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Secretogranin II (SgII) belongs to the granin family of prohor-
mones widely distributed in dense-core secretory granules
(DCGs) of endocrine, neuroendocrine, and neuronal cells,
including sympathoadrenal chromaffin cells. The mechanisms
by which secretory proteins, and granins in particular, are
sorted into the regulated secretory pathway are unsettled. We
designed a strategy based on novel chimeric forms of human
SgllI fused to fluorescent (green fluorescent protein) or chemi-
luminescent (embryonic alkaline phosphatase) reporters to
identify trafficking determinants mediating DCG targeting of
Sgll in sympathoadrenal cells. Three-dimensional deconvolu-
tion fluorescence microscopy and secretagogue-stimulated
release studies demonstrate that SgII chimeras are correctly tar-
geted to DCGs and released by exocytosis in PC12 and primary
chromaffin cells. Results from a Golgi-retained mutant form
of SgII suggest that sorting of SglI into DCGs depends on a
saturable sorting machinery at the trans-Golgi/trans-Golgi
network. Truncation analyses reveal the presence of DCG-
targeting signals within both the N- and C-terminal regions
of Sgll, with the putative a-helix-containing SgII-(25-41)
and SglI-(334-348) acting as sufficient, independent sorting
domains. This study defines sequence features of SgII medi-
ating vesicular targeting in sympathoadrenal cells and sug-
gests a mechanism by which discrete domains of the molecule
function in sorting, perhaps by virtue of a particular arrange-
ment in tertiary structure and/or interaction with a specific
component of the DCG membrane.

In neuroendocrine cells, newly synthesized secretory pro-
teins are targeted to the constitutive or regulated branches of
the secretory pathway (1, 2). Secretory proteins entering the
regulated pathway are concentrated into dense-core secretory
granules (DCGs)? prior to release by exocytosis in response to
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secretagogue. Two basic models have been proposed, namely
“sorting-for-entry” and “sorting-by-retention,” and suggest
that multimerization/aggregation of a cargo of secretory pro-
teins in a mildly acidic, cation-rich environment is a nexus to
both processes (3, 4). Sorting-for-entry proposes that a struc-
tural/conformational motif within an aggregate of secretory
proteins mediates subsequent association to a protein receptor
or a lipid component of the membrane of the trans-Golgi net-
work (TGN). The quest for identifying a consensus sorting sig-
nal has proven elusive, and it now appears that such process
may rather depend on a variety of motifs (5-7), including
hydrophobic disulfide-bonded loop structures (8-12) or
amphipathic a-helices (13-16). In the sorting-by-retention
model, selective aggregation/condensation occurs in post-
TGN immature secretory granules (ISGs), resulting in reten-
tion of regulated secretory proteins, whereas nonaggregated
proteins are removed into constitutive-like secretory vesicles
(3). These two models might not be mutually exclusive. Indeed,
sorting-by-retention may perhaps be viewed as an auxiliary
condensation mechanism refining the segregation process in a
more distal compartment of the secretory pathway, which is the
maturing ISG.

The chromogranins/secretogranins (granins) family of regu-
lated secretory proteins are widely distributed in the core of
DCGs throughout the neuroendocrine and neuronal systems
(17). Index members include chromogranin A (CgA), chro-
mogranin B (CgB), and secretogranin II (SgII). Granins func-
tion as prohormones (17), and there is evidence that CgA, and
perhaps other granins, mediates the biogenesis of DCGs (18 —
21). Earlier reports have investigated the presence of specific
DCG sorting motifs within CgA and CgB (8, 10-13), such as a
conserved N-terminal hydrophobic disulfide-bonded loop (8,
10-13). Although such structure appears necessary and suffi-
cient for sorting of CgB (8, 10), DCG targeting of CgA might
require an additional amphipathic a-helix (13). Whether one or
many discrete regions in primary structure mediate the vesicu-
lar targeting of SglI in the primary sequence of the protein
remains undetermined and might not merely be inferred from
studies of CgA or CgB trafficking. Indeed, SgIl shows little

orescent protein; IP3R, receptor for inositol 1,4,5-trisphosphate; ISG,
immature secretory granule; TGN, trans-Golgi network; SEAP, secreted
form of embryonic alkaline phosphatase; Sgll, secretogranin II; Sglll, secre-
togranin llI; SIG, predicted 30 amino acid signal peptide of human Sqll;
ANOVA, analysis of variance; PBS, phosphate-buffered saline; NGF, nerve
growth factor; CFP, cyan fluorescent protein; EGFP, enhanced GFP.
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homology with CgA and CgB, with respect to primary structure
and genomic organization (17). Most notably, SglII lacks the
N-terminal hydrophobic disulfide-bonded loop structure
found in CgA and CgB.

We report a strategy in which the expression of novel chi-
meric forms of SgII fused to GFP or embryonic alkaline phos-
phatase (EAP) is used to investigate the mechanism by which
Sgll is targeted to the regulated secretory pathway of sympa-
thoadrenal PC12 cells. We provide evidence that sorting of SgII
into DCGs depends on a saturable sorting machinery at the
trans-Golgi/TGN, and we find that information necessary for
such a process is contained within both the N-terminal and
C-terminal regions of SglI, with the a-helix-containing amino
acid sequences 25-41 (Sgll-(25-41)) and 334-348 (SglI-
(334-348)) of the mature protein acting as sufficient, inde-
pendent sorting signals for trafficking of SgII into the regulated
pathway.

EXPERIMENTAL PROCEDURES
Cell Culture

Pheochromocytoma PC12 cells and primary chromaffin cells
isolated from fresh bovine medulla were cultured as described
previously (22, 23). In some experiments, PC12 cells were
treated with nerve growth factor (NGF; 2.5S, 100 ng/ml;
Invitrogen) 48 h prior to transfection and further differentiated
by NGF for an additional 48 h.

DNA Transfection

Supercoiled plasmid DNA for transfection was grown in
Escherichia coli strain DH5«a (Invitrogen) and purified on
columns (Qiagen). In nucleofection experiments (Amaxa),
plasmid DNA was further purified using the MiraCLEAN
endotoxin removal kit (MirusBio). Two days before transfec-
tion, PC12 cells were split onto either poly-L-lysine (Sigma)
plus collagen (Upstate)-coated 15-mm round glass cover-
slips (Fisher number 1) in 12-well Costar plates or onto poly-
L-lysine plus collagen-coated 6- or 12-well Costar plates.
Cells were transfected with 1 pg (12-well plate) or 2 ug
(6-well plate) of DNA per well using the cationic lipid trans-
fection reagent GenePorter 2 (Genlantis). Five hours after
the beginning of the transfection, the culture medium was
replaced, and cells were further cultured for 48 h. Nucleo-
fection was performed using 2 X 10° bovine chromaffin cells
resuspended in 100 ul of Basic Nucleofector solution for
primary neurons, 3 ug of DNA, and program A-33. Immedi-
ately after transfection, 500 ul of RPMI 1640 medium was
added to the cells, which were allowed to recover 20 min
(37 °C, 5% CO,), before plating (6 X 10° cells per well) onto
coated glass coverslips in 12-well Costar plates.

Construction of Expression Vectors

pGEM4-hSgll (24) served as a template to amplify full-length
human SgII (NCBI NM_003469), including the predicted
30-residue signal peptide (24) (SIG) using primers incorporat-
ing an Xhol restriction site followed by a Kozak translation
initiation consensus sequence at the 5’ end, and a Kpnl restric-
tion site at the 3’ end of the coding sequence. The amplified
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fragment was purified, digested with Xhol and Kpnl, and sub-
cloned in-frame into the same sites of pEGFP-N2 (Clontech), to
produce pCMV-SgII-EGFP. SgIl domains SIG-SglI-(1-24),
SIG-SglI-(1-41), SIG-SglI-(1-76), SIG-SglI-(1-145), and SIG-
Sgll-(1-301) were obtained by PCR using pCMV-SgII-EGFP as
a template and specific primers incorporating a Kpnl restric-
tion site at the 3’ end of each domain. After digestion with Xhol
and Kpnl, each fragment was subcloned in-frame into the same
sites of the pPEGFP-N2 to create pCMV-SglI181-EGFP, pCMV-
SglI253-EGFP, pCMV-SglI304-EGEP, pCMV-Sgll409-EGEP,
pCMV-Sgll616-EGFP, and pCMV-Sgll1084-EGFP. pCMV-
SgII-EGFP was used to amplify SIG domain flanked by an Agel
site at its 3’ end, and a SglI-(302—587) domain flanked with an
Agel site at its 5 end. Resulting PCR fragments were digested
with either Xhol and Agel (SIG) or Agel and Kpnl (SgII-(302—
587)) and ligated together. The resulting fragment was sub-
cloned in-frame into the Xhol and Kpnl sites of pEGFP-N2 to
create pCMV-SgIIAN-EGFP. The C-terminal domains SIG-
Sgll-(302-333), SIG-SglI-(302-348), SIG-SglI-(302-371),
SIG-SglI-(302-402), and SIG-SgII-(302-505) were obtained by
PCR using pCMV-SgIIAN-EGFP as a template and specific
primers incorporating Kpnl at the 3’ end of each domain. Each
fragment was digested with Xhol and Kpnl and subcloned in-
frame into the same sites of pEGFP-N2 to create pCMV-SglI-
(1085-1180)-EGFP, pCMV-SglI-(1085-1225)-EGFP, pCMV-
Sgll-(1085-1294)-EGFP, pCMV-SglI-(1085-1387)-EGEFP,
pCMV-Sgll-(1085-1588)-EGFP, and pCMV-SglI-(1085—
1696)-EGFP. To construct pCMV-SglI-(254-304)-EGFP and
pCMV-Sgll-(1181-1225)-EGFP, complementary synthetic
oligonucleotides of the corresponding sequences, including
a Kpnl restriction site at the 5 end and a BamHI at the 3’
end, were annealed and digested with Kpnl and BamHI.
Each fragment was subcloned into the same sites of
pCMV-Sgll181-EGFP.

A truncated domain (EAP) of the full-length human secreted
EAP (SEAP) gene devoid of 17-amino acid signal peptide of
SEAP was obtained as described previously (25). To design SglI
domain-EAP fusion chimeras, EGFP was substituted by EAP at
the Kpnl and Notl cloning sites of each of the SgII domain/
EGFP plasmids described above. pCMV-SglI-(254 —-304)-EAP
and pCMV-SglI-(1181-1225)-EAP were obtained by inserting
EAP into the BamHI and NotI cloning sites of EGFP. pECFP-
Golgi (Clontech) encoding the membrane-anchoring region of
glycoprotein 1,4-galactosyltransferase (GalT-CFP) was used
to design pECFP-Golgi-Sgll. The ochre codon of enhanced CFP
(TAA at position 1581-1583) was mutated to a serine codon
(TCA) by site-directed mutagenesis (QuikChange, Stratagene)
to produce mutated pECFP-Golgi. Next, a human SgII domain
lacking SIG was amplified from pCMV-SgII-EGFP using spe-
cific primers incorporating a Notl restriction site at the 5" end
and a TAA ochre codon followed by a Notl restriction site at the
3’ end. The amplified fragment was purified, digested with
Notl, and subcloned in-frame into the same site of mutated
pECFP-Golgi to produce pECFP-Golgi-Sgll encoding GalT-
CEP-Sgll. All the constructs were verified by restriction and
nucleotide sequence analysis.
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Chimeric Photoprotein Fluorescence and
Immunocytochemistry

Transfected cells cultured on poly-L-lysine- and collagen-
coated glass coverslips were fixed for 1 h at room temperature
with 2% paraformaldehyde in PBS, pH 7.4, permeabilized for 10
min with 0.1% Triton X-100 in PBS, and exposed to 1 ug/ml
nucleic acid stain Hoechst 33342 (Molecular Probes) for nuclei
visualization. Prior to fixation, NGF-differentiated PC12 cells
were incubated for 30 min at 37 °C with 12.5 um CellTracker
Orange CMRA (Molecular Probes) in serum-free medium to
visualize cell bodies and neurites and washed for 30 min at 37 °C
in complete medium. For immunocytochemistry, fixed cells
were permeabilized for 10 min with 0.5% Triton X-100 in PBS,
incubated for 5 min with 150 mm glycine in PBS, and exposed
for 30 min to 5% fetal bovine serum in PBS. Cells were then
incubated for 90 min at room temperature with goat polyclonal
anti-CgB (C19, 1:100; Santa Cruz Biotechnology), rabbit poly-
clonal anti-human SglI (1:2000) (26), or rabbit polyclonal anti-
human placental alkaline phosphatase antibody (1:50;
Biomeda) in PBS containing 1% bovine serum albumin. Cells
were subsequently washed and incubated for 30 min with a
Alexa Fluor 594-conjugated donkey anti-goat IgG (1:350;
Molecular Probes) or goat anti-rabbit IgG (F(ab'), at 1:250;
Molecular Probes) together with 1 ug/ml Hoechst 33342 in PBS
containing 1% bovine serum albumin. Coverslips were washed
with PBS, mounted in buffered Celvol (Celanese), and pro-
cessed for three-dimensional imaging by deconvolution fluo-
rescence microscopy.

Three-dimensional Imaging by Deconvolution Fluorescence
Microscopy

Images were captured on a DeltaVision deconvolution
microscopy system operated by SoftWoRx software (Applied
Precision), using oil immersion objectives (60 or 100X, N.A.
1.4). The system included a Photometrics CoolSNAP HQ CCD
camera mounted on a Nikon TE2000 fitted with a mercury arc
lamp light source. Pixel intensities were kept in the linear
response range of the digital camera (=4095). Optical xy sec-
tions along the z axis were acquired with increments of 0.2 uwm.
The fluorescent data sets were deconvolved to generate optical
sections and three-dimensional images of the data sets. Adobe
Photoshop 7.0 or Image] were used for additional processing of
the images.

Analyses of the Images Data Sets

Quantification of Fluorescence Colocalization—To assess
quantitatively the extent of colocalization between SgllI frag-
ment/GFP fusion proteins, DCG marker CgB, or CFP chimeras,
9-25 optical xy sections along the z axis of 3—6 cells were ana-
lyzed using the pixel-per-pixel colocalization algorithm of
ImageMaster 5.0 imaging software (Photon Technology Inter-
national). A scatter plot was generated for each xy section and
represented the intensity of the green channel (x coordinate,
GFP signal) versus the intensity of the red or blue channel (y
coordinate, Alexa Fluor 594 or CFP signal) for each pixel of the
section. Based on the two-dimensional histogram, the software
calculates the Pearson’s correlation coefficient (R,), which is
mathematically related to Pearson’s x> test, and the overlap
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coefficient (R,). R, and R, are quantitative of the degree of over-
lap between two signals S1 and S2. R, is calculated according to
Equation 1,

2(511 - 51avg) X (52: - 5.Zavg)

R, = (Eq. 1)
g \/2(511 - Szavg)2 X (521 - Szavg)2
R, is calculated according to Equation 2,
>s1, % 52,
(Eq.2)

R, = :
\/2(51;)2 X 2,(52)?

where =1 = R, =1 and 0 = R, =1. A value of 1 stands for
complete positive correlation between the S1 and S2. R, is not
sensitive to the differences in pixel intensity between S1 and S2.
81, is signal intensity in the first channel; S1,,,, is average inten-
sity in the first channel; $2; is signal intensity in the second
channel; $2,,, is average intensity in the second channel. The
averaged R, and R, values of each cell were used for statistical
analysis of variance by ANOVA with Dunnett’s post test. Dif-
ferences between correlation within each data group of Table 1
were also analyzed by x” for a row by column contingency table
using pixel counts from a representative xy optical section
taken in the mid-cell region. Differences were considered sig-
nificant when p < 0.05.

Quantification of Fluorescence Distribution

To assess quantitatively the distribution of SIG-SgII-GFP
puncta in PC12 cells coexpressing GalT-CFP-SglI chimera, we
analyzed the abundance and size of green fluorescent particles
using Image]. For each xy section, green puncta that contained
above-threshold green pixel values within a specified area range
of 0-1.15 um? (i.e. a diameter range of 0—600 nm) were out-
lined and counted, and their diameter was measured. The aver-
age diameter was calculated over the total number of identified
particles for each condition as follows: SIG-SgII-GFP and GalT-
CEP, 2814 counts; SIG-SgII-GFP and GalT-CFP-SglII, 997
counts. A statistical analysis of variance was done by ¢ test.

Chemiluminescence Detection of EAP Secretion Assay

PC12 cells grown onto poly-L-lysine-coated plus collagen-
coated 6- or 12-well plates were transiently transfected with an
expression plasmid for SgII domain/EAP chimeras or SEAP.
Cells were washed twice with calcium saline buffer (CaSB: 150
mM NaCl, 5 mm KCl, 2 mm CaCl,, and 10 mm HEPES, pH 7.4)
and subsequently exposed for 15 min to CaSB or barium secre-
tion buffer (BaSB: 150 mm NaCl, 5 mm KCl, 2 mm BaCl,, and 10
mm HEPES, pH 7.4). Supernatants were collected, and cells
lysates were prepared by quick freeze/thaw in CaSB containing
0.1% Triton X-100. Detection of EAP enzymatic activity in the
culture supernatant and cell lysate was achieved with a high
sensitivity chemiluminescence assay (Phospha-Light, Applied
Biosystems). The secretion rate of EAP chimeras was calculated
as a percentage of the total EAP activity present in the cells
before stimulation. Total EAP activity is the sum of the amount
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FIGURE 1. Schematic representation of Sgll domain GFP, EAP, or CFP chimeric proteins designed to study Sgll trafficking to DCGs in sympathoadrenal
cells. Sequences corresponding to full-length human Sgll or indicated fragment were fused in-frame to GFP, EAP, or GalT-CFP reporters, under the control of
the cytomegalovirus promoter. Plasmid numbering refers to the position of the Sgll fragment subcloned, within the original human Sgll cDNA (NCBI
NM_003469). Forinstance, in pCMV-Sgll1084-EGFP (or EAP), the 3’ end of the subcloned fragment (atamino acid 301) is located at 1084 bp in the original cDNA.

Numbers along the diagram of the chimeric proteins indicate amino acid residues positions. Proteins are drawn proportional to scale.

released plus the amount remaining in the cells. In the figures,
the release of EAP chimeras is expressed as percent EAP activity
secretion, or relative to EAP secretion rate in nonstimulating
condition (CaSB, mock control).

Secondary Structure Prediction

The secondary structure of mature human SgII was pre-
dicted with NNPREDICT (27) and further analyzed with the
NPS@ consensus secondary structure prediction program (28)
that includes 11 secondary structure prediction algorithms as
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follows: DPM, DSC, GOR1, GOR3, GOR4, HNNC, PHD, Pred-
ator, SIMPA96, SOPM, and SOPMA. Helical wheel projection
was accomplished using the PEPWHEEL software of the
EMBOSS application package (29).

Presentation of Data and Statistics

Values are given as the mean * S.E. for at least triplicate
determinations. In the figures, data are representative of a typ-
ical experiment repeated independently two or more times.
The number of independent experiments or analyses (#) per-
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SgII-EGFP, see Fig. 1) fused
in-frame at their C termini to the
N-terminal of enhanced GFP
(EGFP). The subcellular distribu-
tion of the resulting chimeric pho-
toproteins was first examined by
three-dimensional deconvolution
fluorescence microscopy after tran-
sient expression in PC12 cells and
primary bovine chromaffin cells
(Fig. 2A). SIG-GFP accumulated in
the perinuclear region of the cells,
consistent with the localization of
the chimera in the Golgi apparatus
(Fig. 24). Indeed, quantification in
three dimensions of the colocaliza-
tion between SIG-GFP and the
trans-Golgi/TGN resident glyco-

xy section (0.2 ym)

3D view

SIG-GFP

SIG-Sgll-GFP

FIGURE 2. Intracellular distribution of SIG-GFP and SIG-SglI-GFP in PC12 and primary chromaffin cells.
Cells were transfected for 48 h with pCMV-Sgll181-GFP or pCMV-Sgll-GFP and examined by deconvolution
microscopy. A series of xy optical sections along the z axis was acquired with increments of 0.2 wm using 60 or
100X oil immersion objectives (1.4 N.A.). The data set was processed to generate three-dimensional (3D)/
volume or representative xy section (0.2 um) views of the distribution of the GFP chimeras (green) (A). PC12 cells
expressing SIG-GFP or SIG-Sgll-GFP were processed for immunocytochemistry using a polyclonal anti-CgB
primary and an Alexa Fluor 594-conjugated secondary antibody (B). The distribution of SIG-GFP or SIG-SglI-GFP
(green) and the endogenous secretory granule marker CgB (red) was compared in merged images. Yellow
regions are indicative of colocalization. Quantification of fluorescence overlap is reported in Table 1. Nuclei

were visualized with Hoechst 33342 (blue). Scale bar, 5 um.

formed for the results presented in each figure is as follows: Fig.
2,n > 6;Fig. 3,n = 3; Fig. 4, n = 3; Fig. 5, n > 3; Fig. 6, n = 2; Fig.
7, n = 2; Fig. 8, n = 2; Fig. 9, n= 3; Fig. 10, n = 2. Statistical
analysis was performed by ¢ test, or ANOVA with Dunnett’s or
Bonferroni post test, or by x> for a row by column contingency
table. Differences were considered significant when p < 0.05.

RESULTS

A Human Sgll-GFP Chimeric Photoprotein Localizes to
Dense-core Secretory Granules in Sympathoadrenal Cells

Intracellular Distribution in Sympathoadrenal PCI12 Cells
and Primary Chromalffin Cells—We designed expression plas-
mids encoding the predicted 30-amino acid signal peptide
of human SgIl (T**MAEAKTHWLGAALSLIPLIFLISGAE-
AASF Y, or SIG; pCMV-Sgll181-EGEFP, see Fig. 1), as defined
in Ref. 24, or full-length human SglI (including SIG; pCMV-
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Xy section (0.2 ym) protein 1,4-galactosyltransferase
fused to cyan fluorescent protein
(GalT-CFP), in sets of 200-nm xy
image stacks, revealed high overlap
in their distribution (Fig. 54), with a
Pearson’s correlation coefficient R,
of 0.73 = 0.07 and an overlap coef-
ficient R, of 0.74 * 0.07 between the
two molecules (n = 27; Table 1). In
addition, the subcellular distribu-
tion of SIG-GFP in PC12 and pri-
mary chromaffin cells (Fig. 2A) was
remarkably similar to that of the
constitutive  secretory pathway
markers SgP-GFP (where SgP is the
predicted 18-amino acid signal pep-
tide of human CgA) (13) and SEAP
(21, 25) in the sympathoadrenal cell
lineage, which further indicates that
SIG-GEP is likely routed to the con-
stitutive branch of the secretory
pathway.

In sharp contrast, the distribution
of full-length SgIl fused to GFP
(SIG-SgII-GFP) in PC12 cells and primary chromaffin cells was
highly punctate (Fig. 24), suggesting storage of the chimera in
secretory granules. Examination of individual 200-nm xy opti-
cal sections of SIG-SgII-GFP-expressing PC12 cells revealed a
ring of subplasmalemmal vesicular fluorescence (Fig. 2A4) char-
acteristic of the DCG distribution previously reported for other
regulated secretory GFP fusion proteins after transient expres-
sion in PC12 cells (i.e. CgA-GFP, atrial natriuretic factor-GFP,
or neuropeptide Y-GFP (13, 30, 31)). On the other hand, intra-
cellular distribution of SIG-SgII-GFP in primary chromaffin
cells appeared more uniform, with punctate fluorescence pres-
ent throughout the cell body, likely produced by secretory gran-
ules (Fig. 24).

Colocalization with a Marker of DCGs—To further define the
subcellular localization of SIG-SgII-GFP in sympathoadrenal
cells, we assessed its colocalization with CgB, a classical marker
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TABLE 1

Quantitative analysis of the colocalization between Sgll domain chimeric proteins and markers of the secretory pathway in PC12 cells

Colocalization between endogenous DCG markers Sgll and CgB are shown (A). Colocalization between SgII domain/GFP (B) or SgIl domain/EAP (C) fusion proteins and
endogenous DCG marker CgB is shown. Colocalization between SgII domain-GFP chimeras and ¢rans-Golgi/TGN-retained CFP chimeras GFP is shown (D). xy optical
sections were acquired with increments of 0.2 um along the z axis for the indicated number of cells. The degree of colocalization between fluorescent molecules was
measured on a pixel-per-pixel basis for the two wavelength sources by comparing the position of each pixel in each of the 0.2-pum xy image of a given z stack. R, and R, were
determined using the colocalization algorithm of ImageMaster image processing software, as described under “Experimental Procedures.” Statistical significance of
correlation within B, C, and D data sets was also tested by x* for a 2 X 4 contingency table, using pixel counts from a representative xy optical section taken in the mid-cell
region. Group B, ¢* = 5925, p < 0.001; group C, x* = 6548, p < 0.001; group D, ¢*> = 1642, p < 0.001.

Pearson’s coefficient (R ) Overlap coefficient (R,) xy optical sections (1) Cells (n)
A. Endogenous SgII vs. CgB 0.76 = 0.02 0.75 = 0.02 254 17
B. GFP chimera vs. endogenous CgB”
SIG-GFP 0.13 £ 0.04 0.17 £ 0.04 72 4
SIG-Sgll-(25-41)-GFP 0.10 * 0.05” 0.17 + 0.04” 71 5
SIG-SglI-(334—348)-GFP 0.39 = 0.04° 0.44 = 0.01°¢ 73 4
SIG-SglI-GFP 0.39 = 0.05° 0.41 = 0.05° 121 6
C. EAP chimera vs. CgB?
SIG-EAP 0.19 = 0.02 0.25 = 0.02 85 4
SIG-SglI-(25-41)-EAP 0.52 = 0.07¢ 0.60 = 0.06° 129 6
SIG-SglI-(334—348)-EAP 0.67 = 0.08° 0.72 = 0.06° 97 4
SIG-SgII-EAP 0.49 = 0.05¢ 0.52 = 0.05¢ 95 4
D. GFP chimera vs. CFP chimera”
SIG-SgII-GFP vs.
GalT-CFP 0.15 £ 0.06 0.17 £ 0.06 43 4
GalT-CFP-Sgll* 0.77 = 0.03° 0.77 = 0.03¢ 43 4
SIG-GFP vs.
GalT-CFP 0.73 £ 0.07¢ 0.74 = 0.07¢ 27 3
GalT-CFP-Sgll 0.64 = 0.03° 0.65 = 0.03° 35 3

“ Values are given as the means * S.E. p values for difference within groups were determined as compared with the lowest value of colocalization coefficient obtained for SIG-GFP

versus CgB.
? p > 0.05; ANOVA with Dunnett’s post test.
¢p < 0.01; ANOVA with Dunnett’s post test.

4 p values for difference within groups were determined as compared with the lowest value of colocalization coefficient obtained for SIG-EAP versus CgB.

¢ p <0.001; ANOVA with Dunnett’s post test.

/p values for difference within groups were determined as compared with the lowest value of colocalization coefficient obtained for SIG-SglI-GFP versus GalT-CFP.

of neuroendocrine and neuronal secretory granules (17).
Detection of endogenous CgB was achieved by immunocyto-
chemistry in PC12 cells expressing SIG-SgII-GFP or SIG-GFP.
As anticipated, immunostaining of CgB and fluorescence of
SIG-SgII-GFP displayed highly punctate patterns (Fig. 2B), and
the extent of colocalization between the two molecules was
substantial (R, = 0.39 = 0.05 and R, = 0.41 * 0.05; n = 121;
Table 1), although incomplete, as compared with that of the
maximum possible colocalization of endogenous SgII and CgB
assessed by immunofluorescence (R, = 0.76 = 0.02 and R, =
0.75 = 0.02; n = 254; Table 1; visual output not shown). On the
contrary, colocalization of SIG-GFP with endogenous CgB was
poor (Fig. 2B) with R, = 0.13 = 0.05and R, = 0.17 = 0.04 (n =
72; Table 1), as predicted for a fusion protein primarily destined
to the constitutive secretory pathway (21, 25). Partial rather
than absolute overlap in the distribution of SIG-SgII-GFP with
endogenous CgB can best be explained by the extended half-life
of DCGs, which gives rise to pools of old granules (pre-trans-
fection; lacking SIG-SgII-GFP) and young post-transfection
granules (i.e. containing SIG-SgII-GFP). Lack of CgB immuno-
staining of granules positive for SIG-SgII-GFP may also be the
result of incomplete penetration of the antibodies into the
secretory granule core. Nonetheless, such partial colocalization
is consistent with values reported in studies localizing other
GFP fusion proteins, such as CgA-GFP (13) or pro-atrial natri-
uretic factor-GFP (13, 32), with endogenous markers of DCGs.

NGF Differentiation to Neurites—Redistribution of DCGs
away from the peripheral/subplasmalemmal region of the cell
body into the tips of neurite-type processes has been docu-
mented in PC12 cells after neuronal differentiation by NGF (13,
31). PC12 cells transiently expressing SIG-GFP or SIG-Sgll-

11812 JOURNAL OF BIOLOGICAL CHEMISTRY

GFP were exposed to NGF (100 ng/ml, 96 h), and neurite exten-
sions were visualized with the cytosolic fluorescent dye Cell-
Tracker Orange CMRA. Consistent with routing of SIG-SglI-
GFP to DCGs, substantial accumulation of chimeric granin
fluorescence was seen at the termini of growth cones (Fig. 3),
whereas NGF treatment did not affect the juxtanuclear/Golgi
apparatus distribution of SIG-GFP (Fig. 3). Taken together,
these findings provide evidence that human SglI flanked by a
signal peptide sequence and fused in-frame to GFP is correctly
targeted into DCGs of sympathoadrenal cells.

A Human Sgll-EAP Fusion Protein Is Sorted to DCGs and
Released by Exocytosis in Response to Secretagogue

We previously reported that CgA fused to an engineered
form of secreted EAP is trafficked to DCGs in PC12 cells and
release by exocytosis (25). We reasoned that an SgII/EAP fusion
protein might also become a soluble component of DCGs when
expressed in PC12 cells. We designed plasmids encoding EAP
fused at the C termini of full-length SgII (SIG-SgII-EAP; Fig. 1)
or SglT’s signal sequence SIG (SIG-EAP; Fig. 1). We first exam-
ined the subcellular distribution of SIG-EAP and SIG-SgII-EAP
by immunofluorescence microscopy after transient expression
in PC12 cells (Fig. 4A4). Both SIG-EAP and SIG-SglII-EAP chi-
meras showed an intracellular distribution similar if not iden-
tical to their GFP-labeled counterparts. Thus, SIG-EAP exhib-
ited a perinuclear distribution highly indicative of a Golgi
apparatus localization, although the punctate pattern of SIG-
SglI-EAP was likely because of storage of the recombinant pro-
tein into DCGs. Consistent with visual inspection, the extent of
colocalization between endogenous CgB and SIG-EAP was
poor (R, = 0.19 = 0.02 and R, = 0.25 * 0.02; n = 85; Table 1),
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FIGURE 3. Effect of NGF differentiation on the distribution of Sgll domain-
GFP chimeras in PC12 cells. NGF-differentiated PC12 cells expressing the
indicated GFP fusion protein were labeled with CellTracker Orange CMRA dye
(red) prior to fixation to visualize the cell body and neurites. Fluorescence
imaging by deconvolution microscopy shows a vesicular distribution of SIG-
Sgll-GFP, SIG-Sgll-(1-41)-GFP, and SIG-Sgll-(302-348)-GFP chimeras along
and at the tips of processes. Neurite termini are shown in enlarged insets in the
deconvolved three-dimensional images. Nuclei were visualized with Hoechst
33342 (blue). The blue intracellular spots (e.g. top right panel) likely represent
residual DNA in cell debris, stained by Hoechst 33342. Scale bar, 5 um.

whereas SIG-SgII-EAP showed substantial overlap with CgB
(R, =0.49 = 0.05and R, = 0.52 * 0.05; n = 95; Table 1; visual
output not shown).

To further ascertain the localization of SIG-SgII-EAP into
the lumen of DCGs, we measured secretion of SIG-SgII-EAP
and SIG-EAP from transfected PC12 cells stimulated with
Ba®". Secretion of SIG-SgII-EAP was low (2.8 * 0.2%) under
basal, nonstimulating condition, consistent with efficient stor-
age of the fusion protein within DCGs (Fig. 4B and Table 1).
Ba?" (2 mm, 15 min) triggered 39.5 = 1.8% secretion of SIG-
SgII-EAP into the extracellular medium, which represented a
highly significant ~14.3-fold increase over basal (p < 0.0001;
Fig. 4B), clearly demonstrating regulated trafficking of the chi-
mera. In contrast, the release of the constitutive secretory pro-
tein SEAP (11, 25) and that of SIG-EAP was elevated (8.6 —
8.9%), even in the absence of secretagogue (Fig. 48), and was
slightly augmented to 15.2-16.8% in response to secretagogue.
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FIGURE 4. Trafficking of SIG-EAP and SIG-SglI-EAP chimeras in PC12 cells.
A, subcellular distribution of SIG-EAP and SIG-SglI-EAP. PC12 cells transfected
with pCMV-Sgll181-EAP or pCMV-SglI-EAP were processed for immunocyto-
chemistry using an anti-human placental alkaline phosphatase polyclonal
primary and Alexa Fluor 594-conjugated secondary antibodies and analyzed
by deconvolution microscopy. B, chemiluminescence detection of secreta-
gogue-evoked secretion of EAP chimeras. Cells transiently expressing SEAP,
SIG-EAP, or SIG-SglI-EAP were exposed for 15 min to secretion medium alone
(mock) or to 2 mm Ba®". EAP secretion was calculated relative to total enzy-
matic activity present in the cells before stimulation. Total enzymatic activity
is the sum of the amount released plus the amount remaining in the cells.
Release of EAP is expressed either as % EAP activity secretion or relative to
enzymatic activity release in the absence of secretagogue. Values are
given as the means = S.E. of triplicate determinations. t, p > 0.05; ***, p <
0.0001 as compared with control (mock), ANOVA with Dunnett’s post test.
Scale bar, 5 pm.

Although such a secretory profile might suggest some degree of
nonselective entry of SEAP and SIG-EAP from the constitutive
into a regulated pathway of secretion, as suggested previously
for SEAP in PC12 cells (26), the marginal increase in relative
stimulated release (~1.7—1.8-fold) of the chimeras was not sig-
nificant as compared with control (mock) treatment (p > 0.05;
Fig. 4B), suggesting that SEAP and SIG-EAP may primarily traf-
fic through the constitutive pathway of secretion.

Thus, these results indicate that a SgII/EAP chimera may be
expressed in PC12 cells where it is targeted to DCGs and
released by exocytosis in response to secretagogue. We show
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that fluorescent and EAP-mediated chemiluminescence SglI
chimeras may be used as tracers of the regulated secretory path-
way in living cells, providing both qualitative (GFP) and quan-
titative (EAP) means to study the mechanisms by which Sgll is
sorted into DCGs and to determine whether such a process
requires discrete regions within the primary structure of the
molecule.

Dominant Inhibitory Effect of a trans-Golgi/TGN Resident
Form of Sgll on the Targeting of Soluble Sgll to DCGs

On the premise that sorting of SglI into the regulated path-
way may depend on aggregative signals and/or recognition sig-
nals, we questioned whether a mutant form of SglI designed to
be selectively retained within the distal regions of the Golgi
apparatus might compromise targeting of a soluble cargo of
Sgll to DCGs. We fused the C-terminal end of the trans-Golgi/
TGN retention signal of 1,4-galactosyltransferase (GalT) to
the N terminus of full-length SglI (excluding its signal sequence
SIG) to create GalT-CFP-SgII (Fig. 1). Analysis of the subcellu-
lar distribution of GalT-CFP-SglI revealed a cluster of CFP flu-
orescence in a perinuclear region of PC12 cells characteristic of
the Golgi apparatus (Fig. 5). The distribution of GalT-CFP-SglI
was virtually identical to that of SIG-GFP, as shown by fluores-
cence microscopy image overlays of volume views and 0.2-um
xy optical sections (Fig. 54). The extent of the overlap between
GalT-CFP-Sgll and SIG-GFP was high, with colocalization
parameters R, = 0.64 = 0.03 and R, = 0.65 = 0.03 comparable
with the high overlap in the distribution of SIG-GFP with the
trans-Golgi/TGN marker GalT-CFP (R, = 0.73 = 0.07 and
R, = 0.74 = 0.07; see Fig. 5A and Table 1). These results
provide evidence that SglI fused to the membrane-anchor-
ing region of GalT is efficiently retained/retrieved within the
lumen of the trans-Golgi/TGN.

We assessed the influence of GalT-CFP-Sgll on the traffick-
ing of SIG-SgII-GFP in PC12 cells. First, we examined the dis-
tribution of SIG-SgII-GEFP in cells coexpressing GalT-CFP. As
expected, SIG-SgII-GFP showed a typical DCG localization,
whereas GalT-CFP accumulated in the trans-Golgi/TGN
region of the cells (Fig. 5B). Consequently, the extent of colo-
calization between SIG-SgII-GFP and GalT-CFP was poor, as
judged by visual inspection of the image overlays (Fig. 5B) and
determination of Pearson’s and overlap coefficients (R, =
0.15 = 0.06 and R, = 0.17 = 0.06; see Table 1). In sharp con-
trast, expression of SIG-SglI-GFP together with GalT-CFP-SglI
caused substantial redistribution of SIG-SgII-GFP to the
perinuclear region of the cells (Fig. 5B). In such conditions,
SIG-SglI-GFP showed high colocalization with GalT-CFP-SglI
(R, and R, = 0.77 * 0.03; see Fig. 58 and Table 1), indeed
suggesting retention of SIG-SgII-GFP into the trans-Golgi/
TGN in the presence of GalT-CFP-Sgll. To further probe the
dominant inhibitory effect of the trans-Golgi/TGN-resident
form of SglI, we also quantified the size and abundance of SIG-
SgII-GFP puncta in three dimensions. As shown in Fig. 5C, the
size of fluorescent SIG-SgII-GFP puncta was similar in either
GalT-CFP-Sgll- or GalT-CFP-expressing PC12 cells, with an
average diameter of ~308 nm. Considering that the resolution
of fluorescence puncta containing the photoprotein is diffrac-
tion-limited, this value is consistent with our earlier analyses by
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electron microscopy, reporting a DCG diameter of ~100-130
nm in PC12 cells (21, 25). The number of SIG-SgII-GFP puncta
per xy optical section was significantly reduced in cells coex-
pressing GalT-CFP-SglI (22 * 4 puncta/xy plan, n = 43; p <
0.05; Fig. 5C), as compared with PC12 cells expressing SIG-
Sgll-GFP and GalT-CFP (66 * 14 puncta/xy plan; n = 43; Fig.
5C). Thus, these results clearly suggest that transient expres-
sion of GalT-CFP-SgIl may reduce targeting of coexpressed
SIG-SgII-GFP to DCGs, while promoting its retention within
the trans region of the Golgi apparatus.

We also analyzed the secretory profile of SIG-EAP and SIG-
SglI-EAP in the presence of GalT-CFP or GalT-CFP-SgllI (Fig.
5D). The release of SIG-EAP was unchanged in the presence of
either photoproteins and was not significantly stimulated by 2
mum Ba®" (p > 0.05; Fig. 5D), consistent with trafficking of SIG-
EAP into the constitutive branch of the secretory pathway (Fig.
4B). In contrast, expression of SIG-SgII-EAP together with
GalT-CFP-Sgll lowered Ba®>*-evoked secretion of SIG-SglI-
EAP by ~48% (p < 0.001; Fig. 5D), as compared with cells
coexpressing GalT-CFP. It is noteworthy that expression of
GalT-CFP (lacking SgII) did not reduce the vesicular localiza-
tion of coexpressed SIG-SgII-GFP (Fig. 5B) nor Ba®*-stimu-
lated secretion of SIG-SgII-EAP (Figs. 4B and 5D). This clearly
establishes that impaired regulated trafficking of soluble SglI
chimeras specifically results from the expression of a trans-
Golgi cisternae membrane-anchored form of SglI and is not
merely a consequence of protein overexpression that could, for
instance, exacerbate GFP and CFP susceptibility to self-associ-
ate/cluster (33).

Altogether, these findings provide evidence in cella that a
chimeric form of SgII designed to be selectively retained/recy-
cled to the Golgi apparatus may act as dominant negative,
impairing the trafficking of coexpressed, secreted forms of SgII
(i.e. SIG-SgII-GFP or SIG-SgII-EAP) from the lumen of the
trans-Golgi/TGN into the regulated secretory pathway.

DCG Targeting of N-terminal and C-terminal Half-domains of
Sqll

Earlier studies in PC12 cells have identified sorting deter-
minants for the regulated secretory pathway within the
N-terminal region of CgA and CgB (8, 11, 13, 25, 34). We
questioned whether a signal for the vesicular targeting of
Sgll might also locate within a discrete region of the primary
structure of granin.

We designed expression plasmids encoding the N- and
C-terminal half-region of SgII with GFP or EAP reporters fused
at the C-terminal end (SIG-SgII-(1-301)-GFP/EAP and SIG-
Sgll-(302-587)-GFP/EAP; Fig. 1). Fluorescence microscopy
analysis of the distribution of SIG-SgII-(1-301)-GFP and SIG-
Sgll-(302-587)-GFP after transient expression in PC12 showed
a highly punctate distribution of the chimera similar to that of
SIG-SgII-GFP, suggesting secretory granule storage of both
Sgll-(1-301) and SgII-(302-587) photoproteins (Fig. 64). Ba>"
(2 mm, 15 min) triggered the release of SIG-SgII-(1-301)-EAP
and SIG-SglI-(302—587)-EAP from PCI12 cells by ~7.7- and
~12-fold over basal (mock medium), respectively (p < 0.01;
Fig. 6B), and the extent of the regulated release of both half-
regions of SgIl was comparable with that of full-length SIG-
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FIGURE 5. Dominant negative effect of a GalT-CFP-Sgll chimera on DCG targeting of Sgll fusion proteins in PC12 cells. Sgll fused to the membrane-
anchoring region of B1,4-galactosyltransferase (GalT) is retrieved within the trans-Golgi/TGN (A). PC12 cells expressing SIG-GFP together with GalT fused
to CFP (GalT-CFP), or GalT-CFP fused to Sgll (GalT-CFP-Sgll), were processed for deconvolution microscopy. Cells expressing SIG-Sgll-GFP together with
GalT-CFP or GalT-CFP-Sgll were examined by deconvolution microscopy (B and C). Colocalization of GFP (green) and CFP (blue) photoproteins is shown
in merged images of three-dimensional (3D) views or representative 0.2 um xy optical sections (A and B). Cyan regions are indicative of colocalization.
Quantification of fluorescence overlap is reported in Table 1. C, quantification of SIG-Sgll-GFP fluorescent puncta in PC12 cells expressing GalT-CFP or
GalT-CFP-Sgll. For each xy section, green puncta that contained above-threshold green pixels values within a specified area range of 0-1.15 um? (i.e. a
diameter range of 0-600 nm) were outlined and counted, and their diameter was measured (ImageJ). The average diameter was calculated over the
total number of identified particles for each condition as follows: SIG-Sgll-GFP and GalT-CFP, 2814 counts; SIG-Sgll-GFP and GalT-CFP-Sgll, 997 counts.
Values for diameter and puncta/xy section are given as the means * S.E. p < 0.05 (*), t test. D, secretagogue-evoked secretion of SIG-EAP and
SIG-SglI-EAP chimeras in PC12 cells coexpressing GalT-CFP or GalT-CFP-Sgll. Transfected cells were incubated for 15 min in secretion medium alone
(mock) or in 2 mm Ba®". EAP enzymatic activity was assayed in the culture supernatant and cell lysate, and relative secretion was determined as
described in the legend of Fig. 4. Values are given as the means = S.E. of triplicate determinations. T, p > 0.05; ***, p < 0.001, as compared with control
(mock), ANOVA with Dunnett’s post test. Scale bar, 5 um.
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FIGURE 6. Subcellular distribution and secretagogue-stimulated
release of the N- and C-terminal half-domains of Sgll in PC12 cells.
A, three-dimensional reconstruction of the subcellular distribution of SIG-
Sgll-GFP, SIG-Sgll-(1-301)-GFP, and SIG-Sgll-(302-587)-GFP expressed in
PC12 cells. B, secretagogue-evoked secretion of Sgll domain-EAP chime-
ras. PC12 cells expressing SIG-EAP, SIG-SglI-EAP, SIG-Sgll-(1-301)-EAP, or
SIG-Sgll-(302-587)-EAP were exposed for 15 min to secretion medium
alone (mock) or to 2 mm Ba®". The enzymatic activity of EAP chimeras was
assayed in the culture supernatant and cell lysate, and relative secretion
was determined as described in the legend of Fig. 4. Values are given as
the means = S.E. of triplicate determinations. t, p > 0.05; **, p < 0.01; **¥,
p < 0.001, as compared with control (mock), ANOVA with Dunnett’s post
test. Scale bar, 5 pm.

SglI-EAP (~14.5-fold over basal; Fig. 6B). Taken together,
these results demonstrate that both the N-terminal and C-ter-
minal half-regions of Sgll are able to steer GFP and EAP report-
ers into DCGs for exocytosis, suggesting that SgII contains
independent sorting signals for the regulated secretory
pathway.

The N-terminal Domain Sgll-(25-41) Contains Sufficient
Information for Sorting into the Regulated Secretory Pathway

To further refine the presence of a domain within the N-ter-
minal region of SgII that may function in cis as a sorting signal
for the regulated pathway, we used a strategy based on C-ter-
minal truncations of the 1-301 domain of SgIl. We generated
expression plasmids encoding a series of SglIlI fragment-GFP
fusion proteins spanning the region +1 to +301 of the mature
Sgll (SIG-SglI-(1-145)-GFP, SIG-SgII-(1-76)-GFP, SIG-Sgll-
(1-41)-GFP, and SIG-SglI-(1-24)-GFP; Fig. 1). The subcellular
distribution of each photoprotein was first analyzed by decon-
volution fluorescence microscopy after transient expression in
PC12 cells. SIG-SglI-(1-145)-GFP, SIG-SglI-(1-76)-GFP, and
SIG-SgII-(1-41)-GFP localized to vesicular structures with a
distribution similar to that of SIG-SgII-GFP (Fig. 7A), suggest-
ing storage of the chimeric proteins into secretory granules. On
the other hand, the subcellular localization of the shorter
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domain of SglI (SIG-SglI-(1-24)-GFP) appeared identical to
that of SIG-GFP and showed accumulation of GFP fluorescence
in a perinuclear region containing the Golgi apparatus (Fig. 74).
Such marked difference in the distribution of SIG-SgII-(1-41)-
GFP and SIG-SglI-(1-24)-GFP prompted us to examine the
trafficking behavior of these chimeras during extension and
remodeling of neurites in PC12 cells. Neuronal differentiation
of SIG-SglI-(1-41)-GFP-expressing PC12 cells by NGF (2.5 S,
100 ng/ml, 96 h) induced the accumulation of SIG-SglII-(1-41)-
GFP puncta along and at the tip of neurite processes (Fig. 3),
which is characteristic of the spatial distribution of DCGs after
phenotype conversion (13, 31). No accumulation of fluores-
cence was seen at the termini of processes in NGF-differenti-
ated cells expressing SIG-SglI-(1-24)-GFP (Fig. 3), suggesting
that a targeting signal may be contained in a region of SglI
spanning from amino acid +25 to +41. To further test this
proposition, we studied the release of a series of SgII fragment-
EAP chimeras (SIG-SglI-(1-145)-EAP, SIG-SglI-(1-76)-EAP,
SIG-SglI-(1-41)-EAP, and SIG-SglI-(1-24)-EAP) from tran-
siently transfected PC12 cells, in response to a secretagogue.
Exposure of such transfected cells to Ba®>* (2 mm, 15 min) trig-
gered the release of SIG-Sgll-(1-145)-EAP, SIG-SglI-(1-76)-
EAP, SIG-SglI-(1-41)-EAP, and SIG-SgII-EAP (p < 0.01, p <
0.001; Fig. 7C) but not that of SIG-EAP and SIG-SglI-(1-24)-
EAP (p > 0.05; Fig. 7C).

Thus, our results show that the domain SgII-(1-41) appears
sufficient to target GFP and EAP to DCGs for exocytosis and
identify the amino acid 25-41 sequence (*MIRALEYIENL-
RQQAHK™) as a necessary region within residues 1-41 for
DCQG targeting of GFP or EAP fusion proteins. Next, we ques-
tioned whether residues 25—-41 would also contain sufficient
(transferable) information for granule sorting activity. As
shown earlier, GFP or EAP flanked by the signal sequence of
Sgll (SIG) primarily traffics through the constitutive pathway of
secretion (Figs. 2-7). The domain SgII-(25-41) was inserted
in-frame into SIG-GFP to create SIG-SglI-(25—-41)-GFP (Fig.
1), and its subcellular distribution was assessed after transient
expression in PC12 cells (Fig. 8A). SIG-Sgll-(25-41)-GFP
exhibited a scattered, somewhat diffuse distribution through-
out the cell body (Fig. 84), which did not colocalize with endog-
enous CgB (R, = 0.10 = 0.05 and R, = 0.17 = 0.04; Table 1).
Also, the distribution of SIG-SglII-(25-41)-GFP appeared quite
different from the Golgi localization of SIG-GFP and SIG-SglI-
(1-24)-GFP (Figs. 2-5 and 7) and is perhaps a consequence of
aberrant structure of SgII-(25—41)-GFP, and failure to pass the
early secretory pathway quality control machinery leads to mis-
trafficking of the chimera. For instance, we did find substantial
colocalization of SIG-SgII-(25-41)-GFP with the ER marker
calreticulin and lysosome marker LGP120 (data not shown). In
contrast, transfer of residues 25— 41 to EAP (SIG-SgII-(25—-41)-
EAP; Fig. 1) resulted in a punctate distribution of the chimera
that overlapped that of endogenous CgB (R, = 0.52 = 0.07 and
R, =0.60 = 0.06; Table 1 and Fig. 8B). Furthermore, the release
of SIG-SglI-(25—41)-EAP was stimulated in response to Ba>™,
further suggesting a DCG localization of the fusion protein (Fig.
8C). Hence, the domain SgII-(25—41) not only appears neces-
sary in the context of targeting residues 1-41 to DCG (Fig. 7)
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FIGURE 7. Trafficking of progressively truncated N-terminal domains of Sgll fused to GFP or EAP in PC12
cells. Cells transfected with expression plasmids encoding the indicated photoproteins were processed for
deconvolution microscopy (A). A transition from a punctate/vesicular distribution (e.g. SIG-Sgll-GFP) to a jux-
tanuclear localization (e.g. SIG-GFP) is seen as the N-terminal domain of Sgll is reduced from +41 to +24
residues. B, secretagogue-evoked release of Sgll domain-EAP chimeras. PC12 cells expressing the indicated
EAP fusion proteins were exposed for 15 min to secretion medium alone (mock) orto 2 mmBa®*. The enzymatic
activity of EAP chimeras was assayed in the culture supernatant and cell lysate, and relative secretion was
determined as described in the legend of Fig. 4. Values are given as the means = S.E. of triplicate determina-
tions. t,p > 0.05; **, p < 0.01; ***, p < 0.001 as compared with control (mock), ANOVA with Dunnett’s post test.

Scale bar, 5 um.

but may also function as a sufficient sorting signal for the reg-
ulated secretory pathway.

Localization of a DCG-sorting Signal within the C-terminal
Half-region of Sgll

Our results also indicate the presence of a signal for sorting
within the C-terminal region of SglI (Fig. 6) that may function
independently from the granule sorting activity of the N-termi-
nal SgII-(25—-41) domain. This finding prompted us to further
narrow down the location of such determinant, perhaps to a
discrete sequence of SgIl. Applying our progressive deletion
paradigm to the C-terminal half-region of SglI, we generated
expression plasmids encoding a series of Sgll domain-GFP chi-
meras, spanning the region +301 to +587 of SglII (SIG-Sgll-
(302-505)-GFP, SIG-SglI-(302—469)-GFP, SIG-SglI-(302—
371)-GFP, SIG-SglI-(302-348)-GFP, and SIG-SglI-(302-333)-
GEFP; Fig. 1). Overall, the intracellular distribution of SIG-SglI-
(302-505)-GFP, SIG-SglI-(302—469)-GFP, SIG-SglI-(302—
402)-GFP, SIG-SglI-(302—371)-GFP, and SIG-SgII-(302—348)-
GEFP fluorescence was punctate and virtually indistinguishable
from that of full-length SIG-SgII-GFP (Fig. 9A4). However, we
noted that ~10% of cells transfected with the shorter chimeras
SIG-SglI-(302-371)-GEP or SIG-SglI-(302—348)-GFP showed
a substantial accumulation of fluorescence in the Golgi appara-
tus (data not shown), suggesting some degree of inefficiency in
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the sorting of the newly synthesized
chimeras into DCGs. On the other

18 - o hand, ~78% of cells expressing SIG-
16 O mock Sgll-(302-333)-GFP displayed a
Il Ba%t, 2 mM characteristic Golgi apparatus accu-

mulation of fluorescence similar to
that of SIG-GFP (Fig. 94), whereas
only ~22% of PC12 cells exhibited a
punctate distribution SIG-SgII-
(302—-333)-GFP (data not shown).
Such a marked difference in the
intracellular distribution of SIG-
Sgll-(302-348)-GFP versus SIG-
Sgll-(302-333)-GFP suggests that
the domain of SglII spanning amino
acids 334 and 348 acts as a traffick-
ing determinant for sorting of Sgll
into DCGs. Indeed, neuronal differ-
entiation of SIG-SglI-(302-348)-
GFP-expressing PC12 cells by NGF
showed a clear redistribution of the
chimera along and at the tip of neu-
rite processes (Fig. 3), whereas the
fluorescence of SIG-SglII-(302-
333)-GFP remained localized in
perinuclear clusters within the cell
body, with no detectable GFP fluo-
rescence at the neurites (Fig. 3). To
further explore the secretory gran-
ule sorting activity of SglI-(302—
348) region, we studied secreta-
gogue-evoked release of the
C-terminal fragments of SgII fused
to EAP in PC12 cells (Fig. 9B). Ba®" triggered the release of
SIG-SglI-(302-505)-EAP, SIG-SgII-(302—-469)-EAP, SIG-SglI-
(302-402)-EAP, SIG-Sgll-(302-371)-EAP, and SIG-Sgll-
(302-348)-EAP into the extracellular medium, with relative
secretion values ranging from ~4.5- to ~14.6-fold over the
basal release (mock medium) (p < 0.05; Fig. 9B). In contrast, the
release of SIG-SglI-(302-333)-EAP was not significantly aug-
mented in the presence of Ba®>" (~2.5-fold, p > 0.05; Fig. 9B)
and was of the same magnitude as the constitutively secreted
SIG-EAP chimera (~1.8-fold, p > 0.05; Fig. 9B). These results
demonstrate that the SgII-(302-348) domain is targeted to
DCGs for exocytosis, whereas the SgII-(302-333) domain may
primarily traffic to the constitutive secretory pathway, thereby
indicating that the region of SglI spanning amino acids 334 and
348 may be required (necessary) to steer GEP or EAP reporters
to the regulated pathway.

The Domain Sgll-(334-348) Is a Sufficient Sorting Signal for
Trafficking into the Regulated Secretory Pathway

To test whether the SglI-(333—-348) domain might be also be
a sufficient DCG-sorting determinant, we generated GFP- and
EAP-tagged chimeric proteins consisting of SgII's signal pep-
tide sequence SIG fused to residues 334 —348 (SIG-SglI-(334 —
348)-GFP and SIG-SglI-(334-348)-EAP; Fig. 1). Expression of
SIG-SglI-(334.—348)-GFP or SIG-Sgll-(334—348)-EAP in PC12
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~14.3-fold over basal, p < 0.001)
but significantly higher than the
release of SIG-EAP, which showed
no significant response to Ba>" (p >
0.05; Fig. 10C). Taken together, the
results provide evidence that SglI-
(334-348) (***DLIEMLKTGEKP-
NGS**®) functions as a necessary
determinant, in the context of
sorting of the larger SglI-(302—
371) domain into the regulated
pathway, and contains a sufficient
(transferable) granule-targeting
signal, regardless of the reporter
tag (GFP or EAP).

Potential Structures Involved in the
Sorting of Sgll Results from
Secondary Structure Predictions

Our deletion scheme (Fig. 1)
takes its cue from in silico data pre-

FIGURE 8. The domain Sgll-(25-41) is a sufficient sorting signal for the regulated secretory pathway in
PC12 cells. SIG-Sgll-(25-41)-GFP- or SIG-Sgll-(25-41)-EAP-expressing cells were processed for immunocyto-
chemistry and deconvolution microscopy using a polyclonal anti-CgB primary and an Alexa Fluor 594-conju-
gated secondary antibody. Absence of overlap between SIG-Sgll-(25-41)-GFP (green) and CgB (red) is revealed
in the merged images (A) and after quantification of fluorescence colocalization (Table 1). SIG-Sgll-(25- 41)-EAP
was stained using a polyclonal anti-human placental alkaline phosphatase primary and an Alexa Fluor 488-
conjugated secondary antibodies (B). Yellow regions are indicative of colocalization between SIG-Sgll-(25-41)-
EAP (green) and CgB (red). Quantification of fluorescence overlap is reported in Table 1. C, regulated secretion
of SIG-Sgll-(25-41)-EAP.PC12 cells transiently expressing SIG-Sgll-EAP or SIG-Sgll-(25-41)-EAP were incubated
for 15 min in secretion medium alone (mock) or 2 mm Ba®". The enzymatic activity of EAP chimeras was assayed
in the culture supernatant and cell lysate, and relative secretion was determined as described in the legend of
Fig. 4. Values are given as the means = S.E. of triplicate determinations. T, p > 0.05; ***, p < 0.001 as compared
with control (mock), ANOVA with Dunnett’s post test. Nuclei were stained with Hoechst 33342 (blue). Scale bar,

5 um.

cells resulted in a highly punctate distribution of the chimeras
throughout the cell body, which showed substantial overlap
with endogenous CgB (Fig. 10, A and C). Quantitative analysis
of such colocalization yielded an R, of 0.39 * 0.04 and an R, of
0.44- = 0.01 for SIG-SglI-(334 —348)-GFP versus CgB,and an R,
of 0.67 = 0.08 and an R, 0f 0.72 = 0.06 for SIG-SglII-(334 —348)-
EAP versus CgB (Fig. 10, A and C; Table 1). Note that these
values were comparable and even exceeded the colocalization
coefficients of full-length SgII-GFP (SIG-SgII-GFP) versus
endogenous CgB (R, = 0.39 * 0.05 and R, = 0.41 * 0.05; Fig.
2B and Table 1). Accumulation of SIG-SglI-(334—-348)-GFP
fluorescence at the termini of neurite processes was obvious in
cells differentiated by NGF (Fig. 10B), consistent with DCG
storage of the chimera. Finally, we found that SIG-SglI-(334 —
348)-EAP was secreted in response to secretagogue. As shown
in Fig. 10C, Ba®" triggered the release of SIG-SglI-(334-348)-
EAP from transfected PC12 cells by ~4-fold over basal (p <
0.001). The stimulated secretion of SIG-SglI-(334—-348)-EAP
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T2 dicting a-helical domains across

R
<(<§” \\fov‘ full-length human Sgll (minus its
s 0:?9 signal sequence) by neural network
S methods, using NNPREDICT (27)

and NPS@ suite of 11 algorithms for
consensus secondary structure pre-
diction (28). The predicted second-
ary structure across SgIl was on
average 41.7 = 1.7% a-helix, 7.0 =
2.5% strand/B-sheet, and 46.8 =+
3.8% coil. We find that SgII-(1-41)
and SglI-(334 —348) may function as
sorting signals to target Sgll into the
regulated secretory pathway of
PC12 cells. Consensus secondary
structure prediction show highly
conserved a-helices of moderate
amphipathicity at residues 24-41 (**EMIRALEYIENL-
RQQAHK*; ~4 turns) and residues 333-340 (***EDLI-
EMLK?*%; ~2 turns) (Fig. 11). Helical wheel presentation of the
sequence 24—41 reveals a hydrophobic patch, consisting of
Met>®, Ala®®, Leu®”, Tyr®!, lle*?, Leu®, and Ala®, lying on one
face of the helix (Fig. 11A4), whereas the other side consists
mostly of hydrophilic residues. An a-helical domain is also pre-
dicted to exist at the N-terminal side of Sgll-(334—348), but
with a much shorter span. Modeling residues 333-340 to an
a-helix shows a characteristic amphipathic structure with
hydrophobic residues (Leu®?”, Ile**¢, Met®*%, and Leu®*®) form-
ing the putative hydrophobic face of the helix (Fig. 11B).

DISCUSSION

Understanding the molecular mechanisms by which secre-
tory proteins are sorted into DCGs has been the subject of
intensive research for many years, and it underscores the
remarkable heterogeneity of this process (6, 7). This study
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FIGURE 9. Trafficking of progressively truncated C-terminal domains of
Sgll fused to GFP or EAP in PC12 cells. PC12 cells expressing the indicated
photoproteins were processed for deconvolution microscopy (A). A transition
from a punctate/vesicular distribution (e.g. SIG-Sgll-GFP) to a juxtanuclear
localization (e.g. SIG-GFP) is seen as the N-terminal domain of Sgll is reduced
from +348to +333 residues. B, secretagogue-evoked release of Sgll domain-
EAP chimeras. PC12 cells expressing the indicated EAP fusion proteins were
exposed for 15 min to secretion medium alone (mock) or to 2 mm Ba®*. The
enzymatic activity of EAP chimeras was assayed in the culture supernatant
and cell lysate, and relative secretion was determined as described in the
legend of Fig. 4. Values are given as the means = S.E. of triplicate determina-
tions. T, p > 0.05; *, p < 0.05; ***, p < 0.001 as compared with control (mock),
ANOVA with Dunnett’s post test. Scale bar, 5 um.

defines sequence features of the secretory prohormone SglI
that are involved in the targeting of the molecule to DCGs in
sympathoadrenal cells. We find that information necessary for
such a process is dependent upon a saturable sorting machinery
within the lumen of the trans-Golgi/TGN, and recruitment of
Sgll-(25—-41) and SglI-(334 —348) regions, which are predicted
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FIGURE 10. The domain Sgll-(333-348) functions as a transferable DCG-
sorting determinant in PC12 cells. SIG-Sgll-(334-348)-GFP colocalizes with
secretory granule marker CgB in PC12 cells (A). Cells transfected with pCMV-
Sgll-(1181-1225)-GFP were processed for immunocytochemistry using a
polyclonal anti-CgB primary and an Alexa Fluor 594-conjugated secondary
antibodies, followed by imaging by deconvolution microscopy. Yellow
regions indicate an overlap in the distribution of SIG-Sgll-(334-348)-GFP
(green) and endogenous secretory granules marker CgB (red), and the extent
was determined using ImageMaster 5.0 (Table 1). B, accumulation of SIG-SglI-
(334-348)-GFP puncta along and at the tip of neurite processes. NGF-differ-
entiated PC12 cells were transiently transfected with pCMV-Sgll-(1181-
1225)-GFP and labeled with CellTracker Orange CMRA dye (red) prior to
fixation to visualize the cell body and neurite processes. Deconvolution
microscopy imaging reveals a substantial accumulation of SIG-Sgll-(334-
348)-GFP chimera at the tip of neurites, as shown in the enlarged inset.
C, colocalization between SIG-Sgll-(334-348)-EAP and secretory granule
marker CgB. Cells expressing SIG-Sgll-(334-348)-EAP were processed for
immunocytochemistry using polyclonal anti-CgB and anti-human placental
alkaline phosphatase primary and Alexa Fluor 594-conjugated and 488-con-
jugated secondary antibodies. Quantification of fluorescence overlap is
reported in Table 1. D, regulated secretion of SIG-Sgll-(334-348)-EAP. PC12
cells expressing SIG-EAP, SIG-SglI-EAP, or SIG-Sgll-(334 -348)-EAP were incu-
bated for 15 min in secretion medium alone (mock) or 2 mm Ba?*. The enzy-
matic activity of EAP chimeras was assayed in the culture supernatantand cell
lysate, and relative secretion was determined as described in the legend of
Fig.4.Values are given as the means = S.E. of triplicate determinations. t, p >
0.05; *** p < 0.001 as compared with control (mock), ANOVA with Dunnett’s
post test. Nuclei are stained with Hoechst 33342 (blue). Scale bar, 5 um.

to contain a-helical structural motifs that may function as suf-
ficient, independent sorting domains for the regulated
pathway.

Trafficking of Sgll Fusion Proteins into the Regulated Secre-
tory Pathway—Taking our cue from the experimental para-
digm developed in our earlier studies on the vesicular traffick-
ing of CgA in sympathoadrenal cells (13, 21, 25), we fused
full-length human SglII to GFP or EAP, for fluorescent or enzy-
matic tracing of the regulated secretory pathway. This study
establishes that SglI flanked by a signal sequence is able to con-
vert GFP or EAP to soluble (releasable) components of DCGs,
and it thus reveals that SglI contains a dominant sorting signal
for the regulated secretory pathway, whereas its signal peptide
alone does not (Figs. 2-7, 9, and 10). We find that the intracel-
lular distribution and trafficking of SIG-SgII-GFP and SIG-
SglI-EAP may reflect the behavior of endogenous regulated
secretory proteins, providing unique tools to study qualitatively
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FIGURE 11. Sorting domains within N- and C-terminal region of Sgll; conservation among vertebrates and secondary structure prediction. Multiple
sequence alignment of full-length Sgll proteins was performed using ClustalW and the amino acid sequences of Homo sapiens (NCBI NP_003460), Pan
troglodytes (NCBI XP_001166617), Sus scrofa (NCBI NP_001012299), Canis lupus (NCBI XP_545669), Bos taurus (NCBI NP_776601), Rattus norvegicus (NCBI
NP_073160), Mus musculus (NCBI NP_033155), Xenopus laevis (NCBI NP_001081590), and Rana ridibunda (NCBI AAB17470). The boxed Sgll-(25-41) (A) and
Sgll-(334-348) (B) domains and the surrounding region are shown. Identical amino acids are highlighted by gray shading. Secondary structure of human Sgll
was predicted with NNPREDICT and further analyzed with the NPS@ consensus secondary structure prediction program that includes the algorithms DPM,
DSC, GOR1, GOR3, GOR4, HNNC, PHD, Predator, SIMPA96, SOPM, and SOPMA. Consensus secondary structure prediction is indicated below the multiple
sequence alignment of each region. Also shown is the helical wheel projection (PEPWHEEL) of predicted a-helices within Sgll-(25-41) and Sgll-(334-348). The

hydrophobic face of the a-helices is highlighted with light gray shading, and hydrophobic amino acids residues are indicated in black boxes.

and quantitatively the intracellular fate of SglII (or a domain
therein) and characterize the targeting mechanism of the pro-
tein in sympathoadrenal cells.

Two Independent, Minimum Sorting Domains within the N-
and C-terminal Region of Sgl[—Peptide sequences acting as
independent sorting motif for the regulated secretory pathway
have been documented for several regulated proteins. A prime
example is proinsulin, in which DCG-targeting determinants
may include a binding domain for carboxypeptidase E (CPE),
PCs cleavage sites, and aggregation domains (35, 36). Similarly,
two distinct peptide sequences in the C-terminal region of PC1
may function as sufficient sorting signals to reroute a constitu-
tively secreted IgG Fc fragment to DCGs in pituitary cells (15).
Sorting of CgA into DCGs may rely on cell-specific mecha-
nisms mediated by distinct sorting domains. Studies in PC12
cells have shown that information for sorting of CgA into the
regulated pathway may be confined within the N-terminal
region of the molecule that contains a hydrophobic disulfide-
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bonded loop and an a-helical motif (11, 13, 25), whereas only a
C-terminal domain appears necessary for DCG targeting of
CgA in pituitary cells (11). Our results point to the presence of
multiple sorting signals, but with two discrete regions SgII-(25—
41) and SglI-(334—348), functioning independently for sorting
of SglII within the same cell type.

What might be the physiological significance of two domains
acting independently to traffic SgII within the regulated path-
way of PC12 cells? An intriguing parallel may be drawn from the
vesicular targeting of the ELH prohormone in Aplysia califor-
nica neurons, in which peptides derived from proteolytic proc-
essing of ELH are sorted into separate DCGs, suggesting the
existence of independent sorting domains within the prohor-
mone (37). Thus, distinct structural motifs within a prohor-
mone precursor may function independently in the segregation
of processing intermediates, thereby determining their routing
through distal compartments of the secretory pathway. Sgll is
also a precursor protein that can be proteolytically processed by
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PCs at dibasic amino acid cleavage sites into smaller peptides
with important biological function. For instance, secretoneurin
(Sgll-(152—-184)) acts as a chemotactic/angiogenic cytokine in
vivo, with activity comparable in potency to vascular endothe-
lial growth factor (38, 39). Whether full-length SgII and/or
processing intermediates are uniformly distributed, or localize
to distinct populations of secretory granules, remains an open
question (40), and it is also unclear if proteolytic processing of
Sgll begins in the TGN prior to sorting or in later compart-
ments of the regulated secretory pathway, for instance ISGs
(41).

Conserved a-Helical Domains of SglI as Putative Sorting Sig-
nals for the Regulated Pathway—Our progressive truncation
scheme (Fig. 1) takes its cue from in silico, secondary structure
predictions across full-length human SgIlI (minus its signal
sequence) by neural network methods (27, 28). We find that
SgIl’s minimum sorting domains SglI-(25—41) and SglI-(334 —
348) contain putative a-helices of moderate amphipathicity
(Fig. 11). Both sequences are preceded by a proline residue,
which is frequently found at the beginning of an a-helix (42).
Although a typical a-helix has an average span of 12 amino
acids (~3 turns), as low as five residues may be sufficient to
form a helical hydrogen-bonded pattern. Both sequences
24 —41 and 333-340, as well as residues in the immediate vicin-
ity of these a-helical motifs, are highly conserved across verte-
brates (Fig. 11), but the search for sequence similarity with
other proteins by BLAST (Basic Local Alignment Search Tool)
and PSI-BLAST (Position-specific Iterative-BLAST) did not
reveal homology below the threshold of significance E = 0.01.
a-Helical domains with amphipathic properties have been sug-
gested to mediate targeting of several prohormones into the
regulated pathway, for instance CgA (13), prosomatostatin
(14), and PCs (15, 16), possibly by virtue of interaction with
membrane components (5, 43). In support of this concept, we
show that a-helix-containing domains SgII-(25-41) and SglI-
(333—348) function as transferable DCG-sorting signals; the
hydrophobic “faces” of these two amphipathic helical segments
in cis (Fig. 11) readily rise to a model whereby such motifs might
interact with similarly hydrophobic lipid membrane surfaces in
trans within the Golgi or secretory granule compartments.

Integration of the Results and Putative Mechanisms—Con-
sidering a mechanism based on a sorting-for-entry model, we
propose that particular regions of SglI, for instance SgII-(25—
41) and SglI-(334-348), act as discrete sorting signals binding
to particular lipid components of the membrane of the TGN or
the nascent secretory granule. Consistent with this hypothesis,
Sgll may interact specifically with isolated vesicle membranes
ata mildly acidic pH (44), a property shared by several secretory
granule cargo proteins, including CgA and CgB (45, 46). A
mechanism recruiting a specific sorting receptor at the mem-
brane of the TGN may also be considered. For instance, CPE is
thought to act as a common sorting receptor for proopiomela-
nocortin, proinsulin, and proenkephalin (35, 47). Earlier studies
have excluded a role of CPE in the sorting of CgA (35, 48), but
new evidence suggests that a sorting complex consisting of CPE
and SgIII mediates targeting of several prohormones in endo-
crine cells (49). However, interaction of SgII with SgIII has not
been found (50), and whether CPE may contribute to the sort-

APRIL 25, 2008 +VOLUME 283+NUMBER 17

Secretory Granule Targeting of Sgll

ing process of SgIl has yet to be determined. Another candidate
sorting receptor is the inositol 1,4,5-trisphosphate receptor
(IP3R). CgA and CgB have been documented to bind IP3R in
vitro at the intravesicular pH of 5.5 and modulate the channel
activity in living cells along several compartments of the secre-
tory pathway, including DCGs (51, 52). Hence, the pH-depend-
ent and functional interaction of IP3R with CgA and CgB raises
the possibility of such a receptor serving as a membrane target
for the vesicular sorting of other calcium storage proteins such
as Sgll.

Although our findings provide evidence that SglI-(25-41)
and SglI-(334 -348) domains contain sorting information suf-
ficient to redirect GFP and EAP into the regulated pathway,
whether these two regions uniquely contribute to the sorting of
SglI within the regulated pathway remains to be seen. Indeed,
our results from secretagogue-stimulated release of SglI
domain-EAP chimeras show a positive correlation between the
sorting efficiency and the length of the SgII domain under test,
i.e. the longer the domain, the better the sorting efficiency, with
the highest efficiency achieved for full-length SglI (Figs. 6, 7,
and 9). This secretory behavior does not prove but certainly
points to a substantial contribution of other regions of the SglI
to achieve optimal sorting efficiency, perhaps by promoting the
ability of Sgll to aggregate/multimerize within the TGN or ISGs
and enhance segregation by a sorting-by-retention mechanism.
One example of a synergistic action between sorting signals
might be that of CgB. As outlined in the Introduction, an N-ter-
minal disulfide-bonded loop domain acts as a transferable sort-
ing determinant (8 —10) but does not contribute to the aggre-
gation/multimerization of the granin in PC12 cells (34).
However, this sorting domain may not be functional in the
absence of endogenous CgB, which underlies the contribution
of aggregation in the sorting process of CgB (10).

Our results from the trans-Golgi resident GalT-CFP-Sgll
chimera are consistent with a contribution of aggregative sig-
nals to the sorting of SglI (Fig. 5). One possibility is that mem-
brane-anchored SgII might compete with a multimerization/
aggregation step common to both models for sorting, behaving
as a bait for the nucleation and growth of an aggregate of prey-
soluble Sgll, and recycle such aggregate within the trans-Golgi/
TGN, thereby impairing further trafficking into the regulated
secretory pathway. In the simplest scenario, membrane-an-
chored SgIl would homomerize with endogenous and/or exog-
enous soluble SgII (GFP- or EAP-labeled), which is consistent
with studies in vitro reporting pH- and Ca®*-regulated self-
aggregation of Sgll (24, 44). However, the situation could be
more complex, with a role of heteromeric association with
other cargo proteins to the overall multimerization/aggrega-
tion process. For instance, CgA and CgB form homo- as well as
hetero-aggregates in vitro in a mildly acidic pH and millimolar
Ca?" environment (53). However, heteromeric interaction of
Sgll with other granins has yet to be reported in sympathoad-
renal cells, although studies in pituitary cells showed no inter-
action of SgII with CgA or secretogranin III (SgIII) (50). An
equally plausible explanation is that GalT-CFP-SgIl may com-
pete out binding of soluble SglI to a putative membrane recep-
tor at the TGN, leading to the accumulation of soluble SgII
within this compartment. Indeed, sorting of SglI via a sorting-
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for-entry mechanism is expected to be limited by the number of
receptors and therefore saturable.

In conclusion, this work elucidates some of the molecular
details that underlie sorting of SgII within the regulated secre-
tory pathway of sympathoadrenal cells. We find that discrete
domains within the primary structure of SglI act as sufficient
sorting signals, perhaps by virtue of aggregation/multimeriza-
tion properties and/or by interaction with a specific component
of the membrane of the budding secretory granule. The ability
of the TGN-resident SglI chimera to readily saturate the sorting
machinery at the trans-Golgi/TGN may provide essential infor-
mation for future attempts to identify protein-protein interac-
tion and/or putative receptor that mediate efficient and optimal
sorting of SglI into DCGs.
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