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SNAP-23 regulates phagosome formation
and maturation in macrophages
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ABSTRACT Synaptosomal associated protein of 23 kDa (SNAP-23), a plasma membrane-
localized soluble N-ethylmaleimide—sensitive factor attachment protein receptor (SNARE),
has been implicated in phagocytosis by macrophages. For elucidation of its precise role
in this process, a macrophage line overexpressing monomeric Venus-tagged SNAP-23
was established. These cells showed enhanced Fc receptor-mediated phagocytosis.
Detailed analyses of each process of phagocytosis revealed a marked increase in the pro-
duction of reactive oxygen species within phagosomes. Also, enhanced accumulation of
a lysotropic dye, as well as augmented quenching of a pH-sensitive fluorophore were
observed. Analyses of isolated phagosomes indicated the critical role of SNAP-23 in the
functional recruitment of the NADPH oxidase complex and vacuolar-type H*-ATPase to
phagosomes. The data from the overexpression experiments were confirmed by SNAP-
23 knockdown, which demonstrated a significant delay in phagosome maturation and a
reduction in uptake activity. Finally, for analyzing whether phagosomal SNAP-23 entails a
structural change in the protein, an intramolecular Férster resonance energy transfer
(FRET) probe was constructed, in which the distance within a TagGFP2-TagRFP was altered
upon close approximation of the N-termini of its two SNARE motifs. FRET efficiency on
phagosomes was markedly enhanced only when VAMP7, a lysosomal SNARE, was coex-
pressed. Taken together, our results strongly suggest the involvement of SNAP-23 in
both phagosome formation and maturation in macrophages, presumably by mediating
SNARE-based membrane traffic.
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INTRODUCTION

Professional phagocytes, particularly macrophages, neutrophils,
and dendiritic cells, play a significant role in host defense to internal-
ize, kill, and digest many species of bacteria and other immuno-
globulin (Ig)-opsonized targets. Phagocytic processing by these
cells is composed of phagosome formation and maturation. In addi-
tion, with the exception of neutrophils, phagocytes exhibit antigen-
presenting properties by major histocompatibility complex (MHC)
class | and Il molecules (Jutras and Desjardins, 2005; Haas, 2007).
Phagocytosis is triggered by the activation of various types of cell-
surface receptors. For example, in Ig-mediated phagocytosis, Fc
receptors (FcRs) cluster at sites at which they contact the Ig-op-
sonized surface of large foreign particles; this encounter induces
cytoskeletal reorganization, resulting in the formation of pseudopod
extensions and phagocytic cups that engulf the particle (Swanson
and Hoppe, 2004). The newly formed phagosomes progressively
undergo maturation to generate phagolysosomes by acquiring re-
active oxygen species (ROS) that kill pathogens and an acidic envi-
ronment to digest them by several lysosomal hydrolases (Haas,
2007). These are complicated processes involving the fusion and
fission of various types of membranes (Vieira et al., 2002; Desjardins,
2003) and are mediated by as yet poorly understood molecular
mechanisms.

In eukaryotic cells, biological membrane fusion is generally exe-
cuted by fusogenic soluble N-ethylmaleimide-sensitive factor (NSF)
attachment protein (SNAP) receptors (SNAREs). These membrane-
anchoring proteins localize to and function in diverse endomem-
brane systems in which docking and fusion between membranes
take place (Chen and Scheller, 2001). SNARE proteins are character-
ized by a common stretch of 60-70 amino acids known as the
SNARE motif, located adjacent to the membrane anchor domain.
Two SNARE subgroups are distinguished. The syntaxin and SNAP-
25 (which contains two SNARE motifs) families contain a conserved
glutamine (Q) residue at a central position of the SNARE motif and
are therefore called Qa- and Qbc-SNAREs, respectively. Members
of the vesicle-associated membrane protein (VAMP, also called syn-
aptobrevin) family contain a conserved arginine (R) residue at the
same position and are therefore called R-SNAREs (Fasshauer et al.,
1998). The proper assembly of SNARE motifs (Qa, Qbc, and R),
which are extended from the SNARE proteins in both the vesicle
and the target membranes, leads to the formation of the SNARE
complex (a parallel four-helix bundle) and finally to membrane fu-
sion and cargo delivery (Fasshauer et al., 1998; Jahn and Scheller,
2006).

During phagocytosis in macrophages, membrane fusions be-
tween the plasma membrane and endocytic organelles or the endo-
plasmic reticulum (ER) are mediated by VAMP3 (recycling endo-
somes; Bajno et al., 2000), VAMP7 (late endosomes and lysosomes;
Braun et al., 2004), and syntaxin 18, D12, and Sec22b (ER; Hatsuzawa
et al., 2006, 2009). VAMP8 (late endosomes) plays an inhibitory role
in phagocytic function of dendritic cells (Ho et al., 2008). Syntaxin 4
is a cognate SNARE partner (a functional pairing partner for the for-
mation of a SNARE complex) of VAMP3 during phagocytosis and in
association with tumor necrosis factor (TNF)-o. secretion in activated
macrophages (Murray et al., 2005). After internalizing the foreign
particle, the phagosome continuously fuses with vesicles and/
or those compartments related to endocytic organelles. Syntaxin 13
(recycling endosomes) and syntaxin 7 (late endosomes and lyso-
somes) are required for the early and late stage of phagosome matu-
ration, respectively (Collins et al., 2002). However, a specific cognate
SNARE partner on the plasma membrane and phagosome has yet to
be determined, and the functional involvement of SNARE proteins in
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phagosome formation and maturation in macrophages remains to
be elucidated (Stow et al., 2006).

SNAP-23 is a ubiquitously expressed SNARE protein that be-
longs to the SNAP-25 family (Jahn and Scheller, 2006). Like SNAP-
25, SNAP-23 is present in many types of cells at the plasma mem-
brane domain, with a little intracellular localization, and mediates
exocytosis of secretory vesicles. However, in neutrophils, SNAP-23 is
mainly distributed on cytoplasmic granules (specific and gelatinase-
rich tertiary granules) and mediates the secretion of these granules
(Martin-Martin et al., 2000; Mollinedo et al., 2006). More recently, it
was reported that membrane fusion between specific granules and
phagosomes is involved in a SNAP-23-mediated trafficking path-
way in human neutrophils (Uriarte et al., 2011).

In macrophages, SNAP-23 is a major candidate Qbc-SNARE pro-
tein located on the plasma membrane, but little is known about its
involvement in membrane fusion with intracellular organelles during
phagocytosis (Stow et al., 2006). In this paper, we report that the
overexpression of SNAP-23 critically regulates the entire process of
phagocytosis through enhanced ROS production and acidification
within phagosome in J774 macrophages. These observations were
supported by the results of SNAP-23 knockdown experiments,
which showed a delay in phagosome maturation and a reduction in
uptake activity. Interestingly, we found that SNAP-23 assumes dis-
tinct conformations on phagosomal membranes, as determined by
intramolecular Forster resonance energy transfer (FRET) analyses in
cells overexpressing VAMP7. Thus we conclude that SNAP-23 regu-
lates phagosome formation and maturation by mediating mem-
brane fusion in macrophages.

RESULTS

Stable overexpression of mVenus-SNAP-23

in J774 macrophages

In macrophages, SNAP-23, a plasma membrane-localized SNARE
protein (Supplemental Figure S1A), together with syntaxin 4 was
shown to be involved in phagocytosis associated with TNF-o secre-
tion (Murray et al., 2005). However, as there is no direct evidence
that SNAP-23 participates in phagocytosis, we established a line of
J774 macrophages stably expressing SNAP-23 N-terminally fused
to the fluorescent protein mVenus (J774/mV-S23 cells). It is well
known that SNAP-25 is a target of the neurotoxin botulinum type A
(BoNT/A), which cleaves a nine—amino acid peptide off the protein’s
C-terminus, resulting in the inhibition of neurotransmitter release
(Schiavo et al., 1993). Although BoNT/A does not cleave SNAP-23
at the corresponding site, SNAP-23AC8, in which eight C-terminal
amino acids are cleaved from SNAP-23, thus mimicking the action
of BoNT/A on SNAP-25, has been analyzed as a dominant-negative
mutant in exocytosis (Kawanishi et al., 2000; Huang et al., 2001).
Western blot analysis revealed that the expression of mV-523 and
mVenus-SNAP-23AC8 (mV-S23A8) was nearly twice as high as that
of endogenous SNAP-23 without alterations in the expression levels
of CDé4 (FcR la) and syntaxin 4 (Figure 1A). Immunofluorescence
analysis showed that both of the tagged proteins were predomi-
nantly located at the plasma membrane (Figure S1B) quite similarly
to endogenous SNAP-23 (Figure S1A) and around phagosomes
containing Texas Red-conjugated zymosan particles opsonized with
anti-zymosan rabbit IgGs (Figure 1B). The presence of those mole-
cules was confirmed at a higher resolution, using structured illumi-
nation microscopy (SIM). In that experiment, the phagocytized par-
ticles were nonfluorescent beads previously opsonized with IgGs.
Incubation of the beads with the fluorescently labeled secondary
antibody allowed only beads outside the cells to be visualized with
Alexa Fluor 594 dye (Figure 1C).

Molecular Biology of the Cell
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Stable overexpression of mVenus-SNAP-23 in J774 macrophages. (A) Total lysates
from J774 macrophages stably expressing mVenus (mV), mVenus-SNAP-23 (mV-523), and
mVenus-SNAP-23AC8 (mV-S23AC8) were analyzed by Western blotting using the indicated
antibodies. (B) Confocal live-cell imaging of J774 cells expressing mV-523 or mV-S23AC8 during
the ingestion of Texas Red—conjugated zymosan A (TR-zymosan) particles previously opsonized
with rabbit anti-zymosan IgGs. The asterisks denote the phagosomes containing Texas
Red-conjugated zymosan A particles. Scale bar: 10 ym. (C) Three-dimensional SIM image of
J774/mV-S23 cells during the ingestion of IgG-opsonized latex beads (3.0 pm in diameter).
Beads outside the cells were stained with an anti-IgG Alexa Fluor 594 antibody. The asterisks
denote the bead-containing phagosomes. (D) J774/mV, J774/mV-523, and J774/mV-S23AC8
cells were incubated with IgG-opsonized FITC-zymosan particles, and the efficiency of
association and FcR-mediated phagocytosis were then measured as described in Materials and
Methods. Arbitrary fluorescence units were normalized to the maximum value obtained for mV
cells within the same experiment, defined as 100%. Data presented are the mean + SE of three
independent experiments.

assembly and activation of NADPH oxidase
2 [NOX2] components on the plasma mem-
brane) from the cells by phorbol 12-myristate
13-acetate (PMA). As shown in Figure S2A,
mV-523 strongly enhanced ROS release
compared with control mV, while mV-
S23AC8 inhibited ROS release in a domi-
nant-negative manner, indicating that these
mVenus-tagged proteins are functional in
J774 cells and that the PMA-stimulated ROS
release results from a type of exocytosis me-
diated by SNAP-23 (Figure S3). These re-
sults suggested that either overexpressing
SNAP-23 plays no role in phagocytosis or
the amount of endogenous SNAP-23 al-
ready expressed in J774 cells is sufficient for
phagocytosis.

Overexpression of mVenus-SNAP-23
enhances phagosome maturation
processes and phagocytic activity
Because the overexpression of mV-S23
did not invoke changes in uptake activity
of IgG-opsonized FITC-zymosan particles
(Figure 1D), we next measured the kinetics
of ROS production within the phagosome,
using nonopsonized luminol-bound micro-
beads. Prior to that, we checked whether
these cells affected uptake activity of non-
opsonized synthetic beads. Consistent
with the case of opsonized FITC-zymosan
particles, we found that those cells ex-
pressing tagged proteins did not show a
statistically significant difference in uptake
activity of FITC-conjugated microbeads
(Figure 2A). Exposure of the luminol beads
to ROS produced within the phagosome
results in their chemiluminescence. Sur-
prisingly, as shown in Figure 2B, the rate of
ROS production in J774/mV-S23 cells was
fourfold higher than in control J774/mV
cells, in contrast to a slight decrease in
ROS production in J774/mV-S23AC8 cells
(Figure 2B). It is known that within phago-
somes, ROS are produced by the NOX2
complex. This enzyme, referred to as the
NOX2 system, is a complex of two mem-
brane-associated components (gp91prhox
and p22pr">) and four cytoplasmic compo-
nents (p67P"%%, p47Phox, p40Phox, and Rac)
that is associated with phagosomes in
macrophages (Sumimoto, 2008). As shown

We then examined the effects of mV-523 overexpression on FcR-  in Figure S2B, overexpression of mVenus-tagged proteins in J774
mediated phagocytosis by measuring the uptake of fluorescein iso-  cells caused little change in the expression of NOX2 components
thiocyanate (FITC)-labeled zymosan particles opsonized with IgG ~ or of SNARE proteins either localized on the plasma membrane
(see Materials and Methods). Overexpression of either mV-S23 or  (syntaxin 2 and syntaxin 3) or involved in phagocytosis (syntaxin
mV-S23AC8 had no effect on the efficiency of phagocytosis (Figure 18, D12, Sec22b, VAMP3, VAMP7, and VAMPS; Bajno et al., 2000;
1D, bottom), nor was there a change in the association of IgG-op- Braun et al., 2004; Hatsuzawa et al., 2006; Ho et al., 2008).
sonized FITC-zymosan particles in J774 cells (Figure 1D, top) com-  Together with the finding that mV-523 overexpression did not al-
pared with that of mVenus (mV). Because mV-523 and mV-S23AC8  ter the uptake of FITC particles by J774 cells (Figures 1D and 2A),
are suspected to not be functional in J774 cells, we investigated  these results suggest that mV-S23 enhances ROS production

whether these cells are stimulated in ROS release (caused by  within phagosomes.
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FIGURE 2: mVenus-SNAP-23 enhances not only phagosome maturation processes but also

uptake activity. (A) J774/mV, J774/mV-S23, and J774/mV-S23AC8 cells were incubated with
nonopsonized FITC-conjugated microbeads to quantify a phagocytosis efficiency for synthetic
particles, as described in Materials and Methods. Arbitrary fluorescence units were normalized to
the maximum value obtained for mV cells within the same experiment, defined as 100%. Data

presented are the mean * SE of six independent experiments. (B) The J774 cells expressing

mVenus-tagged proteins were incubated with luminol-bound microbeads. The efficiency of ROS
production within the phagosomes of the cells was determined by measuring chemiluminescence
from cells that had ingested the beads. Chemiluminescence was measured on a GloMax 20/20n
luminometer every 1 min for up to 15 min. Relative light units were normalized to the maximum
value obtained for mV cells within the same experiment, defined as 100%. The amount of signal
from mV and mV-523 cells incubated with beads in the presence of cytochalasin B (cyto B; final:
10 pM) was not significant. Data presented are the mean + SE of three independent experiments.

(C) Left, the cells were stained with LysoTracker Red DND-99 (final: 50 nM) for 20 min. After
being washed in HBSS, each cell line’s fluorescence intensity was measured, as described in

Materials and Methods. Arbitrary fluorescence units were normalized to the value obtained for
mV cells within the same experiment, defined as 100%. Data presented are the mean * SE of five
independent experiments. Right, these LysoTracker-treated cells were incubated first with
IgG-opsonized latex beads (3.0 pm in diameter) for 5 min at 30°C to allow phagosome formation,
and the cells were incubated at 30°C in the presence of cytochalasin B (final: 20 uM) to halt the
initiation of phagocytosis. At the indicated time points, the cells were cooled on ice, and then
LysoTracker-positive phagosome and nonlabeled phagosome were analyzed under a microscope,
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On the basis of the results described
above, we hypothesized that SNAP-23 is
involved in phagosome maturation, such as
ROS production within the phagosome,
rather than in phagosome formation. To
address this possibility, we analyzed the
phagosomal environment in J774 cells
expressing mVenus-tagged proteins using
LysoTracker Red DND-99 dye, which is a
weak base conjugated to a red fluorophore,
as a marker that accumulates in acidic organ-
elles, as described in Materials and Methods.
Although almost no difference was observed
in the total staining intensity with LysoTracker
(Figure 2C, left), the number of LysoTracker-
positive phagosomes in J774/mV-S23 cells
was clearly increased compared with the
control mV cells (Figure 2C, right), indicating
that phagosomal acidification was enhanced,
presumably due to the accelerated recruit-
ment of factors such as H*-ATPase during
phagosome maturation. In contrast, almost
no inhibitory effect on this phagosomal acid-
ification was observed in J774/mV-S23AC8
cells. These results suggest that the domain
of eight C-terminal amino acids is critical for
binding to a SNARE partner(s) in phago-
some maturation processes (Figure S3).

The results raised the possibility that the
FITC-conjugated particles used in the up-
take analysis (Figures 1D, bottom, and 2A)
could be partially quenched within the pha-
gosome of the J774/mV-S23 cells by en-
hanced acidification. Therefore we reas-
sessed the uptake activity of the cells
expressing mVenus-tagged proteins using
Texas Red (a pH-insensitive dye)-conju-
gated zymosan. Indeed, we found that the
uptake activity in J774/mV-S23 cells was
enhanced nearly twofold compared with
that in J774/mV cells (Figure 2D). The

as described in Materials and Methods. The
results are expressed as the percentage of
LysoTracker-positive phagosome (more than
30 individual phagosomes from at least

30 different cells for each experiment) at the
indicated time points. Data presented are the
mean * SE of five independent experiments.
*, p < 0.02, compared with control mV cells
using Student’s paired t test, one-tailed.

(D) The cells were incubated with 1gG-
opsonized Texas Red-zymosan particles, and
the efficiency of FcR-mediated phagocytosis
was then measured, as described in Materials
and Methods. Arbitrary fluorescence units
were normalized to the maximum value
obtained for mV cells within the same
experiment, defined as 100%. Data presented
are the mean = SE of three to six
independent experiments. *, p < 0.005,
compared with control mV cells using
Student’s paired t test, one-tailed.

Molecular Biology of the Cell



J774/mV__ J774/mV-S23
phago phago
Q Q

Q 'O/ Q \'\q'

extract " extract O O

N
g

(ugprotein) 9 3 3 3 9 3 3 3 g
LAMP-1|p -+ Mipm MMM [50 8o
~® |
§7 S5 B
a3 subunit|e® =« « v . e[ 5 | &
~ 1000
3.0
©
= g
9p91phox—' - -
3 ‘@'15
(o)}
©
p22phOX-. e 40 -E_
0000
o 125] A
SYXT7 | w= T -—_37 § 128
3L 75
ey
SyX13 —_— -— —— prop— T4 %" 5.0
£ 25
0.0/
37 10/0
SYX4 | w-— e - —
25
50 8 20
P e £
mV-S23 § Q15{ A&
S 4]
& g 7] &
£ 05
SNAP-23 i s GIE e G s GEDEES |- 37 ool

FIGURE 3: mVenus-SNAP-23 recruits the NOX2 complex and H*-ATPase to phagosomes. J774/
mV and J774/mV-523 cells were incubated with IgG-opsonized latex beads for a 10-min pulse at
37°C (10/0). After a 120-min chase incubation (10/120), the phagosome fraction was isolated
from the cells by sucrose density-gradient centrifugation. The total cell extract (9 and 3 pg) and
the isolated phagosome fraction (3 pg) were analyzed by SDS-PAGE and subsequently by
Western blotting with the indicated antibodies (left). LAMP-1 is a lysosomal marker protein. The
intensity of the signals on the Western blot (left) was quantified by densitometry using ImageJ
Version 1.44 (National Institutes of Health, Bethesda, MD), with the values for each protein
expressed as a ratio of phagosome (10/0 or 10/120) to extract containing 3 pg of protein (right).

apparent discrepancy of uptake activity (Figures 1D and 2A vs.
Figure 2D), which should have been caused by the quenching of
FITC fluorescence, strongly supports that overexpression of
mV-523 up-regulates phagosomal acidification.

Together these findings provide evidence of enhanced phago-
some formation and maturation in macrophages expressing mV-
S23, suggesting that SNAP-23 is involved in phagosomal acquisi-
tion of some endosomal and/or lysosomal proteins.

NOX2 components and H*-ATPase are highly enriched in
phagosomes from J774 cells expressing mVenus-SNAP-23
During phagosome maturation, the NOX2 components and the
vacuolar-type proton-transporting ATPase (V-ATPase) are assem-
bled and/or recruited on phagosomes, resulting in phagosomal
ROS production and acidification, respectively (Savina and Amig-
orena, 2007; Sun-Wada et al., 2009). We therefore asked whether
the above-described enhancements of these activities in J774/mV-
S23 cells were due to the increased recruitment of related mole-
cules on phagosomes. Phagosomes were isolated from postnuclear
supernatants (extracts) prepared from J774/mV and J774/mV-523
cells that had ingested IgG-opsonized latex beads (0.8 pm in diam-
eter). For obtaining phagosomes of different maturation levels, the
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min (pulse incubation) and, after the excess
beads had been washed away, either har-
vested immediately (phago 10/0) or chased
for 120 min (phago 10/120). As shown in
Figure 3, the a3 subunit of V-ATPase, one
of the a-subunit isoforms localized on lyso-
some-related organelles (Sun-Wada et al.,
2009), and lysosome-associated membrane
glycoprotein 1 (LAMP-1), a lysosomal mem-
brane protein, were more rapidly enriched
on the phago10/0 and 10/120 of J774/mV-
S23 cells than on the corresponding pha-
gosomes of J774/mV cells. In addition,
NOX2 components, including gp91°P"** and
p22Phox, were already recruited on
phago10/0 of J774/mV-S23 (Figure 3), al-
though the amounts of these proteins were
similar to those of J774/mV cells after a 2-h
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A syx13 (mV) consistent with enhanced ROS production
— a3 (mv-S23) and acidification within phagosomes of

J774/mV-S23 cells, as shown on the right in
Figure 2, B and C. Among the SNARE pro-
teins, the distribution of syntaxin 7 (late
endosomes/lysosomes) and syntaxin 13

A (recycling endosomes), both of which are

-A- SNAP-23 (mV)

1 B— g - SNAP-23 (mv-s2) reported to be involved in phagosome

maturation, on phagosomes did not mark-
edly differ between J774/mV and J774/mV-
S23 cells (Figure 3). A significant amount of
mV-S23 was recruited to the phagosomes
of J774/mV-S23 cells, with little or no effect
on the phagosomal distribution of endog-
enous SNAP-23 and syntaxin 4. Our results
therefore suggest the involvement of
mV-S23 in enhanced membrane fusion with
organelles (or vesicles) during phagosome
maturation.

10/120

SNAP-23 interacts with plasmalemmal and endocytic
SNARE proteins involved in phagosome formation

and maturation

The results thus far suggested that the difference in the extent of
phagosome maturation between cells expressing mV-523 and those
expressing mV-S23AC8 reflected differences in the interactions of
these two proteins with other SNARE proteins. Accordingly, we
asked whether SNAP-23 (Qbc-SNARE protein) interacts with plas-
malemmal SNARE proteins, such as syntaxins 2, 3, 4, and 11
(Qa-SNARE proteins) and VAMP5 (R-SNARE protein; Figure S8A;
Hackam et al., 1996; Zeng et al., 1998; Zhang et al., 2008), and with
endocytic SNARE proteins, such as VAMP3, VAMP7, and VAMP8
(R-SNARE proteins) and syntaxins 7 and 13 (Qa-SNARE proteins), to
form a SNARE complex. In macrophages, these SNARE proteins are
localized in the phagosome membrane. Among them, syntaxins 7
and 13 have been specifically implicated in phagosome maturation
(Collins et al., 2002), while other SNARE proteins, except syntaxin 2,
syntaxin 3, and VAMPS5, are involved in phagosome formation
(Bajno et al., 2000; Braun et al., 2004; Ho et al., 2008). The func-
tional differences suggested that these SNARE proteins could
cooperate with SNAP-23 in phagosome formation and maturation
as cognate SNARE partners. For addressing this possibility, lysates
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FIGURE 4: SNAP-23 interacts with syntaxin 11 and/or endocytic
SNARE proteins more effectively than its C-terminal truncated form.
J774 cells stably expressing mV, mV-523, or mV-S23AC8 were lysed,
and the lysates were immunoprecipitated (IP) with anti-EGFP
antibodies. The immunocomplexes were subjected to SDS-PAGE,
which was followed by Western blot analysis using the indicated
antibodies.

from J774 cells stably expressing mV, mV-523, or mV-S23AC8 were
incubated with anti—enhanced green fluorescent protein (anti-EGFP)
antibodies, and the immunoprecipitates were subjected to
SDS-PAGE followed by Western blot analysis with antibodies
against the SNARE proteins described above and anti-EGFP anti-
bodies (Figure 4). With the exception of syntaxin 2, all of the exam-
ined SNARE proteins coprecipitated with mV-S23. In particular,
syntaxin 11 and the endosomal SNARE proteins interacted much
more strongly with mV-523 than with mV-S23AC8 (Figure 4, right),
possibly mirroring the differences in the phagosome maturation
profiles of J774/mV-S23 and J774/mV-S23AC8 cells (Figure 2, B and
C, right). These results indicated that SNAP-23 could mediate
phagosome formation and maturation by forming several distinct
SNARE complexes on the plasma membrane and/or the phago-
some membrane.

The knockdown of SNAP-23 expression reduces
phagocytosis

Next, to determine whether the enhanced phagosome maturation
observed in J774/mV-S23 cells was the result of enhanced SNAP-23
function, we made use of small interfering RNAs (siRNAs) directed
against SNAP-23, thereby suppressing its endogenous expression
in J774 cells. As shown in Figure 5A, transfection of the cells with
SNAP-23 siRNA#1, which is targeted to the open reading frame of
SNAP-23 mRNA (Figure S5A), decreased SNAP-23 expression to
~40% of the control value without any change in the expression of
endogenous proteins such as gp?1°P"*, CDé4, a3 subunit, and
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syntaxin 4 (Figure S4). Immunofluorescence analysis showed a re-
duction of SNAP-23 in most cells compared with the control siRNA
cells (Figure 5B). A luminol bead assay performed in SNAP-23
siRNA#1 cells showed a decrease in ROS production within the pha-
gosome to ~50% of the level in control siRNA cells (Figure 5C), im-
plying that the transfection of SNAP-23 siRNA#1 impairs phago-
some formation, maturation, or both in J774 cells. These results
were explored further by analyzing siRNA-transfected cells using the
opsonized Texas Red-zymosan assay. This experiment showed a de-
crease in phagocytosis in the SNAP-23 siRNA#1 cells to ~50% of the
control activity (Figure 5D, right), although siRNA treatment had no
effect on the association of zymosan particles with the cell surface
(Figure 5D, left). As shown in Figure S5, SNAP-23 siRNA#2, which is
targeted to the 5’-untranslated region (UTR) of SNAP-23 mRNA, had
similar effects to siRNA#1 on immunofluorescence and phagocytic
activity. Thus, consistent with Figure 2D, SNAP-23 appears to be
one of the essential SNARE proteins for membrane fusion events
during phagosome formation.

SNAP-23 depletion causes a delay in phagosome maturation
The zymosan and luminol bead assays are conventional phagocyto-
sis analyses that reliably estimate uptake efficiency and provide in-
formation on phagosome maturation, respectively. However, to di-
rectly monitor the progress of phagosome maturation, we developed
a new assay system that allowed the tracking of a single phago-
some. First, to identify and label a formed phagosome, we estab-
lished a J774 cell line stably expressing FcyRIIA C-terminally tagged
TagRFP (Rlla-TagRFP). FcyRIIA is an FcR that is predominately local-
ized at the plasma membrane (Figure 6B, left, bottom; Hatsuzawa
et al., 2006). We then prepared IgG-opsonized EGFP-bound beads,
in which the fluorescence signal is quenched by protonation (Sawano
and Miyawaki, 2000) and/or ROS (Schwartz et al., 2009), and incu-
bated them with the cells. Fusion of the phagosome with lysosomes
or lysosome-related vesicles was expected to quench the fluores-
cence due to the resulting acidification and/or ROS production
within the phagosome (see Materials and Methods). The siRNA-
transfected J774/Rlla-TagRFP cells were loaded with IgG-opsonized
EGFP-bound beads and then incubated for 5 min to allow phago-
some formation,; this was followed by a chase for the indicated times
in the presence of cytochalasin B to halt the initiation of phagocyto-
sis (Figure 6B, right). After the chase, the incubation buffer was re-
placed with ice-cold citrate buffer (pH 4.0) to quench the fluores-
cence signal of beads outside the cells. The Rlla-TagRFP-labeled
phagosomes (Figure 6B, left, bottom) were then classified accord-
ingly as type A, type B, type C, and type D to denote whether pha-
gosomes containing EGFP beads were fully fluorescent, slightly flu-
orescent, faintly fluorescent, or almost completely quenched,
respectively (Figure 6B, left, middle). Based on the measurements of
more than 30 individual phagosomes from at least 30 different cells
for each experiment, increases in the type D phagosome population
by as much as 30% were detected in cells transfected with control
siRNA and chased for 30 min, whereas in SNAP-23 siRNA#1-trans-
fected cells, the increase was only 15% (Figures 6B, right, and Sé),
indicating that phagosome maturation is significantly delayed by
the knockdown of SNAP-23.

To further confirm these results, we examined the effect of SNAP-
23 knockdown on phagosome-lysosome fusion by transfection with
siRNAs in cells whose late endosomes and lysosomes were pre-
loaded with a fluid-phase marker, rhodamine B-conjugated dextran
(RB-dextran). Almost no difference was observed in labeling effi-
ciency with RB-dextran between the cells transfected siRNAs (Figure
S7A, right panel). After being washed and incubated in dextran-free
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under a microscope (see Materials and
Methods). As shown in Figure 6C, the num-
ber of RB-dextran—positive phagosomes,
even at 15 min of chase incubation, in SNAP-
23 siRNA-transfected cells was significantly
decreased compared with control siRNA
cells (Figure 6C), indicating that the fusion
efficiency of the phagosome with lysosomes
and/or lysosome-related organelles is re-
duced by depletion of SNAP-23. To ascer-
tain the specificity of the effects observed
upon depletion of SNAP-23, we next per-
formed rescue experiments in which the
siRNA-treated cells were transiently overex-
pressed with mVenus-tagged proteins. The
cells transfected with control siRNA and
SNAP-23 siRNA#2 (Figure S5A) were labeled
by preloading with RB-dextran for 8 h. After
being washed, the cells were transfected
with plasmids of mVenus-tagged proteins
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dium. The phagosomes at 15 min of chase
incubation in the cells expressing mVenus-
tagged proteins were counted under a
microscope. As shown in Figure 6D, mV-S23
remarkably restored the number of RB-
dextran—positive  phagosomes, although
phagosome-lysosome fusion efficiency was
not recovered by mV in SNAP-23 siRNA#2
cells. Interestingly, mV-S23AC8 also reversed
the reduction in the fusion efficiency to some
extent, while mV-S23 significantly (p =
0.0056) recovered more than mV-S23AC8
did (Figure 6D), indicating that SNAP-23AC8
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FIGURE 5: Knockdown of SNAP-23 expression inhibits FcR-mediated phagocytosis. (A) J774
cells were transfected with SNAP-23 siRNAs (#1 and #2) or a control nonspecific siRNA. Total
cell lysates from siRNA-transfected cells were analyzed by Western blotting using the indicated

coﬁtrol
siRNA

SNAP-23
siRNA#1

is weakly functional, but apparently less
competent, compared with mV-S23. Similar
results were obtained from the phago-
somal acidification assay using LysoTracker
(Figure S7, B and C).

antibodies (see also Figure S4). The bands of the Western blotting experiment were quantified

using ImageJ. The value for each protein was expressed as a ratio of SNAP-23 siRNA#1 or
siRNA#2 cells to control siRNA cells and then normalized to the GAPDH internal control,
defined as 100%. Data presented are the mean * SE of three independent experiments.

*, p<0.01, **, p<0.02, compared with GAPDH in each cells using Student'’s paired t test,
one-tailed. (B) J774 cells transfected with siRNAs were fixed and then double-stained with
antibodies against SNAP-23 (green) and GM130 (red), a Golgi marker protein. SNAP-23
expression was efficiently reduced in almost all cells. Scale bar: 10 pm. (C) J774 cells transfected
with siRNAs were analyzed by the luminol bead assay described in Materials and Methods.
Relative light units were normalized to the maximal value obtained for control siRNA cells within
the same experiment, defined as 100%. Transfection with the SNAP-23 siRNA reduced the
efficiency of phagosomal ROS production. Data presented are the mean + SE of three
independent experiments. (D) siRNA-transfected cells were incubated with IgG-opsonized Texas
Red-zymosan particles and the efficiencies of association (left) and phagocytosis (right) were
measured, as described in Figure 1D. Arbitrary fluorescence units of each cell line were
normalized to the maximal value obtained for control siRNA cells within the same experiment,
defined as 100%. Data presented are the mean + SE of three independent experiments.

*, p < 0.005, compared with control siRNA cells using Student'’s paired t test, one-tailed.

growth medium for 5 h, the cells were loaded with IgG-opsonized
beads and then incubated for 5 min to allow phagosome formation;
this was followed by a chase for the periods indicated in Figure 6C.
After the chase, the beads containing phagosomes (RB-dextran—
positive phagosomes and unlabeled phagosomes) were counted
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Overexpression of VAMP7 is
associated with a conformational
change in the structure of SNAP-23

on the phagosome membrane

If, as a component of the SNARE machinery,
SNAP-23 is involved in membrane reorgani-
zation during phagosome formation and
maturation, it should undergo a structural
change to form a SNARE complex. To de-
termine whether this is indeed the case, we
designed a set of intramolecular FRET
probes of SNAP-23. Structural analyses of
SNARE proteins (Sutton et al., 1998) identi-
fied two SNARE motifs in SNAP-23, SN1(1-
75) and SN2(148-211). During membrane
fusion, the N-terminal regions of these mo-
tifs move closer together subsequent to the
formation of a SNARE complex with other SNARE proteins (Figure
7A, inset). In previous work, the use of an intramolecular FRET probe
of the SNAP-23 isoform SNAP-25 showed an enhanced FRET signal
on the plasma membrane during exocytosis (An and Almers, 2004;
Wang et al., 2008; Takahashi et al., 2010). On the basis of the design
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FIGURE 6: Knockdown of SNAP-23 expression delays phagosome maturation. (A) J774 cells
stably expressing FcyRIIA fused to TagRFP at its C-terminus (J774/Rlla-TagRFP) were transfected
with control siRNA or SNAP-23 siRNA#1. These cells were incubated first with IgG-opsonized
EGFP-bound beads for 5 min to allow phagosome formation (phagocytosis) and then in the
presence of cytochalasin B at a final concentration of 20 uM (chase incubation). At the indicated
time points, the cells were cooled on ice and subsequently treated with sodium citrate buffer
(pH 4.0) to quench the EGFP signal of beads outside the cell, as described in Materials and
Methods. Microscopic analysis of the phagosome enclosed with Rlla-TagRFP is presented as
follows. (B) Left, arrows denote phagosomes enclosed with Rlla-TagRFP (bottom, red
fluorescence) and containing an EGFP-bound bead. These phagosomes were classified into four
types depending on the EGFP signal intensity (middle). Scale bar: 10 um. Right, each type of
phagosome was quantified over time. The results are expressed as a percent of the total
number of the four phagosome types at the indicated time points. Data presented are the
mean * SE of seven independent experiments. The fraction of type D phagosomes in SNAP-23
siRNA cells was significantly reduced at 30 min (Figure S6) compared with control siRNA cells.
(C) At 2 d after transfection with siRNAs, J774 cells were incubated with RB-dextran (final:

50 pg/ml) for 12 h. The medium was replaced with fresh dextran-free growth medium, and the
cells were chased for 5 h. These cells were incubated first with IgG-opsonized beads for 5 min at
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of SNAP-25 FRET, we constructed a SNAP-
23 FRET probe (tG-S1-tR-S2) modified such
that TagGFP2 (tG) and TagRFP (tR) were ad-
opted as donor and acceptor fluorescence
probes at the N-termini of SN1 and SN2,
respectively (Figure 7A; Shcherbo et al.,
2009). As a negative control, tG-S1-S2-tR
was constructed, introducing TagRFP at the
C-terminus of SN2. If SNAP-23 functions as
part of the membrane fusion machinery dur-
ing phagosome maturation, as described
above, a structural alteration of SNAP-23
should result, namely, the close approxima-
tion of the N-terminal domains of SN1 and
SN2 accompanied by the detection of the
FRET signal from tG-S1-tR-S2 folded within
a SNARE complex on the phagosome mem-
brane (Figure 7A, inset).

Expression of the SNAP-23 FRET probes
in J774 cells resulted in their predominant
localization at the plasma membrane and on
the membranes of formed phagosomes
(Figure 7B). However, co-overexpression of
additional SNARE partners might be re-
quired for detection of FRET signal from the
tG-S1-tR-S2 probe (Wang et al., 2008), be-
cause of the limited number of endogenous

30°C to allow phagosome formation. After
the beads outside the cells were stained with
Alexa Fluor 488-conjugated secondary
antibodies on ice, the cells were incubated at
30°C in the presence of cytochalasin B (final:
20 pM). At the indicated time points, the cells
were cooled on ice and then RB-dextran—
positive phagosome and nonlabeled
phagosome were analyzed under a
microscope, as described in Materials and
Methods. The results are expressed as the
percentage of RB-dextran—positive
phagosomes (more than 30 individual
phagosomes from at least 30 different cells
for each experiment) at the indicated time
points. Data presented are the mean + SE of
four independent experiments. *, p < 0.005,
**, p < 0.001, compared with control siRNA
cells using Student’s paired t test, one-tailed.
(D) Rescue effects of SNAP-23 expression.
The cells transfected with control siRNA or
SNAP-23 siRNA#2, which targets to 5" UTR of
SNAP-23 mRNA, were incubated with
RB-dextran for 8 h, which was followed by
replacing and chasing in dextran-free growth
medium for an additional 5 h prior to
overnight transfection with plasmids of
mVenus-tagged proteins. The cells were
analyzed as described above and in Materials
and Methods. The results are expressed as
the percentage of RB-dextran—positive
phagosomes at 15-min chase time. Data
presented are the mean + SE of four
independent experiments. Student’s paired t
test, one-tailed.
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partner molecules. Thus we first examined whether the probe in-
creased the FRET signal on the plasma membrane when cotrans-
fected with plasmalemmal SNARE proteins.

To quantify the amount of energy transferred to TagRFP from
TagGFP2, we measured the emission spectrum of the probe (Figure
S9, A and B). FRET efficiency was represented by an emission ratio
of 580/505 nm (Figure 7C). A 458-nm laser line was used for excita-
tion to minimize the contribution of TagRFP fluorescence in directly
exciting illumination. As shown in Figure 7C, an enhanced FRET sig-
nal from tG-S1-tR-S2 was fortunately observed on the plasma mem-
brane only when it was coexpressed with Myc-VAMPS5, a plasma
membrane—localized SNARE protein (Figure S8A) that interacts with
SNAP-23 (Figure 4, left). This result confirmed that tG-S1-tR-S2 is
the first useful intramolecular FRET probe to detect functional and
structural changes in SNAP-23 on the phagosomal membrane.
Moreover, this signal was synergistically enhanced on the plasma
membrane when the probe was coexpressed with Myc-VAMP5 and
Myc-syntaxin 3 (Figure 7D), implying that SNAP-23 forms a novel
SNARE complex with these two SNARE proteins in macrophages. In
contrast, the VAMP5-induced FRET signal was repressed in cells co-
expressing syntaxin 4 or syntaxin 11 (Figure 7D), consistent with an
association of these syntaxins with tG-S1-tR-S2 through a mutually
exclusive interaction with respect to VAMPS. The enhanced FRET
signal by VAMP5 and syntaxin 3 was not detected in cells coexpress-
ing the negative control tG-S1-S2-tR or a combination of tG-51-52
and Myc-S1-S2-tR (Figure 7D). The coexpression of endosomal
VAMP proteins, such as VAMP3, VAMP7, and VAMP8 (Figure S8B),
also had little effect on the FRET efficiency of tG-S1-tR-S2 at the
plasma membrane (Figure 7E).

Finally, on the basis of the results obtained above, we analyzed
the FRET efficiency of tG-S1-tR-S2 selectively on the phagosomes in
living cells. In this experiment, phagosome formation was induced
using lgG-opsonized zymosan particles, because the reflection of
latex beads interferes with spectrum measurements, whereas zymo-
san is nonreflecting. The tG-S1-tR-S2 probe was coexpressed with
Myc-VAMP3 or Myc-VAMP7 to examine whether an enhanced FRET
signal on the phagosome membrane was obtained, since VAMP3
and VAMP7 interact more efficiently with mV-S23 than with mV-
S23AC8 (Figure 4, right). In J774 cells incubated for 20 min with the
opsonized zymosan particles, a significantly enhanced FRET signal
was observed on the phagosome membrane of cells coexpressing
Myc-VAMP7 (Figures 7F and S9B), in contrast to the weak FRET sig-
nal on the phagosome membrane in cells coexpressing either the
negative control tG-S1-52-tR probe and Myc-VAMP? (Figure 7F) or
tG-S1-tR-S2 and other SNARE proteins (Figure S9C). These results
strongly suggested that SNAP-23 on the phagosome pairs with en-
dosomal SNARE proteins, such as VAMP7, to play a direct role in
membrane fusion during phagosome maturation.

Taken together, these findings provide strong evidence that
SNAP-23 mediates phagosome maturation in macrophages by
playing a role in SNARE-based membrane trafficking.

DISCUSSION

As part of the biophylactic strategy of mammals, macrophages in-
gest foreign particles by dynamically arranging endomembranes.
Integral to phagosome formation (phagocytosis) is membrane fu-
sion between cytoplasmic organelles (or vesicles derived from them)
and the plasma membrane. This step is followed by phagosome
maturation, during which endocytic organelles fuse with the phago-
some. Little is known about the specific role of plasma membrane-
localized SNARE proteins in phagocytosis, and only a limited num-
ber of studies have been published addressing how these proteins
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contribute to phagosome maturation (Collins et al., 2002; Becken
et al., 2010). SNAP-23 is a ubiquitously expressed SNARE protein
responsible for exocytosis and is mostly present on the plasma
membrane with some endomembrane localization (Sadoul et al.,
1997; Jahn and Scheller, 2006). In J774 macrophages, SNAP-23 is
mainly localized at the plasma membrane, judging from immuno-
fluorescence experiments (Figures 5B and S1A). In the present work,
we demonstrated that uptake activity (Figure 2D) and maturation
processes, such as phagosomal ROS production and acidification
(Figure 2, B and C), are enhanced in J774 cells overexpressing
SNAP-23 (J774/mV-523 cells). In J774 cells, knockdown of SNAP-23
by specific siRNAs caused a reduction in uptake activity (Figure 5D,
right) and a delay in phagosome maturation (Figure 6). Using intra-
molecular FRET probes of SNAP-23, we showed that, in J774 cells
coexpressing with VAMP7, SNAP-23 underwent a structural change
on the phagosome membrane (Figure 7F), suggesting that it forms
one or more SNARE complexes to mediate membrane fusion with
endocytic organelles, such as late endosomes and lysosomes. Our
results strongly implicate SNAP-23 in mediating phagosome forma-
tion and maturation in macrophages. This is the first report of a func-
tional role for a SNARE protein in membrane fusion on the
phagosome.

Based on the analysis of isolated phagosomes (Figure 3), the
excess mVenus-SNAP-23 distributed in phagosomes appears to be
responsible for the subsequent fusion events required for phago-
some maturation under the condition of the experiment. During
phagocytosis, overexpression of mVenus-SNAP-23 enhanced up-
take activity of the IgG-opsonized particles, indicating that SNAP-23
is apparently rate-limiting for its related pathway. In previous work,
we showed that the overexpression of syntaxin 18, an ER-localized
SNARE protein, enhances phagocytosis (Hatsuzawa et al., 2006),
suggesting that a sufficient amount of its cognate SNARE protein(s)
must be present on the plasma membrane. Thus SNAP-23 is not
likely to be a candidate for SNARE partner in the ER-mediated
phagocytosis.

After engulfing foreign particles, phagosomes sequestered from
the plasma membrane gradually mature to become phagolyso-
somes, acquiring, for example, ROS production activity, an acidic
milieu, and several lysosomal hydrolases. ROS within phagosomes
are produced by the NOX2 complex, which is composed of mem-
brane (gp91pho* and p22P"*) and cytosolic (p67°P"%%, pd7rhox, p4QPhox,
and Rac) proteins (Sumimoto, 2008). In the assembly of these com-
ponents on the phagosome, p40Pho s recruited to early endosome-
like vesicular structures through its phox domain and then localizes
to the phagosomes in macrophages (Ellson et al., 2001; Ueyama
et al., 2007). In dendritic cells, gp91pho* localized at lysosome-
related organelles is recruited to the phagosome by the action of
the monomeric small GTPase Rab27a (Jancic et al., 2007). The acidic
milieu of the phagosome is ensured by the recruitment of V-ATPase,
which is localized to late endosomes and lysosomes. In mac-
rophages, lysosomal V-ATPase is recruited to the phagosome by
membrane fusion directly with the tubulated lysosomes (the “kiss
and run” mechanism; Sun-Wada et al., 2009). The results of our
study suggest the possibility that SNAP-23 is implicated in these
multiple steps of membrane fusion during phagosome maturation.

In this study, we found that SNAP-23 in macrophages function in
various host-defense processes, such as phagosome formation and
maturation, as well as in PMA-stimulated ROS release. It is likely that
SNAP-23 forms several distinct SNARE complexes with a specific
SNARE partner(s) in each process. Interestingly, overexpression of
mVenus-tagged SNAP-23AC8 (mV-S23AC8), which is reported to
be a dominant-negative mutant in exocytosis of some secretion
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pathways (Kawanishi et al., 2000; Huang et al., 2001), indeed caused
inhibition of PMA-stimulated ROS release in J774 macrophages
(Figure S2A). In this process, mV-S23AC8 would bind to the same
set of SNARE partners as endogenous SNAP-23 but could not form
a functional fusion complex, thereby competing with the SNAP-23
function (Figure S3). However, mV-S23AC8 overexpression had no
effect on phagosome formation (Figure 2D, left), phagosomal ROS
production (Figure 2B), and phagosomal acidification (Figure 2C,
right). These data clearly indicate that interacting domains of SNAP-
23 with SNARE partners for phagosome formation and maturation
are distinct from those for PMA-stimulated ROS release. Probably
the truncated C-terminal domain would be required for forming the
stable complex with its SNARE partners in phagocytosis processes.
The weak restoration activities of mV-S23AC8 in the knockdown
cells (Figures 6D and S7C) are consistent with these observations.
The different immunoprecipitation recoveries of various SNARE
proteins with either mV-523 or mV-S23AC8 (Figure 4) also support a
notion that SNAP-23 could use at least two types of configuration
to form a SNARE complex (Figure S3).

Syntaxins 13 and 7 reportedly function at distinct fusion steps in
phagosome maturation (Collins et al., 2002). According to that
study, syntaxin 13, an early endosome-and/or recycling endosome-
localized SNARE protein, is transiently recruited to the phagosome
in one of the early steps of phagosome maturation, while syntaxin 7,
a late endosome- and lysosome-localized SNARE protein, is re-
quired during later steps of maturation (Collins et al., 2002).
However, the only early phagosomal localization of syntaxin 13 is
not consistent with our phagosome fractionation results (Figure 3),
perhaps because the fluorescence of syntaxin 13 fused to N-termi-
nal EGFP (Collins et al., 2002) is immediately quenched upon expo-
sure to the increased ROS and acidic pH within phagosomes, as
EGFP fluorescence is known to be damaged by ROS (Schwartz
et al., 2009) and be highly acid sensitive (Sawano and Miyawaki,
2000). The involvement of syntaxin 7, as well as syntaxin 13, in pha-
gosome maturation is also supported by the results of the in vitro
cell-free phagosome-lysosome fusion assay (Becken et al., 2010). In
any case, these SNARE proteins are likely to be Qa-SNARE candi-
dates for SNAP-23. In addition, our FRET analyses (Figure 7F) identi-
fied VAMP7 as a candidate for R-SNARE during phagosome matura-
tion. Why then was a conformational change of SNAP-23 (enhanced
FRET signal) observed on the phagosomes by VAMP7 overexpres-
sion? The answer may be that the overexpression of VAMP7 caused

a delayed disassembly or accelerated assembly of the SNARE com-
plex containing SNAP-23 on the phagosome. Thus, while our FRET
analyses strongly support the occurrence of a structural change in
SNAP-23 on both the cell surface and phagosomes, further rigorous
studies are required to determine the functional SNARE partner(s)
for SNAP-23 during phagosome formation and maturation.

The phagosome is critically important in bacterial killing, the
degradation of foreign particles, and the generation of peptides for
antigen presentation during maturation of the phagosome to form
the phagolysosome (Jutras and Desjardins, 2005; Haas, 2007).
These activities of resting-state macrophages are physiologically
distinct from those of dendritic cells (Savina and Amigorena, 2007)
and interferon-y- and lipopolysaccharide-stimulated macrophages
(Yates et al., 2007), resulting in differences in antigen presentation to
T-cells. Thus resting-state macrophages do not have enough capa-
bility to recruit NOX2 components and/or lysosomal proteins to the
phagosome (Savina et al., 2006; Yates et al., 2007) and to modify the
luminal redox potential of phagosomes (Rybicka et al., 2010) com-
pared with the stimulated macrophages. These events are among
those regulated by membrane trafficking between endocytic organ-
elles and phagosome, but their molecular basis is poorly under-
stood. Our results suggest that phagosomal SNAP-23 is one of the
key players regulating the phagosomal environment in mac-
rophages, although further studies are needed to understand its
precise function in membrane trafficking leading to phagosome
maturation.

MATERIALS AND METHODS

Antibodies

Polyclonal antibodies to syntaxin 18, D12, Sec22b, and EGFP and a
monoclonal antibody to V-ATPase a3 subunit were prepared as de-
scribed previously (Hatsuzawa et al., 2009; Sun-Wada et al., 2011).
The polyclonal antibodies to syntaxin 7, syntaxin 11, VAMP3,
VAMPS5, and VAMP7 were raised against the respective bacterially
expressed glutathione S-transferase—tagged proteins. The remain-
ing antibodies were obtained from commercial sources: syntaxin 2
and syntaxin 13 from Stressgen (Victoria, Canada); syntaxin 3, syn-
taxin 4, and SNAP-23 from Sigma-Aldrich (St. Louis, MO); VAMP8
from Synaptic Systems (Géttingen, Germany); GM130 and gp91phex
from BD Transduction Laboratories (San Jose, CA); p22rhox, p67phex,
p47rhox, p40Phox, CD64, and LAMP-1 from Santa Cruz Biotechnology
(Santa Cruz, CA); Rac from Cell Signaling Technology (Beverly, MA);

FIGURE 7: The FRET signal of SNAP-23 probe (tG-S1-tR-S2) on the phagosome membrane is increased by the
overexpression of VAMP7. (A) Schematic representation of various SNAP-23 constructs (see Materials and Methods).
Approximation of the N-termini of the two SNARE motifs (SN1(1-75) and SN2(148-211)) is expected when the complete
SNARE complex is formed with other SNARE proteins for membrane fusion. For restriction of the flexibility of the
fluorescent proteins at the connection, the C-terminal 11 residues were truncated from TagGFP2, a truncated form of
TagGFP2 (Shimozono et al., 2006), and fused to SNAP-23. The inset shows the predicted conformation of the SNAP-
23-based FRET construct upon forming fusogenic SNARE complexes. The asterisk indicates a potential lipid-modified
cysteine residue. (B) Transiently expressed tG-51-tR-S2 and tG-51-S2-tR were predominately localized at the plasma
membrane of J774 cells. Spectroscopic data were obtained using the N-SIM system. The asterisks denote the
phagosomes containing IgG-opsonized latex beads (3.0 pm in diameter). Scale bar: 10 pm. (C-E) J774 cells were
transiently cotransfected with SNAP-23 FRET probes and the Myc-tagged SNARE proteins as indicated. The
spectroscopic function of a laser-scanning microscope was used to excite the plasma membrane of living cells at 458
nm, and the resulting emission spectra were analyzed (see Figure S9). Emission at 580 nm was divided by that at 505 nm
(TagRFP/TagGFP) and normalized to the value obtained for cells cotransfected with the Myc-vector in the same
experiment. This was set to 1.00. Data presented are the mean + SE of three to six independent experiments. Student’s
paired t test, two-tailed. (F) J774 cells cotransfected with SNAP-23 FRET probes and the indicated Myc-tagged
constructs were incubated with IgG-opsonized zymosan particles at 37°C for 20 min. Extra particles were removed in a
washing step, and the FRET efficiency on the phagosome membrane of living cells was then analyzed as described

above. Student’s paired t test, two-tailed.
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glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)  from
Ambion (Austin, TX); and fluorescently labeled secondary antibod-
ies from Invitrogen (Tokyo, Japan).

Cell culture

J774 cells were obtained from the Riken Cell Bank (Tsukuba, Japan)
and grown in RPMI 1640 medium (Wako Pure Chemical Industries,
Osaka, Japan) supplemented with 10% fetal calf serum (FCS). J774
cells stably expressing mVenus-tagged or TagRFP-tagged proteins
were maintained in RPMI with 10% FCS supplemented with puro-
mycin (2 pM).

Expression vectors and establishment of stable
transformants

SNAP-23 ¢DNA was obtained by PCR from a MATCHMAKER hu-
man leukocyte cDNA library (Clontech, Mountain View, CA). SNAP-
23 and FcyRIIA expression plasmids were constructed by subcloning
the PCR-generated cDNA fragments into the pmVenus-C1 vector
(Hatsuzawa et al., 2006) and pTagRFP-N (Evrogen, Moscow, Russia),
respectively. J774 cell lines expressing mVenus-tagged proteins
(J774/mVenus, J774/mVenus-SNAP-23 (1-211), and J774/mVenus-
SNAP-23AC8 (1-203)) and the TagRFP-tagged protein (J774/
FcyRIIA-TagRFP) were established by infection with recombinant ret-
rovirus generated using cDNAs of fluorescence probe-tagged pro-
teins cloned into the pCX4puro vector, as previously described
(Akagi et al., 2000; Hatsuzawa et al., 2006, 2009).

Constructions of FRET Probes of SNAP-23
and other SNARE proteins
To construct the pTagGFPAC11 (1-227) vector, which lacks 11 C-
terminal residues from TagGFP2 (Shimozono et al., 2006), we de-
leted the sequence between the codon for C228 and the unique
Pstl site in the pTagGFP2-C vector (Evrogen, Moscow, Russia) by
PCR. The probe’s photostability was increased by modifying the
codon for S162 in the pTagRFP-N vector to T162 (TagRFP-t) using
the QuickChange protocol (Stratagene, LalJolla, CA). The tG-S1-tR-
S2 probe (TagGFP2AC11 (1-227)-SNAP-23 (1-147)-TagRFP-t (1-237)-
SNAP-23 (148-211)) was prepared by subcloning the PCR-amplified
inserts of SNAP-23 (1-147) and TagRFP-t (1-237)-SNAP-23 (148-211)
into the pTagGFPAC11 vector. The tG-51-S2 probe (TagGFP2AC11
(1-227)-SNAP-23 (1-211)) was prepared by subcloning the full-length
cDNA of SNAP-23 into the pTagGFPAC11 vector. The tG-51-S2-tR
probe (TagGFP2AC11 (1-227)-SNAP-23 (1-211)-TagRFP-t (1-237))
was prepared by subcloning the PCR-amplified inserts of SNAP-23
(1-211) and TagRFP-t (1-237) into the pTagGFPAC11 vector. The
Myc-51-52-tR probe (Myc-SNAP-23 (1-211)-TagRFP-t (1-237)) was
prepared by subcloning the PCR-amplified inserts of SNAP-23
(1-211) and TagRFP-t (1-237) into the pcDNA-Myc-C1 vector.
Syntaxin 11, VAMP5, and VAMP8 cDNAs were obtained by PCR
using total RNA extracted from J774 cells. The cDNAs were cloned
into the pcDNA-Myc-C1 vector, and their sequences were con-
firmed with a DNA sequencer. The cDNA inserts from pFLAG-syn-
taxin 3, pFLAG-syntaxin 4, pFLAG-VAMP3, and pFLAG-VAMP7
(Hatsuzawa et al., 2006) were subcloned into the pcDNA-Myc-C1
vector.

Opsonized fluorescent dye-conjugated zymosan assay

The opsonized fluorescent dye—conjugated zymosan assay was per-
formed as described previously (Hatsuzawa et al., 2009). Briefly,
J774 cells stably expressing mVenus-tagged proteins or transfected
with siRNAs were incubated for 1 h in the presence or absence of
an ~30-fold excess of FITC- or Texas Red-conjugated zymosan A
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particles (cat. no. Z2841 or 2843; Invitrogen) treated with opsonizing
reagent (rabbit anti-zymosan IgG, cat. no. Z2850; Invitrogen). The
cells were washed with phosphate-buffered saline (PBS) to remove
the free particles and then incubated with trypan blue to quench the
fluorescence of noninternalized particles. Cellular fluorescence was
quantified in a Plate Chameleon V microplate reader (Hidex, Turku,
Finland) at excitation 485 nm/emission 535 nm, or in a Varioskan
Flash microplate reader (Thermo Fisher Scientific, Milford, MA) at
excitation 565 nm/emission 615 nm. Arbitrary fluorescence units
were obtained by subtracting the fluorescence intensity observed in
the absence of IgG-opsonized fluorescent zymosan particles from
that observed in the presence of the particles. Alternatively, the cells
were incubated for 30 min on ice with IgG-opsonized fluorescent
zymosan particles and then washed thoroughly with PBS to remove
the free particles. The fluorescence of the particles associated with
the cells was then measured as described above.

Luminol bead assay

The luminol bead assay was conducted essentially as described
previously (Hatsuzawa et al., 2006, 2009). Briefly, J774 cells stably
expressing mVenus-tagged proteins or transfected with siRNAs
were plated at a density of (3-4) x 10° cells per 35-mm-diameter
culture dish (cat. no. 3294; Corning, Corning, NY) and cultured
overnight. The medium was replaced with Hank’s balanced salt so-
lutions (HBSS) containing 1.08 x 108 luminol-bound microbeads
(1.5-2.0 pm in diameter; Kamakura Techno-Science, Kamakura, Ja-
pan; Uchida et al., 1985; Savina et al., 2006). Chemiluminescence
was generated from the microbeads by the reactive oxygen within
phagosomes incubated at 30°C, and the signal intensity of each
dish was quantified in a GloMax 20/20n luminometer (Promega,
Madison, WI) every 1 min.

Because it is difficult to determine the exact number of phago-
cytized luminol beads, FITC-conjugated microbeads (1.87 pm in
diameter [mean size], cat. no. F1CP-20-2; Spherotech, Lake Forest,
IL) were used for quantitating phagocytosis of synthetic particles.
J774 cells stably expressing mVenus-tagged proteins were incu-
bated for 1 h in the presence of an ~10-fold excess of nonopsonized
FITC beads. The cells were washed with PBS to remove the free
beads and then incubated with trypan blue solution. Cellular fluo-
rescence was quantified in a Plate Chameleon V microplate reader
at excitation and emission wavelengths of 485 and 535 nm, respec-
tively. Arbitrary fluorescence units were obtained by subtracting the
fluorescence intensity observed in the absence of FITC beads from
that observed in the presence of the beads.

Phagosomal acidification assay

The J774 cells (at 0.75 x 10¢ cells on 35-mm~diameter glass-bottom
dishes) stably expressing mVenus-tagged proteins and/or J774 cells
transfected with siRNAs were incubated for 20 min in the presence
of LysoTracker Red DND-99 (final concentration 50 nM; Invitrogen)
to stain acidic compartments. For rescue experiments (Figure S7C),
the cells treated with SNAP-23 siRNA#2 were transfected with plas-
mids of mVenus-tagged proteins on the day before analysis and
then stained with LysoTracker. The cells were washed in ice-cold
HBSS, incubated for 30 min on ice in the presence of an ~20-fold
excess of |gG-opsonized latex beads (3.0 um in diameter, Sigma-
Aldrich), and incubated at 30°C for 5 min to initiate phagocytosis.
The cells were washed three times in ice-cold HBSS and incubated
for 20 min on ice in the presence of Alexa Fluor 488 (or Alexa Fluor
633)-conjugated goat anti-rabbit secondary antibodies (Invitrogen)
to stain the beads outside the cells. The cells were then incubated
in HBSS containing cytochalasin B (final concentration: 20 uM) for
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the indicated times at 30°C. Images were captured on an LSM-
510meta laser-scanning microscope using a Plan-Apochromat
63x/1.4 numerical aperture (NA) oil-immersion objective (Carl-Zeiss,
Oberkochen, Germany) under low-temperature conditions (~6°C).
More than 30 phagosomes were then counted for each experiment
and categorized into two types (LysoTracker-positive phagosome or
unlabeled phagosome) based on the presence or absence of de-
tectable LysoTracker Red fluorescence signal. For estimation of the
amount of acidic organelles such as lysosomes, the cells were
stained with LysoTracker Red DND-99 for 20 min. After washing in
HBSS, the fluorescence intensity from the cells was quantified in a
Varioskan Flash microplate reader (Thermo Fisher Scientific) at exci-
tation and emission wavelengths of 564 and 590 nm, respectively.

Isolation of phagosomes

A 10% suspension of latex beads (0.8 pm in diameter, dyed deep
blue; Sigma-Aldrich) opsonized with IgGs was added to J774 cells
at a dilution of 1:200 in RPMI medium,; this was followed by incuba-
tion for 10 min at 37°C to allow bead ingestion. The cells were then
washed with ice-cold PBS to remove free beads and homogenized
either directly or after further incubation for 120 min at 37°C to pre-
pare a postnuclear supernatant (PNS). Intact mitochondria and small
ER debris from the phagosome fraction were removed by treating
the PNS with 10 mM ATP/4 mM MgCl, for 15 min on ice prior to
sucrose density-gradient centrifugation. Phagosomes were then iso-
lated from the PNS by flotation in a discontinuous sucrose gradient,
as described previously (Desjardins et al., 1994; Hatsuzawa et al.,
2006).

Small interfering RNA experiment

An siRNA duplex with a 52% GC content (5-GUACCGCACGU-
CAUUCGUAUC-3’; RNAI, Co., Tokyo, Japan) was used as the con-
trol. The RNA duplexes used for targeting were SNAP-23 siRNA#1
(5"-CAUUAAACGUAUAACUAAUGA-3) and siRNA#2 (5-CGGGA-
CAGAGUAUCCGUAUUU-3') corresponding to the open reading
frame and the 5’-untranslated region (UTR) of mouse SNAP-23
mRNA, respectively (Figure S5A). J774 cells or J774/FcyRIIA-TagRFP
cells were transfected with either the control or the SNAP-23 siRNAs
using HiPerFect transfection reagent (Qiagen, Valencia, CA). Forty-
eight hours after transfection, the cells were split into two or three
dishes for Western blot analysis, immunofluorescence observation,
or other assays.

Opsonized EGFP-bound bead assay

Latex beads (3.0 pm in diameter) were washed in PBS and incubated
in 1.5 mg purified EGFP solution/ml for 12 h at room temperature
with gentle rotation under light-shielding conditions. The beads
were washed in PBS and incubated with anti-EGFP antibodies at
37°C for 2 h. Opsonized EGFP-bound beads were washed three
times and resuspended in HBSS. Forty-eight hours after the above-
described siRNA transfection, J774 cells stably expressing FcyRIIA-
TagRFP were plated onto the center of 35-mm-diameter glass-bot-
tom dishes at a density of 0.75 x 10° cells and cultured overnight.
The cells were washed in ice-cold HBSS, incubated for 30 min on ice
in the presence of 1.5 x 107 opsonized EGFP-bound beads, and in-
cubated again at 32°C for 5 min to initiate phagocytosis. The cells
were then washed three times in warm (32°C) HBSS and immedi-
ately incubated in HBSS containing cytochalasin B (final concentra-
tion 20 uM) for the indicated times at 32°C. At the end of the incu-
bation period, the cells were washed with HBSS, and ice-cold
150 mM NaCl/50 mM citrate buffer (pH 4.0) was added to quench
the EGFP signal from beads outside the cells. Images were captured
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on an LSM510meta laser-scanning microscope under low-tempera-
ture conditions (~6°C). Phagosomes surrounded by FcyRIIA-TagRFP
were categorized into four types (A-D) based on the fluorescence
intensity.

Phagosome-lysosome fusion assay

Forty-eight hours after the above-described siRNA transfection,
J774 cells were plated onto the center of 35-mm-diameter glass-
bottom dishes at a density of 0.75 x 10¢ cells and labeled overnight
at 37°C with 50 pg/ml RB-dextran (mol. wt.: 10,000; Invitrogen). The
labeling medium was then removed, and cells were chased for 5 h
before analysis. On the other hand, for rescue effects of SNAP-23
expression on J774 cells transfected with siRNAs of control and
SNAP-23#2, cells were labeled with RB-dextran for 8 h and plated
onto the glass-bottom dishes after washing. Next cells were trans-
fected with plasmids of mVenus-tagged proteins overnight in the
dextran-free growth medium. The cells were washed in ice-cold
HBSS, incubated for 30 min on ice in the presence of an ~20-fold
excess of IgG-opsonized latex beads, and incubated at 30°C for
5 min to initiate phagocytosis. The cells were washed three times in
ice-cold HBSS and incubated for 20 min on ice in the presence of
Alexa Fluor 488 (or Alexa Fluor 633)-conjugated goat anti-rabbit
secondary antibodies (Invitrogen) to stain the beads outside the
cells. The cells were then incubated in HBSS containing cytochalasin
B (final 20 pM) for the indicated times at 30°C. Images were cap-
tured on an LSM510meta laser-scanning microscope under low-
temperature conditions (~6°C). More than 30 phagosomes were
then counted for each experiment and categorized into two types
(RB-dextran—positive phagosome or unlabeled phagosome) based
on the presence or absence of detectable rhodamine B fluores-
cence signal. For estimating the amount of RB-dextran—positive or-
ganelles, the cells stained with RB-dextran overnight were washed
in HBSS, and then the fluorescence intensity from the cells was
quantified in a Varioskan Flash microplate reader at excitation and
emission wavelengths of 543 and 590 nm, respectively.

Immunoprecipitation

Lysates from J774 cells stably expressing mVenus-tagged proteins
were incubated with an anti-EGFP antibody for 30 min at 4°C. Pro-
tein A-Sepharose (GE Healthcare Bio-Sciences, Tokyo, Japan) was
then added, and the mixture was allowed to incubate for 16 h at
4°C with gentle rotation. The beads were washed four times with
extraction buffer (20 mM HEPES-KOH, pH 7.2, 100 mM KCl, 2 mM
EDTA, 1% Triton X-100, 1 mM phenylmethysulfonyl fluoride, 1 mM
dithiothreitol, and a protease inhibitor cocktail; Nakarai Chemicals,
Kyoto, Japan), and the immune complexes were subsequently
eluted from the Sepharose beads with SDS-PAGE sample buffer. In
addition, 10% of the total lysate volume was mixed with 5x SDS-
PAGE sample buffer and heated at 95°C for 5 min. After SDS—
PAGE, the samples were analyzed by Western blotting using
Clean-Blot IP Detection Reagent (Thermo Fisher Scientific), ac-
cording to the manufacturer’s instructions. Immunoreactive pro-
teins were visualized using ECL Western Blotting Detection
Reagents (GE Healthcare Bio-Sciences).

FRET analysis

FRET probes of SNAP-23 were expressed in J774 cells together with
Myc-tagged members of the syntaxin family (syntaxin3, syntaxin4,
or syntaxin11) and/or Myc-tagged members of the VAMP family
(VAMP3, VAMP5, VAMP7, or VAMP8) using X-tremeGENE HP DNA
Transfection Reagent (Roche Diagnostics, Indianapolis, IN). Fluores-
cence spectra of the probes on the plasma and phagosome
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membranes of living cells were obtained 20 h after transfection us-
ing an LSM510meta laser scanning microscope with a C-Apochro-
mat 40x/1.2 W objective (Carl-Zeiss) at an excitation wavelength of
458 nm. Prior to the measurements, the dynamics range at each
wavelength was calibrated using the standard solution according to
the manufacturer’s protocol. The spectrum with a fluorescence in-
tensity of around 3000 arbitrary units (a.u.) at 505 nm was used for
the analysis. FRET efficiency was represented as the 580/505-nm
emission ratio.

Imaging analyses

J774 cells expressing mVenus-SNAP-23 or mVenus-SNAP-23AC8
were incubated at 37°C for 10 min in the presence of Texas Red-
conjugated zymosan A (Invitrogen) previously treated with opsoniz-
ing reagent. The cells were then washed in HBSS, and the images
were captured on an LSM510meta laser-scanning microscope, using
a Plan-Apochromat 63x/ 1.4 NA oil-immersion objective (Carl-
Zeiss).

J774 cells expressing mVenus-SNAP-23 were incubated at 37°C
for 10 min in the presence of IgG-opsonized latex beads (3.0 um in
diameter) and then washed in ice-cold PBS. Beads outside the cells
were visualized with an anti-rabbit-lgG-conjugated Alexa Fluor 594
dye (Invitrogen) and then fixed with 4% paraformaldehyde/PBS. Im-
ages were taken with a Nikon structured illumination microscopy
(N-SIM) system using a CFI Plan-Apo total internal reflection fluores-
cence 100x/1.49 NA oil-immersion objective (Nikon). Z-stacks ob-
tained from scanning whole cells were used to construct three-di-
mensional images, based on a 200-nm step size.

Statistics

Data are presented as the mean + SE for the number of experi-
ments indicated in the figure legends. Statistical significance was
determined with Student’s paired t test (one-tailed or two-tailed)
using GraphPad Prism (GraphPad Software, San Diego, CA). Differ-
ences between the analyzed samples were considered significant
at p <0.05.
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