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Studies of human peripheral blood neutrophils (PMNs) demonstrated that botulinum neurotoxin D (BT-D) ADP-
ribosylates a 22-kDa PMN G protein (G, ,.) and inhibits the exocytosis of both specific and azurophilic granules
stimulated by FMLP. Furthermore, this inhibition of PMN exocytosis by BT-D was found to be correlated with the
degree of irreversible ADP-ribosylation of G, ,, by BT-D and to require modification of at least 85% of PMN G,
before significant inhibition of secretion is observed. Although both pertussis toxin and BT-D inhibited exocytosis
in FMLP-stimulated PMNSs, the inhibitory eftects of the two toxins were found to be additive. Pertussis toxin and
BT-D also inhibited Ca”*/GTP/GTPyS-induced secretion in digitonin-permeabilized PMNs, but there were distinct
differences between the inhibitory effects of the two toxins. In contrast to BT-D, the exotoxin botulinum C3 was found
to ADP-ribosylate primarily a 24- to 25-kDa PMN protein, and it was not found to inhibit Ca"*- and GTP-induced
secretion in permeabilized PMNs. Ultrastructural studies of BT-D-treated PMNs showed an accumulation of distinct
membrane-bound organelles in the periphery of the cells after FMLP stimulation, suggestive of a toxin-induced block
in organelle-plasma membrane fusion. Taken together, these findings indicate that BT-D-sersitive G, ,, has a functional
role in stimulated exocytosis of PMNs.  Journal of Immunology, 1994, 152: 1370.

hagocytic cells. such as PMNs." synthesize pro-  of mature neutrophils, the specific (or “*secondary™) and
teins during maturation in the bone marrow (1), azurophilic (or “*primary™’) granules (1), are difterentially
and store them in cytoplasmic granules (2) until regulated by calcium during both exocytosis and intracel-

the cells are appropriately stimulated to release the con- lular degranulation (7-9). Other molecular components in-
tents of these granules into an endocytic vacuole, e.g..dur-  volved in stimulus-response coupling for PMN exocytosis
ing phagocytosis of bacteria (2, 3), or to the exterior of the and degranulation have been less well characterized.

cell after fusion with the plasma membrane. e.g.. during In recent years, efforts to elucidate the biochemical and
exocytosis (4. 5). Exocytosis of PMN granules is a highly  molecular mechanisms involved in cellular membrane
regulated event that occurs within seconds of cell activa- traffic and organelle transport have focused both on ras-
tion by soluble or particulate stimuli (2-4). As in most related low m.w. GTP-binding proteins (i.c.. small G pro-
secretory cells (4. 5). an increase in the intracellular con- eing or GTPases) with molecular masses between 20 and

centration of free Ca™* has been shown to be a second 30 kDa (10-12) and on the larger. heterotrimeric G pro-
messenger for PMN exocytosis (6. 7). although experi-  teing that have been linked to receptor protein complexes
mental evidence indicates that the two major granule types — and receptor-mediated signal transduction (13. 14). The
most detinitive evidence for a functional role for small G
Recened tor pubhicabon August 9 1993 Accepted 1or publication November PfOlCinS in intracellular membrane and organelle transport
1 comes from genetic studies in yeast. in which mutations in
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regulated in part by the cycling of small G proteins between
a membrane-bound and free state (17-19).

PMNs are the principal effector cells in host defenses
against bacterial and fungal infection and are capable of
responding to a wide variety of molecular signals that trig-
cer functional responses (20). Among these functional re-
sponses. secretory events are critical to the microbicidal
and inflammatory activity of these cells (2. 3. 6). Studies
conducted in several different laboratories have shown that
PMN chemoattractant receptors are coupled to a PT-sen-
sitive heterotrimeric G protein (20). and PT-induced inhi-
bition of PMN inflammatory responses stimulated by the
peptide chemoattractant FMLP has provided valuable in-
sights into the transduction of signals via these receptors
(20). However. PT-insensitive G proteins have also been
described in PMNs (21). and there is evidence for a reg-
ulatory role of these G proteins in signal-response cou-
pling in PMNs (22).

Recently, BT-D was reported to ADP-ribosylate a ras-
related 22-kDa G protein. both in rabbit peritoneal neu-
trophils (23) and in human PMNs (24). Botulinum neuro-
toxins are known to block neurotransmitter release at
peripheral cholinergic synapses producing muscular weak-
ness and paralysis (25). and BT-D has also been shown to
inhibit secretory responses in bovine adrenal medullary
cells at a step distal to the stimulus-induced increases in
intracelular Ca™ (26). Hence. it was of interest to us to
examine the effects of BT-D on stimulated exocytosis of
human PMNs. Our interest in the possibility that BT-
sensitive. ras-refated. G proteins might have a role in stim-
ulated PMN exocytosis was also prompted by the obser-
vation that guanine nucleotides stimulate exocytotic
secretion in the absence of Ca™ in a variety of permeabi-
lized secretory cells (27-29) including PMNs (30).

Results of our present studies indicate that BT-D ADP-
ribosylates a 22-kDa G protein (G,s,) in human PMNs
and significantly inhibits exocytosis of both specitic and
azurophilic granules of PMNs stimulated by the peptide
chemoattractant FMLP. In addition, BT-D is shown to sig-
nificantly inhibit the secretory responses of digitonin-per-
meabilized PMNs, when stimulated with Ca®*. Ca™ +
GTP. and/or GTP+S alone. These studies also demonstrate
a correlation between the degree of irreversible ADP-ni-
bosylation of G,,, and inhibition of PMN cxocytosis by
BT-D. Ultrastructural changes in BT-D-treated PMNs,
which are consistent with an inhibitory effect of BT-D on
PMN exocytosis. are also defined. These studies contrast
the effects of BT-D with those of the exoenzyme BT-C3
(31). which primarily ADP-ribosylates 24- to 25-kDa
PMN proteins that appear to be distinct from the 22-kDa
PMN G protein moditied by BT-D. Unlike BT-D. the ex-
oenzyme BT-C3 does not inhibit Ca™ andfor GTP-in-
duced exocvtosis of PMN granules in digitonin-permeabi-
hized cells.

Experimental Procedures
Preparation of human PMNs

PMNS were isolated from freshly drawn venous blood of healthy volun-
teers by centrifugation through Ficoll-Hy paque followed by dextran sed-
imentation (32). Residual eryvthrocytes were removed by hypotonic hysis,
and >95% pure PMNs were resuspended in HBSS without Ca”™* and
Mg™". pH 7.4.

Toxin treatment of PMNs

In our preliminary studies with BT-D. we used incubation conditions
described for previous studies with rabbit neutrophils (23). However.
when freshly prepared human PMNs were incubated for 60 min at 37°C
with SO0 ng/ml of BT-D (Wako Chemicals. Richmond. VA). we did not
observe any iohibition of FMLP-induced functional responses after the
toxin treatment. In subsequent studies when PMNs at § x 10%ml were
incubated with higher concentrations (1-5 pg/mly of BT-D for 90 to 120
min at 37 C. signiticant inhibitory effects of the toxin were observed.
Therefore, for all studies described here (except where indicated other-
wise. as in Fig. 4. PMNs at § x 10%m1 in HBSS without Ca®™* and
Mg* . were incubated for 120 min at 37°C. in the absence or presence of
L to 5 pg/ml of BT-D. After the incubation. both control and toxin-
treated PMNs were centrifuged at 1000 % ¢ and then resuspended in
HBSS containing Ca™* and Mg™* for assessment of FMLP-induced exo-
cytosis inintact PMNs, or, in a PB containing 100 mM KCL 20 mM
NaCl | mM EGTA. 30 mM HEPES. at pH 7.0. for assessment of Ca™*/
GTP/GTPyS-induced secretion after digitonin permeabilization of the
cells (33). The BT-D stock solution (1.0 mg/ml. in 0.2 M NaCl with 0.08
M sodium acetate. pH 6.5) was used in 1:200 to 1:2000 dilutions to
achieve the required toxin concentrations used in this study, and that did
not affect cell viability as assessed by trvpan blue exclusion and lactic
dehydrogenase release.

Digitonin permeabilization of PMNs

Permeabilization of PMNs was achieved by a slight modification of a
procedure described by Smolen et al. (33, Briefly, PMNsat 25 x 10%ml
in PB were prewarmed to 37°C and digitonin was added at 10 pg/ml.
from a freshly prepared stock solution of 1.0y mg/ml tmaintained at 37 C).
Permeabilization was performed for 18 min at 37°C. and the PMNs were
then immediately diluted to § x 10%ml with PB. As reported by Smolen
et al. (331, these digitonin-permeabilized cells maintained Ca™-induced
seeretory responses of both granule types, even after the release of 30%
to 0% of cytoplasmic luctic dehydrogenase during permeabilization.
Consistent with the previous report (33), extracellular release of B-glu-
curonidase (a marker for azurophilic granule content) and lactoferrin or
Vit B,,-BP (markers for specific granule contentst in Ca™*-free PB was
<5% of the total. during 15 min incubation with 10 pg/ml digitonin (data
not shown). In our hands. incubation with 10 gg/ml digitonin for 15 min
at 37°C was found to be the most optimal permeabilization condition for
studying Ca™*-induced exocytosis in PMN.

FMLP-induced secretion in intact PMNs

For studies of FMLP-induced exocytosis of PMN granules. PMNs at § <
10%mi in HBSS containing Ca”™* and Mg™ were warmed to 37°C in
round-bottom 12 x 75 mm polypropylenc tubes, and the PMNs were
treated with § ug/ml cytochalsin B for 10 min at 37°C. Secretion was
initiated by the addition of 10 “ M FMLP, and the PMNs were incubated
for additional 10 min at 37°C. The cells were then chilled on ice and KCl
was added to a tinal concentration of 0.1 M to minimize adsorption of
exocytosed granule proteins. The samples were then transferred to Ep-
pendorf centrifuge tubes and centrifuged at 4°C for 2 min at 10.000 X ¢,
in an Eppendort centrifuge. Supernatants were carefully aspirated. placed
on ice, and immediately analyzed for B-glucuronidase and Vit B,.-BP.
The remainder of the samples were stored overnight at 4°C before mea-
surement of lactoferrin by ELISA (341, Total cellular contents of the
various granule marker proteins were measured in paratle! trom an iden-
tical PMN cample in HIBSS. after disruption by sonication in the presence
ot 19 Triton X-100. Furthermore. in cach experiment. appropriate con-
trols with buffer, eytochalasin B, or FMLP alone. were assessed routinely
for any cxocytosis of PMN granules that could have occurred under
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nonstimubiators - conditions. Tn studies conducted  with toxin-treated
PMNs. both control and experimental samples were subjected to identical
incubation conditions in the presence or absence of the toxings), before
EMLP-induced secretion was studied as described above.

Ca~"-induced exocytosis in digitonin-permeabilized
PMNs

Digitonin-permeabilized PMNs at 5 x 10%ml in a Ca™*-free PB were
warmed 10 37°C and secretion was induced by addition of 1.5 mM Ca™*.
Where indicated. GTP or GTPYS was added at 0.1 mM. The concentra-
tion of Ca”* required for optimal secretory responses was determined
from a series of preliminary dose-response studies. 1Cis noteworthy that
under our experimental conditions, preexisting intracellular free Ca™,
[Ca™ 1. was not detectable in these PMNs when measured by a sensitive
indo-1 method. [Ca™ ], measurements were also made after the addition
of extracellular Ca™* to digitonin-permeabilized PMNs in PB (containing
1 mM EGTA). Addition of 1.5 mM Ca>*. which triggered optimal re-
sponses in the secretion studies. resulted ina [Ca’* |, of about |30 uM.
1t is worthwhile 1o mention here that although Mg/ATP has been reported
to enhance stimulated exocvtosis in permeabilized PMNs, we did not
observe any significant effect of Mg/ATP on Ca™'-induced secretory re-
sponses of digitonin-permeabilized PMNs in our preliminary studies. In
view of this observation, Mg/ATP was not added to the external medium
during induction of Ca”*-induced exocytosis in digitonin-permeabilized
PMN..

ADP-ribosylation with botulinum toxin D or C3

Botulinum toxin-mediated ADP-ribosylation of PMN G proteins wis
performed according to procedures described previousty (24). PMNs
were sonicated ina medium containing (0.1 M Tris-buffered sucrose. pH
7.2. 2 mM EDTA. and | mM DTT. in the presence of a mixture of
proteolyvtic inhibitors (containing 1 pg/ml each of PMSE aprotinin. and
leupepting at 4 C and centrifuged at 1000 X g for § min to remove
unbroken cells. For the enzyme assay. protein concentration was adjusted
o as o add |to 2 mg PMN protein per ml of the reaction mixture.
ADP-ribosylation was conducted in a final reaction volume of 100 ul.
containing 100 mM Tris - HCL pH 7.4, 1| mM EDTA. 10 mM thymidine.
5 mM MgCl.. 0.5 mM ATP. | uM “P-labeled nicotinamide adenine
dinucleotide ¢1-2 uCiy and 1 to 2 mg/ml PMN protein. BT-D (Wako
Chemicals) was activated with 20 mM DTT for 10 min at 30 C. and was
added at 25 pg/ml to initiate ADP-ribosylation (23). This concentration
of the toxin was chosen from previously reported salues (23, When

ADP-ribosylation was conducted with exoenzyme BT-C3L 0.0 pg/ml of

a partially puritied preparation of C3 (a generous gift of Dr. Leonard
Smith. United States Armyv Medical Rescarch Institute of Infectious Dis-
cases, Fort Detrick. MD)y was used (34). Al other experimental condi-
tions were identical. The [ “PJADP-ribosylation of PMN G proteins by
BT-D and BT-C3. as shown in Figure 1. A and B, were conducted with
two different PMN sonicates. in parallel studies. The reaction was per-
formed for 60 min at 37 C and was stopped with 104 ice-cold TCA (tinal
concentration). Samples were chilled on ice for an additional 15 min. and
the protein precipitates were collected by centrifugation and washed two
more times with ice-cold 107 TCA. The precipitated proteins were ti-
nally washed with ether and the samples were immediately processed for
SDS-PAGE on 1% to 23% gradient pels (Amersham. Phorcast). The
gels were dried under high vacuum and the [ 2PJADP-ribosy lated protein
bunds were detected by autoradiography. using Kodak X-Omat tilms.

Assay of PMN granule marker enzymes

In our present studies, B-glucuronidise was used as a marhker for the
azurophilic granules and Vit B, ,-BP and lactoferrin were used as markers
for specitic granule contents (1-3). Al assavs were conducted in dupli-
cate using standard procedures, the details of which have been described
(351 B-Glucuronidise was assaved by the phenoiphthalein-glucuionic
acid method and spectrophotometrically  quantitated at 540 nm. Vit
B, .-BP was measured by the charcoal binding assay using cyanocobal-
amin *'Co. and lactoferrin was gquantitated by ELISA using o puritied
human Jactoterrin (Cappel) as the standard (35). The p values were cal-
culated by Student’s 1 test.

ROLE OF G, IN PMN SECRETION

Electron microscopy

for clectron microscopic analsy sis of toxin-treated and untreated PMNS,
the cells were subjected to identical experimental conditions as deseribed
tor studying FMLP-stimulated exocytosis (see above). For electron mi-
croscopy. 1102 3 107 PMN« were used for cach experimental condition,
and PMNs were incubated in HBSS without Ca”* and Mg™*. in the pres-
eiwee or absence of 5 pg/ml of BT-D. for 120 min at 37 C. PMNs were
then centrifuged and resuspended in HBSS containing Ca™ and Mg
with PMN concentration at 5 % 10"/ml. FMLP-stimulated exocytosis
wis induced in toxin-treated and untreated PMNs after eyvtochalasin b
treatment. as described for Figures 1 and 2. The PMNs were centrifuged
at 1000 x ¢ for 10 min and tixed for 1 hin a mixture of 4% formalde-
hyde in 0.1 M sodium phosphate bufter. pH 7.4. The fixed PMNs were
Kept overnight in 0.1 M cacodylate buffer (pH 7.4 at 4 C. and posttixed
in 17 osmium tetroxide for 1 h at room temperature. The samples were
then dehydrated and processed tor electron microscopy . The details of
the procedure have been described previously (36). The sections were
poststained with agucous solutions of 3¢ urany | acetate and fead citrate
and the specimens were examined and photographed in a4 Zeiss EMTOY
transmiission electron microscope at 80 kY.

Results

In view of prior reports of the intrinsic ADP-ribosyltrans-
ferase activity of BT-D (23, 24, 37) and its effect on se-
cretion (26). as well as reports of the ability of some bot-
ulinum toxins (C2 and C3) to ADP-ribosylate cellular G
actin selectively (38) and to block the polymerization of G
actin to F actin (39). it was essential to determine the na-
ture of the ADP-ribosyltransterase activity of the BT-D
preparation used in our present studies. As shown in Fig-
ure 1A and previously reported (23, 24). BT-D was tound
to ADP-ribosvlate a 22-kDa G protein in PMN sonicates.
However. the possibility remains that more than one PMN
G protein, of similar molecular masses. are substrates for
BT-D-mediated ADP-ribosylation. Results identical with
those shown in Figure 14 were obtained in three separate
experiments with different PMN preparations. Figure 1B
illustrates the comparative ADP-ribosyltransferase activi-
ties of BT-D and a partially purified preparation of exoen-
zyme BT-C3 (34) in the same PMN homogenate. It should
be noted that the [*“PJADP-ribosylated PMN G proteins.
shown in Figure 1. were separated by electrophoresis on
11% 10 23% polyacrylamide gradient gels. which gave the
best one-dimensional separation of 20- to 30-kDa range
proteins in our hands. A 42-kDa [ “PJADP-ribosylated
protein was detected only when the reaction was con-
ducted with BT-C23 preparation and not with BT-D. This
32-kDa ["P)ADP-ribosylated PMN protein is most likely
actin (38). and it raises the possibility that a contaminating
C2-type toxin could also be present in the C3 preparation.
The major 24- 10 25-kDa PMN protein that was moditied
by BT-C3. appeared to have a distinetly dillerent mobility
from that of the G,,, which was ADP-ribosylated by the
BT-D. This has been a reproducible finding in our hands.
As s also shown in bigure 18, BT-C3 ADP-ribosylated
additional PMN proteins of 20 to 30 kDa range to a minor
degree and the possibility remains that the G.., is one of
these proteins., It should be noted that because the dynam-
ics of actin polymerization (and depolymerization) play a
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FIGURE 1. Botulinum toxin-mediated |'*P]ADP-ribosyla-
tion of small G proteins in PMN homogenates. A, ADP-ribo-
sylation of a single G,,, by BT-D; B, BT-D and BT-C3-me-
diated ADP-ribosylation of distinctly different G proteins in a
PMN homogenate. The | *“PJADP-ribosylated proteins were
electrophoresed on a 11% to 23% polyacrylamide gradient
gel. Other experimental details are given in the text. The re-
sults are representative of three separate experiments.

critical role in modutating PMN inflammatory responses
(40) including exocytosis (2—4), it was particularly impor-
tant to rule out the possibility of ADP-ribosylation of
PMN actin by the BT-D preparation that was to be used
for examining its effects on PMN secretory responses.
Having established the nature of the ADP-ribosylating
activity of the BT-D preparation, we next examined the
effect of the toxin on exocytotic secretion in PMNs, as
induced by the chemotactic peptide F'MLP. As a positive
control. we also studied the effect of PT. which is known
to inhibit FMLP-induced secretory responses in PMNs
(41). As shown in Figure 2, a significant inhibition of exo-
cytosis was observed in BT-treated PMNs. The data rep-
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FIGURE 2. Inhibition of FMLP-induced secretion by BT

and PT in intact PMNs. PMNs were incubated for 10 min at
37°C with 5 pg/ml cytochalasin b before stimulating with
10 “ M FMLP. In control PMNs (n = 10), FMLP-induced
secretion varied between 20% and 50% for B, ,-binding pro-
tein, between 50% and 70% for lactoferrin, and between
35% and 75% for B-glucuronidase (B-gluo). *p value <
0.0001.

resent values obtained from 10 different experiments and
are highly signiticant (p < 0.0001). In studies conducted in
parallel. with the same PMN preparations, we also ob-
served a significant inhibition of PMN secretion by PT.
which varied between 0% and 70%. Interestingly, we
never obtained a complete inhibition of FMLP-induced
secretion by PT. suggesting a PT-insensitive component of
the response. In view of the results shown in Figure 2, we
examined the secretory responses of PMNs that were
treated with both PT and BT-D. As shown in Figure 3, an
additive inhibition of FMLP-induced secretion was ob-
served in PMNs incubated with both toxins. and this result
suggests that the two toxins act at different steps in the
signal-transduction cascade for FMLP-stimulated exocy-
tosis in PMNs. As indicated in the legend to Figure 2, the
Vit B,,-BP release values were generally lower than the
lactoferrin values. This could have been due to the known
susceptibility of Vit B,,-BP to oxidative inactivation.

In preliminary studies. conducted to establish the opti-
mal incubation conditions with BT-D (see Experimental
Procedures), it was apparent 1o us that an incubation time
of 90 to 120 min, with 1 to § pg/ml BT-D. was necessary
to obtain a significant inhibition of PMN secretory re-
sponses by BT-D. In an effort to correlate inhibition of
secretion by BT-D with the degree of irreversible ADP-
ribosylation of PMN G,, by the toxin, we incubated
PMNs with different concentrations of BT-D for different
periods of time at 37°C, and measured the time- and dose-
dependent inhibition of in vitro [**P]ADP-ribosylation of
G.», by BT-D in those PMN sonicates o guantitate the
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FIGURE 3. Additive inhibition of FMLP-induced secretion
in PMNs by PT and BT. PMNs were incubated for 10 min at
37°C with 5 pg/ml cytochalasin b before stimulating with
10 “ M FMLP. In control PMNs (n = 3}, FMLP-induced
secretion varied between 50% and 70% for lactoferrin
and 35% and 75% for B-glucuronidase. *p value < 0.07;
**p value < 0.05; ***p value < 0.0005.
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ROLE OF G,,, IN PMN SECRETION

degree of toxin-mediated. irreversible ADP-ribosylation
during the various preincubation conditions. As shown in
Figure 4. incubation of PMNs for 90 to 120 min with 1 to
5 ng/ml of BT-D was required to obtain =85% inhibition
of subsequent in vitro [**P]JADP-ribosylation of Ga»,.
These conditions were also those that were required to
induce a significant inhibition of PMN exocytosis by
BT-D. Hence. it would appear that at least 85% of G-,
must be ADP-ribosylated by the BT-D before a functional
effect of the toxin-mediated modification on PMN secre-
tion is detectable in FMLP-stimulated cells.

Because a link between GTP and Ca™* has been ob-
served in stimulated PMN exocytosis (21). in that GTP, or
the nonhydrolyzable GTP analogue GTP+¥S. acts synergis-
ticalty with Ca™* in triggering secretion in permeabilized
PMNs (21), and because there appears to be a Ca*-inde-
pendent, GTPyS-inducible secretory component in exocy-
totic cells (27, 28, 42). it was of interest to study the effect
of BT-D on Ca’*-induced exocytosis in digitonin-perme-
abilized PMNs. As shown in Figure 5. there was signifi-
cant inhibition of secretion of both primary and secondary
granule contents when permeabilized PMNs treated with
BT-D were stimulated with Ca*, Ca>* + GTP. or GTPS
alone. Interestingly, extracellular release of -glucuroni-
dase. a marker for primary granules. appeared to be more

PERCENTAGF INHIBITION SHOWN GRAPHICALLY IN THE ADJOINING
FIGURE WAS CALCULATED FROM THE DENSITOMETRIC SCANS
OF THE RADICACTIVE BANDS FROM THIS AUTORADIOGRAM
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Digitonin-permeabilized PMNs (5~ 10%/ml) were resuspended in a buffer containing 100 mM KClL, 20 mM NaClL 1 mM EGTA.
30 mM HEPES. at pH 7.0. Secretion was induced by the addition of 1.5 mM Ca”™*, in the presence or absence of 0.1 mM GTP
or GTPYS, Where indicated, GTPyS was also used to induce secretion in the absence of Ca'*. Percentage inhibition of secretion
was calculated from the values obtained with control PMNSs. The secretion with Ca** alone ranged between 20% and 35 for
B-glucuronidase, between 20% and 25% for B, ,-hinding protein and 20° to 30%, for lactoferrin; with Ca’™* + GTP as the
stimulus, these values were veny similar to those obtained with Ca** alone; Ca’* + GTPyS-induced secretion varied hetween
30% and 407 for B-glucuronidase, between 25% and 30% tor B, ,-binding protein and 30% and 35% for lactoferrin; GTPyS-
induced. Ca”*-independent exocvtosis was only 10 to 12 above butier control. *p value < 0.07; **pvalue < 0.05; ***p value

< 0.0005.

sensitive to BT treatment than exocytosis of secondary
granule contents. By contrast. in PT-treated permeabilized
PMNs, a significant inhibition of exocytosis in response to
Ca’™*. Ca™ + GTP. or Ca™* + GTPS. was also observed.
but only of secondary granule contents (Fig. 5). Further-
more. unlike BT-D which inhibited Ca”*-independent,
GTPyS-induced secretion, PT did not cause any signiti-
cant inhibition of GTPyS-induced, Ca™*-independent exo-
cyvtosis in permeabilized PMNs (data not shown). These
differences. tllustrated in Figure 5, indicate the functional
involvement of both BT-D-sensitive and PT-sensitive G
proteins in the regulation of stimulated exocytosis in hu-
man PMNs. It is worthwhile to mention here that although
the GTPyS-induced. Ca™*-independent exocytosis was
only about 1097 above buffer controls. both secretion and
its inhibition by BT-D were highly reproducible. These
results also provide additional evidence for a difterential
regulation of the two major granule types of mature PMNy
during stimulated exocytosis (7. 8). We also studied the
effect of exoenzyme BT-C3 on Ca*-induced exocytosis in
digitonin-permeabilized PMNs, but failed to observe any
inhibition of exocytosis by BT-C3 (data not shown).
Ultrastructural studies of BD-treated PMNs were con-
sistent with an inhibitory etfect of the toxin on PMN se-
cretory responses. As illustrated in Figure 6, transmission
clectron nicrographs of BT-D-treated PMNs that were
stimulated under conditions identical with those used tor
studying FMLP-induced secretion (Figs. 2 and 3) revealed
an accumulation of membrane-bound empty organelles
(arrowheads) and also of PMN granule-like structures
(arrows) near the cell periphery, not seen in control,

FMLP-stimulated PMNs not exposed to BT-D. Such ac-
cumulations of membrane-bound organelles near the cell
periphery were not diflicult to detect and were observed in
>80% of BT-D-treated PMNs in any single preparation.
Furthermore. as is also illustrated in Figure 6. FMLP-stim-
ulated PMNs treated with BT-D were relatively smooth
and rounded in shape compared with control FMLP-stim-
ulated PMNs. which had characteristic pleomorphic shape
changes and membrane ruffies (3, 6. 40).

Discussion

Models for stimulus-secretion coupling in a variety of se-
cretory cells have included both receptor-mediated and
nonreceptor-mediated activation mechanisms (43, 44), and
in recent years, the role of cellular G proteins as compo-
nents of these activation mechanisms in directed vesicular
transport and membrane-fusion events has received sub-
stantial investigative attention (43, 44). Stimulated exocy-
tosis of PMN granules plays a critical role in both the
host-defense and inflammatory mechanisms of these cells,
and the detinition of cellutar mechanisms that are involved
in the regulation of exocytosis in activated PMNs remains
an important challenge for research in leukocyte cell bi-
ology. In our present studies, we have examined in par-
ticular the role of BT-D-sensitive. small m.w. G proteins
in stimulus-secretion coupling of human PMNy,

There is convineing biochemical evidence for an ADP-
ribosyltransferase activity of BT-D (37, 45, 46), and the
enzyme activity has been associated with the toxic com-
ponent of the progenitor toxin (46). Furthermore, a 21- o0
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FIGURE 6. Ultrastructural effects of
BT-D on exocvtotic human PMNs.
The PMNs were subjected to identi-
cal experimental conditions as de-
scribed for FMLP-induced secretion
(Fig. 2). The cells were then fixed and
processed tor electron-microscopy.
Other details are described in the
text: A, control; B, control + FMLP; C,
BT-D alone; D, BT-D + FMLP (tmag-
nification x 4400); £, BT-D + FMLP-
treated PMN at a higher magnifica-
tion (X 87,000).

22-kDa G protein. distinet from ras G proteins. has been
shown to hbe ADP-ribosylated specifically by BT-D in
membrane and cytosolic fractions obtained from bovine
adrenal gland (37. 45. 46). A BT-sensitive Gay, has also
been detected in mouse brain, pancreas. and pituitary
gland (45, 46). In addition. Knight et al. has reported an
inhibition of stimulus-induced catecholamine release by
BT-D in bovine adrenal medullary cells, and the toxin-
induced blockade was shown to occur at a step down-
stream from the stimulus-dependent intracellular increase
in free Ca™* (26). Subsequent studies. however. have

raised questions about both the functional involvement of

ROLE OF G .., IN PMN SECRETION

a BT-D-sensitive Gaay protein in stimulated exocytosis
and the intrinsic ADP-ribosyltransterase activity of BT-D
(47). Nonetheless, a review of the existing literature pro-
vides substantial experimental support for a functional role
of cellular G proteins (both PT-sensitive and PT-insensi-
tive) in regulated secretion. at a site or sites distal to the
generation of immediate, receptor-linked second messen-
gers (21,27, 28, 42y For example. studies conducted with
permeabilized rabbit neutrophils have shown that GTPYS
can activate secretory processes by acting both at the level
of second messenger generation and at more downstream
steps that directly activate exocytotic mechanisms (21,
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30). In analogous studies. synergistic effects of Ca** and
GTPYS have been demonstrated in permeabilized mast
cell degranulation (27, 28, 42).

Our present studies confirm prior reports (23, 24) that
human PMNs contain a G,,, protein that can be specifi-
cally ADP-ribosylated by BT-D (Fig. 1). Based on the
one-dimensional gel electrophoresis data, we cannot ex-
clude the possibility of more than one G protein of similar
molecular mass being ADP-ribosylated by BT-D: how-
ever. prior studies have purified and characterized a 22-
kDa PMN G protein, which was shown to be the substrate
for ADP-ribosylation by BT-D (24). Our studies also pro-
vide evidence for a functional involvement of the BT-D-
sensitive G, in the regulation of exocytosis in FMLP-
stimulated human PMNs (Figs. 2-4). Furthermore, the
additive inhibition by PT and BT-D (Fig. 3) suggests the
involvement of multiple G proteins. at different sites. in
the regulation of exocytosis in PMNs. Moreover. the data
presented in Figure 4 demonstrate that at least 85% of G,
needs to be irreversibly modified by BT-D, before an in-
hibitory effect of the toxin on PMN secretory responses is
evident. This finding provides an explanation for the
reported failure to observe inhibition of B-glucuronidase
release from BT-D-treated PMNs under experimental con-
ditions which we found to modity only 50% to 60% of the
PMN G.,., (23).

In secretion studies with digitonin-permeabilized
PMNs. BT-D was found to significantly inhibit Ca™ mi-
nus and Ca”* + GTP-induced exocytosis of both primary
and secondary granules, whereas PT only inhibited the re-
lease of secondary granule contents without affecting
B-glucuronidase release. a marker for primary granules
(Fig. 5). Furthermore. while BT-D inhibited Ca®*-inde-
pendent. GTPyS-induced exocytosis substantially in digi-
tonin-permeabilized PMNs, the extracellular release of
primary granule contents was found to be more sensitive
to toxin-induced inhibition than was release of secondary
granules (>80% vs 30%). In contrast. PT treatment of
PMNs did not affect the Ca’*-independent. GTP- -
duced secretion (data not shown). In a recent report (48),
evidence was presented for the association of distinct sub-
sets of small G proteins with the primary and secondary
granules of human PMNs, and it is tempting to speculate
that a differential sensitivity of these PMN G proteins to
BT-D may distinguish the G proteins that are involved in
mediating exocytosis of one or the other granular type.

Although the nature of the accumulated membrane-
bound vesicles is not known at this time, ultrastructural
changes of BT-D-trecated PMNs after activation with
FMLP. as shown in Figure 6. mimic those of secretion-
defective mutant yeast strains, deficient in the ras-related
small G protein. secdp, in which sub-plasmalemmal accu-
mulations of secretory vesicles are observed (15-18). Re-
cently, the rab family of small G proteins have been iden-
tified as mammalian homologues of secdp and yptip (49).
and distinct rab proteins of 22- to 25-kDa molecular mass
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have been shown to be associated with endocytic (11),
exocytotic (12), and synaptic (50) vesicles, suggesting that
the rab proteins may regulate vesicular trafficking in an
organelle-specific manner. Furthermore, experimental ev-
idence for an association-dissociation cycle of a small G
protein, rab3A. during Ca’*-dependent exocytosis of syn-
aptic vesicles (the secretory organelles of nerve terminals)
has been presented (19). In addition, the dissociation of
rab3A was shown to be dependent on the exocytotic fusion
of the vesicles and not on the stimulus-induced increase in
intracellular Ca®* (19). The results of our present study do
not provide information regarding the mechanism or site of
action of the BT-D-sensitive G,,, in PMN exocytosis: how-
ever. they clearly indicate a functional involvement of BT-
D-sensitive 22-kDa small G protein(s) in PMN exocytosis.

Although the intrinsic ADP-ribosyltransferase activity
of BT-D has been called into question (47). there is con-
vincing biochemical evidence in support of an ADP-ribo-
syltransferase activity of the toxic component of the neu-
rotoxin (37. 45. 46). The results of our present studies are
consistent with the reported ADP-ribosylation of G, by
BT-D in bovine adrenal tissue (37) and in other cells in-
cluding PMNs (23, 24), and also with the reported inhibi-
tion of neurotransmitter release by BT-D in bovine adrenal
medullary cells (26). The observed correlation of inhibi-
tion of PMN exocytosis with the degree of ADP-ribo-
sylation of PMN G..,, by BT-D (Fig. 4) and the lack of an
inhibitory effect of exoenzyme BT-C3 on PMN secretion
in permeabilized cells (data not shown). suggest an in-
volvement of the BT-D sensitive G,,, in the regulation of
stimulated exocytosis of human PMNs. In this context. it
is worthwhile to note that the [rho]-related small G pro-
teins racl and rac2. which are substrates for ADP-ribosyl-
ation by BT-C3 (31). have been studied extensively in the
past few years, and are believed to be involved in cytoskel-
etal reorganization (51) and in the activation and/or as-
sembly of NADPH oxidase complex of phagocytic cells
(52, 53).

Recent evidence from several laboratories indicate that
the rab proteins. the mammalian homologues of sec4 and
yptl gene products. which regulate yeast secretory vesicle
fusion and endoplasmic reticulum-to-Golgi transport. re-
spectively. represent a large family of ras-like small G
proteins (or GTPases) that regulate distinct vesicular trans-
port events at the level of membrane targeting and/or fu-
sion (12, 44, 49). Based on evidence accumulated from
recent studies in cell-free systems. it is currently believed
that most organclles of the endocytic and secretory path-
ways bear distinct rab proteins on their surfaces, and that
the rab proteins may function to ensure the accuracy of
vesicle targeting cvents (12, 44, 49). In view of the dif-
ferential regulation of distinct PMN granule types (7, 8). it
is conceivable that such a regulatory mechanism also ex-
ists in the targeting and/or fusion of PMN granules during




stimulated exocytosis. Future studies directed at charac-
terization and subcellular localization of the BT-D-sensi-
tive Ga.,, in stimulated and unstimulated PMNs should
clarify this possibility.
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