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Regulation of p21rac Activation in Human Neutrophils
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The small guanosine triphosphate (GTPase) p21rac is highly
expressed in human neutrophils where it is thought to play a
role in cytoskeletal reorganization and superoxide produc-
tion. Using the p21rac binding domain of PAK (PAK-RBD) as
an activation-specific probe, we have investigated agonist-
stimulated activation of p2lrac. Stimulation of neutrophils
with the chemoattractants fMet-Leu-Phe (fMLP) or platelet-
activating factor (PAF) induced an extremely rapid and
transient p21rac activation, being optimal within 5 seconds.
This activation correlates with the rapid changes of intracell-
ular free Ca2* ([Ca2+];) stimulated by fMLP; however, changes
in [Ca2*]; were neither sufficient nor required for p2lrac
activation. Furthermore, fMLP-induced p21lrac activation was
not inhibited by broad tyrosine kinase inhibitors or specific
inhibitors of ERK, p38 mitogen activated protein kinase, Src,

or phosphatidylinositol 3-kinases. Surprisingly, the cyto-
kines granulocyte-macrophage colony-stimulating factor
(GM-CSF) and tumor necrosis factor-a did not cause p2lrac
activation or modulate fMLP-induced p21rac activation. AlF—,
a potent activator of heterotrimeric G-protein a-subunits,
however, was found to activate p2lrac. Stimulation of
neutrophils with phorbol myristate acetate (PMA) strongly
activated the respiratory burst, but did not induce p2lrac
activation, suggesting that superoxide production per se can
occur independently of p2lrac activation. These data sug-
gest that in human granulocytes, G-protein coupled recep-
tors, but not cytokine receptors, activate p2lrac via a rapid,
novel exchange-mechanism independently of changes in
[Ca2+];, tyrosine phosphorylation, or PI3K.
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EUTROPHILS PLAY an important role in the host Vav is expressed predominantly in hematopoietic cells and its
defense to microbial pathogens. Stimulation of thesetyrosine phosphorylation is promoted by binding to PI3K-
cells induces multiple responses, including cell adhesionphosphorylated lipid&! In these cells, Vav has been shown to
migration, secretion, phagocytosis, and the generation of reade activated by stimuli that activate PI3K, including GM-C3F.
tive oxygen speciesTherefore, neutrophil function is under ~ While much work has evaluated the role of p21rac in cellular
tight control, and deregulated activation of neutrophils is functioning by overexpression of dominant-negative or domi-
implicated in the pathogenesis of a variety of inflammatory nant-active mutants in cell lines, as mentioned above, it has not
diseases, which are characterized by tissue dafagyeiverse ~ been possible to measure activation of p2lrac by cellular
array of receptors are expressed on the surface of neutrophilsfimuli. Here we use a novel assay to measure the p2lrac
allowing regulation by a wide range of agonists and seconcctivation® This assay uses the p21rac binding domain of PAK
messengers. Tyrosine kinase-linked receptors such as the(PAKcrib), which has a high affinity for p21racGTP, but no
granulocyte-macrophage colony-stimulating factor (GM_CSF)afﬁnity for p21racGDP, to precipitate activated p21rac from cell
receptor, and serpentine receptors including the N-formylmethiolysates?**¢ We show for the first time that in human neutro-
nylleucylphenylalanine (fMLP) receptor activate both distinct Phils, activators of G-protein coupled receptors (GPCRs), but
and overlapping signaling pathways regulating neutrophil re-not cytokine recz_ept_ors, activate p2lrac. Th(_e activation of
sponse&:14Several small guanosine triphosphatases (GTPased)21rac by fMLP is independent of the elevation of tCa
have been implicated in controlling neutrophil function. Activa- activation of tyrosine kinases and PI3K and does not correlate
tion of the p21ra¥16and p21rap by cytokines and chemoat- with the activation of .the.resplratory burst. This suggest; a
tractants has been reported in human neutrophils, although theflovel pathway for activation of exchange factors regulating
precise roles in neutrophil functioning are unknown. p2lracin these cells.
Another small GTPase that has been implicated in neutrophil
functioning is p21raéé2°p21rac has been shown to be present

. .2 . . . . Isolation of human neutrophils.Blood was obtained from healthy
in the nicotinamide adenine dinucleotide phosphate (NADPH)vqunteers from the Red Cross Blood Bank (Utrecht, The Netherlands).

oxidase complex where it is thought to play a critical role in the yjived granulocytes were isolated from the buffy-coat of 500 mL 0.4%
production of oxygen radical$:?-26 In several cell lines,

activation of p2lrac has been found 1o be essential for From the Department of Pulmonary Diseases, University Hospital
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has been hampered by the lack of an immunoprecipitating Submitted October 12, 1998; accepted April 12, 1999.

antibody. GTP-loading of endothelial cells transfected with Supported by GlaxoWellcome b.v., The Netherlands.
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Guanine nucleotide exchange factors (GEFs) activate Rac byjs fact.
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(wt/vol) trisodium citrate (pH 7.4)-treated blood as previously de- Depletion of intracellular free C&. Intracellular free C& was
scribed®” Mononuclear cells were removed by centrifugation over depleted as previously describ&deutrophils were suspended ina
isotonic Percoll (1.078 g/mL) from Pharmacia (Uppsala, Sweden).free incubation buffer supplemented with 1 mmol/L EGTA. Indo-1/AM
After lysis of the erythrocytes in isotonic NaCl solution, neutrophils (Molecular Probes, Eugene, OR) was added to 1-mL aliquots of
were washed and resuspended in incubation buffer (20 mmol/L HEPESsuspended cells (2@ells/mL) at a final concentration of 1.5 umol/L.
132 mmol/L NaCl, 6 mmol/L KCI, 1 mmol/L MgS 1.2 mmol/L Cells were incubated for 40 minutes at 37°C. Thapsigargin (100
KH,PO,, 5 mmol/L glucose, 1 mmol/L Cag)lcontaining 0.5% human nmol/L) was added 10 minutes before washing to deplete internal
serum albumin (HSA; Central Laboratory of The Netherlands Redstores. Cells were washed once with?Cdree incubation buffer
Cross Blood Transfusion Service, Amsterdam). Neutrophils werecontaining EGTA. Determination of p21rac activation andCanea-
incubated for 30 minutes at 37°C before stimulation. In all experiments surements were performed in parallel with the same cells. Calcium
a concentration of Focells/mL was used for stimulation. Figures are concentration was measured by a dual excitation at a wavelength of 340

representative of at least three other experiments from independedt™ and detected at 390 nm using a Hitachi F4500 fluorescence
donors. spectrophotometer (Hitachi, Tokyo, Jap&h).

Neutrophil stimulation. One milliliter of neutrophil suspension was ~ Respiratory burst measurementsNeutrophils were preincubated in
stimulated with one of the following stimuli: fMLP (1 pmol/L to 10 the absence or presence of GM-CSF (£0mol/L for 20 minutes).
nmol/L), platelet-activating factor (PAF) (1 pumol/L), tumor necrosis TMLP (1 umol/L), PMA (100 ng/mL), or ionomycin (100 nmol/L) was
factora (TNF-x) (100 U/mL), phorbol myristate acetate (PMA) (100 added to the cells and oxygen consumpt!on was measured ysmg a Clark
ng/mL), thapsigargin (100 nmol/L) (all from Sigma, St Louis, MO), oxygen eIectrode__(YSI Inc, Yellow Springs, OH) as _prewous_ly de-
GM-CSF (101° mol/L; Genzyme, Boston, MA), and ionomycin (100 scribed* In addmgn, cells were also pretreated with or without
nmol/L; Calbiochem, La Jolla, CA). The concentrations used are knownl-Y 294002 for 20 minutes.
to prime neutrophils or activate the respiratory b&#sf In some
experiments, cells were preincubated as described in the legends of the
figures with one of the following inhibitors: PP1, PD098059, and GST-PAKcrib can be used as a specific probe for p21lrac-
LY294002 (all from Biomol, Plymouth, PA) and SB203580 (Alexis, GTP. The responses of human phagocytes to appropriate
Laufelfingen, Switzerland). At different time points, 500 pL 3X Lysis stimuli can result in cellular migration or production of
Buffer (see below) was added, samples were vortexed and lysed on icguperoxide resulting in microbial killing. Both these processes
for 10 minutes. For the AIF stimulation, neutrophils 'Were resus- hayve been linked to activation of the small GTPase p22téc.
pended at 1cells per 500 pL HEPES3 Cells were stimulated by pyeyigusly, it has been impossible to measure the activation of
adding 500 pL aluminum fluoride (AMF) buffer (20 mmol/L HEPES, y,is 5Tpase due to the inability to immunoprecipitate endog-
132 mmol/L. NaCl, 6 mmol/L KCl, 1 mmol/L. MgS§ 1.2 mmol/L enous protein from cell lines or primary cetfsHowever, it has
KH,PQy, 5 mmol/L glucose, 1 mmol/L Cagl0.5% HSA, 60 mmol/L . N g .
NaF, 100 umol/L AIC}) and incubated at 37°C. At different time points, been d'emonstrated that a GST-PAKcrib fusion protein Spet?lfl-

cally binds to GTP-bound, but not GDP-bound p21lrac, with

cells were lysed by addition of 3X Lysis Buffer, vortexed, and lysed on ~¢ e . ' -
ice for 10 minutes. high affinity.33-% Indeed, neutrophils stimulated with fMLP

Rac-1 activation assay using GST-PAKcritThe Rac and CDC42 ~demonstrate activation of PAKS:6

binding domain of PAK1b (accession no. AF 071884), crib domain (aa  To confirm that GST-PAKcrib could be used as a specific
56-272), was generated and used as previously desclb&&T probe to monitor the activation of p21rac, recombinant human
pull-down assays were performed essentially as described for Ras arp1lrac was loaded with either GDP or the GTP analogue
Rap415 Briefly, human neutrophils (20cells/mL) or BW5147 cell  GppNHp. GST pull-down was performed using GST-PAKcrib,
lines'® (107 cells/mL) were lysed for 10 minutes at 4°C by addition of fg[lowed by anti-p21rac immunoblotting. As shown in Fig 1A,
3Xlysis buffer (1X lysis buffer: 50 mmol/L Tris pH 7.4, 10% glycerol, GST-pAKcrib strongly associated with the GTP-loaded p21rac,
200 mmol/L NaCl, 1% NP-40, 2 mmol/L Mggl1 mmol/L phenyl-  \ hereas no association with the GDP-loaded p2lrac was

methyl_sulfonyl fluoride [PMSF], 1 mmol/L benzamidine, 10 ug{mL observed (Fig 1A, top panel). On the same blot, Coomassie
aprotinin, and 10 pg/mL leupeptin). Lysates were cleared by centrlfuga-Stainin was performed demonstrating the use of equal amounts
tion and GST-PAKcrib protein was added for 30 minutes at 4°C and 9 P 9 d

subsequently washed three times in lysis buffer. The beads were boile(af GST'_PAKC”b in both lanes (Fig 1A, middle panel). Before
in Laemmli sample buffer and protein samples were separated by 150/Qerform|ng the GST puII-down,. 1/40 of each sample was
sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDs-@nalyzed on Western blot, showing equal amounts of p21rac
PAGE) and transferred to polyvinylidene difluoride membranes (Immobi-Were present in both samples (Fig 1A, bottom panel). To
lon-P; Millipore, Bedford, MA). The membranes were probed with determine whether this assay was also applicable for the
anti-Rac antibodies (Transduction Laboratories, Lexington, KY) andanalysis of p2lrac activity in vivo, BW5147 cells stably
sheep anti-mouse peroxidase-conjugated antibodies (DAKO, Glostrumetrovirally transduced with control vector (Fig 1B, lane 1) or
Denmark). Immune complexes were detected by enhanced chemilumiyith epitope tagged p2lrac(V12) (lane 2) were used. GST
nescence (Amersham, Buckinghamshire, UK). The Ras activation assgyull-down was performed using GST-PAKcrib, followed by
using Raf-RBD was performed as previously descrifédAll experi- - gnti-n21rac immunoblotting. GST-PAKcrib strongly associated
mentsj were repeated three times. Blots are representative of at Iea\ﬂith p21rac(V12), despite its low expression compared with
three |ndepend§nt eXpe”mems ) ndogenous p21lrac (Fig 1B, bottom panel), demonstrating that
For the in vitro Rac-loadings, p21lrac protein was expressed an ST-PAKcrib specifically associates with activated. GTP-
purified as previously describédA total of 0.2 pg of purified p21rac P y ) e
bound p2lrac. The band running below the epitope-tagged

was added to 1 mL of lysis buffer containing either GDP or the . J9°
nonhydrolyzable GTP analogue GppNHp'-(iianosyl-B y-imido]- p2lrac(V12) was observed in both lanes due to the association

triphosphate). GST-PAK protein was added and incubated for 300f @ small fraction of activated endogenous p2lrac with
minutes to allow binding. After washing three times, samples wereGST-PAKcrib. To investigate the specificity of GST-PAKcrib
analyzed by SDS-PAGE as described above. toward p2lrac, BW5147 cells stably retrovirally transduced

RESULTS
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Fig 1. GST-PAKcrib is a p21lrac activation-specific probe. (A) Recombinant p21rac (0.2 ng) was generated and loaded in vitro with either GDP
or the nonhydrolyzable GTP analogue, GppNHp, as described in Materials and Methods. p2lrac was isolated using GST-PAKcrib and
subsequently detected by Western blot analysis. (Top) GST pull-down of GDP-p21rac (lane 1) or GTP-p21rac (lane 2). (Middle) Coomassie staining
of the same blot showing equal GSP-PAKcrib protein in both lanes. (Bottom) A fraction (1/40) of the sample used for the assay was probed with
anti-rac antibody to show equal amounts of p21rac were present in both lanes. (B) BW5147 cells (107) stably retrovirally transduced with either
control virus or epitope-tagged p2lrac(V12)* were lysed and active p2lrac was isolated using GST-PAKcrib as described in Materials and
Methods. p21rac was detected by Western blot analysis. (Top) GST pull-down of p21rac from control (lane 1) or p21rac(V12) transfected cells
(lane 2). p21rac was detected using anti-rac antibody. (Bottom) A fraction of the lysate used for the pull-down assay was probed with anti-p21rac.
(C) (Top) GST pull-down of p21rac from BW5147 cells stably retrovirally transduced with control virus (lane 1), p21rac(V12) (lane 2), p21rho(V14)
(lane 3), or p21ras(V12) (lane 4).4° p21rac was detected using an antibody directed against the epitope-tag. (Middle) A fraction of the lysate used
for the pull-down was probed with antibody directed against the epitope-tag. (Bottom) The same blot was subsequently probed with anti-rac to
demonstrate the specificity of the anti-rac antibody.

with control vector (Fig 1C, lane 1), or epitope-tagged GST-PAKcrib was used. Although a basal level of p21rac-GTP
p2lrac(V12) (lane 2), p21rho(V14) (lane 3), or p2lras(V12)was observed in unstimulated neutrophils, the amount of p21rac
(lane 4¥° were used. GST pull-down was performed using associating with GST-PAKcrib was greatly enhanced when cells
GST-PAKcrib followed by anti-epitope immunoblotting. Al- were stimulated with 1 pmol/L fMLP. On the same blot,
though the expression levels of p21rac(V12), p21rho(V14), andCoomassie staining was performed to show the use of equal
p21lras(V12) were equal (Fig 1C, middle panel), only amounts of GST or GST-PAKcrib in all samples (Fig 2A,
p21lrac(V12) was found to bind GST-PAKcrib. Furthermore, the middle panel). All samples contained equal amounts of p21lrac
antibody used for the detection of p21rac was highly specific,(Fig 2A, bottom panel). To investigate the kinetics of fMLP-
and did not show cross-reactivity with either p21rho or p21rasinduced p21rac activation in human neutrophils, resting neutro-
(Fig 1C, bottom panel). Because no association of GSTphils isolated from human peripheral blood were stimulated
PAKCcrib with other active small GTPases p21rho and p2lraswith fMLP for various periods of time. p21rac was isolated with
was observed, this further shows the specificity of this assay. GST-PAKcrib, followed by anti-Rac immunoblotting. Stimula-
p21lrac is activated by serpentine, but not cytokine receptorgion with 1 pmol/L fMLP induced an extremely rapid and
in human neutrophils. We investigated whether GST-PAKcrib transient activation of p2lrac (Fig 2B, top panel), declining
could be used to monitor p21rac-GTP levels in human neutroafter 10 seconds. All samples contained equal amounts of
phils in vivo after stimulation by the chemotaxin fMLP. Resting p21lrac (Fig 2B, middle panel) and equal amounts of GST-
neutrophils isolated from human peripheral blood were leftPAKcrib were used to precipitate p2lrac (Fig 2B, bottom
untreated or stimulated with fMLP for 10 seconds as indicatedpanel).
(Fig 2A, top panel). p21rac was isolated using either GST or To investigate the effect of other stimuli on the activation of
GST-PAKcrib, followed by anti-Rac immunoblotting. The p21lrac, resting neutrophils were isolated from human periph-
rac-antibody used reacts with both racl and rac2, thus allowingral blood and stimulated with different ligands for various
the simultaneous measurement of both isoforms. p21rac did nggeriods of time. Stimulation with 1 umol/L PAF also resulted in
associate with the GST alone, further demonstrating the specifica rapid activation of p21rac similar to the activation by 1 umol/L
ity of this assay. However, p2lrac was pulled down whenfMLP (Fig 3A). Unexpectedly, stimulation of the cells with
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Fig 2. The GST-PAKcrib assay can be used to measure p2lrac activation in human neutrophils. (A) Human neutrophils were isolated as
described and stimulated with fMLP (1 wmol/L) for 10 seconds as indicated. Cells were lysed and GST pull-down was performed using either GST
or GST-PAKcrib as described in Materials and Methods. (Top) The isolated p21rac was detected by Western blot analysis using anti-rac antibody.
(Middle) A Coomassie staining of the blot. The arrowheads indicate the GST and GST-PAKcrib proteins. (Bottom) A fraction of the lysate used for
the pull-down was probed with anti-Rac. (B) Neutrophils were isolated as described and stimulated with fMLP (1 umol/L) for the indicated time.
Cells were lysed and active p21lrac was isolated using GST-PAKcrib as described in Materials and Methods. (Top) The GST-PAKcrib-associated
p21rac was detected by Western blot analysis using anti-Rac antibody. (Middle) A fraction of the lysate used for the pull-down was probed with
anti-Rac. (Bottom) Coomassie staining of the blot, the arrowhead indicates the GST-PAKcrib protein.

GM-CSF (1019 mol/L) or TNF-« (100 U/mL) did not resultin  both cytokine and chemokine receptors can activate overlap-
p21lrac activation (Fig 3A), although these cytokines have beeming signaling pathways that include activation of tyrosine and
shown to be potent activators of PI3K at these concentrations ifipid kinases, only GPCRs are capable of potently activating
human neutrophil&!® To show that GM-CSF could activate p21rac at physiologically relevant ligand concentrations.

other small GTPases in these cells, we performed a p21lras- fMLP activates p21lrac in a dose-dependent manner indepen-
activity assay using GST-Raf(RBD) as an activation-specificdent of GM-CSF priming. To determine the optimal concentra-
probe!®>4! Stimulation of neutrophils with 10° mol/L GM- tion at which fMLP activates p21rac, we stimulated neutrophils
CSF resulted in a transient activation of p21ras (Fig 3B). TNF- with different concentrations of fMLP. Interestingly, p21rac
was not able to activate p21ras (data not shown). To determinactivation showed a bell-shaped fMLP-concentration profile,
if other human phagocytes also demonstrate chemoattractantypical for serpentine receptor-induced responses such as chemo-
mediated p21rac activation, human eosinophils were isolatetaxis, with an optimal activation between T0and 108 mol/L
from peripheral blood as described previouSigtimulation of ~ fMLP. Approximately 3% to 5% of p21rac present in whole cell
these cells for 10 seconds with fMLP or PAF also resulted in alysates was found to bind GST-PAK after TOmol/L fMLP
potent activation of p21rac (Fig 3C). Thus, it appears that whilestimulation of neutrophils (Fig 4A, compare last lane with third
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Fig 3. Activation of p21rac by diverse stimuli in human neutrophils. (A) Neutrophils were isolated as described and stimulated with either PAF
(1 pmol/L), GM-CSF (10~ mol/L), or TNF-a (100 U/mL) for the indicated time. Cells were lysed and active p21rac was isolated using GST-PAKcrib
as described in Materials and Methods. p21rac was detected by Western blot analysis. (B) Neutrophils were stimulated with either GM-CSF
(10-1° mol/L) for the indicated time or with fMLP (1 pmol/L) for 10 seconds. Cells were lysed and active p21ras was isolated using GST-Raf1-RBD.
p21lras was detected by Western blot analysis. (C) Eosinophils were stimulated with either fMLP (1 wmol/L) or PAF (1 pmol/L) for 10 seconds.
Cells were lysed and active p21rac was detected as above.
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Fig 4. Effect of GM-CSF on fMLP-induced p2lrac activation. (A)
Neutrophils were isolated as described and stimulated with the
indicated final concentrations of fMLP for 10 seconds. p21rac activa-
tion was determined as described in the legend to Fig 1. One percent
of a total cell lysate was used for comparison with the amount of
activated p21lrac. (B) Neutrophils were pretreated for 20 minutes with
10-1° mol/L GM-CSF after stimulation with either 10-8 mol/L fMLP
(top) or 10~1° mol/L fMLP (bottom) for the time indicated.

lane). GM-CSF is known to have a strong priming effect on both
the fMLP-induced respiratory burst in human neutrophils and
chemotaxi§’ (and references therein). The mechanism of this
priming is largely unknown. As p21rac is thought to play a role
both in the respiratory burst and cytoskeletal reorganizatior
associated with migration, we looked at whether GM-CSF had ¢
priming effect on the fMLP-induced activation of p2lrac.
Neutrophils were primed with 18° mol/L GM-CSF before
stimulation with either 108 mol/L fMLP or a suboptimal dose
of 1071° mol/L fMLP. We found no enhanced or extended
activation when cells were stimulated with 0mol/L fMLP
(Fig 4B, top panel). Similarly, GM-CSF did not enhance the
sensitivity of the cells toward a suboptimal dose of mol/L
fMLP (Fig 4B, bottom panel). Thus, the mechanism of GM-CSF-
mediated priming of the respiratory burst does not appear tc
involve activation of p21rac.

fMLP-induced p21lrac activation is not inhibited by kinase
inhibitors. We used several protein and lipid kinase inhibitors

1125

p21rac activation (Fig 5A, left panel). Studies in various cell
lines have suggested that p21rac activation may lie downstream
of the lipid kinase P13K842.50Furthermore, inhibition of PI3K
with the specific inhibitor, LY294002, has been shown to block
the fMLP-induced respiratory burst in neutrophils compléetely
(see also Fig 5B). As fMLP induces PI3K activation in human
neutrophils? we investigated whether this kinase may play a
role in the activation of p2lrac. Addition of LY294002 to
human neutrophils at concentrations that inhibit PBiKad no
effect on p21rac activation (Fig 5A, right panel). The same was
observed for wortmannin, another potent PI3K inhibitor (data
not shown). However, as expected, LY294002 completely
blocked the fMLP-induced respiratory burst (Fig 5B).

Using a variety of specific pharmacologic inhibitors includ-
ing the ERK inhibitor, PD098059, the p38 mitogen activated
protein kinase (MAPK) inhibitor, SB203580, and the Src
inhibitor, PP1, we investigated the role of these kinases in
mediating p21rac activation. We and others have previously
shown these inhibitors to be potent and specific in human
neutrophils at these concentratidfg* None of these com-
pounds had an inhibitory effect on the fMLP-induced p21rac
activation (Fig 5A, right panel). These data suggest a novel
mechanism for p21rac activation independent of tyrosine phos-
phorylation or PI3K. Furthermore, it indicates that the mecha-
nism by which inhibition of PI3K results in abrogation of
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to determine the mechanism by which p21rac is activated by

fMLP in human neutrophils. First, resting human neutrophils

Fig 5. Effect of tyrosine kinase inhibitors on p21lrac activation. (A)
Neutrophils were pretreated for 20 minutes with 100 pmol/L genis-

were treated with the broad specificity tyrosine kinase inhibi- i, 100 umol/L erbstatin, 50 pmol/L PD098059, 10 pmol/L SB203580,
tors, genistein and erbstatin. Engagement of fMLP receptors hasy pmol/L PP1, or 10 wmol/L LY294002 after stimulation with fMLP (1
been shown to induce tyrosine phosphorylation-mediated signakmol/L) for 10 seconds. (B) Neutrophils were either untreated (a),
ing events in neutrophik$. These inhibitors effectively block or Plfgffate?/\lf_wih 120um_0|/|t- LY2b94002 fC;L2g'\TI(r;gFt:esl g:ﬁi ther:/fl\;l-ng
greatly reduce tyrosine phosphorylation in human neutrophils if2. ., mo/L) for 20 minutes (b), or wi ~CSF (1072 mol/L) for

B . X minutes (c). At the time indicated by the arrowhead, samples were
response to diverse stimdfiPretreatment of the cells with 100  gimulated with fMLP (1 pmol/L). Oxygen consumption was mea-

pmol/L genistein or erbstatin had no effect on fMLP-induced sured using a Clark oxygen electrode as previously described.
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were measured as described

Calcium-depleted above.

C 510"30" 22 & 15 30 C 5°10"30" 22 5 15 30

- e e o e = = | «— p21rac

superoxide production does not involve p21lrac, but apparenthactivation compared with an fMLP (1@ mol/L) control.
another component of the NADPH oxidase system. Surprisingly, PMA, an activator of PKC that strongly induces

p21rac activation is independent of changes in intracellular the respiratory burst in human neutrophils, did not induce
Ca*. Although the fMLP receptor has been shown to activatep2lrac activation. As a control, we measured the respiratory
a variety of tyrosine-phosphorylation—mediated signaling eventsburst induced by PMA in cells from the same donor. As shown
activation of protein kinase C (PKC) and an increase inin Fig 7B, PMA strongly activated the respiratory burst under
intracellular free C& ([Ca&'];) have also been describ&d. conditions that did not activate p21rac. This demonstrates that
Stimulation of neutrophils with fMLP results in a very rapid and superoxide production per se in human neutrophils can occur
transient increase in intracellular free fCh that correlates independently of p21rac activation.
with the activation of p21rac (Fig 6A). To investigate a possible Role of heterotrimeric G-proteina-subunits in fMLP-
role for C&* and/or PKC in fMLP-induced p21rac activation, mediated activation of p21rac.fMLP and PAF both act via
we depleted neutrophils of €aby pretreatment with 1 mmol/L  serpentine receptors coupled to heterotrimeric G-protein sub-
EGTA, 1.5 umol/L indo-1/AM, and 100 nmol/L thapsigargin. units. Recently, a conserved motif was found between a GEF for
This causes a decrease of fCRto less than 10 nmol/L, and Rho GTPases (p115RhoGEF) and members of the Regulators of
fMLP stimulation no longer induces an increase in {0a G protein Signaling (RGS) familf57 It is suggested that
(Fig 6B). p115RhoGEF links the inactivation ofdG, and Gx;; proteins

As shown in Fig 6B, C&'-depletion did not affect the to the activation of Rho through the direct association with the
fMLP-induced p21lrac activation. It has been shown for theactivated &3 subunits. To determine whether direct activation
activation of the Rapl small GTPase in neutrophils thatof heterotrimeric G protein-subunits can in itself play a role in
although Ca" is not essential for the activation of Rapl by the activation of p21rac, we stimulated cells with AtFwhich
fMLP, C&" influx induced with ionomycin or thapsigargin causes specific activation of thesubunits of heterotrimeric
resulted in Rapl activatior.Therefore, we investigated whether G-proteins®® Indeed, Al has previously been demonstrated
ionomycin or thapsigargin could activate p21rac. As shown into induce actin-polymerization via G-proteins in human neutro-
Fig 7A, neither ionomycin nor thapsigargin induced p21lracphils>® We found that Al activates p2lrac with similar

PMA(100ng/ml)
time l«
Fig 7. PMA activates the re- C 510730" 22 5 1%
spiratory burst independently of PG e MLP(105M)

p2lrac. (A) Neutrophils were
stimulated with fMLP (10-8 mol/
L), PMA (100 ng/mL), ionomycin
(500 nmol/L), or thapsigargin (et o | PMA(100ng/ml)
(100 nmol/L) for the time indi-
cated. p21rac activation was de-
termined as described. (B) In cells
from the same donor, oxygen
consumption was measured af-
ter stimulation with PMA (100 Thapsigargin(100nM) I—_|
ng/mL). 1 min

- lonomycin(500nM)

4nmol O,
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AMF and the formation of actin structurés,and bombesin-
\9 stimulated membrane ruffling, which requires p21lrac, is not
C 1030 22 5 15 30 blocked by wortmannifi2 Furthermore, a direct association

: between GTP-p21rac and PI3K has been reported in neutro-
phils, which caused an increase in PI3K actiityn addition,
D P S W% == ww ww | <— p21rac tyrosine kinase inhibitors, genistein and erbstatin, and specific
inhibitors of MEK, p38 MAPK, Src, and PI3K had no effect on
the fMLP-induced p21rac activation, suggesting that in human
Fig 8. p2lrac can be activated AlF,~. Neutrophils were stimulated qeutrophlls fMLP-induced p21rac activation is via an alterna-
with AlIF,~ as described in Materials and Methods for the indicated tive pathway.
times. As a control, neutrophils were stimulated with fMLP (10-8 During the preparation of this report, an article reported that
mol/L) for 10 seconds. p2lrac activation was determined as previ- in transfected COS-7 cells expressing the fMLP receptor,
ously described. fMLP-induced cortical actin reorganization was blocked by
dominant-negative mutants of PI3KVav, and p21ra&® These
kinetics, as does fMLP (Fig 8). This suggests, althoughdata suggests that fMLP activates p21lrac via Rid#ediated
indirectly, that there is a potential direct role foe@ubunits in  activation of Vav. This is in contrast to the data reported herein

the activation of p21rac by serpentine receptors. concerning the mechanisms of fMLP-mediated p21rac activa-
tion in neutrophils. One explanation could be that expression of
DISCUSSION the fMLP receptor in COS cells, a cell that does not normally

This is the first report to describe the activation of p21rac byrespond to fMLP, results in the utilization of signaling pathways
chemoattractants in vivo. Activation of p21rac results in thenot normally used for p21rac activation. Indeed, activation of
exchange of bound GDP for GTP. Conventionally, activation offMLP receptors overexpressed in RBL cells has been shown to
small G-proteins is measured by the immunoprecipitation of thecause an abnormally sustained activation profile relative to cells
protein and measurement of GTP loading. However, as endogendogenously expressing the receftor.
enous p2lrac cannot be immunoprecipitated from cell lines or p21rac is known to regulate actin assembly in a variety of
primary cells?® direct measurement of the GTP loading of cells, resulting in cell spreading and the formation of lamellipo-
p21rac has not been possible. We therefore used a novel assayd@ that may play a role in cell migration (see M3l It is
measure p21lrac activation in vivo. This assay is based on thiteresting to note that, while GM-CSF and TNFpromote
finding that GTP-p21rac specifically associates with the Cdc42themokinesis (random cell migration) and do not activate
p2lrac interactive binding (CRIB) motif of PAK, whereas p2lrac, PAF and fMLP are strong chemoattractants (directed
GDP-p21rac does not (Fig )35 In stably retrovirally trans- movement of cells) and do activate p2Xfa(Figs 2 and 3).
duced BW5137 cells, p2lrac(V12), but not p21lras(V12) orPossibly the activation of p21rac plays an important role in the
p21rho(V14), associated with GST-PAKcrib, demonstrating theregulation of chemotaxis rather than random migration, suggest-
specificity of this interaction (Fig 1). Although the expression ing interesting mechanistic variations between these two meth-
level of p21rac(V12) was extremely low as compared with theods of cell movement. Indeed, it has been demonstrated that
endogenous p2lrac, p2lrac(V12) was shown to potently binanigration of fibroblasts towards platelet-derived growth factor
GST-PAKcrib. We believe this is not a consequence of aspecifi¢PDGF) is inhibited by expression of dominant-negative
binding of GDP-p21rac to the GST-PAKcrib, as we observed noN17rac1%¢ Furthermore, in macrophage cell lines, microinjec-
interaction between the recombinant GDP-p21rac and GSTtion of dominant-negative N17racl inhibited CSF-1—induced
PAKcrib, nor did a GST control pull-down any p21rac from a polarization and migratiofY.
neutrophil lysate (see Figs 1A and 2A). The low background Another cellular response that has been linked to the activa-
binding of endogenous p21rac that was nevertheless observedtien of p21rac is the production of superoxitié? Studies in
probably due to serum activation of the endogenous p21rac. cell-free extracts have suggested that p21rac is necessary for the

An extremely rapid activation of p21lrac was observed onassembly of the NADPH oxidase compRx® The involve-
stimulation of human neutrophils with the chemoattractantsment of p21rac in the oxidase is also supported by the parallel
fMLP or PAF, with an optimal activation within 5 to 10 seconds. reduction of p21rac expression and NADPH oxidase activation
Previous studies in cell lines have suggested that activation o Epstein-Barr virus (EBV)-transformed B cells cultured in the
p21rac lies downstream of PI3R4%50Unexpectedly, stimula- presence of antisense p21rac oligonucleottdésleed, interac-
tion of neutrophils with TNFe or GM-CSF had no effect on tion of p2lrac with the p67phox component of the NADPH
p21rac activity, although we and others have previously re-oxidase system has also been sh&®#i.This association is
ported that both of these cytokines are potent activators of théhen thought to target the p67phox and associated p47phox
lipid kinase PI3K in neutrophil&!® This suggests that activa- proteins to the membrane where another component of the
tion of PI3K per se is not sufficient to induce p21lrac activation oxidase system, flavocytochrome b558, is present. In a patient
in neutrophils. This is supported by a recent report, showing thasuffering from chronic granulomatous disease, a single amino
the dissociation of gelsolin from actin filaments, which initiates acid deletion was found in p67phox, which disrupts the
actin polymerization, is regulated by p21rac independently ofinteraction with p21raé? Neutrophils isolated from this patient
PI3K 8% Recent reports have also indicated that PI3K can indeedailed to produce superoxide. Furthermore, overexpression of
act downstream of p21rac. Inhibition of PI3K in cells express-the dominant negative form of p21rac in HL60 cells inhibited
ing dominant active p21rac blocked the rac-induced spreadinghe production of superoxide by these céfide show that
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although inhibition of PI3K does not inhibit p21rac, it com- Although indirect, these data add weight to the idea that that
pletely blocks the respiratory burst in neutrophils. This againactivation of Vav by serpentine receptors may occur via an
suggests that p2lrac is not downstream of PI3K in fMLP-alternative direct mechanism requiring neither tyrosine phosphor-
stimulated neutrophils, but may act in parallel with this kinaseylation nor 3-phosphorylated lipids, but rather occurring via a
to activate production of superoxide. fMLP stimulation of direct Ga-mediated mechanism.

neutrophils results in changes in intracellular-free G dev-
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