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Chapterr 5
Fusionn of docked vesicles, driven by synaptotagmin,
iss required for chemokine-induced T-cell migration.
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Chapterr 5

Fusionn of docked vesicles, driven by synaptotagmin, is required for
chemokine-inducedd T-cell migration
I.S.. Zeetenberg, Y.M. Wijnands, E. Roos
Lymphoidd cells react very rapidly to chemokines. We hypothesized that this involves rapid
fusionn of docked vesicles with the plasma membrane. Calcium-triggered fusion of docked
synapticc vesicles in neurons depends on oligomerlzation of synaptotagmlns. The Isolated
synaptotagminn C2B domain blocks this oligomerizatlon and therefore inhibits fusion. We
foundd that T-lymphoma cells express synaptotagmin-3. Transfection of the C2B domain
completelyy Inhibited CXCR4-triggered migration, whereas a C2B mutant, that binds calcium
butt does not Inhibit fusion, had no effect. Migration was enhanced In cells overexpressing
full-lengthh synaptotagmin-3, but inhibited when synaptotagmin-3 contained the same
mutation.. Finally, we found complexes of v- and t-SNAREs In the T cells, indicating that
dockedd vesicles are present. These complexes were dissociated when fusion was Induced
byy calcium Influx, and also when cells were treated with the CXCR4-binding chemokine
CXCL12.. We propose that docked vesicle fusion regulated by the calcium sensor
synaptotagminn is essential for chemokine-induced migration.

Introduction n
Thee migration of leukocytes into tissues in vivo
iss directed by chemokines and their receptors.1
Thiss occurs mainly in inflamed tissues, in which
expressionn
of
certain
chemokines
is
upregutated.. However, also in the absence of
inflammation,, tissues contain chemokines that
aree probably involved in the normal
recirculationn of leukocytes. In particular,
CXCL122 (SOF-1) is constitutively expressed in
manyy organs. Recentfy it has been described to
playy a rote in the metastasis of various
malignancies.2"4 4
Chemotaxiss towards CXCL12 is dependent
onn the Rho GTPase Cdc42.^7 The prototype
effectt of Cdc42 is actin polymerization and the
formationn of filopodia. Recently, however,
Cdc422 was also implicated in fusion of vesicles
withh the membrane.819 In yeast, Cdc42 has a
rolee in fusion of vesicles, or even at the docking
stagee before fusion, independent of its role in
actinn polymerization.10:t1 Migrating cells display
intensee exocytosis at the leading edge, which is
consideredd necessary to supply membrane for
formationn of membrane-rich structures such as
filopodiaa and lamellipodia.12;13 These vesicles
mayy also contain signaling molecules and
adhesionn molecules necessary for migration.
Sincee responses to chemokines are very
rapid1*15,, we hypothesized that the vesicles are
dockedd at the membrane, so that they can fuse
immediatelyy after a stimulus.
Vesiclee fusion in eukaryotic cells is
mediatedd by proteins termed SNAREs (soluble
N-ethyll maleimide-sensitive factor (NSF)
attachmentt protein receptors). A v-SNARE on

thee vesicle membrane interacts with two tSNAREss on the target membrane,™ They form
aa four-stranded coiled-coil core complex that
promotess the association of the vesicle with the
membrane.. If fusion is blocked at this stage, the
vesicless remain docked, in neurons, vesicles
loadedd with neurotransmitter are docked at the
membranee and remain quiescent until an action
potentiall arrives.17 This opens voltage-activated
channelss leading to the influx of Ca2+ that
activatess the calcium-sensor synaptotagmin,
resultingg in vesicle fusion. Synaptotagmins
undergoo Ca2+-dependent oligomerization, but
thee structure of these oligomers is still unclear.
Itt has been speculated that the oligomers form
aa ring-like structure and that Ca2+-driven
rearrangementss dilate the neck of a fusion
pore,, resulting in secretion.17118
Synaptotagminss
are
transmembrane
proteinss with a short extracellular domain.17 The
cytoplasmicc part consists of two calcium
bindingg domains, C2A and C2B. Thirteen
synaptotagminss have been identified. The
neuron-specificc synaptotagmin-1 and -2 have
loww affinity for Ca2+. The other synaptotagmins
aree more ubiquitously expressed and can be
activatedd by lower Ca2+ levels, in the
micromolarr
range.19
Synaptotagmin
homofoguess have been found in plants and
thereforee the synaptotagmins probably arose
earlyy in evolution, before nerve cells existed.20
Thiss suggests that synaptotagmins have more
generall functions than the regulation of
neurotransmitterr release in the central nervous
system.. Indeed, synaptotagmins have recently
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beenn implicated in regulated exocytosis21;22,
membranee repair23*4 and enzyme release by
spermm cells25.
Too investigate the possible rote of
synaptotagminss in migration and invasion,
inducedd by the chemokine CXCL12, we used a
T-celll hybridoma as a model.26 Like the
activatedd T cell from which it was generated,
thee T-cell hybridoma expresses CXCR4 and is
highlyy migratory and invasive. Because of the
autonomouss growth capacity derived from the
lymphomaa fusion partner, these cells are easier
too culture than freshly isolated T cells and thus
moree suitable to generate stable transfectants.
Desaii et al.18 showed that the isolated C2B
domainn
of
synaptotagmin-1
inhibits
oligomerizationn
of
all
synaptotagmins.
Consequently,, Caz+-indueed fusion of docked
vesicless is blocked, as shown by adding
recombinantt C2B to permeablized PC12 cells.
AA mutant Of the C2B domain in which the two
lysiness 326 and 327 are replaced with alanines,
doess not block oligomerization, but still binds
calcium.. We generated stable transfectants
expressingg either the C2B domain or this
mutant,, termed C2B(KA). The C2B domain
inhibitedd migration and invasion, whereas
C2B(KA))
had
no
effect.
Moreover,
overexpressionn of synaptotagmin-3 resulted in
enhancedd migration, suggesting that the
expressionn level of synaptotagmins is a
limitingg factor. In contrast, overexpression of a
mutatedd synaptotagmin-3 (syt3(KA)), in which
thee same two lysines as in C2B(KA) were
replacedd with alanines (K482.483A), caused
inhibitionn of migration. Furthermore, the
presencee of docked vesicles was strongly
suggestedd by the co-immunoprecipttation of the
v-- and t-SNAREs VAMP-2 and SNAP-23.
Thesee SNAREs were dissociated upon Ca2+
influxx and after CXCR4 activation by
CXCL12.Thesee results suggest a critical role
forr docked vesicles, and the regulation of their
fusionn by synaptotagmin-3, in chemokineinducedd migration and invasion.

USA),, 0.26 g/l L-glutamine, 0.05 mM 2mercaptoethanol,, 0.5 mM Na-pyruvate 1 mM
oxaloaceticc acid, 0.2 lU/ml bovine insulin, 100
lU/mll of penicillin, 100 ug/ml of streptomycin
(GIBCOO BRL) and 10% fetal calf serum (FCS)
(GIBCO/lnvitrogen,, Carlsbad, CA, USA).27**
TAM2D22 transfectants were cultured in the
samee medium supplemented with 0.4 ug/ml
puromycinn (Sigma Chemical Co., S t Louis,
Missouri,Missouri, USA) or 0.3 mg/ml zeocin (Invitroge
Carlsbad,, CA)
Ratt embryo fibroblasts (REFs) were
culturedd in DMEM medium (GIBCO BRL)
supplementedd with 100 lU/ml of penicillin, 100
ug/mll of streptomycin (GIBCO BRL) and 10%
newbornn calf serum (GIBCO/lnvitrogen). They
weree used for invasion assays between
passagess 5 and 15.
Thee virus-packaging cell line <£>NXE29 was
culturedd in DMEM medium (GIBCO BRL)
supplementedd with100 lU/ml of peniciliin, 100
jig/mll of streptomycin (GIBCO BRL), 10% FCS
(GIBCO/lnvitrogen)) and 0.584 g/l L-glutamine
(GIBCOO BRL),
Antibodies..
The
antibodies
against
synaptotagmin-33 and -7 were a generous gift of
B.A..
Wolf
and
R.A.
Young.21
The
synaptotagmin-1,, VAMP-2 and SNAP-23
antibodyy were purchased from Synaptic
Systemss (Göttingen, Germany). The 2B11 antiCXCR44 antibodies used for flow cytometry,
weree a generous gift of Dr. R. Förster
(Hannover,, Germany).
RT-PCR.. The brain Of a BALB/c nude mouse
andd 106 TAM2D2 cells were directly lysed in 1
mll RNAzol (Teltest Inc., Friendswood, TX,
USA).. Total RNA was extracted and an RTPCRR was performed using a one-step RT-PCR
kitt (Clontech, Palo Alto, CA, USA) and the
primerss (syt-1: S'-GGAGGAGCCCAAGGAAGA
GGAGAA-3'' (forward) and 5'-AGCGGAGGGA
GAAGCAGATGTCAC-3'' (reverse), syt-3: 5'-CT
GCCGGGTGGAGAGGAAAAAG-3**
(forward)
andd
5'-AGGGGCACCGAGAACTGAAACG-3'
(reverse),, syt-7: 5'-GAATCTAAACCCGCACTG
GAATGAG-3'' (forward) and 5'-CGTTGCGGCT
GAGCTTGTCTTTG-3'' (reverse)). Amplification
off (3-actin RNA was performed simultaneously
usingg actin-specific primers. Amplified products
weree electrophoresed on a 1,5% agarose gel.

Materialss and methods
Celll culture. The mouse T cell hybridoma
TAM2D22 was generated by fusion of
noninvasivee BW5147 lymphoma cells with
normall activated T lymphocytes.26 The cells
weree cultured in RPMI-1640 medium with Lglutaminee (GIBCO BRL, Paisley, United
Kingdom)) supplemented with 12.5 mM
Generationn and transduction of DNA
4~(2-hydroxyethyl)-1 NaHCOa,,
10
mM
constructs.. The C2B domain (residues 248piperazineethanesulfonicc acid, 10% NCTC 135
421)) was generated by PCR with the primers
(ICNN Pharmaceuticals Inc., Costa Mesa, CA,
(5'-ATCGATCGATGATGGATGTGGGTGGCTT T
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AT-3'' (forward) and 5'-GTACTACGTATTAC Migrationn assay. Migration assays were
32
TTCTTGACAGCCAGCAT-3'' (reverse)). The performedd as described previously. Briefly,
Transwellss
with
5
jim
pores
were
treated
for 2 h
C2B(K326,327A)) mutant was generated by
mutagenesiss with primers (5'-CGGCAAGAGA withh 0.5% ovalbumin at room temperature. The
CTGAAGAAGGCAGCGACAACGATTAAGAAG G lowerr chamber was filled with 250 uJ RPMl 1640
AACAC-3"" (forward) and S'-GTGTTCTTCT supplementedd with 0.1% ovalbumin and 100
TAATGGTTGTGGCTGCCTTCTTCAGTCTCTT T ng/mll CXCL12 (PeproTech Inc., Rocky Hill, NJ,
GCCG-3'' (reverse)) using a mutagenesis lot USA).. Cells were kept in fresh medium for 30
C and washed with ice-cold serum(Stratagene,, Amsterdam, The Netherlands). minn at
s
Thee full-length synaptotagmin-3 construct was freee medium. 10 cells were added to the upper
generatedd by PCR using the primers (5'- chamberr of the Transwells in RPMI1640
AGCTTTCGAAGCATGTCTGGGGACTACGAA A supplementedd with 0 . 1 % ovalbumin. After
GA-3"" (forward) and S'-ATTAGCGGCCGCT incubationn for 2 h at 3 7 ^ and 5% C0 2 , the
CACTGTGAATTCTCTTTCTCT-3''
(reverse)) migratedd cells in the tower chamber were
andd
mutated
with
the
primers
(5'- counted. .
GGCGGCGTCTGAAGAAAGCGGGGACCTCC C
ATTAAGAAGAAC-3'' (forward) and B'-GTTCT Invasionn assay. Invasion assays were
TCTTAATGGAGGTCGCCGCTTTGTTCAGAC C performedd as described previously. Briefly,
GCCGCC-3'' (reverse)) using the mutagenesis confluentt REF monolayers in 24-well plates and
kitt from Stratagene. The synaptotagmin-3 TAM2D22 transfectants were washed and the
constructt was cloned into the retroviral vector latterr were added to the monolayers in serumpLZRS-IRES-zeo.. The other constructs were all freee medium. After incubation for 1 or 4 h at
clonedd into the retroviral vector pLZRS-IRES- 37SCC and 5% C0 2 , the monolayers were
extensivelyy
washed and fixed with 2%
puro-EGFP.puro-EGFP. The latter vector was based
on the
pLZRS-IRES-zeoo vector, in which the zeocin paraformaldehyde.. The invaded cells were
resistancee cDNA was replaced by a cDNA countedd using phase-contrast microscopy.
encodingg a puramycin resistance-enhanced
6
greenn fluorescence protein (EGFP) fusion Internalizationn assay. Cells (0.5 x 10 ) were
201300
protein.
Because It contains an internal washedd and incubated for 30 min in RPMI1640
ribosomall entry site (IRES), both the construct withh 0.1% ovalbumin at 2>7*C. CXCL12 (100
andd the puromycin-resistance EGFP fusion ng/ml)) was added to the cells at various time
proteinn are translated from one bicistronic pointss during this period. Then, ceils were
mRNA.311 Therefore, EGFP levels are expected washedd again stained with the 2B11 antitoo correlate with levels of the proteins encoded CXCR44 supernatant and analyzed by flow
byy the inserted cDNAs. The vector plasmids cytometryy as described above.
weree
transfected
by
calcium-phosphate
6
precipitationn into the virus-packaging cell line Immunoprecipitation.. Cells (5 x 10 ) were
299
ONXE. After 8 h, the medium was refreshed, resuspendedd in 250 uJ RPMI medium and
andd 48 h later the virus supernatant was addedd to 750 ul warm RPMI medium.
collectedd and used to infect the TAM2D2 cells. Subsequentlyy the cells were incubated for 5
Threee days later, puromycin was added, and min.. at 37*C and ionomycin (Calbiochem,
afterr a few days the selected cells were FACS- Darmstadt,, Germany) or CXCL12 (PeproTech
sortedd to select bulk populations with high Inc.)) was added to the cells for 30 sec. or 1
min.. during this period. Then, cells were
EGFPP expression.
immediatelyy washed with ice-cold PBS
Floww cytometry. GFP and CXCR4 levels were supplementedd with 1 mM EGTA and tysed in 1
assessedd by flow cytometry. GFP levels were mll lysis buffer ( 1 % Triton X-100, 0.15 M NaCI,
measuredd directly. To assess CXCR4 levels, 200 mM Hepes, pH 7.4) for 30 min. After
cellss were incubated for 45 mm with 20 jil of 1:5 centrifugationn for 5 min. at 1200 rpm, the
9
dilutedd 2B11 hybridoma supernatant, and next supernatantt was incubated at 4 C with antiVAMP22
and
subsequently
with
protein-G
forr 45 min with phycoerythrin (PE)-conjugated
anti-ratt antibodies (Jackson Immunoresearch Sepharosee beads (Amersham, Pharmacia
Laboratoriess Inc., West Grove, PA, USA). The Biotech.,, Uppsala, Sweden). Precipitated
analysess were performed on a Becton complexess were washed three times In lysis
Dickinsonn FACScan using GellQuest software. bufferr and eluted with 1 M ethanolamine pH11.
Thee eluted proteins were mixed with sample
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bufferr and boiled for 5 min. Complexes were EGFP.311 Both C2B and the EGFP are
analyzedd by immunoblotting.
expressedd from one bicistronic mRNA and the
expressionn levels are likely to correlate. To
Immunoblotting.. SDS-PAGE-separated cell obtainn cells with high or medium C2B
lysatess were blotted to nitrocellulose, which was expression,, transfectants with high (C2B(h)) or
thenn blocked with 1 % BSA and 3% nonfat dried mediumm (C2B(m)) EGFP levels were FACSmilk.. The membranes were incubated for 1 h sortedd (Fig.2A). Of the control TAM2D2 cells,
withh the appropriate antibody at room almostt 35% migrated towards CXCL12. In
temperature,, followed by incubation with a contrast,, the C2B-expressing cells with high
secondaryy antibody coupled to horseradish EGFPP expression did not migrate at all
peroxidasee (Amersham Life Sciences, Little (Fig.2B).. An intermediate effect was seen with
Chalfont,, U.K.). Stained proteins were thee C2B(m) cells. Clearly, the C2B domain has
visualizedd by enhanced chemiluminescence aa major impact on the chemotactic process.
(ECLL kit, Amersham).
A ..

Results s
Expressionn of synaptotagmins in TAM2D2
cells.. The two synaptotagmin (syt) family
memberss that have been implicated in
regulatedd exocytosis in non-neuronal cells, are
syt-33 and syt-7.21'24 Therefore they are the main
candidatess for being involved in chemotaxis.
Wee tested their expression in TAM2D2 T cell
hybridomaa cells by RT-PCR. As shown in Fig.
1,, we found that TAM2D2 cells express syt-3,
butt not syt-7. We confirmed the expression of
syt-33 in TAM2D2 cells by Western blotting (Fig.
5) )
TAM2D22
11

3

7

A

brain
1 3

7

A

w

Fig.. 1. Expression of synaptotagmins in TAM2D2 cells.
(A)) RT-PCR of syt-1 (1), syt-3 (3) and syt-7 (7). As
controls,, the expression of these synaptotagmins in brain
iss shown, and that of actin (A) in TAM2D2 cells and brain
aree shown, as well as a negative water control (w). (B)
Westernn blot showing the expression of syt-3 and not syt77 in TAM2D2 cells

Blockedd synaptotagmin
oligomerization
impairss chemotaxis. To demonstrate a role for
regulatedd exocytosis in chemokine-induced
migration,, we expressed the isolated C2B
domainn of synaptotagmin-1 in the TAM2D2
cells.. This C2B domain inhibits oligomerization
off all synaptotagmin isoforms tested, and thus
blockss fusion of docked vesicles and regulated
exocytosis.188 We used a retroviral vector with
ann IRES downstream of the C2B cDNA,
followedd by a cDNA encoding a fusion protein
off the puromycin-resistance protein and
90 0

TAM2D2

C2B(m)
C2B(h)
C2B(KA)
45 5
223 3
277 7

1 1 LlL L
Logg fluorescence

1.5 5

TAM2D22 C 2 B
(m))

C2B
(h)

C2B
(KA)

Fig.. 2. The synaptotagmin-1 C2B domain inhibits
migrationn of TAM2D2 cells. (A) FACS analysis of EGFP
expressionn of the C2B transfectants. Filled histograms
representt the fluorescence in the transfectants, open
histogramss the fluorescence of untransfected control cells.
Thee median of the filled histograms is shown in the upper
rightt comer. (B) Migration towards 100 ng/ml CXCL12 of
C2BB transfectants. Results are given as the mean +/SEMM of the migration index, which is set to 1 for the
controll cells in each individual experiment. Shown are
averagess of 14 experiments.

Thee C2B domain binds calcium, so it might
influencee migration by acting as a calcium sink.
Too rule out this possibility, we expressed a
mutantt C2B (K326,327A) which does not inhibit
oligomerizationn and fusion, but still binds
calcium.188 This mutant will be referred to as
C2BB (KA). We selected by FACS sorting a
populationn with similar levels of C2B(KA) as in
thee cells expressing the non-mutated C2B, as
judgedd by EGFP levels (Fig.2A). CXCL12inducedd migration of these cells was similar to
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thee TAM2D2 cells, showing that inhibition by
C2BB was not due to calcium binding (Fig.2B).
A. .
Blockingg oligomerization of synaptotagmin
impairss invasion. The T-cell hybridoma cells
rapidlyy invade into monolayers of rat embryo
fibroblasts.. Wee have shown previously that this
dependss completely on CXCL12 bound to the
surfacee of the fibroblasts and therefore on
CXCR44 signaling.3 One of the effects of the
signall is the rapid activation of the integrin LFA11 which is required for this invasion. As shown
inn Fig. 3, invasion was completely blocked by
C2B(h).C2B(h). In contrast, C2B(KA), expressed at the
samee high level, had only a minor effect. This
inhibitionn was comparable to that seen in
C2B(m)) cells that express low levels of C2B.
TAM2D22

TAM2D22 C2B
(m))

C2B
(h)

C2B
(KA)

FSg.. 3. Invasion of C2B transfectants into REF
monolayers.. Results are given as the mean +/- SEM of
thee invasion index, which is set to 1 for the control cells in
eachh individual experiment. Shown are averages of 8
experiments. .

Blockingg oligomerization of synaptotagmin
hass no effect on internalization. To rule out
thee possibility that the C2B domain affects
endocytosiss and recycling of the receptor, we
determinedd
whether
CXCL12-induced
internalizationn of CXCR4 was affected. The
extentt of internalization was comparable for all
cellss and, importantly, similar for both C2B
transfectantt populations, of which migration
wass blocked, and C2B(KA) transfectants, of
whichh the migration was not affected (Fig.4).

TAM2D22

C2B(m)

C2B(h)

C2B(KA)

syt3

syt3(KA)

Fig.. 5. Effect of syt-3 on migration. (A) Expression of syt-3
inn the transduced and non-transduced cells, as detected
byy Western blotting with antibodies against syt-3. (B)
Migrationn of C2B transfectants towards 100 ng/ml
CXCL12.. Results are given as the mean +/- SEM of the
migrationn index, which is set to 1 for the control cells in
eachh individual experiment. Shown are averages of 10
experiments. .

Synaptotagmin-33 overexpression promotes
migration.. Both synaptotagmin-3 (syt-3) and
synaptotagmin-77 (syt-7) have been implicated
inn regulated exocytosis in non-neuronal cells,
andd are therefore the main candidates for being
involvedd in chemotaxis. As described above,
TAM2D22 cells express syt-3, but not syt-7. To
investigatee its putative involvement, we
overexpressedd
syt-3.
A
mutated
synaptotagmin-33 (syt3(KA)), in which the same
twoo lysines as in C2B(KA) were replaced with
alaniness (K482.483A) was also expressed. This
syt-3(KA)) mutant cannot oligomerize and is
expectedd to prevent oligomerization by
competingg with endogenous syt-3. Protein
levelss of endogenous syt-3, overexpressed syt33 and syt3(KA) are shown in Fig. 5A. As shown

Fig.. 4. Internalization of CXCR4 by C2B transfectants.
FACSS analysis of CXGR4 expression of TAM2D2 and
C2B-transfectantss after 30 min incubation with CXCL12.
Blackk histograms represent the CXCR4 levels before, and
whitee histograms after 30 min incubation. One
representativee experiment is shown out of three with
similarr results.

IA.AJLA A
CXCR44 expression
(logg fluorescence)

91 1

Chapterr 5
inn Fig.5B, syt-3 overexpression led to 75%
moree migration, suggesting that the syt-3 levels
inn the cells are limiting and determine the
extentt of migration. In contrast, expression of
thee mutant syt-3(KA) led to reduced migration,
probablyy because it competes with the
endogenouss syt-3 and thus inhibits fusion.
However,, inhibition was not complete, probably
becausee the expression levels were not
sufficient. .
Dockedd vesicles in TAM2D2 cells. Vesicle
fusionn is mediated by SNAREs. In docked
vesicless the v- and t-SNAREs are associated at
thee membrane, but fusion is blocked. The
SNAREss are dissociated upon an increase in
Ca2++ concentration. The v-SNARE VAMP-2 and
thee t-SNARE SNAP-23 are expressed in the
TAM2D22 cells. To demonstrate association, we
immunoprecipitatedd VAMP-2 and tested for
associatedd SNAP-23 by Western blotting with
SNAP-233 antibodies. As shown in Fig. 6, we
didd detect SNAP-23, showing that VAMP2SNAP-233 complexes are present in the cell.
Thiss strongly suggests the presence of docked
vesicles.. When the intracellular calcium
concentrationn is raised using ionomycin, the
complexx is dissociated after 30 sec. Strikingly,
thee same is seen within 1 min after treatment of
thee cells with the chemokine CXCL12. This
indicatess that fusion of docked vesicles is
inducedd by CXCL12.
Stimuluss
Timee
I.P,:anti-VAMP-22

no no
+ -

iono iono ionoCXCL12
10" 30" 1'
1'
+
+
+
+

Fig.. 6. Interaction of the v-SNARE VAMP-2 and the tSNAREE SNAP-23. detected by immuno-precipitation of
VAMP-22 and Western blotting with SNAP-23 antibodies.
Thee TAM2D2 cells were treated with either ionomycin
(iono)) or CXCL12 for the indicated time period. A control
immuno-precipitationn without VAMP-2 antibodies is shown
too demonstrate the specificity of the interaction.

Discussion n
Heree we provide evidence supporting our
hypothesiss that rapid fusion of docked vesicles,
regulatedd by synaptotagmin-3 (syt-3), is
requiredd for chemokine-induced migration and
invasionn of T cells. This is based on the
inhibitionn of migration by a C2B domain of syt92 2

1,, expressed in these cells, but not by a mutant
thatt does not affect fusion. Furthermore,
overexpressionn of full-length syt-3 enhanced
migration,, whereas a fusion-incompetent syt-3
mutantt reduced migration. Finally, we found
complexess of v- and t-SNAREs in the T cells,
indicatingg that docked vesicles are present.
Thesee complexes were dissociated when fusion
wass induced by calcium influx, and also when
cellss were treated with the chemokine CXCL12.
Synaptotagminss are integral membrane
proteinss that serve as Ca2+-sensors for vesicle
fusion.. They block fusion in the absence of
calciumm but promote rapid fusion upon binding
off calcium. The cytoplasmic part contains two
C22 domains, C2A and C2B, which bind Ca2+.
Thee Ca2+-induced conformational change
enabless the C2B domain to interact with C2B
domainss of other synaptotagmin molecules.
Thiss results in oligomerization, which is
requiredd for fusion of the docked vesicles. The
isolatedd C2B domain binds to the C2B domains
off endogenous intact synaptotagmins and thus
impairss oligomerization in a dominant-negative
fashion..
In permeabilized
PC12 cells,
recombinantt proteins consisting of only the C2B
domainn thus prevented
neurotransmitter
release.188 Desai et al.18 showed that the C2B
domainn of syt-1 inhibits oligomerization of all
synaptotagminss
tested.
We
therefore
expressedd this C2B domain, expecting that it
wouldd inhibit oligomerization of the endogenous
syt-33 or any other synaptotagmin, which might
bee expressed in the T-cell hybridoma cells. The
completee inhibition of migration by this C2B
stronglyy
suggests
that
synaptotagmin
oligomerization,, and therefore fusion of docked
vesicles,, is required for chemokine-induced
migration. .
Chemokiness induce a rapid rise in
intracellularr Ca2+ concentration. This is mainly
duee to the activation of phospholipase C
(PLC).333 PLC generates inositol trisphosphate
(IP3))
from
phosphatidylinositol-4,5bisphosphatee (PIP2).34 This IP3 releases Ca2+
fromm the endoplasmic reticulum. However, such
largee global Ca2+ responses are not required for
chemokine-inducedd chemotaxis.35"37 Indeed,
chemotaxiss can be induced by very low
concentrationss of chemokines that are unlikely
too trigger substantial changes in global calcium
concentrations.. It is therefore more likely that
chemotaxiss is induced by a transient very local
increasee in Ca2+ concentration, perhaps due to
thee opening of an ion channel rather than
releasee from the endoplasmic reticulum. In this
respect,, it is of interest that the affinity of syt-3
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forr Ca2+ is much higher than that of the
neuronal-specificc syt-1 and syt-2, so that it will
bee
activated
by
much
lower
Ca2*
concentrationss (in the micromolar range).18
Givenn the likely importance of small
increasess in [Ca2*], it was conceivable that the
inhibitionn by C2B was due to Ca2+-binding
ratherr than impaired oligomerization. To
excludee that possibility, we expressed a C2B
mutantt in which two lysines, which are
essentiall for oligomerization38, were replaced
byy alanines. This mutant has been shown to
bindd Ca8* similarly as intact C2B.18 The mutant,
expressedd at similar levels, as judged by coexpressedd EGFP, did not inhibit migration. This
showss that inhibition is not due to buffering of
Ca2** by the overexpressed isolated C2B
domain.. However, the invasive capacity of the
cellss transfected with the mutant C2B{KA) was
somewhatt lower than that of the untransfected
cells,, comparable to the C2B(m) cells that
expresss lower levels of C2B. This suggests that
calciumm binding by the mutant does have an
effectt on invasion. However, the inhibition of
invasionn is much larger in the C2B(h) cells that
expresss C2B at similar high levels as the
C2B(KA)) mutant in the C2B(KA) transfectant
population.. This difference indicates that the
mainn effect of the C2B domain on invasion is
duee
to
inhibition
of
synaptotagmin
oligomerization.. To exclude the possibility that
thee C2B domain influences migration by an
effectt on receptor recycling, we tested whether
CXCL12-inducedd internalization was altered,
butt this did not differ between C2B and
C2B(KA)) transf ectants.
Thee role of synaptotagmins in exocytosis
impliess that docked vesicles are present In the
T-celll hybridoma. This is very difficult to
demonstratee since their number is likely to be
small,, compared to neurons. We show here
thatt the t-SNARE SNAP-23 is co-precipitated
withh the v-SNARE VAMP-2. Such complexes
aree formed very transiently during exocytosis,
soo the presence of a sizable amount indicates
thatt some vesicles are docked, i.e. tethered to
membranee by the complex, but that their fusion
iss blocked. Indeed, the complexes are rapidly
dissociatedd upon a rise in [Ca2*], induced by
ionomycin.. Such dissociation occurs after
fusionn , so the most likely interpretation of this
observationn is that the docked vesicles have
fusedd with the membrane. Strikingly, this
dissociationn also occurred upon treatment of
thee cells with the chemokine CXCL12. Thus,
treatmentt with
high
concentrations of
chemokine,, when most receptors will be

occupied,, is apparently sufficient to induce
fusionn of most docked vesicles. Obviously, a
celll moving in a chemokine gradient is exposed
too tower concentrations and fusion will be
limitedd and more localized. It remains to be
demonstratedd that dissociation is inhibited in
cellss expressing the C2B domain.
Synaptotagminss are best known for their
rolee in regulation of neurotransmitter release.
However,, synaptotagmin homologues have
beenn found in plants20 and therefore
synaptotagminss arose early in evolution, before
nervee celts existed. Furthermore, several
synaptotagminss are expressed in many
différentt non-neuronal cell types, also indicating
aa more general function. Indeed, syt-3 and -7
havee been implicated in regulated insulin
secretionn
'm pancreatic
cells,21122 This
exocytosiss also depends on Cdc42 and Gi
proteinn signaling, similarly as chemokineinducedd chemotaxis.5"9*1139 syt- 6 is involved in
thee release of degradative enzymes from the
acrosomee of sperm cells necessary to
penetratee the oocyte.25 Furthermore, the repair
off membrane defects by exocytosis of
lysosomess is mediated by syt-7.23;24 The role of
synaptotagminss in migration, as demonstrated
here,, therefore fits with the notion that they
havee a general role in regulated exocytosis.
Becausee of their role in exocytosis in nonneuronall cells21'24, syt-3 and syt-7 were the
mainn candidates for being involved in
chemotaxis.. Since syt-7 is not expressed in the
T-celll hybridoma, a role for syt-3 seemed likely.
Too show this, we expressed full-length syt-3 in
whichh the two lysines on the C2B interaction
surfacee were mutated. We expected this mutant
too be incorporated into SNARE complexes on
dockedd vesicles and to impair oligomerization
andd thus inhibit fusion. This mutant did inhibit
migration,, supporting a role for syt-3. As a
control,, we also overexpressed the intact fulllengthh syt-3. Remarkably, this enhanced
migration,, indicating that the level of syt-3 is a
limitingg factor for chemotaxis. Taken together,
thesee two results provide substantial evidence
forr the notion that syt-3 Is required for
chemokine-lnducedd migration of T cells.
Itt has long been realized that vesicle
traffickingg and exocytosis are necessary for the
migrationn of cells. This exocytosis at the
leadingg edge was suggested to have two major
roles.. Firstly, it provides the cell with extra
membranee necessary for membrane-rich
structuress such as filopodia. In this context, it is
noteworthyy that expression of synaptotagmins
inn fibroblasts has been reported to induce
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formationn of filopodia. Secondly, the vesicles
couldd provide a source of additional signaling
andd adhesion molecules. Indeed, many
proteinss involved in vesicle trafficking have 7..
beenn shown to be necessary for migration. For
example,, NSF, which is necessary for the
disassemblyy of the SNARE-complex, is also
8..
requiredd for cell polarization and locomotion.41
Rab111 and its downstream target rabphilin-11
regulatee vesicle trafficking and play a role in
migration.422 For relatively slow migrating cells, 9..
suchh as fibroblasts, regular vesicle transport
mayy be fast enough. However, for the rapid
responsess of lymphocytes to chemokines, this 10..
transportt is likely to be far too slow. Therefore,
wee hypothesized that the vesicles involved
shouldd be docked at the membrane, ready to
fusee very shortly after triggering of the receptor. 11..
Thiss
would
require
regulation
by
synaptotagmins,, similar to the control of
neurotransmitterr release in neurons. Here, we 12..
havee provided evidence that chemokinetriggeredd migration is in fact regulated by
synaptotamin-3. .
13..
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