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Neutrophil (polymorphonuclear leukocyte; PMN) inflamma-
tory functions, including cell adhesion, diapedesis, and phago-
cytosis, are dependent on the mobilization and release of various
intracellular granules/vesicles. In this study, we found that
treating PMN with damnacanthal, a Ras family GTPase inhibi-
tor, resulted in a specific release of secondary granules but not
primary or tertiary granules and caused dysregulation of PMN
chemotactic transmigration and cell surface protein interac-
tions. Analysis of the activities of Ras members identified Ral
GTPase as a key regulator during PMN activation and degranu-
lation. In particular, Ral was active in freshly isolated PMN,
whereas chemoattractant stimulation induced a quick deactiva-
tion of Ral that correlated with PMN degranulation. Overex-
pression of a constitutively active Ral (Ral23V) in PMN inhib-
ited chemoattractant-induced secondary granule release. By
subcellular fractionation, we found that Ral, which was associ-
ated with the plasma membrane under the resting condition,
was redistributed to secondary granules after chemoattractant
stimulation. Blockage of cell endocytosis appeared to inhibit Ral
translocation intracellularly. In conclusion, these results dem-
onstrate that Ral is a critical regulator in PMN that specifically
controls secondary granule release during PMN response to
chemoattractant stimulation.

Neutrophils, or polymorphonuclear leukocytes (PMN),>
occupy the largest population in peripheral leukocytes and play
a crucial role in innate immunity. During acute infection and
inflammation, PMN sense chemoattractant signals and swiftly
migrate across the microvasculature and underlying tissues to
accumulate at inflammatory foci, where these cells execute
forceful antimicrobial and tissue-damaging functions. There-
fore, the timely and precise response of PMN constitutes an
essential first line defense against invading microbials. On the
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other hand, PMN-mediated inflammation is also a central com-
ponent of many pathophysiological processes and diseases in
which dysregulated PMN transmigration and activation often
result in severe tissue injuries and organ dysfunction (1, 2).

Different from most of other cell types, PMN contain a highly
granular cytoplasm. At least four types of granules and vesicles
have been classified in PMN, including peroxidase-positive pri-
mary granules (also termed azurophil granules), peroxidase-
negative secondary and tertiary granules (also termed as spe-
cific and gelatinase granules, respectively), and a group of
highly mobilizable secretory vesicles (3, 4). These various gran-
ules and vesicles in PMN constitute an important reservoir of
antimicrobial peptides, proteases, respiratory burst oxidases,
and many membrane-bound receptors and adhesion mole-
cules. PMN functions in response to inflammatory stimuli are
largely dependent on the mobilization and release (degranula-
tion) of these cytoplasmic granules and vesicles. In general, the
secretory vesicles have the highest propensity for extracellular
release. These vesicles provide the PMN cell surface with essen-
tial but low levels of receptors and molecules that are important
in PMN sensing and triggering activation (3-5). Upon che-
moattractant stimulation, secondary and tertiary granules are
released, and this vital degranulation process enables PMN to
adhere to and migrate across vascular endothelium and tissue
layers (3—8). PMN secondary granules contain a large number
of key cell adhesion molecules, such as the 3, integrin CD11b/
CD18 (9, 10) and the Ig superfamily members CD47 and SIRP«
(11-14), all of which are required for PMN adhesion and che-
motaxis. Degranulation of secondary granules also releases the
anti-pathogen protein lactoferrin. Tertiary granules have a high
content of gelatinases; release of these collagenolytic metallo-
proteases plays a critical role in degradation of the extracellular
matrix during PMN extravasation. In addition to these gran-
ules/vesicles, studies have also found that certain primary gran-
ules are also released during PMN activation and that some of
the primary granule components, such as elastase, are indispen-
sable for PMN migration in the tissues.

The molecular mechanisms that control PMN degranulation
are, however, still unclear. The signaling events elicited by che-
moattractant stimulation leading to PMN degranulation of
each type of granule are complex and are only inadequately
understood. In other cell types, the Ras family small GTPase Ral
has been shown to be required in intracellular vesicle transpor-
tation, including both endocytosis and exocytosis (15-19).
Here, we report our experimental findings, which reveal for the
first time that Ral controls PMN release of secondary granules.
In particular, our studies suggest that active Ral serves as an
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essential gatekeeper that prevents secondary granule release.
Disruption of Ral regulation, either by inhibition of Ral activity
in resting PMN or overexpression of a constitutively active Ral
during chemoattractant stimulation, results in dysregulation of
secondary granule mobilization and impairment of PMN che-
motactic function.

EXPERIMENTAL PROCEDURES

Cells and Antibodies—Human whole blood drawn from
healthy volunteers was centrifuged (200 X g, 10 min) to sepa-
rate the platelet-rich plasma and blood cells, followed by isola-
tion of PMN and platelets. PMN were isolated by dextran sed-
imentation and Ficoll-Paque density gradients as described
previously (12, 20) To isolate platelets, the collected plasma was
supplemented with 0.1 volume of ACD (2.5% trisodium citrate,
1.5% citric acid, 2% D-glucose), followed by centrifugation at
3000 rpm for 15 min. The pelleted platelets were washed with a
citrate buffer (120 mm NaCl, 4.26 mm NaH,PO,, 5.5 mm glu-
cose, 4.77 mMm sodium citrate, and 2.35 mu citric acid, pH 6.5)
and finally resuspended in HBSS (4 °C) (21).

A hybridoma cell line that produces anti-CD11b antibody
LM2/1 was obtained from the American Type Culture Collec-
tion (ATCC). Monoclonal antibody against the extracellular
domain of CD47 (PF3.1) was generated previously (12). Rabbit
polyclonal antibodies against the extracellular domains of
SIRPa (anti-SIRPa.ex) and JAM-A (anti-JAM-A.ex) were
raised by immunizing rabbits with purified fusion proteins
composed of rabbit Fc and the entire extracellular domains of
SIRPw or JAM-A (22, 23). Antibodies against Ral, Ras, and Rap1
were purchased from Millipore. Anti-B-actin mAb was pur-
chased from Sigma. Rabbit anti-a-adaptin was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Treatment of PMN with Inhibitors and Agents—For treating
PMN, damnacanthal (Calbiochem) was freshly dissolved in
DMSO, followed by further dilution in HBSS(—) at concentra-
tions ranging from 0.1 to 18 uM before incubation with PMN
(5 X 10° cells) at 25 °C for 15 min. Other inhibitors, such as
Bruton tyrosine kinase inhibitor LMF-A13, Src family inhibi-
tors PP1 and genistein, Syk inhibitor piceatannol, mitogen-ac-
tivated protein kinase (MAPK) inhibitor SB203580, and MEK
inhibitor PD98059 (all from Biomol), PI3K inhibitor LY294002
(from EMD4Biosciences), and others, were used as described
previously (20, 24). Reagents that block general endocytosis
included chlorpromazine hydrochloride (25) (Sigma), prepared
in HBSS to 50 uM, and succinic acid (26, 27), prepared in HBSS
to 20 mm, followed by adjusting pH to 5.5. To block the clath-
rin-mediated endocytosis, dynamin inhibitor dynasore (28) and
an AP-2-binding peptide fragment of the EGFR protein-tyro-
sine kinase substrate 15 (Eps15-DIII) (29, 30) were used as
described previously. Eps15-DIII was delivered into PMN by
tagging with HIV Tat. PMN were pretreated with these
reagents for 5—15 min before stimulation with 1 um fMLF at
37 °C.

PMN Degranulation Assays—To test the effect of inhibitors
on resting PMN, PMN (5 X 10°) were incubated in 400 ul of
HBSS(—) with different inhibitors or the same dilution of
DMSO at 25 °C for 15 min, followed by centrifugation. Cell-free
supernatants were collected and assayed for specific granular
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markers, including myeloperoxidase (MPO), lactoferrin, and
gelatinase, correlating to the release of primary, secondary, and
tertiary granules, respectively (12, 20). MPO activity was
assayed using 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid. Lactoferrin was assayed by ELISA using anti-lactoferrin
antibody (Jackson ImmunoResearch Laboratories). Gelatinase
was assayed by zymogram using gelatin-embedded gels (Bio-
Rad). To assay PMN degranulation after chemoattractant stim-
ulation, PMN, untreated or treated with Tat-tagged Ral pep-
tides or endocytic inhibitors, were stimulated with 1 um fMLF
in HBSS for 20 min (37 °C), followed by assaying for the release
of granular markers. Positive degranulation controls were per-
formed by stimulating the same amount of PMN with fMLF
plus 10 uMm cytochalasin B (CB) (31).

PMN Transmigration Assay—PMN migration across colla-
gen-coated transfilters was performed as described previously
(12, 20). Briefly, freshly isolated PMN (10°), non-treated or
treated with inhibitors (15 min, 25 °C) or Tat-tagged Ral pep-
tides (30 min, 4 °C), were loaded into the upper chambers of the
transmigration setups in 150 pl of HBSS. Transmigration was
initiated by adding 0.1 uM fMLF in the lower chambers contain-
ing 500 pl of HBSS and incubation at 37 °C. PMN that migrated
into the lower chambers were quantified by MPO assay.

Ras Family GTPase Activation Assay— The GTPase activities
of Ras, Rap, and Ral in PMN and platelets were assayed using
Ras, Rap, and Ral activation assay kits (Millipore) with modifi-
cations. Briefly, PMN (2 X 107 cells/condition) or platelets (3 X
108 cells/condition), with or without different treatment, were
lysed with a buffer containing 25 mm Hepes, pH 7.5, 150 mm
NaCl, 2 mm MgCl,, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 1% Triton X-100, 2% glycerol, and protease inhibitor
(mixture (Sigma) and 10 mm PMSE), followed by incubation
with Raf-1 RBD, RalGDS-RBD, or RalBP1 (residues 397-519 of
rat RalBP1)-conjugated agarose for 45 min at 4 °C. After wash-
ing the agarose, the pulled down active Ras, Rap, and Ral were
detected by Western blot. Alternatively, active Ral in PMN was
also pulled down using a RalBP1 of human origin (amino acids
397-518 of human RalBP1) and GST fusion protein, a gift from
Dr. Johannes Bos (Utrecht University, Netherlands) (32). Our
results indicated that RalBP1 of either human or rat origin
worked equally well to pull down human Ral.

Generation of HIV Tat-tagged Recombinant Proteins—To
generate Tat-tagged Ral proteins, the entire cDNA of wild-
type Ral was RT-PCR-amplified from leukocytes (Marathon
Ready cDNAs, Clontech) using a sense primer, 5'- atatggatcc-
cctacggccgcaagaaacgecgcecagegecgecgeatggetgcaaataageccaag-
ggt, which also contained a sequence (underlined) coding for
the 11 residues of HIV Tat (YGRKKRRQRRR) (33-35), and an
antisense primer, 5'-atatctcgagttataaaatgcagcatctttc, followed
by cloning into pGEX-5X1 vector. To produce the constitu-
tively active (Ral23V) and dominant negative (Ral28N) mutants
(15, 36, 37), Gly23 and Ser®® in wild-type Tat-Ral were mutated
to Val and Asn, respectively. Two Tat-tagged Eps15 C-terminal
peptides were produced, the AP-2-binding peptide (amino
acids 563—885, designated as Eps15-DIII) and non-binding
peptide (amino acids 740 — 885, designated as Eps15-A) (29, 30).
To construct these proteins, RT-PCR was performed using an
antisense primer, 5'-tagccagttctaagtcttc, and Tat sequence
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TABLE 1

Effects of pharmacological inhibitors on PMN cell surface protein
expression

Damnacanthal treatment induces an up-regulation of CD11b/CD18, CD47, and
SIRPa on the PMN surface. In these experiments, freshly isolated PMN (5 X 10°
cells) were incubated with damnacanthal or other inhibitors in their working con-
centrations for 15 min at 25 °C. After blocking with 5% normal goat serum, PMN cell
surface CD11b, CD47, and SIRPa were labeled with LM2/1, PF3.1 (10 pug/ml each),
and anti-SIRPa.ex (1:2000 dilution), respectively, for 1 h (4 °C). After washing and
fixation with 3% paraformaldehyde (5 min, 20 °C), cells were incubated with Alexa
Fluor-conjugated secondary antibodies followed by washing and analysis by flow
cytometry. PMN labeled with normal mouse IgG served as base line. The table
shows the mean fluorescence intensity * S.E. (S.D. divided by the square root of the
sample size).

PMN surface fluorescence intensity
(mean * S.E.)

Control
Inhibitors IgG CD11b/CD18 CD47 SIRP«

Vehicle control (DMSO) 3.2 £0.08 90.7 = 0.11 35.2 +0.038 14.2 = 0.09
Damnacanthal (10 um) 2.5 +0.18 203.8+0.22 1128 =0.19 67.8*0.16
Genistein (100 pg/ml) 4.3 +0.13 76.6 = 0.28 30.0 £0.13 19.6 = 0.14
Piceatannol (40 um) 55*+0.26 94.0*0.17 282 *0.14 13.5=*0.16
PP1 (18 um) 2.7 £0.33 85.2* 043 293 +046 11.6 = 0.31
LFM-A13 (140 pm) 44 *+0.51 89.3 + 0.44 28.5+0.69 9.7+ 042

Herbimycin A (2 um) 52+0.26 957 *0.25 30.3 £0.15 16.3 = 0.45
Lavendustin A (10 pm) 55*0.16 91.4 *0.32 322 *0.21 201 =*0.25
Erbstatin analog (25 um) 4.8 £0.17 81.6 = 0.20 29.8+0.19 183 =*0.23
SB203580 (1 M) 6.1 +£0.30 83.8 = 0.40 28.8+0.15 152 =*0.23
PD98059 (80 nm) 3.7+ 0.16 89.9 +0.24 26.7 £0.18 12.5 = 0.25
LY294002 (100 nm) 3.0 £0.14 79.6 =0.13 31.9+030 19.1 *£0.15
AG126 (150 um) 43 *0.17 97.5*0.19 30.7 014 14.6 = 0.24

(underlined)-containing sense primers, 5'-atatggatcccctacggeege-
aagaaacgccgecagegeegeegecctgaactactgecttetggtgtga and 5 -atat-
ggatcccctacggecgcaagaaacgecgcecagegecgecgetcagecacategage-
tctgtcagcaac, respectively. After production of the recombinant
proteins, GST within the fusion was removed by Factor Xa
(New England Biolabs), and the obtained Tat-tagged Ral and
Eps15 proteins were obtained, followed by filtering through
0.22-pum filters. To label peptides with FITC, an EZ-Label FITC
protein labeling kit (Pierce) was used. For transduction into
PMN, Tat-tagged protein (10-100 nm) was directly incubated
with freshly isolated PMN in HBSS(—) for 10-30 min at 4 °C.

Subcellular Fractionation of PMN—Freshly isolated PMN
(10® cells/condition), with or without fMLF stimulation or
inhibitor treatment, were lysed in a buffer containing 25 mm
Hepes, pH 7.5, 150 mm NaCl, 10% sucrose, 2 mm MgCl,, and
protease inhibitors using a Dounce homogenizer, followed by
centrifugation at 200 X g for 5 min. Meanwhile, discontinuous
sucrose density gradients were prepared by layering five layers
of successive decreasing sucrose density solutions (5 ml/layer)
upon one another (60, 50, 40, 30, and 20%). PMN lysates (10 ml)
were then layered on top of the gradients. After centrifugation
with a Beckman SW28 swinging bucket ultracentrifuge rotor
for 3 h at 28,000 rpm (141,000 X g) (4 °C), the gradients were
fractionated (1 ml/fraction), followed by analysis for plasma
membrane (alkaline phosphatase), primary granule (myeloper-
oxidase), secondary granule (lactoferrin), and tertiary granule
(gelatinase) (12, 13).

RESULTS

Ras Family Inhibitor Damnacanthal Triggers Release of PMN
Secondary Granules—PMN surface adhesive proteins, such as
CD47 (12, 14), CD11b/CD18 (9, 10), and SIRP« (11, 38), play
important roles in PMN adhesion, transmigration, and phago-
cytosis. Instead of being constitutively expressed on the cell
surface, these essential proteins are mainly stored in intracellu-
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FIGURE 1. Damnacanthal treatment induces specific release of PMN sec-
ondary granules. Freshly isolated PMN were treated with damnacanthal
(Damn) of varied concentrations and other inhibitors for 15 min at 25 °C. A
control treatment was performed using vehicle (DMSO) of the same dilution
(0.1%). After centrifugation to pellet cells, PMN degranulation was assessed
by assaying different granular markers in the cell-free supernatants. Positive
degranulation controls were performed by stimulation of PMN with 1 um
fMLF with and without an addition of 10 um CB. Concentrations of LY94002,
piceatannol, SB203580, genistein, and PD98059 used in the treatment were
the same as those in Table 1. A, assaying secondary granule release by mea-
suring lactoferrin in the supernatants. B, assaying primary granule release by
measuring MPO activity in the supernatants. C, assaying tertiary granule
release by zymogram detecting gelatinase in the supernatants. The arrows
indicate the two major forms of gelatinase (92 and 56 kDa, respectively) in
PMN. As shown, damnacanthal specifically and dose-dependently induced
secondary granule degranulation. Data (mean = S.D.) represent more than
five independent experiments. *, significant degranulation.

lar granules under resting conditions but are rapidly up-regu-
lated onto the cell surface in response to inflammatory che-
moattractants following the process of PMN degranulation (12,
13). To reveal the mechanisms involved in control of PMN stor-
age of these important cell surface proteins and PMN degran-
ulation, we tested a panel of pharmacological probes/inhibitors
targeting different signaling molecules and pathways for their
effects on the cell surface protein expression. We found that
treatment of PMN with damnacanthal, a membrane-perme-
able inhibitor of the Ras family GTPases and the Src family
tyrosine kinase Lck (39 —41), resulted in a dramatic increase of
CD11b/CD18, CD47, and SIRPa on the PMN cell surface
despite the lack of chemoattractant stimulation. As shown in
Table 1, after damnacanthal treatment, FACS analysis showed
increases of the mean fluorescence intensities of cell surface
CD11b/CD18, CD47, and SIRP« labeling from the basal level of
90.7,35.2, and 14.2 up to 203.8, 112.8, and 67.8, respectively. In
contrast, treating PMN with the vehicle control or other inhib-
itors, such as genistein, piceatannol, LFM-A13, PP1, PD98059,
LY294002, and others, did not change the levels of these pro-
teins on PMN cell surface. Analysis of the cell shape and/or
sizes by FSC and SSC parameters also indicated a visible shift of
the PMN population toward lower FSC/SSC after damnacan-
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FIGURE 2. Damnacanthal inhibits chemoattractant-triggered PMN function. A, damnacanthal inhibits PMN chemotaxis. PMN (10°) were treated with
damnacanthal of varying concentrations for 15 min at 25 °C, followed by assaying transmigration across collagen-coated filters toward fMLF (0.1 um) in 1 h.
Data (mean = S.D. (error bars)) represent three independent experiments with triplicates in each condition (*, p < 0.05; **, p < 0.01). B, damnacanthal inhibits
PMN spreading and F-actin polarization. PMN (10%), untreated or treated with damnacanthal (10 um), were stimulated with fMLF (1 um, 37 °C) in collagen-
coated wells, followed by observation of PMN adhesion and spreading (phase-contrast images). After stimulation for 20 min, the cells were then fixed and
permeabilized, followed by labeling F-actin with rhodamine-conjugated phalloidin. C, cell surface CD47 binding to SIRPa. An extracellular domain fusion
protein, SIRPa1.ex-Fc, was used to test PMN cell surface CD47 binding after treatment with either fMLF (1 um) or damnacanthal (10 um). Total amount of CD47

on cell surface was confirmed by labeling non-permeabilized cells with anti-CD47 mAb PF3.1.

thal treatment (data not shown), suggesting a potential of PMN
degranulation.

Because PMN contain multiple types of intracellular gran-
ules, and CD47, CD11b/CD18, and SIRP« are mainly stored in
secondary granules (12, 13), it was highly possible that the
increase of these proteins on the cell surface by damnacanthal
treatment was through PMN degranulation. Therefore, we ana-
lyzed the release of primary, secondary, and tertiary granules
after damnacanthal treatment. As shown in Fig. 1, compared
with other inhibitors that did not cause PMN degranulation,
damnacanthal dose-dependently induced PMN release of sec-
ondary granules. In contrast, no apparent release of primary or
tertiary granules was observed by treating PMN with damna-
canthal. In the experiments, PMN were also treated with che-
moattractant fMLF and a combination of fMLF and actin fila-
ment disruption reagent CB to serve as positive degranulation
controls (31). As shown in Fig. 1, as predicted, treating PMN
with only fMLF resulted in significant degranulation of second-
ary and tertiary granules but not primary granules, whereas
treatment with an fMLF-CB combination induced a robust and
complete degranulation of all of the granules. At a concentra-
tion of 18 uM, damnacanthal treatment could generate
amounts of lactoferrin release comparable with the combined
fMLF and CB treatment, indicating a nearly complete degran-
ulation of secondary granules (Fig. 1). In conclusion, these stud-
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ies found that treatment of PMN with damnacanthal selectively
induced the degranulation of secondary granules.
Damnacanthal Treatment Results in Defect of PMIN Function—
In general, PMN degranulation of secondary granules is triggered
by chemoattractants binding to the cell surface receptors, followed
by signaling relays involving G protein and a series of downstream
signaling molecules (42). Because damnacanthal caused the
release of secondary granules in the absence of chemoattractant
stimulation, we questioned whether this kind of “dysregulated”
degranulation would affect PMN function and thus assayed che-
moattractant-induced PMN transmigration and adhesion/
spreading. As shown in Fig. 24, in contrast to the finding that PMN
vigorously transmigrated toward fMLF in the control conditions,
damnacanthal dose-dependently inhibited PMN transmigration
and completely abolished PMN migration at a concentration of 18
M. Also as shown in Fig. 2B, compared with control PMN, which
responded to fMLF stimulation and quickly spread on collagen-
coated surfaces displaying a polarized F-actin labeling pattern,
damnacanthal treatment impaired PMN spreading. Indeed, PMN
adhesion to collagen induced by fMLF was significantly weakened
in the presence of damnacanthal (data not shown). Next we exam-
ined whether damnacanthal treatment affected cell surface pro-
tein function. Because CD47 and SIRP« are extracellular counter-
ligands (11, 22), we tested cell surface CD47 direct binding to a
SIRP« extracellular domain fusion protein, SIRPal.ex-Fc (13, 22).
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As shown in Fig. 2C, although damnacanthal induced a significant
increase of CD47 on the PMN cell surface, these up-regulated
CD47 were not binding to its ligand SIRPa. In contrast, CD47 was
also increased on the PMN surface after fMLF stimulation, and
these CD47 directly bound to SIRPal.ex-Fc (Fig. 2C).

Identification of the Specific GTPase Associated with Second-
ary Granule Release—Efforts have been made to identify the
target molecule of damnacanthal that plays an important role in
preventing secondary granule release in PMN prior to che-
moattractant stimulation. We have found that, although dam-
nacanthal is a potent inhibitor of the tyrosine kinase Lck, its
effect on PMN degranulation was not through targeting Lck. In
agreement with many studies by others, we observed that Lck is
mainly expressed in T cells but not in PMN (supplemental Fig.
1). In addition, we obtained Lck-knock-out mice (43) from Dr.
Tak Mak (Ontario Cancer Institute). Comparing PMN isolated
from Lck knock-out mice with the cells from their wild-type
littermates yielded no difference in the levels of cell surface
protein expression, PMN response to chemoattractant stimu-
lation, degranulation, and chemotactic transmigration (data
not shown), suggesting that Lck is dispensable in PMN func-
tion. A previous study by Brumell et al. (44) also indicated no
Lckactivity in PMN. In addition to Lck, damnacanthal is also an
established inhibitor of Ras family small GTPases (40, 41).
Because some of these GTPases, such as Ras family member
Ral, have been demonstrated to play important roles in vesicle
transportation, it was likely that damnacanthal affected PMN
through inhibition of Ras family members.

The Ras family small GTPases are classified into three major
subfamilies, Ras (H, R, etc.), Rap (1/2), and Ral (A/B) (45—-47).
To identify which is potentially involved in the degranulation of
secondary granules, we screened the Ras members for activity
changes before and after chemoattractant stimulation. Given
that damnacanthal treatment caused secondary granule release
in the absence of stimulation, we speculated that the candidate
Ras member must be in its active form in resting PMN. Also,
because chemoattractant stimulation triggers secondary gran-
ule release, we reasoned that this specific Ras should be deacti-
vated in order to coordinate secondary granule release. Based
on this rationale, we assayed the activities of Ras, Rap, and Ral in
PMN before and after fMLF stimulation and with or without
damnacanthal treatment. As shown in Fig. 34, Ras, Rap, and Ral
were all expressed in PMN. Among the three family members,
Ras was found mainly in its inactive form in unstimulated PMN
and was quickly activated after fMLF stimulation. Rap, on the
other hand, showed minor activity changes before or after
fMLF stimulation and, to our surprise, was insensitive to dam-
nacanthal treatment (Fig. 3A4). Therefore, neither Ras nor Rap
was likely to be the candidate that regulates secondary granule
release.

In contrast to Ras and Rap, Ral demonstrated a dynamic
activity change that correlated with chemoattractant stimula-
tion and PMN degranulation. As shown in Fig. 34, Ral appeared
to be in its active form in unstimulated PMN and quickly
became inactive following fMLF stimulation. Pull-down exper-
iments using RalBP1, a downstream effector that specifically
binds to active Ral, recovered a significant amount of active Ral
from resting PMN. On the other hand, stimulation with fMLF
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FIGURE 3. Ral deactivation correlates secondary granule release in PMN.
A, detecting activity changes of Ras family small GTPases, including Ral, Ras,
and Rap, in PMN. After time course stimulation with fMLF (1 um), PMN were
lysed, and active Ras, Ral, and Rap were pulled down using Raf-1 RBD, RalBP1,
and RalGDS-RBD, respectively. Right, in parallel, fMLF-induced PMN degran-
ulation of secondary granules was assayed simultaneously by detecting
lactoferrin in the cell-free supernatants. PMN that transmigrated across colla-
gen-coated filters into the fMLF-containing lower chambers or PMN that were
treated with damnacanthal were also assayed for active Ral, Ras, and Rap. Cell
lysates before pull-down were used to detect total Ral, Ras, and Rap as well as
actin using antibodies against Ral, Ras, Rap, and 3-actin. B, deactivation of Ral
by IL-8 stimulation. Recombinant IL-8 (0.4 g/ml) (Sigma) was used to stimu-
late PMN for different time periods, followed by RalBP1 pull-down to detect
active Ral. G, Ral activities in unstimulated and thrombin (0.1 unit/ml) (Sigma)-
stimulated platelets. Data (mean = S.D. (error bars)) represent three inde-
pendent experiments with triplicates in each condition.

resulted in a quick diminishing of RalBP1 pull-down within 2-5
min, a time course paralleled with secondary granule release
that was assayed simultaneously (Fig. 3A, right). The same
results were obtained when PMN were stimulated by another
chemoattractant, IL-8 (Fig. 3B). Deactivation of Ral was also
observed in PMN that had chemotactically transmigrated
across collage-coated filters toward fMLF (Fig. 34, Migrated).
In addition, the activity of Ral in resting PMN was inhibited
after damnacanthal treatment (Fig. 34), which correlated with
damnacanthal-induced secondary granule release. Thus, these
results suggested Ral to be the regulator that controls secondary
granule release in PMN.

To confirm our studies in PMN and verify the pull-down
assays, in parallel experiments, we simultaneously assayed Ral
activity in platelets. As shown in Fig. 3C, our RalBP1 pull-down
results agreed with the previous report by others showing that
Ral is inactive in resting platelets and activated after thrombin
stimulation (32). The different Ral activity profiles in PMN and
platelets thus suggest that these cells employ distinctive signal-
ing mechanisms to regulate Ral activity and that Ral may have
different functional aspects in PMN and platelets.

Active Ral Blocks Secondary Granule Release in PMN—To
test that active Ral in resting PMN serves to prevent secondary
granule release and that Ral deactivation in response to che-
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FIGURE 4. Constitutively active Ral (Ral23V) inhibits chemoattractant-induced secondary granule release in PMN. A, a schematic depiction of Tat-tagged
Ral production. The recombinant fusion proteins containing GST and Tat-Ral were produced, followed by cleavage of GST with Factor Xa to yield Tat-Ral
peptides. The figure also shows that two point mutations, G23Vand S28N, were created in Ral to produce constitutively active Ral (23V) and dominant negative
Ral (28N). B, a stepwise analysis of Tat-tagged Ral protein production by SDS-PAGE and Coomassie Blue staining. C, RalBP1 pull-down confirming that
Tat-Ral23V was a constitutively active GTPase. Purified Tat-tagged wild-type Ral, Ral23V, and Ral28N (0.2 ng each) were incubated with GST-RalBP1 (1 ng) and
glutathione-Sepharose in HBSS containing 5% nonfat dry milk, 2% BSA, and 0.01% Tween 20 for 1 h. After washing the precipitates, Western blot (WB) was
performed to detect active Ral pulled down by RalBP1. D, assaying Tat-tagged Ral transduction into PMN. Tat-tagged wild-type Ral (WT), Ral23V, and Ral28N
(0.1 um each) were labeled with FITC, followed by incubation with PMN for 10 min at 4 °C. Effective transduction into PMN was then analyzed by fluorescence
microscopy and Western blot. £, constitutively active Ral in PMN. After transduction of Tat-tagged Ral into PMN, PMN were stimulated with fMLF (1 uwm) for 20
min at 37 °C, followed by cell lysis. RalBP1 pull-down was then performed to detect active Ral. As shown, the result confirmed that transduction of Ral23V in
PMN resulted in a sustained Ral activity even with fMLF stimulation. F and G, effects of Tat-tagged Ral proteins on fMLF-induced secondary granule release in
PMN. PMN were incubated with purified Tat-tagged wild-type Ral (WT), the constitutive active Ral (Ral23V), and dominant negative Ral (Ral28N) at concentra-
tions of 10 and 40 nm or control buffer (No peptide) (30 min, 4 °C), followed by stimulation with fMLF (1 um) for 20 min at 37 °C. Degranulation of secondary
granules was analyzed by measuring lactoferrin release in the cell-free supernatants (F) and cell surface labeling of CD47 by anti-CD47 antibody PF3.1 (G),
followed by flow cytometry (FACS). H, Tat-Ral23V has no effect on the mobilization of primary and tertiary granules. /, transduction of Tat-Ral23V into PMN
inhibited PMN chemotactic transmigration. Data (mean = S.D.) represent three independent experiments with triplicates in each condition (*, p < 0.01).

moattractant stimulation is required for degranulation, we HIV Tatand other polyarginine peptides have been widely used
designed experiments to overexpress a constitutively active Ral,  to transduce proteins of up to 120 kDa into live cells (34, 35, 49).
Ral23V, in PMN and tested its effect on fMLF-induced degran-  Although PMN are highly sensitive and difficult to handle,
ulation. Because freshly isolated PMN are short lived and not using HIV Tat to study important intracellular molecules has
suitable for protein expression by conventional gene transfec- been very successful (48, 50, 51). In this study, three Tat-tagged
tion methods, we employed protein transduction technology Ral proteins were generated, including a wild-type Ral (WT), a
and directly delivered purified recombinant Ral into PMN by  constitutively active mutant Ral (Ral23V), and a dominant neg-
tagging the proteins with an HIV Tat peptide (YGRK- ative mutant Ral (Ral28N) (15, 36, 37). As depicted in Fig. 44,
KRRQRRR) (34, 48, 49). As demonstrated by previous studies, these proteins were first produced as recombinant GST fusions,
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FIGURE 5. Localization of Ral in PMN. A, Ral is associated with membranes. PMN (2.5 X 10”) were Dounce-lysed, followed by ultracentrifugation to separate
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separated cytosol and membranes. B, subcellular localization of Ral in PMN. PMN (108/condition), unstimulated and fMLF-stimulated, were lysed and subjected
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were performed to detect Ral, SIRP, and JAM-A in the fractions using antibodies against Ral, anti-SIRPa.ex, and anti-JAM-A.ex. JAM-A is a transmembrane

protein consistently expressed in the plasma membranes.

followed by removal of GST, yielding Tat-tagged Ral. Fig. 4, B
and C, shows the stepwise production of Tat-tagged WT,
Ral23V, and Ral28N and RalBP1 pull-down, confirming that
Ral23V was a constitutively active form.

To determine that Tat-tagged Ral proteins were capable of
directly delivery into PMN, we chemically labeled the purified
proteins with FITC, followed by incubation with PMN. As
shown in Fig. 4D, fluorescence microscopy revealed that the
three Tat-tagged Ral proteins (Tat-WT, Tat-Ral23V, and Tat-
Ral28N) are all rapidly delivered into PMN after only a short
incubation (10 min) at a low temperature (4 °C). Subsequent
Western blot detected an over 1-fold increase of Ral in PMN
after incubating with each Tat-tagged Ral protein (Fig. 4D). We
also performed RalBP1 pull-down assays to test Ral activity
after delivery of each Tat-tagged Ral protein into PMN. As
shown in Fig. 4F, transduction of exogenous Ral23V into PMN
led to a sustained Ral activity in PMN even in the presence of
fMLF stimulation, a condition in which the endogenous Ral
activity was completely diminished as that observed in the con-
trol, non-peptide transduction PMN. Transduction of WT Ral
or Ral28N, on the other hand, only slightly increased (WT) or
did not increase (Ral28N) Ral activity in PMN (Fig. 4E).

We next investigated whether Ral activity blocks fMLF-in-
duced PMN degranulation. In these experiments, PMN were
first loaded with Tat-tagged WT Ral, Ral23V, or Ral28N and
then stimulated with fMLF. As shown in Fig. 4F, no spontane-
ous PMN degranulation was detected by just loading Tat-
tagged Ral proteins (unstimulated). Prominent release of sec-
ondary granules was induced by fMLF in PMN loaded with WT
Ral or Ral28N or without peptide delivery. On the contrary,
transduction of the constitutively active Ral, Ral23V, into PMN
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strikingly blocked secondary granule release in the presence of
fMLE. As shown in Fig. 4, both lactoferrin release (Fig. 4F) and
CD47 translocation to the cell surface plasma membrane (Fig.
4@G) were inhibited by Ral23V in PMN despite fMLF stimula-
tion. However, Ral23V had no effect on fMLF-induced tertiary
granule release or the retention of primary granules (Fig. 4H),
further suggesting that Ral selectively regulates secondary
granule mobilization.

Given that PMN degranulation of secondary granules is cru-
cial for chemotaxis, we thus performed PMN transmigration
assays and examined the effect of Ral23V. As shown in Fig. 47, as
expected, transduction of Ral23V into PMN significantly
reduced PMN transmigration toward fMLF, whereas WT Ral
or Ral28N had no inhibition. In conclusion, these results dem-
onstrated that Ral activity blocks secondary granule release
from PMN. Therefore, chemoattractant-induced Ral deactiva-
tion is essential for PMN degranulation, activation, and
chemotaxis.

Ral Translocation between Plasma Membranes and Second-
ary Granules—Like Ras family GTPases, Ral contains a lipid
modification site at the carboxyl terminus, suggesting that Ral
may be associated with the cell membranes. To test this, we
separated PMN membranes from the cytosol by ultracentrifu-
gation in the absence of detergent. As shown in Fig. 54, West-
ern blot indicated that Ral is exclusively associated with the cell
membranes in PMN. To further localize Ral and define whether
Ral is dynamically coupled with secondary granules, we per-
formed subcellular fractionation using sucrose density gradi-
ents. As shown in Fig. 5B, the fractionations successfully sepa-
rated PMN plasma membranes (alkaline phosphatase) from
secondary granules (lactoferrin) and primary granules (MPO).
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against a-adaptin, an important component of AP-2 complexes.

To our surprise, detection of Ral in the fractions by Western
blots revealed that Ral is entirely associated with the plasma
membrane in unstimulated PMN that is co-localized with
another plasma membrane protein, JAM-A. Stimulation with
fMLE, on the other hand, resulted in translocation of a consid-
erable amount of Ral to secondary granules (Fig. 5B). In agree-
ment with previous observations (11, 13), proteins initially
stored in secondary granules, such as SIRPa, were redistributed
to the plasma membrane after fMLF stimulation following
degranulation.

Because one major mechanism of plasma membrane inter-
nalization in PMN after chemoattractant stimulation is
through clathrin-mediated cell surface receptor endocytosis
(42, 52), we further tested whether fMLF-induced Ral translo-
cation from the plasma membrane to intracellular granules fol-
lowed this pathway. Two inhibitors, dynasore (28) and an AP-2-
binding Eps15 C-terminal peptide (Eps15-DIII) (29, 30), which
specifically act on the clathrin-dependent endocytosis, were
examined. As shown in Fig. 64, pretreatment of PMN with
dynasore (80 um), recombinant Eps15-DIII (40 nm), or their
combination appeared to have no inhibition on Ral transloca-
tion to secondary granules after fMLF stimulation. Dynasore
inhibits dynamin, an essential GTPase regulating clathrin-
coated pit fission, whereas Eps15-DIII inhibits clathrin-medi-
ated endocytosis through sequestration of AP-2 and thus inter-
feres with formation of the clathrin coat. To effectively use
Eps15-DIII in the study, this peptide was tagged with HIV Tat,
which significantly facilitated protein entering PMN (Fig. 6B).
We also confirmed the function of Eps15-DIII by protein pull-
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down assays, which showed that Eps15-DIII successfully co-
precipitated AP-2 from PMN lysates. However, despite the fact
that dynasore and Eps15 peptide failed to exhibit an inhibitory
effect, other endocytosis inhibitors remarkably blocked Ral
translocation. As shown in Fig. 64, treatment of PMN with
chlorpromazine (25) or cytosolic acidification (succinic acid,
pH 5.5) (26, 27) eliminated Ral translocation from plasma
membranes to secondary granules in response to fMLF. These
inhibitors also effectively blocked secondary granule release, as
indicated by a failure of translocation of secondary granule pro-
teins (e.g. SIRPa) to the plasma membrane.

DISCUSSION

As atype of highly specialized and fast responsive cells, PMN
store a large number of functionally important molecules in the
intracellular granules and vesicles. Upon stimulation, PMN
promptly mobilize these granules/vesicles and rapidly release
arrays of cell adhesion molecules, receptors, and proteases to
the cell surfaces to facilitate PMN adhesion, chemotaxis, and
microbial killing. At least four types of granules and vesicles
varied in size/shape and content have been identified in PMN
(1, 2), but the mechanisms that control their mobilization and
release during PMN response to inflammatory stimulation
remain largely undefined. Among these granules and vesicles,
secondary granules are defined as being mostly rich in leuko-
cyte integrins and adhesive receptor-like proteins. Degranula-
tion of secondary granules thus serves as a major means to
furnish the cell surface plasma membrane with the essential cell
adhesion and migration molecules. Here, we report our studies
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of PMN degranulation, which reveal, for the first time, that the
Ras family member Ral is a critical regulator specifically in the
degranulation of secondary granules.

As shown by our results, Ral exits as an active GTPase in
freshly isolated PMN, and its activity plays a key role in keeping
secondary granules in the cell. Inhibition of Ral in resting PMN
by damnacanthal, a Ras family GTPase inhibitor with unclear
mechanism (40, 41), causes “premature” liberation of second-
ary granules in the absence of chemoattractant stimulation.
However, this dysregulated degranulation has no benefit to but
instead impeded PMN function. As we observed, although
damnacanthal increased cell surface integrins and adhesive
molecules, these up-regulated molecules failed to mediate
effective PMN interactions, adhesion, and migration. In partic-
ular, our results (Fig. 2) showed that, in contrast to fMLF-in-
duced CD47 on the cell surface that mediates binding interac-
tions with its extracellular ligand, damnacanthal-induced
CD47 on PMN were incapable of binding interaction. Similarly,
damnacanthal-mediated increased cell surface CD11b/CD18
did not appear to mediate strong extracellular interactions,
which count, in part, for the decrease of PMN adhesion and
spreading in response to fMLF. Thus, these results suggest that
a critical mechanism, which is elicited by chemoattractant
stimulation, controls secondary granule degranulation, and
also converts essential cell surface proteins to be functional.
These studies thus further signify the important role of Ral in
PMN. By preventing irregular degranulation in the absence of
stimuli, the Ral-mediated mechanism preserves PMN func-
tional capability for potent and effective response during
inflammation.

In this study, we also obtained the important finding that
chemoattractant induces a rapid deactivation of Ral in PMN,
which explains a dynamic regulation required for secondary
granule release. In contrast, experimental overexpression of a
constitutively active Ral, Ral23V (15, 36, 37), into PMN to sus-
tain Ral activity even in the presence of fMLF resulted in pro-
hibition of secondary granule release and hence hampered
PMN chemotactic transmigration. Although its role in second-
ary granule mobilization is evident, Ral has no control of the
mobilization of primary and tertiary granules, and both dam-
nacanthal and Ral23V only had an effect on the degranulation
of secondary granules.

The mechanism by which Ral regulates secondary granule
storage and release is, however, unclear. By subcellular frac-
tionation, we found that Ral is associated with the plasma mem-
brane under resting conditions, whereas chemoattractant stim-
ulation triggers a translocation of Ral to secondary granules.
Presumably, chemoattractant-induced cell surface endocytosis
plays an important role in Ral intracellular translocation and
thus PMN degranulation. Because PMN chemoattractant
receptors are G protein-coupled and clathrin-coated pits are
generally employed to internalize these receptors after ligand
binding, one possible hypothesis would be that Ral is in com-
plex with the chemoattractant receptor and assembled into the
clathrin pits after chemoattractant stimulation. However, test-
ing this hypothesis using two reagents, dynasore and an AP-2-
binding Eps15 peptide, both specifically blocking clathrin-de-
pendent endocytosis, failed to inhibit Ral translocation to the
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pool of secondary granules. Interestingly, several other inhibi-
tors that generally inhibit endocytosis, vesicle transportation,
and/or cytoskeleton structures blocked Ral intracellular trans-
location in the experiments.

In other cell types, Ral has been extensively implicated in
different vesicle transportations, including both endocytosis
and exocytosis (15-19). In platelets, it was found that Ral is
inactive under resting conditions but activated after stimula-
tion (32). Contrary to our observation in this study, scientists in
another study also showed that Ral is inactive in resting PMN
(53), a variation that was probably caused by different methods
of cell preparation. A guanine nucleotide dissociation stimula-
tor, RalGDS, was also shown to activate Ral, and such regula-
tion involves Ras. In particular, RalGDS was shown to directly
bind to Ras, suggesting that Ral acts as a downstream effector in
the Ras network (36, 54). However, we found that in PMN, Ral
has a completely different activity profile from that of Ras, sug-
gesting a dissociation of Ral from the Ras pathway. Although it
is important to render Ral activation, our study suggests that
the mechanism that deactivates Ral is crucial for PMN degran-
ulation and conversion of PMN to be functional inflammatory
leukocytes. In addition to Ral, other small GTPases, such as Ras
family members Ras and Rap, and Rho family members Rho,
Rac, and Cdc4?2 are also expressed in PMN (55, 56), and some of
these are found to be associated with granules (57-59). Thus,
detailed investigation of these small GTPases in PMN and
correlation of their activity changes with PMN activation
and degranulation will shed new light on the understanding
of PMN inflammatory functions. Given the critical role of
PMN in innate immunity and inflammation, our findings illus-
trate a novel mechanism that modulates PMN inflammatory
response, which may provide a potential drug design for treat-
ment against various inflammatory conditions.
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