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SUMMARY

Synapsin | is abundant in neural tissues. Its
phosphorylation is thought to regulate synaptic vesicle
exocytosis in the pre-synaptic terminal by mediating vesicle
tethering to the cytoskeleton. Using anti-synapsin
antibodies, we detected an 85 kDa protein in liver cells and
identified it as synapsin I. Like brain synapsin I, non-
neuronal synapsin | is phosphorylated in vitro by protein
kinase A and yields identicaP2P-peptide maps after limited

several non-neuronal cell lines localizes synapsin | to a
vesicular compartment adjacent to trans-elements of the
Golgi complex, which is also labeled with antibodies against
myosin Il; no sub-plasma membrane synapsin | is evident.
We conclude that synapsin | is present in epithelial cells
and is associated with a trans-Golgi network-derived

compartment; this localization suggests that it plays a role

in modulating post-TGN trafficking pathways.

proteolysis. We also detected synapsin | mRNA in liver by
northern blot analysis. These results indicate that the
expression of synapsin | is more widespread than
previously thought. Immunofluorescence analysis of

Key words: Synapsin |, Vesicular traffic, Epithelial cells, trans-Golgi
network, Myosin Il

INTRODUCTION studies suggested a role of the CaM kinase Il phosphorylation
sites in the regulation of synapsin I's association with SVs
The protein machinery involved in the complex regulation ofSchiebler et al., 1986; Ceccaldi et al., 1995; Stefani et al.,
vesicle trafficking in eukaryotic cells has been intenselyl997). More recently, the involvement of the N-terminal
studied over the past decades. Studies of vesicle traffic at tp@osphorylation site, the PKA/CaM kinase | site, in this
nerve synapse have been particularly valuable in elucidatinggulation has been reported (Hosaka et al., 1999). These
the mechanisms of exocytosis, in part because componentsstfidies show that in vitro phosphorylation of synapsin | at
the various protein machines are abundant (Ferndndez-Chacgeveral sites decreases its affinity for the SV membrane
and Sudhof, 1999). For example, the membrane proteingsulting in dissociation of the protein from the membrane. In
comprising the so-called SNARE complex were first identifiedvivo, the liberated SVs are thought to then dock and fuse with
in brain (Sollner et al., 1993). Similarly, virtually all of the the plasma membrane. Together, these observations have led
proteins comprising exocytic synaptic vesicles (SVs) havéo the hypothesis that synapsin | regulates secretion at the
been identified and their functions examined. One abundanerve terminal by controlling SV availability for release
protein in small SVs is the family of synapsins. They argGreengard et al., 1993).
encoded by three genes, synapsin |, Il and Ill, which give rise Using immunohistochemical methods the synapsins were
to different isoforms: synapsin la, 85 kDa; Ib, 80 kDa; lla, 70originally found to be widely expressed in almost all types of
kDa; IlIb, 58 kDa; and llla-f, 7.9-63 kDa (De Camilli et al., neurons, but absent from non-neuronal cell types (De Camilli
1990; Porton et al., 1999). et al.,, 1983). This and the almost exclusive association of
In brain, synapsins associate with the cytoplasmic surfacg/napsins with small SVs led investigators to conclude that
of the small SV membrane where they regulate the interactidhese proteins were neuron-specific. However, later studies
of SVs with the cytoskeleton. This regulation is thought tadentified synapsin | in several cultured cell lines of neural
depend on the phosphorylation state of synapsin. All isoformand endocrine origin, among them, PC12, AtT-20, MING6
share a similar N-terminal region with one phosphorylatiorinsulinoma an@TC3 cells.3 cells of pancreatic islets in vivo
site for cAMP-dependent protein kinase (PKA) or calcium/and cultured astrocytes also express synapsin |. As in neurons,
calmodulin-dependent protein kinases (CaM kinase) | or I\Vsynapsin | in these cells is vesicle-associated (Romano et al.,
but have divergent C-terminal regions, which include sites fot987; Tooze et al., 1989; Matsumoto et al., 1999; Krueger et
proline-directed protein kinases. Unlike other familyal., 1999; Maienschein et al., 1999).
members, synapsin | contains phosphorylation sites for CaM We report for the first time that synapsin | is present in
kinase Il (De Camilli et al., 1990; Hilfiker et al., 1999). Early epithelial cells of non-neuronal origin. Furthermore, it is
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concentrated in a vesicular compartment that overlaps witiixed with an equal volume ofx2.aemmli electrophoresis sample
trans elements of the Golgi complex but not with markers ofuffer (Laemmli, 1970), boiled for 3 minutes and aliquots stored at
other previously identified membrane compartments located mB0°C. o _ _ _
the Golgi region of cells. This compartment is also enriched in Cytosol containing synapsin | was prepared from rat brain and liver
myosin II. Our results, together with the proposed tetherin yeﬁenéﬂgjglcq?ngo%C)egepgﬁﬁi% eiﬁgé‘fns;tg at?ﬁﬁlt%gcg;?rl#s;étion
functlor_\ for ng_uronal Synapsin. , Iead us to propose th 00,0009 for 1 hour) to sediment all membranes. The high-speed
synapsin I-positive vesicles in epithelial cells represent a nov

- . pernate constituted the cytosolic fraction.
exocytic compartment. Parts of this work have been presenteda ¢ryde preparation of synapsin | from NRK cells was used for

in abstract form (E.R.K. et al. (1998)lol. Biol. Cell7, 454a;  immunoprecipitation. Cells grown on plastic dishes to 90-100%
E.R.K. etal. (1997Mol. Biol. Cell8, 51a; E.R.K. etal. (1997). confluence were trypsinized, sedimented, rinsed twice with PBS and
Liver Diseases: Single Topic Sympositim40a; R.B. et al. resuspended in ice-cold 5 mM Pipes, pH 6.8, containing the protease
(1999).Mol. Biol. Cell10, 218a; R.B. et al. (2000Mol. Biol.  inhibitors listed above. After incubation for 10 minutes, sucrose was
Cell 11, 136a). added to 0.25 M, Mg@Glto 5 mM (from 2 stocks in 5 mM Pipes,
pH 6.8) and the cells were homogenized using a Teflon-glass
homogenizer with 40 passes of the pestle. Cell lysis was assessed
microscopically. The cell homogenate was centrifuged (16060

MATERIALS AND METHODS 90 minutes), sedimenting more than 90% of NRK synapsin | (data not
shown). The pellet was resuspended in 50 mM Tris, pH 7.4, 1% Triton
Reagents and cells X-100, 0.5 M NaCl and 1 mg/ml BSA and the insoluble material was

The catalytic subunit of PKA was purchased from Calbiochem (Saremoved by centrifugation at 13,660or 10 minutes. The supernate
Diego, CA). S. aureusV8 endoprotease was from Boehringer was used for immunoprecipitation.

Mannheim (Indianapolis, IN);y{32P]JATP with >7000 mCi/mole

specific activity was from ICN (Costa Mesa, CA). Chymotrypsin, immunochemical procedures

Protein A-Sepharose beads, nocodazole and cytochalasin D were frq)
Sigma (St Louis, MO). Freshly isolated rat hepatocytes were provide,
by the Yale Liver Center (Yale Medical School, New Haven, CT) an
J. Yager (Johns Hopkins University School of Hygiene and Publi
Health, Baltimore, MD). Liver and brain total homogenates from

munoblot analysis

olubilized proteins were electrophoretically separated in 7.5% gels
10x20 cm) as described (Maizel, 1971) and transferred to
nitrocellulose membranes. Membranes were blocked with phosphate-
buffered saline (PBS) containing 10% powdered fat-free milk and

wild-type mice and mice lacking synapsins | and Il (Rosahl et al. . . . e
: " ; ; - .1% Tween-20, then incubated with primary antibodies for 1 hour at
1995) were provided by T. Stdhof (University of Texas Southwesterﬁoom temperature (Abs #212 and #213) or 1 hour at room temperature

Medical School, Dallas, TX). Male Sprague-Dawley rats were g A
obtained from Charles River (Wilmington, MA). NRK cells were 2nd overnight at 4°C (SNT1 and SNH1 culture supernates). Blots

rown in DMEM (Life Technologies, Gaithersburg, MD) with 10% were incuba@ed with secqndary antibody conjug_ated_ to HRP and
?etal bovine serur$1 in a 5% Qa%oc incubator. V\?IF-B ge”S . processed with the ECL kit (Amersham Pharmacia, Piscataway, NJ)

cultured as described (Shanks et al., 1994). according to the manufacturer’s instructions.

Antibodies Imn_wunop_recipitation . -
Brain or liver cytosol (0.5 or 10 mg total protein) was adjusted to 10

; ; : | with 50 mM Tris, pH 7.4, 150 mM NacCl, 1% Triton X-100, then
described (Nicol et al., 1995) and used as hybridoma culturd’ ) ' ' ' J
supernates. Antibody SNH1 recognizes an epitope in the first g@czot()?ted with 1 ml of ﬁNI-Ilch))rbSbl_\lTl c_ulture sulpeénate fordi hé"“f'rs
amino acid residues of the N-terminus of synapsins | and II; antibo<§t N on a:jrothatlng wheel. ~a Ilt antl-m(:que g Y Wits a zeh or
SNT1 is directed against an epitope in domain D of synapsin | (Nicgt "our and the immune complexes sedimented after ours
et al., 1995). Rabbit polyclonal antibodies (Abs) #212 and #213 Wer%cubatlon with Protein A-Sepharose b_eads_. Following six V\_/ashes n
made as described against a peptide comprising one of the CaM kin% above buffer, the beads were boiled in electrophoresis sample
Il phosphorylation sites on synapsin | (site 2, ATRQASISG)PUlfer, the polypeptides separated by SDS-PAGE and analyzed by
(Matovcik et al., 1994). Rabbit polyclonal antibodies used were amil_mmunobl_ot using Ab #213. - .

TGN38 #1481 (from E. Eipper, Johns Hopkins University, Baltimore, Synapsin | was immunoprecipitated from a high salt extract of NRK

MD), anti-mannosidase Il (from C. Machamer, Johns Hopkinsmembranes, p_repareq as d‘?$°”be.d _above, using SN.Tl cu_Iture
Univérsity Baltimore, MD), anti-transferrin recéptor (from M. supernate and incubation conditions similar to those for brain and liver

Farquhar, UCSD, San Diego, CA), afGOP (from Y. Ikehara, samples, but keeping 0.5 M NaCl and 1 mg/ml BSA in the sample

Fukuoka, Japan), anti-myosin II-A from chicken brush border (fronfliroughout the procedure.

D. Burgess, Boston College, Boston, MA), and anti-SCAMP4 (from ) ) )

D. Castle, University of Virginia, VA). Two mouse monoclonal In vitro phosphorylation and peptide map analysis

antibodies, anti+ adaptin (clone 88) and anti-syntaxin 6, were from Immunoprecipitated synapsin | was phosphorylated while bound to
Transduction Laboratories (Lexington, KY). Awmtitubulin (clone  the Protein A-Sepharose beads in g06f 50 mM Tris-HCI, pH 7.4,

The monoclonal antibodies SNT1 and SNH1 were produced

DM1A) was from Sigma. 1 mg/ml BSA, 10 mM MgCJ, containing 44U of PKA and 1 mCi/ml
. ) o [y-32P]ATP. After incubation for 45 minutes at°&) the beads were
Biochemical fractionation washed six times with 50 mM Tris, pH 7.4, 1% Triton X-100, 0.5 M

All procedures were carried out dtClunless otherwise noted. Rat NaCl and 1 mg/ml BSA by sedimentation at 2,90fdr 3 minutes
brain and liver were homogenized at 8 or 25% (w/v), respectively, iand resuspension in 1 ml of buffer. The final bead pellet was
0.3 M sucrose, 50 mM Tris, pH 7.4, 0.5 M NaCl, 5 mM MgCl resuspended in electrophoresis sample buffer and boiled for
containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride,5 minutes. Proteins were resolved in 7.5% gels, transferred to
1 ug/ml each of antipain, benzamidine, leupeptin and trasylol) usingitrocellulose and processed for autoradiography and immunoblot
a Dounce homogenizer and 10 passes of the pestle. Confluent NRIKalysis. Peptide mapping after limited proteolysis of PKA-
cells were detached by trypsinization and homogenized as describpbosphorylated proteins with V8 endoprotease or chymotrypsin was
for the brain and liver. The homogenized samples were immediatelyerformed as described (Huttner and Greengard, 1979).
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Fig. 1. Synapsin | is present in non-neuronal cells.
(A,B) Immunoblot analysis of total homogenates of rat brain (1
HQ), rat liver (200ug), rat hepatocytes (Hep, 20g) and NRK
cells (200ug) using antibody SNH1 (A) and SNT1 (B). Both
antibodies detected an 85 kDa band (*) in non-neuronal
samples that co-migrated with rat brain synapsin I. Molecular
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mass standards (in kDa) are indicated at the left of each pane]. 11
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(C) Antibodies to synapsin | immunoprecipitate an 85 kDa
protein from liver. Proteins from brain (0.5 mg total protein) or
liver (10 mg total protein) cytosols were immunoprecipitated
with SNH1 (top panel) or SNT1 (bottom panel) and analyzed
by immunoblot with Ab#213. Both antibodies
immunoprecipitated an 85 kDa protein from either brain (Brain
+ab) or liver cytosol (Liver +ab) that was recognized by
Ab#213; the protein was not immunoprecipitated from liver
cytosol incubated with Protein A-Sepharose beads alone (Live
—ab). (D) The 85 kDa protein is absent from livers of synapsin| ¢ D
I- and ll-deficient mice. Total homogenates of brain or liver
from wild-type mice (wt) or synapsin | and Il-deficient mice SNH1 e == synl () &
(syn-/-) were analyzed by immunoblot using Ab#212 (Synl)
or antibodies to tubulin (Tub) as a loading control. An 85 kDa ) -
protein was detected in both brain and liver of wild-type mice | SNT1 .- o Tub i -

that was absent from brain and liver of synapsin | and II- Brain Liver Liver Brain Liver Brain Liver
deficient mice. +ab +ab -ab wt wt  syn-- syn--

Immunofluorescence and inhibitor treatments brain using TRIzol reagent (Life Technologies) according to the

NRK cells were grown to 60-70% confluence on glass coverslips arfanufacturer’s instructions. Poly(A)-selected RNA was prepared
fixed in 100% methanol at20°C for 10 minutes or in 4% from hepatocyte total RNA using either Oligotex mRNA isolation
paraformaldehyde (PFA) in PBS for 30 minutes at room temperatur€0lumns (Qiagen, Valencia, CA) or oligo dT Cellulose (Amersham
rinsed with PBS and blocked with 5% FBS, 2% BSA in PBS for 30Pharmacia) according to the manufacturer’s instructions. Because
minutes at room temperature. PFA-fixed cells were permeabilizesynapsin | message was detected in some preparations and not others,
with 0.05% saponin, added in all steps. The cells were incubated wifRutinely we isolated total RNA immediately from freshly isolated
undiluted SNT1 culture supernate for 1 hour at room temperatur&€patocytes to avoid degradation of the synapsin | message. Then,
12-16 hours at 4, then with the polyclonal antibodies for 30 twice-poly(A)-selected RNA was separated on a formaldehyde gel as
minutes at room temperature. The primary antibodies were detecté@scribed (Ausubel et al., 1995) and transferred to GeneScreen Plus
with Alexa 488- or 568-conjugated secondary antibodies (MoleculafNEN Life Sciences, Boston, MA) using a Turbo Blotter (Schleicher
Probes, Eugene, OR). To double immunostain NRK cells using twdnd Schuell, Keene, NH). Following crosslinking of the RNA to the
mouse monoclonal antibodies, cells were first blocked, thefembrane with a UV Stratalinker 1800 (Stratagene, La Jolla, CA),
incubated for 1 hour with primary antibody followed by a FITC-the membrane was prehybridized at@an 50% formamide, 10%
labeled Fab fragment of goat anti-mouse IgG (Jacksorﬁiextran sulfate, 5SSPE, & Denhardts solution, 1% SDS, 2Q8/ml
Immunoresearch, West Grove, PA). Free sites in the mouse IgG wegalmon sperm DNA (Ausubel et al., 1995). Hybridization was
blocked with excess unlabeled Fab fragment of goat anti-mouse Igeetformed at 4ZC by the addition of the probe purified on a G50
(Jackson Immunoresearch) and the cells labeled with SNT1 culturgicro column (Amersham Pharmacia). A fragment of the plasmid
supernate followed by secondary antibody as described above. TREB910 (encoding synapsin |, see below) was labeled veth [
labeled cells were examined by epifluorescence (Zeiss AxioplarfPldCTP by random priming, then the probe was preadsorbed 2-3
microscope, Carl Zeiss, Germany) and digital images were collectdines overnight at 4L on a membrane with liver total RNA to
with a Micromax CCD camera (Princeton Instruments, Trenton, NJjemove material that binds nonspecifically to the 28S ribosomal
using IPLab 3.5 software (Scanalytics, Fairfax, VA). ConfocalSubunit. Following a 16-20 hour hybridization, the probe was
images were acquired on an Olympus IX-70 inverted microscopemoved, and the membrane washed a€4fice with % SSC, 0.1%
(Olympus America Inc., Melville, NY) equipped with a Noran OS SDS for 20 minutes and twice with 8.5SC, 0.1% SDS for 20
confocal system (Noran, Middleton, WI) with a Kr/Ar laser for minutes, then exposed to X-ray film. The fim was imaged on a
excitation of the Alexa fluorochromes. Confocal Z series werdluorChem 8000 (Alpha Innotech Corporation, San Leandro, CA) for
captured throughout the Golgi of stained cells and analyzed using ttieobility determinations and quantitation. .
Intervision software (Noran). A cDNA clone encoding Synapsin 1Ralf (pLB910) was obtained

For inhibitor studies, cells were treated with |88 nocodazole  Using reverse transcription-PCR (enhanced avian RT-PCR kit, Sigma)
for 1 hour at 37C or 5uM cytochalasin D for 2 hours at 37 in ~ of adult rat brain total RNA and the product was cloned into
serum-containing medium. Control cells were treated with the?CDNA3.1 (Invitrogen, Carlsbad, CA) with primers specific for
corresponding dilution of DMSO. Treatments were terminated bysynapsin | (5to 3 orientation): nAH10-GTCCAGAAGATTGGGC
fixing the cells in cold methanol and immunostaining as describe@Nd NAH12-GTCGGAGAAGAGGCTGGC. Confirmation of the
above. To assess the disassembly of the microtubules or ac@Pne was performed by DNA sequencing at the JHMI DNA Analysis
filaments upon drug treatments, control and treated cells were stainEacility.
for tubulin with DM1A or for F-actin with FITC-phalloidin

(Molecular Probes). Other methods
) ) Protein content of samples was determined using BCA (Pierce
RNA isolation and northern blot Chemical, Rockford, IL) according to the manufacturer’s instructions,

Total RNA was extracted from freshly isolated rat hepatocytes and ratith BSA (Pierce Chemical) as standard.
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Fig. 3.Detection of synapsin | mRNA from freshly isolated
hepatocytes by northern blot. Membrane was probed witled3
probe from rat brain synapsin I. In brain total RNAU®, lanes 1,2),

=&l —21 the synapsin | message was detected as two species (*), at 3.3 and
- - 14 —14 4.3 kb. The synapsin | mMRNA was detected in hepatocytes total RNA

’ (22 ug, lane 3) and poly(A) RNA (3.3g, lane 4) (** and ***) at

- - 2.5-3.1 kb. Presence of synapsin | message has been confirmed in
NRK  Brain NEK Braki three independent preparations of hepatocyte poly(A) RNA. Lane 1,
10 day exposure; lanes 2-4, 5 day exposure. Position of size
standards is indicated in kb. The square bracket indicates 28S rRNA.

Fig. 2. Synapsin | from NRK cells and rat brain show similar
phosphopeptide patterns. (A) Synapsin | inmunoprecipitated from homogenates of rat liver, freshly isolated rat hepatocytes, and
NRK cells was phosphorylated in vitro by PKA. By autoradiography,NRK cells; this polypeptide co-migrated with rat brain
a phosphorylated species was detected that co-migrated with rat  synapsin | (Fig. 1A,B). Furthermore, both SNH1 and SNT1
brain synapsin | and was labeled by SNT1 in immunoblot (*, lanes  jmmunoprecipitated from brain and liver cytosol the 85 kDa
L) e sl vas bsentf e asynapein | anibocy o e _orotei that was recognized by Ab #213 i biots (Fig. 1)
(B) The PKA-phosphorylated proteins were digested with V8 T_he results_ of the above _experlrr_lents, sho_Wlng that p_85 and
endoprotease or chymotrypsin, the fragments were resolved on a bra_'n syr_1apsm_| shared epitopes in three different regions of
15% gel, transferred to nitrocellulose and exposed to their amino acid sequences, strongly suggested that p85 was
autoradiographic film. The phosphopeptide maps for both synapsin gynapsin 1. To confirm this, total homogenates of brain and
purified from rat brain and synapsin | immunoprecipitated from NRKliver from wild-type mice and mice deficient in both synapsin
cells are identical. Position of molecular mass standards (in kDa) is | and Il (Rosahl et al., 1995) were analyzed. As shown in Fig.
indicated. 1D, an 85 kDa protein was detected in brain and liver of wild-
type mice, but was absent in brain and liver of synapsin-
deficient mice. This meant that either p85 was synapsin | or

RESULTS that p85 expression was dependent on the synapsin | or II
o o genes. Analysis of livers from mice deficient in only synapsin

Identification of an 85 kDa protein in non-neuronal I gave similar results (data not shown).

cells as synapsin | We next determined that the non-neuronal p85 was a

Using an anti-peptide antibody (Ab#212), we had previouslsubstrate for PKA. This kinase catalyzes the phosphorylation
reported detection of an 85 kDa protein (p85) in non-neuronalf synapsin | at serine 9 (site 1) (Huttner et al., 1981; Czernik
tissues (Matovcik et al., 1994). The apparent molecular weiglgt al., 1987). We used NRK cells as the source of non-neuronal
of approximately 85 kDa and the presence of an epitope fourgynapsin | for this analysis rather than freshly isolated
in synapsin | suggested that synapsin | was present in thelsepatocytes, since the former are easy to culture, can be
cells. To confirm that the p85 polypeptide was synapsin |, webtained in large amounts and cannot contain neuronal
performed a series of analyses, which included use of synapsgiontaminants. We immunoprecipitated proteins from NRK and
I-specific antibodies to immunoblot and immunoprecipitate ratat brain cytosol with SNT1 antibody and compared their in
tissues and cells, immunoblotting of liver extracts fromvitro phosphorylation patterns using PKA by SDS-PAGE and
synapsin-deficient mice, in vitro phosphorylation by PKAautoradiography. As shown in Fig. 2, there was one major
followed by limited proteolysis and phosphopeptide mappingphosphorylated species at 85 kDa in the NRK cell
and northern blot detection of the synapsin | message in freshiymunoprecipitate (Fig. 2A, top panel, lane 1) and a doublet,
isolated hepatocytes. Based on the results of these experimemisst likely corresponding to synapsins la and Ib by mobilities,
which are detailed below, we conclude that non-neuronal p8f the rat brain immunoprecipitate (Fig. 2A, top panel, lane 4).
is synapsin I. These same phosphorylated species were recognized by the
Monoclonal antibodies SNH1 and SNT1, which wereSNT1 antibody in the immunoblots (Fig. 2A, bottom panel,
generated against the N-terminal head and C-terminal talanes 1,4), but not in the controls, which consisted of omission
respectively, of synapsin |, detected the 85 kDa protein in totalf either the NRK extract or the SNT1 culture supernate during
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Fig. 4. Synapsin | localizes to the Golgi area of A’ Mannll
NRK cells. Cells were double immunostained for
synapsin | (Synl) (A,a, B,b) and mannosidase I
(mann I1) (A,a’) or TGN38 (B',b’). Boxed

regions in A, A,B,B’ are shown enlarged in
a,a’\b,b’, respectively. Asterisks mark cell nuclei.
Bar, 10um. (C) Confocal sections acquired at
different levels of the Golgi of a NRK cell double-
stained for synapsin | (green) and TGN38 (red).
Consecutive sections are Qi apart. Bar, fim.

the immunoprecipitation step (Fig. 2A, |
and bottom panels, lanes 2,3). Thus, p85-
NRK cells was a substrate for PKA as was
brain synapsin |I.

To extend our comparison of the brain
NRK phosphoproteins, we performed ¢
dimensional peptide map analysis of #e-
phosphorylated bands. V8 endoprotease
been reported to generate short N-tern
fragments of PKA-labeled synapsin | (Hutt
and Greengard, 1979). We confirmed
result from synapsin | purified from rat br
and found that the protein immunoprecipite
from NRK cells gave an identical cleav:
profile. Major bands migrated at ~10 and
kDa on 15% gels (Fig. 2B, left panels). Hig
amounts of V8 protease (up to pg/well)
yielded only the faster migrating (~10 KI
band (data not shown). Using chymotrypsi
digest the PKA-phosphorylated protein,
obtained a more compl&ZP-phosphopeptic
pattern (Fig. 2B, right panels), a re:
consistent with the large number of poter
chymotryptic cleavage sites located o
terminal to serine 9 in synapsin |. Again, 888 patterns were by indirect immunofluorescence. In methanol or PFA-fixed
identical in the NRK and brain samples. The strong similaritfNRK cells the SNT1 antibody labeled a juxtanuclear punctate
of the peptide maps generated with two different proteaseompartment (Fig. 4). This signal was completely abolished by
demonstrated that the non-neuronal p85 protein was synapsirpte-incubation of the SNT1 antibody with pure rat brain

Finally, we detected the message for synapsin | by northesynapsin | (not shown). Double labeling revealed that this
blot in RNA obtained from freshly isolated hepatocytes. Usinggompartment was located in the Golgi region in close
a probe generated from thé éd of brain synapsin |, we association with a Golgi resident, mannosidase Il (Fig. 4A,A)
detected species migrating at 2.5-3.1 kb in both hepatocyend a TGN resident, TGN38 (Fig. 4B,B’). Comparable
poly(A) RNA (Fig. 3, lane 4) and in total RNA (Fig. 3, lane localizations were observed in polarized and non-polarized
3). In brain, we detected 4.3 and 3.3 kb species with this protheepatic WIF-B cells, the human osteosarcoma U20S cells and
(Fig. 3, lanes 1,2), consistent with previous findingsCOS-7 cells (data not shown). No labeled structures were
(Sauerwald et al., 1990). The amount of synapsin | transcrigtbserved in HeLa, MDCK or BHK cells (data not shown).
in liver is roughly 1/50 that of the brain. The different The similarity of patterns between the synapsin | positive
mobilities between the brain and liver species may beompartment and the TGN, stained for TGN38, suggested that
explained by the use of a different transcription start site ahese two compartments were very close. To determine the
differences in polyadenylation. Since our peptide mapslegree of colocalization and the spatial relationship between
indicate no extensive splice variation within the codingthe synapsin | compartment and the TGN, we performed
sequence, splicing outside of the protein coding sequen@®nfocal imaging of the Golgi region of cells double
might occur. The Sflanking region of the rat synapsin | gene immunostained for TGN38 and synapsin |. Fig. 4C shows a
has been isolated and sequenced (Sauerwald et al., 1990) skries of confocal frames acquired through the Golgi stack of
addition to a single, brain-specific transcription start site, thera methanol-fixed and double-immunostained NRK cell. These
is a region that is similar to promoters of many housekeepingnages confirm that the two proteins are in close proximity but
genes, supporting our findings of synapsin | expression in livenonetheless reside in different compartments that are clearly

distinguishable from each other. Similar conclusions were
Synapsin | in NRK cells localizes to a trans-Golgi obtained when cells fixed with PFA were examined (data not
sub-compartment shown), indicating that the spatial relationship between these
We examined the subcellular localization of synapsin | in cellsompartments is not fixation-dependent.
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Fig. 5.Synapsin | remains associated with the A Tubulin
Golgi in cells exposed to cytoskeletal-disrupting
agents. (A) Nocodazole treatment causes
synapsin | to disperse in punctate structures
throughout the cytoplasm, in a similar manner to
TGN38. NRK cells were treated with BB/
nocodazole for 1 hour at 37°C, then fixed and
stained for tubulin or double stained for synapsin
| and TGN38. Tubulin staining shows complete
microtubule depolymerization in nocodazole-
treated cells. (B) Cytochalasin D treatment has
no effect on synapsin | distribution in NRK cells.
NRK cells were treated for 2 hours withusl
cytochalasin D. FITC-phalloidin staining reveals
F-actin disruption in cytochalasin D-treated
cells. Staining for synapsin | reveals punctate
staining at cell center, similar to untreated cells.
Asterisks mark cell nuclei. Bar, 10n.

Synl

Nocodazole

Synapsin | has been reported to bini
microtubules and actin filaments in vi
and, thus, proposed to anchor SVs to
cytoskeleton at the presynaptic term
(Baines and Bennett, 1986; Petrucci
Morrow, 1987; Bahler and Greengard, 1¢
Hirokawa et al., 1989; Valtorta et al., 19¢
We examined the effects of the microtut
disrupting agent, nocodazole, and the ¢
disrupting agent, cytochalasin D, on
localization of synapsin | in NRK cel
When the microtubules were complet
depolymerized with nocodazole, synaps
remained associated with  punci
structures, which appeared more dispe
(Fig. 5A). Double labeling for TGN:
showed that the TGN behaved in a sin
manner. Remarkably, there was a comj
correspondence between the synapsi
labeled structures and a number of TG
labeled puncta. However, TGN38-labe
structures were more numerous (Fig. !
Treatment of NRK cells with cytochalasir
disrupted the normal cell morpholo
causing cell rounding and retraction of
cytoplasm towards the cell cen...
Nonetheless, the synapsin | staining remained punctate agtch as the copper transporter, Wilson protein, and albumin in
juxtanuclear, and continued to overlap with the TGN as in non&VIF-B cells, (data not shown). However, in NRK cells,
treated cells (Fig. 5B). These experiments showed thantibodies against myosin Il stained structures in the Golgi
synapsin | in non-neuronal cells was tightly associated with Eegion that almost exactly colocalized with the synapsin |
trans-Golgi membrane compartment and that this interactiopompartment (Fig. 7A). This motor protein has been implicated
did not change following disruption of the microtubule or actinin the in vitro production of vesicles from Golgi preparations
cytoskeleton. (Musch et al., 1997). Interestingly, in the WIF-B cell line,

Next we sought to determine the identity of the synapsin Myosin Il antibodies stained a more complex pattern than the
compartment. meg to its proximity to the TGN, we reasonediynapsm | antibodies, but colocalization was also observed,
that this compartment could be involved in post-TGN traffic.suggesting that, in this cell type, myosin Il might be present in
Therefore, we looked at markers from the known traffickingother Golgi subdomains as well (Fig. 7B).
pathways emerging from the TGN, for colocalization with
synapsin . Among these, we examineddaptin,COP, the
transferrin receptor, SCAMP4 and syntaxin 6 in doubldDISCUSSION
immunofluorescence experiments with synapsin I. None of
these markers showed clear localization to the synapsinSynapsin | is present in epithelial cells
compartment (Fig. 6), and neither did liver-specific markersWe have shown that synapsin I, previously identified as a

FITC-phalloidin
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Fig. 6. Colocalization studies between synapsin |
and different markers in NRK cells. NRK cells were
double stained with SNT1 (A,a,B,b,C,c,D,d,E,e) and
antibodies againgtadaptin (A',a’); the transferrin
receptor (Tf R) (B’,b’);BCOP (C’,c’); syntaxin 6
(D',d"); and SCAMP4 (E’,e’). Boxed regions in
AA,B,B',C,C',.D,D’,E,E’ are shown enlarged in
a,a’\b,b’,c,c’.d,d’,e,e’, respectively. Synapsin |
staining localizes to the juxtanuclear region of the
cells as well as staining for the other markers.
However, in all cases, the synapsin | compartment
does not appear to be stained by the second
antibody. Asterisks mark cell nuclei. Bar, 1.

A’ vy adaptin

neural protein, is present in epithelial cells. F
different antibodies against synapsin | dete
an 85 kDa polypeptide in liver, NRK cells &
hepatocytes, but not in liver from synapsin |
II-deficient mice. The phosphopeptide map
the non-neuronal protein were identical to tt
from brain synapsin I. Finally, the mess
for synapsin | was detected by northern

in RNA obtained from freshly isolat
hepatocytes, indicating that synapsin | is ne
induced as a consequence of cell culture
derived from innervating neurons.

Based on the amount of total protein requ
to detect synapsin | in non-neuronal tissues
conclude that this protein is present at
lower levels in non-neuronal tissues thar
brain. However, since synapsin | is such
abundant protein in brain, representing ~C
of the total protein of the cerebral cortex
~6% of total synaptic vesicle protein (Hutt
et al.,, 1983), the relatively low levels
peripheral tissue still represent a reasor
amount of cellular protein. A rough calculat
suggests that hepatocytes could exf
~10,000-50,000 copies of synapsin | perlc
The expression levels of other molect
participating in exocytosis, including isofor
of syntaxin 1 (Jagadish et al., 1997), Munc
(Hata and Sudhof, 1995), synaptotagmin (1
al., 1995) and rab3 (Weber et al., 1994) are
comparably lower in peripheral tissues tha
brain. This is not surprising, since the bra
requirement for rapid neurotransmission
accomplished, in part, by high levels of
relevant exocytic machinery in each synapse. Alternatively, thend NRK cells, namely, synaptophysin and the enzyme
synapsins may regulate distinct exocytic processes that are legatamic acid decarboxylase (GAD). These two proteins
frequently used in non-neural tissues. localize to synaptic-like vesicles in the pancrdascell

Our findings suggest that this protein may be more widelfThomas-Reetz and De Camilli, 1994). By immunoblot
expressed and not neuron- or neuroendocrine-specific as wasalysis, we did not detect synaptophysin in liver or NRK cell
originally proposed (De Camilli et al., 1983). Perhaps theextracts but we did detect GAD in both cell systems. By
expression of the protein was missed in earlier studies due immunofluorescence, NRK GAD showed a Golgi pattern, but
its protease-sensitivity and relatively low abundance outside a@f was not similar to that of synapsin I. Although undetectable
the brain. in liver by immunofluorescence, results of subcellular

We investigated the expression of other SV proteins in livefractionation experiments indicated that GAD was not in the
Golgi (data not shown).

IThe est_imated num_ber of sy_na_psin I_copies per hepatocyte is based_ on the following Qur present analysis didn’t allow us to decipher whether one
assumptions: 10Qg liver protein is equivalent to x20° hepatocytes; brain has ~500- Qr both isoforms of synapsin | are expressed in liver or any of

times more synapsin than liver, as judged by the relative intensities of the immunoblo! ) ) . i k
in Fig. 1, and brain synapsin is 0.4% of total protein. the cell lines we examined, since the antibodies we used

{od el
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recognized both synapsin la and Ib. Both isofc
are present in brain, but their distributions
relative levels in individual neurons differ (Sud
et al.,, 1989). The functional significance
presently unclear. The major difference betw
these isoforms rests in a C-terminal E domai
synapsin la, which is absent in Ib. The presen
this domain in synapsin lla and llla sugges
unigue role for them all in regulating vesicle tra
(see below).

In epithelial cells, synapsin | is localized to

a trans-Golgi compartment containing

myosin Il

In neurons, synapsin | localizes primarily to €
Recently, astrocytes in culture were reporte
express several presynaptic proteins, inclu
synapsin |, which associated with ATP stor
compartments (Maienschein et al., 1999). Syn:¢
| is also vesicle-associated in endocrine cells
example, in PC12 cells it associates with syna
like vesicles, and its expression increases
NGF-induced differentiation (Tao-Cheng et
1995). In the MIN6 insulinoma, synapsin  Fig. 7.Synapsin | and myosin Il colocalize at the Golgi region in NRK and WIF-
reportedly codistributes with insulin-contain B cells. Me-thanol-fixed NRK (A,A,a,a’) and W”:-B (B,B,,b,b,) cells were )
secretoy granules n suctose densty grad  {oUle Saben b Sepa A 88 e B e
(Matsumoto et al,, 1999), whereas3iics cells i A,A,B,B’ are shown enlarged in a,a’,b,b’, respectively. Non-Golgi staining of
myosin Il antibody is due to labeling of stress fibers. Asterisks mark cell nuclei.
Stars mark an apical cyst enclosed by two polarized WIF-B cells. Bem10

has been shown by immunoelectron microsco|
associate with small vesicles and not insl
containing granules (Krueger et al., 1999). In N
cells, we also find synapsin | associated wi
vesicular compartment but, surprisingly, it is located in thdrom isolated liver Golgi membranes in vitro. Myosin II-A and
Golgi region, not at the cell periphery. Another rat epitheliatB were detected on separate vesicle populations, which were
cell line, the hepatic WIF-B cells, shows a similar Golgialso different from vesicles carrying COP ory adaptin
pattern; significantly, this pattern is expressed in both polarizegHeimann et al., 1999). At present, the role of these motor
and non-polarized WIF-B cells. Although MDCK cells, the proteins in post-TGN trafficking remains controversial (lkonen
well-studied model of polarized epithelial cells, did not expresst al., 1996; Musch et al., 1997; Simon et al., 1998). Musch et
a synapsin | that was recognized by our antibodies, we prediat. reported that myosin 1I-A was involved in the in vitro
that different types of epithelial cells, including this dogformation of Golgi-derived vesicles containing newly
kidney-derived line, have the protein. Finally, a subset of cellsynthesized VSV-G but not HA (Misch et al., 1997). These
in rat pancreatic islets of Langerhans also expressed synapsinal membrane glycoproteins are targeted to the basolateral
| in a Golgi-like pattern, whereas pancreatic acinar cells wer@/SV-G) and apical (HA) surfaces of transfected MDCK cells
negative (data not shown). (Rodriguez-Boulan and Pendergast, 1980). We have conducted
What might the synapsin I-positive compartment be? Thé&mperature-shift experiments in NRK cells expressing one or
vesicles with which synapsin | associates in NRK cells ar¢he other of these viral proteins. Our preliminary observations
probably a post-TGN compartment, given their closeshow minimal overlap of HA or VSV-G with either synapsin |
relationship with the Golgi complex and TGN-associatecor myosin lIl-positive structures. When the pIgA receptor,
molecules. However, most markers of known post-TGNanother marker for basolaterally targeted vesicle carriers, was
trafficking pathways do not colocalize with synapsin |. The onexogenously expressed in NRK cells, the overlap with synapsin
exception is myosin II-A, which is reportedly present onl or myosin Il was also minimal (data not shown). Thus, our
vesicles budded from Golgi in vitro (Narula et al., 1992; Ikonerchallenge will be to identify the cargo contained in this TGN
etal., 1997). Both myosin Il and actin’s associations with Golgcompartment.
membranes are sensitive to brefeldin A, suggesting that the
bind via an ARF-regulated mechanism (Narula et al., 1992Vhat is the function of synapsin I in epithelial cells?
Fucini et al., 2000). We found that the immunofluorescenc®rawing on results from extensive in vitro and in vivo studies
signals of both myosin Il and synapsin | were rapidly lost upowrarried out on brain synapsin I, the most obvious role for
exposure of NRK cells to brefeldin A (10 minutes; data nosynapsin | in epithelial cells is that of a tether linking a
shown). Thus, synapsin | might associate with its post-Golgdopulation of exocytic vesicles to the cytoskeleton. If this view
compartment in an ARF-dependent manner, as does myosin . correct, it is intriguing that the location of such a pool is in
A recent study reported the presence of different actithe Golgi region and not beneath the plasma membrane domain
binding proteins on distinct populations of vesicles buddingvith which these vesicles would putatively dock and fuse.
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Perhaps there is not the same requirement for rapid secretiaativity of c-Src (Onofri et al., 1997). These studies suggest the
of the epithelial vesicle contents, as is the case at the synapseiolvement of synapsins in the regulation of signaling
An additional puzzle is the failure of depolymerization ofpathways and protein-protein interactions at the synaptic
either actin filaments or microtubules to release the synapsiarminal. Together, these experimental data have broadened our
I-positive vesicles from their association with the Golgi. It isview of synapsin function and place these molecules as
possible that synapsin | is binding to membrane buds ndmportant regulators of vesicle traffic. Therefore, it would not
vesicles. Interestingly, myosin Il also remained vesiclebe unexpected if non-neuronal cells used these molecules in
associated after depolymerization of actin filaments anthe regulation of vesicle trafficking. The challenge is to
overlapped with synapsin | as in untreated cells (data nalucidate the mechanisms by which synapsins are operating.
shown). This result suggests that myosin Il might associate

with the compartment in an actin-independent manner. We thank E. Eipper, C. Machamer, M. Farquhar, Y. lkehara, D.
Alternatively, the cytoskeletal elements with which synapsin Burgess and D. Castle for providing antibodies, T. Sidhof for
and myosn I assocale may be resisan lo eI han 2 el st o e o s,
pharmapologl(_:al agents and conditions we used. The preserﬂcg%atocytes. We also thank C. Shugrue for providing hepatocyte
Of_ Golgl-speu_flc cyto_skeletal elemen_ts IS WG_’” dOCumentedrnRNA. This work was supported by the National Institutes of Health
with the actin/myosin and spectrin/ankyrin - cytoskeletalyrant GM29185 and by the American Digestive Health Foundation
systems being the most actively studied (Beck and Nelsof A.L.H.).
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