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Membrane fusion was studied using buman neutrophil plasma membrane preparations and phospholipid vesicles
approximately 0.15 pm in diameter and composed of phosphatidylserine and phosphatidylethanolamine in a ratio
of 1 t0 3. Lippsomes were labeled with N-(7-nitrobenze-2-0xa-1,3-diazol-4-yI (NBD) and lissamine rhodamine B
derivatives of phospholipids. Apparent fusion was detected as an increase in flvorescence of the resonance eneryy
transfer donor, NBD, after diSution of the probes into unlabeled membranes. 8.5 mM Ca®™ alome was sufficient to
cause substantial fusion of liposomes with a plasma membrane preparation but not with other liposomes. Both
annexin 1 and des(1-9)annexin | caused a subsiantial increase in the rate of fasion under these conditions while
annexin V inhibited fusion. Fusion mediated by des(1-9)annexin 1 was observed at Ca®* concentrations as low as
aproximately 5 uM, suggesting that the truncated form of this protein may be active at physiologically low Ca®*
concentrations. Trypsin treated plasma membranes were incapable of fusion with liposomes, suggesting that plasma
membrane proteins may mediate fusion, Liposomes did not fuse with whole cells at any Ca®* concentration,
indicating that the cytoplasmic side of the membrane is involved. These results suggest that amnexin 1 and
unidentified plasma membrane proteins may play a role in Ca?*-dependent degrapulation of human neutrophils.

Tntroduction

Degranulation of human neutrophils plays an im-
portant role in the inflammatory response to infection
[1]. When neutrophils engulf foreign particles by
phagocytosis, they degranulate by fusion of cytoplasmic
granules with the phagosome or plasma membrane
[2-6]. Soluble stimuli, such as concanavalin A, phorbol
myristate acetate, and externally added calcium in the
presence or absence of A23187 [7-10}, can also cause
degranulation of neutrophils. Intracellular mechanisms
of degranulation may include an increase in cytosolic

Abbreviations: PS, phosphatidylserine from bovine brain; PE, phos-
phatidylethanclamine {transestesified from egg phosphatidyicholine)
NBD-PE, N-({7-nitrchenz-2-oxa- 1.3-diazoi-4-yl}phosphatidylethanol-
amine; Rh-PE, lissamine rhodamine B-PE; DFP, diisopropyliluora-
phosphate; Tes, 2-(2-hydroxy-1,1-bis(hydroxymethylleihyllamino-
ethaneswifonic acid; Hepes, 4-(2-hvdroxylethyl)-1-piperazineethane-
sulfonic acid.
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free Ca’* [9,11,12]. There is evidence that the highest
local concentration of Ca?* following phagocytosis by
human neutrophils is in the periphagosomal region
[13), where it may participate in phagosome-granule
fusion. Thus, intraceliular Ca’* may interact with pro-
teins and/or lipids at the surface of granule, phago-
some or plasma membranes to induce fusion in neu-
trophils.

Proteins in the annexin class have been implicated
in intracellular membrane fusion [14]). Annexin VII
{synexin} [15], which binds to and aggregates chromai-
fin granules at greater than approximately 4-6 M
Ca®* [15,16], mediates apparent fusion of the aggre-
gated granules when certain free fatty acids are added
[17], or at low pH when chromafiin granules have been
taken through several freeze-thaw cycles [18]. Annexin
VII also accelerates the rate of Ca®*-induced aggrega-
tion of liposomes [19] leading to increased overall
fusion rates at as little as 10 M Ca®* [20], while ather
Ca® *-binding proteins have na effect or are inhibitory
§21,22]. Free fatty acids also assist the fusion of
synexin-aggregai::d liposomes [23). Another member of
the annexin family, annexin Il (calpactin), mediates
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fusion of chromaffin granules [24] and secretion by
permeabilized chromaffin cells [25] at micromolar Ca**.
Recently, annexin I {lipocortin I} has been shown to
promote Ca**-dependent fusion of liposomes {26]. An-
nexins or synexin-like proteins have been previously
demonstated in the human neutrophil system [27-29),
where in vitre assays suggest that they may promote
Ca?*.dependent fusion of neutrophil membranes [28].

We have studied the role of the plasma membrane
in degranulation of human neutrophils by monitoring
fusion with phospholipid vesicles of similar diameter to
neutrophil specific granules. These data show possible
roles for annexins as well as proteins of the neutrophil
plasma membrane in Ca®*-dependent, fatty acid-inde-
pendent membrane fusion.

Materials and Methods

Bovine brain phosphatidylserine (PS), phosphatidyl-
ethanolamine (PE) (transesterified from egg phospha-
tidylcholine), N-(7-nitrobenz-2-oxa-1,3-diazol-4-y1}-
phosphatidylethanclamine (NBD-PE)} and lissamine
rhodamine B-PE (Rh-PE) were purchased from Avanti
Polar Lipids {Birmingham, AL). KCl, NaCl, CaCl,,
Hepes, and N-ethylmaleimide were purchased from
Fisher Scientific (Medford, MA). DFP, Percoll, Tes,
trypsin (from bovine pancreas, type XIII), and soybean
trypsin inhibitor were obtained from Sigma (St. Lonis,
MOQ). Chelex 100 was purchased from Bio-Rad
(Richmond, CA) and polycarbonate filters were from
Nucleopore (Pleasanton, CA). All reagents were of
97% purity or greater.

Immunofluorescence of whole neutrophils was per-
formed using rabbit antisera against human annexin I
and V generously supplied by Dr, R, Blake Pepinsky.
Briefly, whole neutrophils were suspended in phos-
phate buffered saline at 5- 10° cells /mi, placed on a
glass slide and fixed in 4% paraformaldchyde for 1 h
followed by washes of 0.2% Tween 20 in buffer and
buffer alone. Cells were then treated with methanol to
aid permeabilization followed by incubation with the
primary antiserum overnight. After washes with Tween
20 and buffer, the sample was incubated 1 h at 37°C
with fluoresceinated poat anti-rabbit anbtibody and
washed again.

Neutrophil plasma membranes were isolated accord-
ing to the procedure described by Borregaard et al.
[30}, with the following medifications: The nitrogen
bomb cavitate was collected over Chelex beads. The
beads were removed by centrifugation at 500 X g for 10
min at 4° C before layering onte discontinucus Percoil
gradients as previously described. The gradients were
spun at 4°C for 20 min at 30000 X g. The highest, or
least dense, of the three distinct bands contained the
plasma membranes (designated as the y fraction). Af-
ter addition of Percoll, the v fractions were spun at

150000 % g for 45 min. The sedimerntable biologic ma-
terial, layered on a hard packed Percoll pellet, was
then resuspended in 1 ml of 130 mM KCI, 5 mM NaCl,
and 10 mM Hepes, pH 7.0 (buffer A) or in 100 mM
KCl, 50 mM Hepes, ]| mM EGTA, pH 7.0 (buffer B).
Enzyme marker assays [30] show that this preparation
is at least 95% free of azurophil or specific granules or
nuclei. Markers for mitochondria were too low to mea-
sure.

Fusion of plasma membranes with liposomes was
measured using an assay of lipid mixing. Large uni-
lamellar vesicles were prepared by the reverse-phase
evaporation method [31]. To obtain a uniform size
distribution, vesicles were extruded successively
through polycarbonate filters with pore sizes of 0.2 and
0.1 um [32), giving an average diameter of approx. 0.15
pm, similar to the diameter of specific granules (see
Ref. 30). The aqueous buffer was either buffer A or B.

In these assays, a fluorescent lipid probe was used
to monitor fusion, under conditions where fluorescence
was quenched by energy transfer to another probe.
Since the fluorescence of the energy transfer donor is
inversely proportional to the concentration of the en-
ergy transfer acceptor, dilution of the acceptor results
in more fluorescence of the donor. When both donor
and acceptor are incorporated into the same liposome,
dilution of the probes into an unlabeled membrane due
to fusion causes an increase in donor fluorescence. In
the system we employed [48], the energy transfer doner,
NBD-PE , and the acceptor Rh-PE, were incorporaied
into liposome membranes in equimolar quantities {each
at 0.75 mol% of the phospholipid) by inclusion of the
probes in the lipid mixture during lipesome prepara-
tion in buffer A. To assay fusion, 3 uM liposomal
phospholipid was mixed with 50 ug/ml plasma mem-
brane protein, or with 24 xM unlabeled PS/PE lipo-
somes, in 2 ml final volume of buffer A. Fusion, as
clicited by Ca?*, was then monitored as the increase in
fluorescence of NBD-PE at an excitation wavelength of
450 nm and emission of 530 nm. The maximum fluores-
cence (F,.) was set by adding Triton X-100 (0.1%
w/v) to dissolve the membranes into micelles which
effectively abolished energy transfer between the two
probes, but also quenched the fluorescence somewhat.
The normalized fluorescence intensity for the same
probes diluted into PS/FE vesicles by the estimated
amount of total lipid in the assay systems is approxi-
mately 30% higher than the fluorescence in the pres-
ence of Triton X-10{.

When annexins were used, they were added to the
mixture of liposomes and plasma membranes in 2 ml
buffer A or B and incubated for 5 min prior to the
addition of Ca?*. Annexin I {lipocortin 1), des(1-9)an-
nexin I, and annexin V (lipocortin V) were kindly
provided by Dr. R. Blake Pepinsky of Biogen Corpora-
tion (Cambridge, MA) and were of greater than 99%



purity as determined by one dimensional eiectrophore-
sis.

The phospholipid concentrations for all liposames
were determined using a phosphate assay [33]. The
plasma membranes were assayed for phosphate con-
centration after being subjected to an extraction proce-
dure [34], and for protein concentration using ile
bicinchorinic acid method [35]. The amount of protein
used (100 pg, in a final volume of 2 ml) for fusion
assays was estimated to be 24 uM phospholipid.

Ca’* activities were estimated by use of a Ca®*
electrode (Orion). Activities were the same as the
nominal Ca®' concentration above approximately 10
#M. Free Ca** in Fig. 2 was estimated by the method
of Bers [47] for comparison with previously reported
data.

All experiments, except for those in Fig. 2, were
performed at 25°C using a Perkin-Elmer ntodel L5-5
fluorometer. All data shown are representative of two
or more experiments. Variation of fluorescence at any
given time point was within + 10%. Data in Fig. 2 were
obtained using an SLM 80 C iluorometer.

Trypsinization. Aliquots of plasma membranes were
treated with trypsin. Trypsin was prepared at a stock
concentration of 400 ug/ml (4800 units of N-a-ben-
zoyl-L-arginine ethyl ester activity per ml) and plasma
membranes were incubated at 25°C in a final concen-
tration of either 100 pg/ml ar 10 pg/ml as specified
in the text. Samples were removed at various times and
added to 2 ml solution of buffer A with both labeled
liposomes and soybean trypsin inhibitor. The final con-
centration of trypsin was approx. 2 pg/ml, and the
concentration of trypsin inhibitor in vast excess, 40
pg/mi final concentration.

Results

The presence and distribation of annexins in human
neutrophils was first studied by immunofiuorescence.
When fixed human neutrophils were treated with rab-
bit antiserum to annexin I {lipocortin I) and a second
fluoresceinated anti-rabbit antibody, a diffuse cytoplas-
mic fluorescence was observed (data not shown), indi-
cating the expected cytoplasmic localization. A periph-
erat ring of fluorescence was also cbserved, suggesting
a plasma membrane bound form of annexin 1 in neu-
trophils as previously observed in other cells [36,37]. In
contrast, treatment of fixed cells with annexin V anti-
serum and the second antibody yielded no observable
fluorescence over background.

In order to elucidate the role of annexins in neu-
traphils, we investigated the effects of various annexins
on fusion between human neutrophil plasma mem-
branes and phospholipid vesicles as models of specific
granule membranes. The vesicles were composed of
PS/PE (1:3, molar ratio) labeled with the fluorescent
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membrane probes NBD-PE and Rh-PE. The increase
in fluorescence of NBD-PE, indicating decrease of
energy transfer between the fluorescent probes as a
vonsequence of lipid dilution, served as an indicator of
fusion between labeled liposomes and unlabeled plasma
membranes. Mo increase in fluorescence (i.e. fusion)
was observed prior to the addition of Ca?*. Fusion was
observed after the addition of 0.5 mM calcium (Fig. 1).
The extent of fusion after 14 min in this setting was
approx. 10% of the maximal fluorescence (as defined
in Methods). Addtion of EDTA in excess of the Ca®*
did not reverse the increase in fluorescence (data not
shown). The inclusion of annexin I (6 pg/ml) signifi-
cantly enhanced the initial rate of fusion, such that
10% maximal fluorescence was reached after only 4
min, and the overall extent of fusion after 20 min was
increased by approximately 2-fold. A preparation of
annexin I lacking amino acids 1-9 of the N-terminus,
des(1—M-annexin L, produced an even greater enhance-
ment of fusion at a lower concentration, with a greater
than 4-fold increase in the extent of fusion after IS
min. Annexin V, however, completely inhibited fusion
{Fig. 1). N-terminal cleaved versions of annexin 1 have
been shown to have a higher Ca* sensitivity for mem-
brane binding than the uncleaved versions [44,45). In
order to investigate the Ca?* dependence of this phe-
nomenon, we carried out the same lipid dilution assays
in a Ca?* buffered system (Fig. 2). Significant rates of
fusion were observed at Ca?* concentrations as low as
the 5 uM range.
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Fig. 1. Effects of annexins on fusion of neuttophil plasma mem-
branes and PS/PE liposomes at high Ca** concentrations. Lipo-
somes composed of PS/PE (1:3) (3 M phospholipid) and labeled
with NBD-PE and Rh-PE were mixed with neutrophil plasma mem-
branes (50 ug protein/ml) and were preincubated for 5 min with 4
pg/m des(i-9annexin 1 (a), 6 pg/ml annexin 1 (b), 5 pg/ml
annexin V {c), or no added protein (d). Liposomes compused of
PS/PE {1:3) (3 uM phospholipil) and labeled with NBD-FE and
Rh-PE were mixed with liposomes composed of PS/PE (1:3) (24
&M phospholipid) (e). 0.5 mM CaZ* was added at time 0 1o initiate
fusion. Fusion in alf cases is expressed as the percentage of the
maximal fluorescence obtained as described in Methods. All experi-
ments were pertormed in buffer A at 25°C at 2 final volume of 2 ml
as detailed in Methods.
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Fig. 2. Ca®* concentration dependence of fusion medialed by des(1-
9r-annexin [. Liposomes composed of PS/PE (1:3){3 zM phospho-
lipid) and labeled with NBD-PE and Rh-PE were mixed with neu-
trophil plasma membranes (100 pg protein/mb) and 10 pg/mi
des(1-9)annexin 1. Fusion was initiated a1 30 s with 0 (a), 2 {b), 6 (c).
25 ¢d) or 150 (e} pM free Ca’* measured as described in Methads.
Fusion is expressed as the percentuge of the maximal fluorescence
obtained by the addition of U.1% Triton-X 100, All experiments were
performed i buffer B at 25°C in a final valume of 1.5 ml as detailed
in Methods, .

The data in Fig. 1 also showed that fusion between
plasma membranes and liposomes occurred mare read-
ily, i.e. at lower Ca** concentrations, than fusion be-
iween liposomes alone (Fig. 1 d,e). This finding sug-
gested that factors in the neutrophil plasma membrane
were responsible for the lawer Ca®* concentration
dependence. This possibility was investigated by treat-
ing the plasma membranes witl: trypsin for varying
periods (Fig. 3). The treated membranes were then
added to a buffer containing soybean trypsin inhibitor
to stop the reaction.

In Fig. 3, assays were performed as before by moni-
toring the increase in fluorgscence on mixing labeled
liposomes with trypsin-treated neutrophil membranes.
The reactions were initiated with the addition of 1 mM
Ca?*. For purposes of comparison, a control assay
containing fabeled liposomes and unlabeled neutrophil
membranes, but neither trypsin nor trypsin inhibitor, is
shown. The extent of fusion was 25% at 10 min. When
the membranes were incubated with trypsin at a con-
centration of 100 wpg/ml, the amount of fluorescence
was decreased by 50% after only 1 min of incubation
and was completely inhibited after 12 min. Trypsin
inhibitor itself had no eifect on the rate of fusion,
When 24 1M unlabeled PS/PE liposomes were substi-
tuted for neutrophil membranes, trypsin had no effect
on fusion (data not shown). This suggests that the
target or targets of these protein-modifying agents were
localized to the neutrophil plasma membranes and
were indeed proteins. It is possible that products of
trypsinolysis inhibit fusion. However, these products
are probably not abundant as no change can be de-
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Fig. 3. Effect of pretrealment of neutrophil plasma membranes with
trypsin on fusion of membranes with liposomes composed of PS/PE
(1:3). A suspension of plasma membranes (3.9 mg/ml} was incu-
bated with 100 gg/m) trypsin for 1 min (a), or 12 min {b); or with 10
we/ml trypsin for 1 min {c), or 12 min {d); or with no addition (e). At
the time intervals noted, aliquots of each suspension estimated to
contain 106 ug membrane protein were removed and added to
liposomes composed of P5/PE (1:3) (3 M phospholipid) and
lubeled wilth NBD-PE and Rh-PE in 2 ml of buffer A comsaining 40
ug/ml soybean trypsin inhibitor. In (e) the membranes were added
to the label2d liposomes {as above) in buffer A without soybean
trypsin inhibor. 1 mM Ca?* was added lo initiate the reactions in
each case. Fusion is expressed as the percemtage of the maximal
fluorescence obtained as in Methods., Al incubations and assays
were performed at 25°C, with a final assay volume of 2 ml as detailed
in Methods,

tected in the pattern of a one dimensional polyacryl-
amide gel of the the plasma membrane preparations
before or after trypsin treatment under the conditions
described (not shown).

As previously observed [39], no fusion with intact

20

—

10

% Fll'lll'

-

"

b,c

0 |
0 5 10 15
time {min)

Fig. 4. Characlerization of fusion between neuirophil plasma men.-
branes and PS/PE liposomes. NBD-PE and Rh-PE labeled lipo-
somes (3 pM phospholipid) were mixed with neufrophil plasma
membranes (a) (S0 g prolein/ml in the final volume of 2 ml) or
whole neutrophils, at concentrations of 1.3:10% cells in 2 ml Sinal
volume (b) or 4.2-10° in 2 ml final volume {¢). 1| mM Ca?* was
added at time 0 1o initiate the reaction. Fusion is expressed as the
percentage of the maximal fluorescence (%,,,) obtained on the
addition of D.1% Triton-X 100. All experiments were performed in
buffer A at 25°C at a final volume of 2 m| as detailed in Methods.



neutrophils was induced by Ca** (Fig. 4), suggesting
that the cytoplasmic side of the membrane is involved
in the observed fusions.

Discussion

In order to model degranulatiorn in human neu-
trophils with a system that is more physiological than
liposome-liposome fusion, yet well defined enough to
identify individual factors involved in the process, we
have monitored the Ca®*-dependemt fusion of lipo-
somes with plasma membrane vesicles from human
neutrophils as a model of specific granule-plasma
membrane fusion. In this system, we were able to
demonstrate apparent fusion between the plasma
membranes and PS/PE vesicles. The fusion event was
not spontaneous, but was initiated by des(1-9)annexin
1 and Ca?* concentrations as low a few micromolar, in
keeping with the rise of intracellutar free Ca?* to
submillimolar levels elicited by stimuli of neutrophil
degranulation [38]. A previous study [39] on the fusion
of small sonicated liposomes with a neutrophil plasma
membrane preparation suggested a micromolar Ca®*
dependence in the absence of annexins. More Ca®* is
required in our system, perhaps because the vesicles
used in our study have an average diameter of 0.15 um
and are not as susceptible to fusion due to high mem-
brane curvature as are small sonicated liposomes (see,
for example Refs. 40 and 41). While the concentrations
of Ca®* required were higher than peak concentrations
{averaged over the whole cytosol} measured in intact
neutrophils [38], Ca’* concentrations at sites of fusion
may be significantly higher than bulk cytesolic levels
f13]. The Ca®* threshold may also be lowered by
co-mediators not present in this highly purified model.

Annexin I enhanced the rate and extent of fusion
between neutrophil plasma membranes and PS/PE
liposomes. It was also enhanced by des(1-9)annexin I,
a preparation of annexin 1 in which the first nine
amino acids of the N-terminus are absent. Imterest-
ingly, annexin V, which is highly homologous to an-
nexin 1 [42,43], inkibited fusion in this system, Thus it
seems that alkhough the annexins share certain proper-
ties and structural characteristics, their functional roles
may be specialized. Other annexins that have been
implicated in promoting membrane fusion are annexin
Vi1 [17,.21], II [24.25] and I [26). While annexin VII
(synexin) promotes aggregation of isolated specific
granules from neutrophils and increases the overall
rate of Ca®*-induced fusion of phosphatidate(PA)/PE
liposomes with specific granules, it requires fatty acids
and apparently more free Ca®* [28] than des(1-9)an-
nexin I requires in this system. Calpactin {or annexin
1) has also been shown to mediate Ca?*-dependent
fusion in the chromaffin cell system at micromolar
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Cal* concentrations, but may require low pH in the
cell free system [24,25).

The data showing the Ca’* dependence of fusion
mediated by des{1-9annexin I (Fig. 2) are particularly
interesting. Des(1-12}annexin 1 and des(1-26)annexin
1 have been shown to have a heightened Ca®* sensitiv-
ity for membrane binding [44]. There is evidence for
production of truncated forms of annexin I by an
endogenous proteinase in some cells [45), which makes
our findings of particular relevance, suggesting that the
truncated form of annexin I is more likely to be active
at physiolegical Ca®* levels.

in addition to elucidating a potential role for cytosco-
lic annexins, we have also provided evidence that neu-
trophil plasma membrane-associated proteins may me-
diate Ca?*-dependent fusion. Our resuits suggest that
a trypsin-sensitive factor (or factors) in the neutrophil
plasma membrane could be essential for Ca®*-depen-
dent fusion, assuming that products of trypsinolysis do
not inhibit fusion. The identity of this factor is as yet
unknown, but it could be related to a 51 kDa protein
isolated from plasma membranes of chromaffin cells
on the basis of its binding to chromaffin granules [46].
Since our immunofluorescence resulls suggest a plasma
membrane localization for some annexin 1, as has been
demonstrated in other cells 136,37), it is also tempting
to speculate that at least one of the trypsin semsitive
factors may be the membrane-bound form of annexin 1.
Although a wide range of membrane proteins may be
affected by trypsin, our findings do serve to underscore
the possible role of membrane proteins as mediators of
fusion, and to suggest avenues of future rescarch.
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