings
are representative results out of three experiments. (B) In separate
10 - experiments, chimera 3 was incubated with a fivefold molar excess
of mant-GMPPNP, and 5000 pmol of chimera was injected in a
01 Superdex 75 FPLC column. The tracing represents the fluorescent
" " " " " ) signal recorded in the eluate from the column. In this particular
0 200 400 600 800 1000 experiment (representative of two), chimera 3 with bound mant-
Concentration of chimera GMPPNP elutes at a volume corresponding toMynof 45 336;
or p677™ (1-212) and Rac1  (nM) the free (unbound) mant-GMPPNP is retained on the column.

Ficure 3: NADPH oxidase activation by pP—Rac1 chimeras amounts of p67°(1—212) and Rach[123-133-GTP)S,

1-3. (A) Oxidase activation by chimeras 1 and 2 in the native hich . le of oxi T
form (without nucleotide exchange). The cell-free assay consisted Which was incapable of oxidase activation, up to a concen-

of a membrane (equivalent of 5 nM cytochrolirey heme), p4ihex tration of 1000 nM (Figure 6B and Table 1). Chimera 8 was
(300 nM), LiDS (13QuM), and chimeras 1 (open circles) or 2 (open inactive in the absence of amphiphile.
squares) at concentrations from 0 to 1000 nM. (B) Oxidase Importance of the Racl C-Terminal Polybasic Domain

activation by chimera 3, in the presence of B8¥% The chimera . .
was exchanged to ¥ (open circles) or GOFS (open squares) Several of the results obtained so far point to the paramount

or mock exchanged (open triangles). As a control, we tested Importance of the polybasic C terminus of Racl in conferring
mixtures of p6P"9(1-212) and RactGTPyS at equimolar activity to the chimeras. Thus, chimera 5 was inactive despite
concentrations varied from 0 to 1000 nM (filled circles). Assay the presence of most of the Racl sequence, with the
conditions were as those in panel A. (C) Oxidase activation by exception of residues 17992, whereas chimera 2, contain-

chimera 3 in the absence of 4% The chimera was exchanged . ; i ;
to GTP/S (open circles) orwéqﬁs (open squares) or mgck ing the Racl C-terminal sequence missing in chimera 5, was

exchanged (open triangles). As a control, we tested mixtures of Partially active. The lack of activity of chimera 4, in which
p67™ho(1-212) and RactGTPyS at equimolar concentrations the Racl sequence was replaced by CDC42HSs, could also
varied from 0 to 1000 nM in the absence of p#7(filled circles). be the result of the lesser-positive charge of the C terminus
Conditions were as those described in panel A, but only a ot cpc42Hs (four as opposed to six basic residues). We
membrane, chimera, and LiDS were present. The results in all of further investi d th le of th basic d n b
the panels are mean valugsSEM of three experiments. : gated tnhe role of the polybasic domain by
making use of the observation that synthetic polybasic
of three experiments) was slightly superior to that of a peptides, corresponding to the C-terminal sequence of Racl,
mixture of p6P"9(1—212) and RacA[123—133]-GTPyS. inhibit cell-free oxidase activation16—18). As seen in
Similarly to chimera 3, in the presence of p#% it was Figure 7, the Racl peptide (17892) inhibited oxidase
also active in the native form, albeit with a lesser potency activation by all three of the active chimeras (2, 3, and 8) in
(results not shown). a dose-dependent manner. The peptide was also inhibitory
Chimera 8-GTRS was also active in the absence of when activation by chimeras 3 and 8 took place in the
p4Phox as found before with chimera 3. Surprisingly, its absence of p47°* (results not shown). The peptide did not
potency markedly exceeded that of a mixture of equimolar inhibit activation when added after the 90 s incubation
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FIGURE 5: Conformational heterogeneity of chimera 3 analyzed 5—8 and p67">—CDC42Hs chimera 4. (A) Oxidase activation by
by gel filtration. (A) A total of 5000 pmol of chimera 3, exchanged chimeras 4 (open squares), 5 (open triangles), 6 (open diamonds),
to GTP/S or GDFBS, was injected in a Superdex 75 column. and 7 (open hexagons). All of the chimeras were exchanged to
Tracings represent the absorbances at 280 nm of two suchGTPyS. The cell-free assay consisted of a membrane (equivalent
separations. (B) Several 0.6 mL fractions were collected (filled Of 5 NM cytochromebss, heme), p4#°x (300 nM), chimeras (at
circles, chimera 3-GT#S; filled squares, chimera 3-GpB), and concentrations from 0 to 1000 nM), and LiDS (1aM). (B)

50 uL aliquots were assayed for the ability to support oxidase Oxidase activation by chimera 8 exchanged to 3Hn the
activation in a cell-free system, also containing a membrané'p47 ~ Presence (open circles) or absence (open squares) 8f°p4s

and LiDS. (C and D) Aliquots (2@L) were analyzed by SDS controls, we tested mixtures of p87{1—212) and RacA[123—
PAGE (panel C, chimera 3-G}S; panel D, chimera 3-GI#S). 133]-GTPyS, at equimolar concentrations varied from 0 to 1000
The lines to the left of the gels indicate the migration of molecular "M in the presence (300 nM; filled circles) or absence (filled
weight markers NI, x 1073). Results are representative of four sguares) of p#r°x Conditions were as those described in panel
experiments performed with chimera 3-Gi®and five experiments ~ A. The results in both panels are the mean valtie3EM of three

with chimera 3-GDPBS. experiments.

interval of membranes with chimeras and amphiphile. All occurred in the absence of P47 Control Racl, not fused
of this suggests that the peptide acts by competing with thewith p67"°{(1—212), did not exhibit amphiphile-dependent
C terminus of the chimera for attachment to the membrane. membrane binding (Figure 8B); the amounts of mant-GTP-
Binding of Chimera to the MembranEhe results obtained  labeled Racl bound to membrane vesicles were practically
so far are amenable to the interpretation that the Raclidentical in the presence (14.45%) and absence (13.65%) of
segment serves as a carrier for bringing the chimeras to theLiDS (see peak 1). In similar experiments, we also found
membrane and allowing a secondary interaction of th&"g67  that, unlike chimera 3, chimera 4 (in which CDC42Hs
segment with cytochromiesse. With the purpose of finding  replaces the Racl segment) did not exhibit amphiphile-
direct evidence for such a role, we performed experiments dependent membrane association.
in which chimera 3 and control Racl preparations were Inhibition of Chimera Actiity by PBD of PAKPAK was
subjected to exchange to mant-GTP, mixed with membranefound to interact with Racl in GTP-bound form; the two
vesicles, and subjected to FPLC gel filtration on a Superosesites in Racl involved in this interaction were also found to
12 column, in the presence and absence of the activatingbe required for oxidase activation: the canonical N-terminal
amphiphile LiDS in the column buffer. In-line recording of effector region (residues 2215) and a downstream region
fluorescence permits the determination of the amounts of (residues 143175; 33). The PBD of PAK interacts princi-
free and membrane-bound chimera. This procedure was usegbally with the effector region of Rac, which undergoes a
by us before for quantifying the binding of prenylated Racl conformational change upon GTP binding, explaining the
to membrane vesicled ). Figure 8A illustrates the trans- marked preference of PBD for the GTP-bound form of Rac
location of a significant proportion of mant-GTP-labeled (22).
chimera 3 (18.10%) to membrane vesicles, eluting in the We recently showed that PBD inhibits oxidase activation
excluded volume of the column (peak 1) when LiDS was in vitro, by competing with p67°*for binding to Rac134).
present; in the absence of LiDS, only 9.32% of the chimera Because, in chimera 3, the f8% and Racl segments are
associated with the membrane. The binding to the membrangoined by a “covalent” bond, it was of interest to see whether
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FiGurRe 7: Synthetic C-terminal Racl peptide inhibiting oxidase Ficure 9: PBD of PAK inhibiting oxidase activation by chimera
activation by p6#>—Rac1 chimeras. Synthetic Racl peptide 278 3. The PBD of PAK was added as the first component at varying
192) was added as the first component at varying concentrationsconcentrations to the cell-free NADPH oxidase assay, consisting
to the cell-free NADPH oxidase assay, consisting of a membrane of membrane (equivalent of 5 nM cytochrorbgg heme), LiDS
(equivalent of 5 nM cytochromiasso heme), p4#°x (300 nM), LiDS (130 M), and chimeras (300 nM) in the presence or absence of
(130uM), and chimeras 2 (open circles), 3 (open squares), and 8 p47hox (300 nM). The curves represent the effect of PBD on
(open triangles) all at a concentration of 600 nM. The inhibition of chimera 3-GTRS in the absence of paP*(open circles), chimera
NADPH oxidase activation was calculated in relation to a control 3-GTP/S in the presence of p&P* (open squares), and native
preparation in which the Racl peptide was replaced by a buffer. chimera 3 in the presence of 4% (open triangles). The inhibition

Results are the mean valugsSEM of three experiments. of NADPH oxidase activation was calculated in relation to a control
preparation in which PBD was replaced by a buffer. The results
A are the mean values SEM of three experiments.
100~ GTP-bound and native or mock-exchanged forms (Figure
3B). As seen in Figure 9, PBD interfered, in a dose-
75 dependent manner, with oxidase activation by chimera 3,
exchanged to GTF5, both in the presence and in the absence
50 of p4®x PBD exerted no inhibitory effect on oxidase
activation by chimera 3 in the native form. The seemingly
25 obvious interpretation of this result is that PBD interacts with
3 the GTP-bound, but not with the native, form of the chimera,
§ 0 in accordance with its known preference for R&ETP.
] 0 25 50 75 100 However, the very occurrence of the inhibition is unexpected
o and provides useful information on the structure of chimera
2 B 3 (see the Discussion section).
o 100
e 2 DISCUSSION
S 75-

We demonstrate that several chimeric proteins, consisting
of segments of p@f°* and Racl, are capable of replacing
50 the individual cytosolic components in elicitinggOgenera-
tion in a cell-free system consisting of membranes P27
and an anionic amphiphile.

To ensure that no Racl was carried into the cell-free assay
by the membranes, these were subjected to washing with 1
T n T l M KCI before solubilization. This procedure was shown to
result in the effective removal of all traces of potentially
membrane-bound Ra8%). The absence of Rac from KCI-
Ficure 8: Amphiphile-dependent translocation of chimera 3 but \washed membranes was also demonstrated by the lack of

not Racl to membrane vesicles. Chimera 3 (panel A) or Racl (panel~ - ; ; ;
B; 1500 pmol each) were exchanged to mant-GTP, mixed with O production by such membranes combined with"27

h
phagocyte membrane vesicles (equivalent of 250 pmol of cyto- &1d PEF™ when no Rac was added (see idj.
chromebsse heme), and subjected to gel filtration on a Superose ~ The two most active chimeras were nos. 3 and 8. These

12 FPLC column in the presence and absence of LiDS (#3p contained p67°{1—212) and either the full length of Racl
in the column buffer. The eluates were analyzed for fluorescence (chimera 3) or Rac1 lacking the insert region (residues-123

by passage through a spectrofluorometer fitted with an HPLC flow . i PR _ _
cell. Peak 1 represents the fraction bound to membrane vesicles 133; chimera 8). Both were active in the GTP-bound, GDP

peak 2 represents the free (unbound) component. The experiment®0und, and native forms, with the GTP-bound form being
illustrated are representative of two performed with chimera 3 and the most active. When in the GTP-bound form, considerable

two others with Rac1. oxidase-activating capacity was evident in the absence of

p47Phox demonstrating that, in vitro, p@P—Rac1 chimeras
PBD also inhibits oxidase activation by the chimera. In contain all of the elements required for the induction of a
investigating the effect of PBD, we made use of the fact conformational change in cytochrorbgg, leading to electron
that chimera 3 is capable of oxidase activation in both the flow.

with or w/o

25 amphiphile

0 25 50 75 100
Time (min)
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The fact that chimera 2, containing only a brief Racl “CLOSED” CONFORMATION
C-terminal sequence, is moderately active is in accordance
with the proposal that at least one of the roles of Rac is to PB77"™ N(1) N c(212)

lack of activity of chimera 5, which is identical to the active
chimera 3 except that it lacks the Racl C-terminal polybasic Rac1 C(192) N(1)
sequence. Additional evidence for this contention is provided GTP
by the finding that chimera 3 translocates to membrane
vesicles in an in vitro assay in the presence of oxidase-
activating concentrations of amphiphile, as opposed to the
lack of translocation of Rac1 not fused to @B’? Itis likely P67 C(1) — C(212) Raci N(1) — C(192)
that the p67"° segment stabilizes an initial electrostatic covatentbond 7 GDP
association of the Ch'm‘?ra V.V'th thg _membrape by b|n_d|ng Ficure 10: Hypothetical structures of the GTP- and GDP-bound
to cytochromebsss. The inferior activity of chimera 2, in tg5rms of chimera 3.
comparison to chimeras 3 and 8, suggests either that Rac
possesses an additional function in oxidase assembly, carriegtructural forms of chimera 3: the GTP-bound form, consist-
by residues upstream to the C terminus, or that the ing predominantly of a 44 kDa species, and the GDP-bound
conformation of chimera 2 is less than optimal. The lack of form, consisting predominantly of molecules retained on the
activity of chimera 4 is also open to two interpretations; it column, with an apparent mass of 32 kDa. We cannot
could be due to the fact that the C terminus of CDC42Hs establish whether the chimeras in both conformations are
contains only four, noncontiguous, basic residues and would,capable of oxidase activation, with different potencies, or
therefore, possess a lesser affinity for the membrane or thatonly the closed conformation is active. The total lack of
there is involvement in the oxidase activation of other activity of chimeras 6 and 7, incapable of forming intrac-
domains present in Racl but absent in CDC42Hs. himeric bonds, supports the second option. Further, support

On the basis of evidence that the activation domain in for such a model is provided by the finding that PBD inhibits
p67PhXis the key element mediating the interaction of }¥67 oxidase activation by the GTP-bound form of chimera 3.
with cytochromebssg (8, 9), we expected chimeras 6 and 7 Such inhibition would only be expected if one assumes that
to be active. Chimera 7 contains the activation domain intrachimeric bonds between the p&Fand Racl segments
proper, whereas chimera 6 also includes an additional region,are important for activity and are disrupted by PBD. The
C terminal to the TPR domain, thought to participate in molecular basis of the functional superiority of chimeras in
intramolecular interactions with a 20-residue sequence in thewhich the engineered fusion of p&% and Rac1 is supple-
TPR domain {5). Both of the chimeras are lacking the TPR mented by natural bonds between the two segments of the
domain, which, albeit essential for the interaction of 367 chimera remains to be elucidated. Recently, the generation
with Racl, was expected to be dispensable when the twoof chimeric proteins between either Ras or Rapl and the
components were fused artificially. Ras-binding domain of Rafl was reporte®6), When the

We also expected the GTP- and GDP-bound forms of GTPase segments were in the GTP-bound form, these
chimera 3 to be equally potent activators, on the basis of interacted with the Rafl segment, generating the equivalent
the concept that the bound nucleotide determines the affinity of our closed conformation, an event detected by fluorescent
of Rac1 for p67"°% an issue which becomes irrelevant when markers.
the two components are fused. The ability of chimeras 3 and 8 to activate the oxidase, in

A likely explanation for these two paradoxes is that, in the absence of p4P* agrees well with earlier reports of
active chimeras such as nos. 3 and 8, the TPR domain ofp47"°%independent oxidase activation in vitro at high
the p6P"*segment participates in intrachimeric interactions concentrations of p&7°*and Racl1§, 7) or in the presence
with residues in the Racl segment, the residues involvedof prenylated Racl(11). Obviously in the physiological
being those recently defined by mutational studis® énd context, oxidase activation in the absence off&tepre-
the analysis of p@P>—Racl crystalsi5). As found in the sents an artifactual situation and the main value of its
canonical intermolecular interaction betweenf&and Rac exploration is to provide information on the action mecha-
(13), intrachimeric interaction between the corresponding nisms of p67"* and Racl. It is, therefore, of interest that
segments is expected to be of the highest affinity when the the GTP-bound forms of chimeras 3 and 8, in the absence
chimera is in the GTP-bound form. We propose the existenceof p4 7" were more potent activators than the combination
of two conformations of chimera 3: a “closed” conformation of individual components, under the same conditions. This
due to the formation of intrachimeric bonds when the chimera is, probably, the result of the fact that, in the absence of
is in the GTP-bound form and an “open” conformation p47"°% the translocation of p&™* to the membrane is
lacking intrachimeric bonds when the chimera is in the GDP- dependent entirely on Rac; therefore, when the two proteins
bound form (Figure 10). It is likely that these two forms are fused, the chances of pB% to be carried to the
represent the two extremities of the spectrum and that, in membrane and to stay attached are better. The fact that, in
both the GTP-bound and GDP-bound forms, both structural the absence of p2®% only the GTP-bound forms of the
species are present, albeit at different frequencies. Strongchimeras were active probably reflects, again, the importance
support for this proposal comes from the gel filtration of intrachimeric bonds in ensuring maximal activity.
analysis of the GTP- and GDP-bound forms of chimera 3  The ability of chimera 8 to activate the oxidase to a degree
(Figure 5), directly demonstrating the existence of two equal to chimera 3 came as a surprise. Chimera 8 is lacking

carry p6?h°* to the membrane or to serve as a membrane
anchor for DGWOX. Support for this is also offered by the intrachimeric bonds _—VI covalent bond —

“OPEN” CONFORMATION
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the insert region of Racl, which was suggested to be essential 3.

for oxidase activation in the amphiphile-activated cell-free
system. This claim was based on our own “peptide walking”
results (8) on mutational studies on Rac2Q, 31 and on
recent results demonstrating a direct interaction of Rac2 with
cytochromebssg, involving the Rac insert regior8g). Our
finding that chimera 8 is a potent activator of the oxidase,
in both the presence and absence of?ff47is in contradic-
tion with the above findings but is in good agreement with
our earlier result that the deletion of the insert region of Racl
has no significant effect on oxidase activation in the cell-
free systemZ4). The lack of involvement of the Rac insert
region in oxidase activation is also in agreement with earlier
studies describing normal oxidase activation by Rabo
(33) and Rae-CDC42Hs 87) chimeras in which the Racl

insert region was replaced by the corresponding regions in 12.

Rho and CDC42Hs. However, caution should be exercised
in interpreting the ability of chimera 8 to activate the oxidase;

the experiments here described were performed with octyl 14

glucoside-solubilized membranes, whereas in the work
described in ref80 and 31 supporting the importance of

the insert region, purified nonsolubilized plasma membranes 15.

were used.

The chimeras described in this report were nonprenylated. 16.

Prenylated Rac has a superior ability to bind to membranes

(11, 19 and represents the physiological molecule actually 17

involved in the activation of oxidase in intact cells. For a
true comparison of the relative potencies of the various

p67"*—Racl chimeras to activate the oxidase, the use of 19

prenylated constructs offers several advantages. Such experi-
ments are in progress.

The design of chimeras incorporating functional domains
derived from distinct oxidase components represents a new

approach to the study of this particular enzyme. As shown 22,

by the results of the present study and by a recent report
describing the construction of pA?—p67"* chimeras 89),
it holds considerable promise and should be applicable to

the generation of more complex constructs, containing o5
segments from more than two oxidase components. The 26.
chimeras described in the present study also illustrate the 27.

potential of two more general principles of genetic engineer-
ing: the introduction of a GTP/GDP switch into a protein

which is not a canonical GTPase and the addition of a »qg
membrane-targeting sequence to a cytosolic component 30,

lacking such an element.
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