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Regulated secretion of neurotransmitters and neurohumoral factors from dense core secretory vesicles
provides essential neuroeffectors for cell-cell communication in the nervous and endocrine systems.
This study provides comprehensive proteomic characterization of the categories of proteins in
chromaffin dense core secretory vesicles that participate in cell-cell communication from the adrenal
medulla. Proteomic studies were conducted by nano-HPLC Chip MS/MS tandem mass spectrometry.
Results demonstrate that these secretory vesicles contain proteins of distinct functional categories
consisting of neuropeptides and neurohumoral factors, protease systems, neurotransmitter enzymes
and transporters, receptors, enzymes for biochemical processes, reduction/oxidation regulation,
ATPases, protein folding, lipid biochemistry, signal transduction, exocytosis, calcium regulation, as
well as structural and cell adhesion proteins. The secretory vesicle proteomic data identified 371 proteins
in the soluble fraction and 384 membrane proteins, for a total of 686 distinct secretory vesicle proteins.
Notably, these proteomic analyses illustrate the presence of several neurological disease-related proteins
in these secretory vesicles, including huntingtin interacting protein, cystatin C, ataxin 7, and prion protein.
Overall, these findings demonstrate that multiple protein categories participate in dense core secretory
vesicles for production, storage, and secretion of bioactive neuroeffectors for cell-cell communication
in health and disease.
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Introduction

The nervous system utilizes dense core secretory vesicles for
regulated secretion of chemical neurotransmitters and neuro-
humoral factors that are represented by neuropeptides, cat-
echolamines, and related neuroeffector molecules for cell-cell
communication.1-5 These secretory vesicles represent the
primary subcellular site for the biosynthesis, storage, and
secretion of neurotransmitters and hormones utilized for
cell-cell communication in the nervous and endocrine systems
for health and disease.

The dense core secretory vesicles of chromaffin cells of
the peripheral sympathetic nervous system are a representa-
tive model for neurochemical enzymes utilized in brain for
the biosynthesis of neuroeffectors composed of neuropep-
tides and catecholamines (dopamine, norepinephrine, and
epinephrine).5-7 The majority of prior studies have studied
individual proteins of these dense core secretory vesicles.8-13

However, a more global understanding of secretory vesicle
components is essential to gain knowledge of the repertoire of
protein systems that function in this organelle. Elucidation of
the proteome characteristics of dense core secretory vesicles
can provide valuable insight into the functional protein pro-
cesses for production and secretion of neuroeffectors, the goal
of this study.

The high sensitivity of current mass spectrometry (MS)
instrumentation, coupled with efficient HPLC (high-pressure
liquid chromatography) separation of peptides, allows pro-
teomic investigations to identify hundreds of proteins from
small amounts of samples. Furthermore, enrichment of moder-
ate to low abundant proteins in chromaffin secretory vesicles
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for this study was achieved by removal of the abundant
chromogranin A protein. Peptide identifications from mass
spectrometry data were obtained using two independent search
algorithms for database searching, combined with searches
against a shuffled decoy database for estimation of false
discovery rate (FDR) for tryptic peptide identifications. The
overall proteomic data resulted in identification of 371 soluble
and 384 membrane proteins from dense core secretory vesicles,
for a total of 686 distinct secretory vesicle proteins.

Significantly, proteomic data illustrated distinct biochemical
functions in dense core secretory vesicles composed of proteins
for neuropeptides and neurohumoral factors, protease systems,
neurotransmitter enzymes, receptors, biochemical enzymes,
regulation of redox status, protein folding, ATPases, lipid and
carbohydrate functions, signal transduction and GTP-binding
proteins, and proteins for exocytosis. Interestingly, several
proteins known to participate in neurological diseases were
indicated consisting of the amyloid precursor protein (APP),
huntingtin-interacting protein, ataxin 7, and prion protein that
represent key elements involved in the mechanisms of Alzhe-
imer’s disease,14-18 Huntington’s disease,19-22 spinocerebellar
ataxia,23-25 and prion disease.26-28 These secretory vesicles also
contain the CLN8 protein involved in neurodegeneration and
mental retardation of EPMR (epilepsy and mental retarda-
tion),29-32 and the P20-CGGBP protein involved in the fragile
X syndrome of mental retardation.33 Furthermore, these vesicles
also contain regulatory factor X4 involved in bipolar disorder34

and KIAA0319 that is involved in dyslexia.35

Overall, proteomic investigation of dense core secretory
vesicles revealed functionally distinct categories of protein
systems in this organelle, with several involved in neurological
disease. These proteomic data illustrate a view of the secretory
vesicle “system” for secretion of neuroeffectors mediating
neuronal and endocrine cell-cell communication in health and
disease.

Materials and Methods

Purification of Chromaffin Secretory Vesicles from
Bovine Adrenal Medulla and Preparation of Soluble and
Membrane Components. Dense core secretory vesicles, rep-
resented by chromaffin secretory vesicles (also known as
chromaffin granules), were purified from fresh bovine adrenal
medulla by differential sucrose density gradient centrifugation,
as described previously,37,38 involving extensive wash steps to
obtain purified chromaffin granules. We have documented the
high purity of this preparation of isolated secretory vesicles by
electron microscopy and biochemical markers.36-38 Sucrose
gradient purification results in a preparation of purified, intact
chromaffin secretory vesicles that lack markers for the subcel-
lular organelles of lysosomes (acid phosphatase marker),38

cytoplasm (lactate dehydrogenase marker),37 mitochondria
(fumarase and glutamate dehydrogenase markers),36,37 and
endoplasmic reticulum (glucose-6-phosphatase marker).37 En-
zyme markers have been measured in the purified chromaffin
secretory vesicle preparation as 1% or less of total homogenate
markers, which, thus, indicate the high purity of these isolated
secretory vesicles.36-38

In addition, this study further assessed the removal of the
lysosomal enzyme marker acid phosphatase from the purified
preparation of chromaffin granules compared to an unpurified
sample of chromaffin granules obtained at an early step in the
purification procedure (illustrated in Figure 1a). Purified and
unpurified granules were analyzed on a multistep sucrose

gradient of 2.2 to 1.2 M sucrose (2.2, 2.1, 2.0, 1.9, 1.8, 1.7, 1.6,
1.5, 1.4, and 1.2 M sucrose steps each consisting of 2.5 mL) by
ultracentrifugation at 120 000× g in a SW28 rotor (25 000 rpm)
at 4 °C for 100 min. Gradient fractions of 0.5 mL were collected
from the bottom of the tube (2.2 M sucrose), and fractions were
assayed for (Met)enkephalin by RIA as previously described5

as a marker for chromaffin granules, and acid phosphatase
activity as a marker for lysosomes as described previously.38

Results show that the purified chromaffin granules lack acid
phosphatase activity, indicating effective removal of lysosomes
of density near that of chromaffin granules (explained in Figure
1 of results). These new data and established purity in the
literature36-38 document the purity of these chromaffin secre-
tory vesicles for this study.

Soluble and membrane components of the purified chro-
maffin granules were prepared by lysing (by freeze-thawing)
purified chromaffin granules in isotonic buffer conditions
consisting of 150 mM NaCl in 50 mM Na-acetate, pH 6.0, with
a cocktail of protease inhibitors (10 µM pepstatin A, 10 µM
leupeptin, 10 µM chymostatin, 10 µM E64c, and 1 mM AEBSF).
The lysed granules were centrifuged at 100 000× g (SW60 rotor)
at 4 °C for 30 min. The resultant supernatant was collected as
the soluble fraction. The pellet was collected as the membrane
fraction, and washed two times by resuspending in the lysis
buffer and centrifugation (100 000× g, 30 min). The final pellet
was resuspended in the lysis buffer and designated as the
membrane fraction.

The soluble and membrane fractions were each subjected
to removal of the abundant chromogranin A (CgA) protein, by
its binding to calmodulin-Sepharose (GE Healthcare, formerly
Amersham Biosciences, Piscataway, NJ).39 The soluble fraction
and membrane fraction (solubilized in 50 mM CHAPS) were
each incubated with a slurry of calmodulin-Sepharose at 4 °C
overnight in equilibration buffer (50 mM Tris-HCl, pH 7.5, 0.1
M NaCl, 2 mM CaCl2, and protease inhibitors consisting of 5
µM E64c, 5 µM leupeptin, 5 µM chymostatin, 5 µM pepstatin
A, 5 µM bestatin, 1 µM GEMSA, and 50 mM PMSF). The mixture
was centrifuged and the supernatant collected as the soluble
fraction without CgA. This step removed approximately 90-95%
of CgA, based on assessment by anti-CgA Western blots.

Proteins in the membrane fraction were concentrated by
chloroform-methanol precipitation. To the membrane fraction
(400 µg in 300 µL) was added MeOH (400 µL), chloroform (100
µL), and deionized water (300 µL) with mixing between each
step, followed by centrifugation (14 000× g for 1 min). The top
aqueous layer was removed, while retaining the protein
precipitate at the top of the chloroform layer; after addition of
MeOH (400 µL), mixing, and centrifugation (14 000× g for 2
min), the pelleted protein was collected for trypsin digestion.40

Reduction/Alkylation and Trypsin Digestion of Samples.
Reduction and alkylation were performed using Tris-(2-car-
boxyethyl)-phosphine hydrochloride (TCEP) (Pierce, Rockford,
IL) reduction followed by cysteine alkylation with iodoaceta-
mide (Sigma-Aldrich, St. Louis, MO). Briefly, a sample of the
CG soluble fraction (8.6 µg) was lyophilized, redissolved in 12
µL 20% acetonitrile, followed by addition of 4 µL 100 mM TCEP
in 20% acetonitrile (28.7 mg/mL TCEP) and reduction at 55 °C
for 20 min. The reduced sample was cooled to room temper-
ature, 4 µL of 100 mM iodoacetamide in 20% acetonitrile was
added and incubated for 30 min at room temperature (in the
dark) for alkylation of free cysteine residues. For proteins of
the membrane fraction (400 µg), the proteins precipitated by
chloroform-methanol (described above) were subjected to the
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same procedure for reduction and alkylation using 20 µL of
TCEP solution and 5 µL of iodoacetamide solution.

The reduced and alkylated proteins of the chromaffin granule
soluble (CGS) and membrane (CGM) fractions were subjected
to trypsin digestion. The CGS protein sample (8.67 µg in
approximately 1 µL) was diluted by addition of 20 µL 25 mM
ammonium bicarbonate (pH 7.0) and 1 µL 100 mM CaCl2, and
10 µL trypsin stock solution was added (200 ng total trypsin,
using stock solution consisting of 20 ng/µL sequencing grade
trypsin in 25 mM ammonium bicarbonate, pH 7.0, trypsin was

from Promega #V5111). Final trypsin digestion conditions for
CGS (31.5 µL total volume) were 0.275 µg/mL CGS protein, 6.5
ng/µL trypsin, 25 mM ammonium bicarbonate, pH 7.0, and
3.2 mM CaCl2. For the CGM sample (100 µg protein in ∼10
µL), it was prepared by addition of 90 µL trypsin (1800 ng total
trypsin, using stock solution consisting of 20 ng/µL trypsin in
25 mM ammonium biocarbonate, pH 7.0), 95 µL ammonium
bicarbonate, pH 7.0, and 5 µL 100 mM CaCl2. The trypsin
digestion conditions for CGM (200 µL total volume) were 0.5
µg/µL protein, 9.0 ng/µL trypsin, 25 mM ammonium bicarbon-

Figure 1. Purity of isolated chromaffin granules (secretory vesicles) was evaluated with (Met)enkephalin as a marker for chromaffin
granules and with acid phosphatase as a marker for lysosomes. (a) Preparation of purified chromaffin granules by differential density
centrifugation. The flowchart illustrates the purification scheme for chromaffin granules from bovine adrenal medulla homogenate,
achieved by differential centrifugation. The homogenate (in 0.32 M sucrose buffer) is centrifuged at 365× g to remove nuclei (P1, pellet
1) from the supernatant (S1, soluble fraction 1) that represents a crude fraction of chromaffin granules. The granules were pelleted by
centrifugation at 12 000× g and washed three times in 0.32 M sucrose buffer to obtain enriched chromaffin granules (P5 fraction) that
undergoes purification on a 1.6/0.32 M sucrose gradient subjected to ultracentrifugation (120 000× g) to obtained a pellet of purified
chromaffin granules. (b) Analyses of crude fraction of chromaffin granules on multistep sucrose gradient. The crude chromaffin granule
fraction (P2) was analyzed on a multistep sucrose gradient of 2.2 to 1.2 M sucrose as described in the methods. Gradient fractions
were assayed for (Met)enkephalin (b) that is present in chromaffin granules, and for the lysosomal enzyme marker acid phosphatase
(O). The crude P2 fraction of chromaffin granules contains enkephalin and acid phosphatase. (c) Analyses of purified chromaffin granules
on multistep sucrose gradient. The purified chromaffin granules were analyzed on the multistep sucrose gradient of 2.2 to 1.2 M
sucrose as described in the methods. Gradient fractions were assayed for (Met)enkephalin and acid phosphatase. The presence of the
purified chromaffin granules is indicated by the peak of (Met)enkephalin. The multistep gradient showed no peak of acid phosphatase,
indicating effective removal of lysosomes. These data document the purity of the chromaffin granule preparation. (It is noted that
cytosolic proteins may possibly associate with the outside of the granule membrane during homogenization, and after freeze-thawing,
such cytosolic proteins may become present in the soluble fraction giving the interpretation that they might be luminal proteins of the
granules. Nonetheless, cytosolic proteins are likely to have importance because cellular function of the chromaffin granule must involve
cytoplasmic proteins for regulated movement to achieve exocytosis.)
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ate, pH 7.0, and 2.5 mM CaCl2. Trypsin digestion of CGS and
CGM samples was conducted by incubation at 37 °C for 18 h.

Nanoliquid Chromatography Tandem Mass Spectrometry
(nano-HPLC Chip MS/MS). Soluble and membrane chromaffin
granule sample digests were subjected to nano-LC-MS/MS,
loaded at 2.9 µg and 1.0 µg total protein for each LC-MS/MS
analysis. All LC-MS/MS analyses were performed in triplicate
on an Agilent XCT Ultra ion trap mass spectrometer coupled
to an Agilent 1100 nano-HPLC system fitted with a HPLC Chip
system. The LC separation was performed on an Agilent C18
analytical HPLC chip (Agilent Zorbax C18 Chip, 150 mm × 75
µm, 40 nL trap) and utilized a gradient of solvent B (acetonitrile
with 0.25% formic acid) in solvent A (water with 0.25% formic
acid). The gradient progressed from 3% B to 45% B in 40 min
followed by an increase to 75% B in 10 min. The mass
spectrometer was set for data dependent scanning in MS/MS
mode on the three most abundant ions present in the MS scan.
The exclusion time was set to 0.1 min, isolation window set to
4 amu, and voltages set to -1850 V (capillary), -500 V
(counterelectrode) and 1.30 V (fragmentation). Smart ion target
was set to 500 000 to correct for background ions. The
maximum injection time was set to 100 ms. All other default
settings were used and left unaltered in all experiments.

Analyses of MS/MS Data and Database Search Parameters
Using Spectrum Mill Bioinformatics Platform (Agilent Tech-
nologies, Santa Clara, CA). The Spectrum Mill database search
platform used 1.4 amu for precursor mass tolerance and 0.8
amu fragment mass tolerance with all other default parameters
retained. The search was unrestricted and included nontryptic
peptide identifications to prevent forced identifications for
nontryptic peptides. Protein identifications resulted from
searches against a bovine protein database (extracted from the
NCBI-nr protein sequence database consisting of 38,197 protein
entries). We also employed the OMSSA MS/MS search engine
using a 1.0 amu precursor mass tolerance and 0.3 amu
fragment mass tolerance against the IPI bovine database. The
search was restricted to tryptic and semitryptic peptides. In
all searches, carbamidomethylation was included as a variable
modification to compensate for the possibility of incomplete
alkylation. Spectrum Hill and OMSSA were comparable in their
scoring thresholds resulting in identification of approximately
the same total number of proteins.

Validation for MS/MS Identifications. Protein identifications
were evaluated using analysis against proteins known to be
present in these samples and by Spectrum Mill database search
against a scrambled decoy database.41 Based on these analyses,
protein identifications utilized a two-tiered system for peptide
identifications. The first tier consisted of proteins with high
confidence, peptide scores of g10 and Scored Peak Intensity
Percent (%SPI) g70. When implemented, the False Discovery
Rates (FDR) for these protein identifications using tryptic
peptides were ∼1%, even when single peptides were consid-
ered. Protein identification with single tryptic peptides can be
confidently achieved as illustrated by previous reports on
confident protein identifications based on single peptides.42

The second tier targeted proteins showed confidence levels
corresponding to peptide score g8 and %SPI >60, combined
with the requirement that at least two tryptic peptides of the
parent protein were utilized for identification. The levels of
these scores were considered to represent identification of
proteins based on prior biochemical studies documenting the
presence of low abundance proteins in the chromaffin secretory
vesicles, which include endopin,43 cathepsin D,44 cathepsin B,45

and prohormone convertase.46 The FDR for this second tier
was estimated at 1-2% by decoy database analysis. It is
important to note that the FDR determined by decoy database
analysis is an estimate and is dependent on the quality of
spectra and the randomized database.41 Therefore, we manu-
ally evaluated our scoring thresholds in a manner similar to
reported by Wang, et al.41

Protein Organization and Clustering. Tryptic peptides
shared between several proteins are only counted for the
protein that has overall the most matching, unique peptides.
Batch Entrez (http://ncbi.nlm.nih.gov/entrez/batchentrez.cgi?
db)Protein) was used to generate FASTA formatted protein
sequence databases for each GenInfo Identifier (GI) number
for proteins identified by the MS experiment. BLASTCLUST was
used to perform pairwise comparisons followed by single-
linkage clustering of the statistically significant matches (>95%
sequence similarity over 90% of the sequence length) (http://
www.ncbi.nlm.nih.gov/blast/). The protein list is thus the
smallest set of proteins explaining the identified proteins
present. Following this analysis, an annotated, nonredundant
table of soluble and membrane proteins was compiled (Supple-
mental Tables A and B, Supporting Information).

The functional categories of identified proteins were defined
by the gene ontology (GO) resource (http://www.geneontology.
org). Further information on the function of proteins was
obtained through KEGG and Interact pathway databases, as
well as through the MEROPS database to provide additional
information relevant to proteases. A series of GO terms in each
category was acquired though text searching of specific key-
words relating to function and localization. In addition to gene
ontologies, both identified and unidentified protein sequences
were queried against the InterPro (http://www.ebi.ac.uk/
interpro/) database, SignalP resource (http://www.cbs.dtu.dk/
services/SignalP/) and TMHMM resource (http://www.cbs.
dtu.dk/services/TMHMM/) to assess protein family. All auto-
mated searches were enhanced with PubMed searches to assess
recent literature where proteins are known to serve multiple
functions.

Several peptide sequences were identified that were not
functionally annotated in initial database searches. Based on
the identified tryptic peptide sequences, predicted mouse and
human sequences were aligned back to bovine sequences using
the TIGR gene indices (http://tigrblast.tigr.org/tgi/). Proteins
demonstrating strong homology to existing bovine sequences
were included in the nonredundant assembly of identified
chromaffin granule proteins.

Proteomic data (Table 1) combines proteins identified in the
sample after the calmodulin affinity step from experiments of
this study with proteins identified before the calmodulin affinity
step from our previous more limited proteomic study of bovine
chromaffin granules.47 Thus, proteins that may bind to the
calmodulin affinity column are included in this complete
proteomic data set of proteins identified from this study and
our previous, smaller proteomic study of bovine chromaffin
granules; the combined proteomic data set is illustrated in
Table 1.

Analyses of Selected Chromaffin Granule Proteins by West-
ern Blots and Immunofluorescence Confocal Microscopy. West-
ern blot analyses of chromaffin granules were utilized to assess
the presence of several proteins related to neurological diseases.
Western blots of cystatin C, huntingtin interacting protein,
ataxin 7, and prion protein were conducted using SDS-PAGE
gel electrophoresis and Western blots methods as we have
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Table 1. Functional Categories of Soluble and Membrane Proteins in Chromaffin Secretory Vesiclesa
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Table 1. Continued
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described previously.48-51 Cystatin C in Western blots was
detected with anticystatin C (at 1:1000 dilution, from US
Biological, Swampscott, MA). Huntingtin interacting protein
was analyzed in Western blots of chromaffin granules with anti-
SET2 antisera by immunoprecipitation prior to Western blots
(at 1:1000 dilution, from Chemicon, Temecula, CA) as described
previously.51,52 Ataxin 7 was detected by antiataxin 7 generated
by the La Spada laboratory (antisera K49 utilized at 1:2000, after
immunoprecipitation of ataxin 7 performed as we have de-
scribed previously.51,52 Detection of prion in Western blots

utilized monoclonal antibody SAF-84 (1 µL/mL, from Cayman
Chemical, Ann Arbor, MI).

The presence of a neurological disease protein, cystatin C,
as an example, in chromaffin cells was assessed by immunof-
luorescence confocal microscopy to confirm its localization in
secretory vesicles. Chromaffin cells in primary culture were
prepared from fresh bovine adrenal medulla tissue as previ-
ously described.53 Cells were subjected to colocalization studies
of enkephalin-containing chromaffin secretory vesicles for the
presence of cystatin C (anticystatin C rabbit, 1:50 dilution, from

Table 1. Continued

a The functional categories of proteins identified as soluble and membrane components of chromaffin secretory vesicles are illustrated in this table. The
main functional categories (large bolded titles) are divided into subcategories. This table combines the extensive group of proteins identified by
nano-HPLC Chip MS/MS tandem mass spectrometry in this study with other proteins in these vesicles identified by 1-D gel separation and MS/MS
analyses.47 Proteins indicated by “+” were found in the Wegrzyn et al. 2007 study47 but not in this study. Proteins indicated by “*” are proteins identified
in both the Wegryzn et al. 2007 study47 and this study. In addition, protein indicated by “#” were identified by previous focused studies on the amyloid
precursor protein,55,143 cathepsin L,8 and endopin 2C.56 Thus, this table represents the overall proteomic characterization of chromaffin secretory vesicle
proteins.
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US Biological, Swampscott, MA) in enkephalin-containing secre-
tory vesicles (detected by anti-(Met)enkephalin mouse, from
Abcam company, Cambridge, MA or from Chemicon-Millipore
company, Billerica, MA) by immunofluorescence confocal mi-
croscopy, conducted as we have previously described.8,50 Cystatin
C was detected with antirabbit IgG-Alexa Fluor 568 (goat) (1:
50 dilution, red fluorescence, Molecular Probes, Eugene, Or-
egon) with comparison to localization of (Met)enkephalin (ME)
in secretory vesicles detected with antimouse IgG Alexa Fluor
488 (goat) (1:50 dilution, green fluorescence). Immunofluores-
cent images were obtained with the Delta Vision Spectris Image
Deconvolution Systems on an Olympus IX70 confocal micro-
scope using the software Softwrox Explorer from Applied
Precision.

Results and Discussion

Identification of an Extensive Number of Chromaffin Gran-
ules (CG, also Known As Secretory Vesicles) Proteins by Nano-
HPLC Chip MS/MS Tandem Mass Spectrometry. Differential
centrifugation was utilized to obtain purified chromaffin
granules (CG) from bovine adrenal medulla homogenate,
illustrated in Figure 1a. This purification scheme is well-
established in the field.36-38 CG were isolated by a series of
centrifugation steps that remove other organelles consisting of
nuclei (P1 fraction), microsomes (S2 fraction), and mitochon-
dria and lysosomes (S3, S4, and S5 fractions, not shown in
Figure 1a). The enriched fraction of CG (P5 fraction) is purified
by a 0.32/1.6 M sucrose gradient, resulting in a pellet of purified
CG. Comparison on a multistep sucrose gradient of 2.2 to 1.2
M sucrose shows that both the crude and purified CG samples
contain peaks of (Met)enkephalin at about 1.7-2.0 M sucrose.
While the crude CG contains a peak of acid phosphatase (Figure
1b), a marker for lysosomes, such a peak for lysosomes is absent
in the purified CG (Figure 1c). The purity of these CG have been
confirmed by electron microscopy47 that shows the homogene-
ity of the preparation. These data and those from other
studies36-38 establish the purity of chromaffin granules ob-
tained by density gradient.

The soluble and membrane fractions of these purified
secretory vesicles were separated to provide functional predic-
tions of identified proteins in the soluble secreted pool, or as
membrane-related proteins that participate in maintaining
integrity of the organelle. Soluble and membrane fractions were
obtained by lysis and centrifugation of chromaffin granules in
isotonic salt conditions in buffer of pH 6.0 that represents the
internal vesicle environment.54

Furthermore, to enhance nano-LC-MS/MS analyses of
moderate to lower abundance proteins, the highly abundant
chromogranin A (CgA) protein was removed by affinity chro-
matography (as described in methods), which removes the
major 66-70 kDa CgA protein band (Figure 2). Each of the
soluble and membrane fractions were subjected to trypsin
digestion and nano-HPLC Chip MS/MS tandem mass spec-
trometry with the XCT Ultra ion trap mass spectrometer
(Agilent) for sensitive analyses of peptides (estimated down to
the attomole range). Evaluation of MS/MS spectra by the
Spectrum Mill search program yielded identification of proteins
in soluble and membrane fractions with ∼1% FDR (determined
by shuffled decoy database analysis). Subsequently the entire
data set was also searched using an alternate search algorithm,
OMSSA, to confirm and validate peptide scoring thresholds.

Proteins found in the soluble and membrane fractions of the
secretory vesicles by the nano-HPLC Chip MS/MS approach

are illustrated in Supplemental Tables A and B, respectively.
Nano-HPLC Chip MS/MS identified more than 600 proteins
in both the soluble and membrane fractions. These results
demonstrate the high efficiency of the nano-HPLC Chip MS/
MS tandem mass spectrometry system to identify hundreds of
proteins from several micrograms of sample per analysis.

Total Proteome of Chromaffin Secretory Vesicles. To obtain
an overall proteomic view of the purified adrenal medullary
secretory vesicles (chromaffin granules) the extensive nano-
HPLC Chip MS/MS identification of more than 600 proteins
obtained in this study was combined with our prior data of
proteins from these secretory vesicles subjected to gel electro-
phoresis separation prior to MS/MS analyses,47 and several
purified proteins.8,55-57 These results have identified 371
distinct soluble proteins and 384 distinct membrane proteins
(Figure 3, Venn diagram), with 69 proteins present in both
soluble and membrane fractions. These data illustrate the
presence of a total of 686 distinct proteins identified in the
soluble and membrane fractions of chromaffin secretory
vesicles.

Distinct Functional Categories of Proteins in Soluble and
Membrane Components of Chromaffin Secretory Vesicles. The
categorization of the chromaffin secretory vesicle proteins
indicates the presence of distinct functional categories of
biochemical systems (Figure 4, and Table 1). Protein categories
were identified for neurotransmitter and neurohumoral mech-
anisms, as well as diverse biochemical processes that include
maintenance of the internal environment of these vesicles. A
large portion of proteins participate in regulated secretion via
signal transduction and exocytosis. These functions are com-

Figure 2. Removal of abundant chromogranin A protein from
soluble and membrane fractions of purified chromaffin granules.
Chromaffin granule soluble and membrane fractions were each
subjected to calmodulin affinity chromatography to remove the
most abundant protein consisting of full-length CgA. The soluble
fraction of these chromaffin granules is illustrated (lane 1),
showing full-length CgA of ∼66-70 kDa that has been identified
by mass spectrometry in previous studies (10, 137). After affinity
chromatography on calmodulin-Sepharose conducted two times,
removal of the full-length CgA is illustrated (lane 2). Equal relative
volumes (5 µL) of soluble chromaffin granule sample was applied
to lanes 1 and 2 (corresponding to ∼2 µg and 0.65 µg protein,
respectively). The CgA depletion step recovered ∼30-35% of the
original proteins of the soluble chromaffin granule sample. CgA
also exists as cleaved proteolytic fragments in the chromaffin
granules which presumably are largely removed by the calm-
odulin-Sepharose affinity step. After the affinity step, the overall
pattern of protein bands (lane 2) resembles that of the soluble
granule sample before the affinity step, with the exception of
removal of CgA protein(s).
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bined with vesicular trafficking that involves structural proteins.
Protein components within these categories are described in
detail below.

Production of Neurotransmitters and Neurohumoral Fac-
tors: Neuropeptides and Neurohumoral Factors, Protease Sys-
tems, Neurotransmitter Enzymes/Transporters, and Receptors.
Proteins involved in secretory vesicle-mediated cell-cell com-
munication were identified as proneuropeptides and processing
proteases, neurohumoral agents, enzymes and transporters for
classical small molecule neurotransmitters, and receptors.
Numerous proneuropeptide and prohormone precursors were
identified such as proenkephalin, proNPY, chromogranins, and
others that undergo proteolytic processing5,8-10,46,50,58-63 to
generate active neuropeptides that function as neurotransmit-
ters and hormones. These vesicles also contain several neuro-

humoral factors such as VGF nerve growth factor and vascular
endothelial growth factor.64-66

Numerous proteases of the serine, aspartyl, cysteine, and
metalloprotease classes were identified. Several subtilisin-like
prohormone convertases (PC1/3, PC2, PACE 4) were identified,
which participate in proneuropeptide processing.5,67-69 The
cysteine protease cathepsin L has been identified by MS/MS
tandem mass spectrometry utilizing enrichment prior to
MS/MS;5,8 cathepsin L participates in secretory vesicles for
processing proneuropeptides for the production of enkephalin,5,8

NPY,62 and POMC-derived peptide hormones consisting of
�-endorphin, ACTH, and R-MSH.46 The cysteine protease
cathepsin B was identified, which was recently discovered to
participate in the production of neurotoxic beta-amyloid
related to Alzheimer’s disease.45,70 The aspartyl protease cathe-
psin D was also present.38 Numerous metalloproteases were
found including the ADAM metallopeptidase, and carboxypep-
tidases (D, E, and G2).71-73 Components of the ubiquitin
system for protein degradation were identified.74-76 In addition,
endogenous protease inhibitors were indicated that included
TIMP-1,77 inhibitor of PC1/3,78 and cystatins.79 These results
indicate the presence of numerous protease and protease
inhibitors in these secretory vesicles.

Proteins that participate in the biosynthesis and metabolism
of small molecule neurotransmitters, as well as receptors, were
identified. Catecholamine synthesizing enzymes were present
that include tyrosine hydroxylase, dopamine beta-monooxy-
genase,andPNMT(phenylethanolamineN-methyltransferase).80,81

In addition, transporters for vesicular localization of catechola-
mines were identified.82-84 Interestingly, several receptor
proteins were identified which may be present in secretory
vesicles for transport to the plasma membrane.85

Biochemical Processes: Enzymes, Carbohydrate and
Lipid Functions, Protein Folding, Transporters. The secretory
vesicles contained enzymes for a variety of biochemical reac-
tions. Enzymes for numerous biochemical reactions were
identified including aspartate aminotransferase for amino acid
modification, cofactor related tetrahydrofolate synthase, and
enolase.86-88 In addition, a number of carbohydrate and lipid
metabolizing enzymes were identified.89,90 These included

Figure 3. Venn diagram of common and different proteins in
soluble and membrane fractions of chromaffin granules. This
Venn diagram illustrates the majority of the chromaffin secretory
vesicle proteins identified in this study using nano-HPLC Chip
MS/MS, combined with several proteins identified in in earlier
proteomic studies using gel electrophoresis for protein enrich-
ment.43 The soluble fraction contained 371 distinct proteins and
the membrane fraction contained 384 distinct proteins. Proteins
common to both soluble and membrane fractions are illustrated
as the intersecting area of the Venn diagram, indicating 69
proteins that were present in both soluble and membrane
compartments of these secretory vesicles. The soluble and
membrane fractions contained a total of 686 unique proteins in
chromaffin secretory vesicles.

Figure 4. Comparison of soluble and membrane proteins by pie charts. The relative portion of proteins in each functional category are
compared for the (A) soluble and (B) membrane fractions of chromaffin secretory vesicles. Each functional category of the pie chart
is shown as a distinct color.
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carbohydrate transferases, mannosidase, and glucosidase. Lipid-
related enzymes included arachidonate lipoxygenase, phos-
pholipase, and acyl-CoA synthetase.

Internal Environment of Secretory Vesicles: Reduction
Oxidation, ATPases and Nucleotide Metabolism. Homeostatic
mechanisms for maintaining the unique internal conditions of
the secretory vesicle require reduction-oxidation regulation,
ATP/nucleotide related proteins for pH regulation, and protein
factors for protein folding. Regulation of reducing and oxidative
conditions is evident with the presence of cytochromes, peri-
oxidase, catalase, and related proteins. Numerous membrane-
associated ATPase isoforms were present which participate in
proton transport that maintains the acidic internal pH (pH 5-6)
of these secretory vesicles.54,91-95 Conditions for appropriate
protein folding or protein configuration are represented by
chaperone proteins that include heat shock proteins, chapero-
nin, and isomerase.96-98 These regulators of the internal
secretory vesicle environment are utilized for effective produc-
tion of neurotransmitters, hormones, and neurohumoral factors
in this organelle.

Regulated Secretion: Signal Transduction and GTP-Binding
Proteins, Vesicular Trafficking and Exocytosis, Calcium Regula-
tion. Significant representation of secretory vesicle proteins
consisted of functions for regulated secretion involving signal
transduction and GTP-binding proteins, proteins for exocytosis
and vesicular trafficking, and calcium regulation. An extensive
collection of Rab GTP-binding proteins99-103 was present,
which are critical for intracellular trafficking and transport of
secretory vesicles and in vesicle exocytosis. Furthermore,
numerous proteins involved in signal transduction pathways
by protein kinases104-107 and phosphatases107-109 were identi-
fied. The presence of these proteins suggest regulation of the
phosphorylation status of target proteins within secretory
vesicles. The process of exocytosis of secretory vesicles for
release of vesicle contents to the extracellular environment
utilizes synaptotagmin isoforms and synaptophysin related
proteins.110-112 Also, the presence of kinesin suggests its
utilization by dense core secretory vesicles for trafficking to the
plasma membrane via interactions with cellular structural
proteins.113,114 Notably, regulated secretion is calcium-depend-
ent, which utilizes proteins that regulate calcium metabolism
in secretory vesicles. These proteins include several isoforms
of annexins which function in calcium-dependent phospholipid
binding during exocytosis.105

Morphological Functions of Secretory Vesicles: Structural
Proteins, Cell Adhesion and Cell-Cell Interactions. Numerous
structural proteins were identified including collagen, myosin,
spectrin, proteoglycan, and tubulin which may function in
morphological features of secretory vesicles.116,117 Such cyto-
plasmic proteins are utilized for intracellular movement of the
secretory vesicles to the plasma membrane for regulated
secretion. For example, microtubule and myosin structural
proteins may be involved in intracellular granule movement.
Such cytoplasmic proteins may be linked to the chromaffin
granule membrane through protein interactions, but would lack
signal peptide sequences. In addition, several proteins involved
in cell adhesion or cell-cell interactions were found, which
included cadherin, integrin, laminin, and related components.

Potentially Novel Functional Proteins of Secretory Vesicles.
It was of interest that several identified proteins included those
with functions in the immune system, cell growth and develop-
ment, and transcription and translation. Several proteins with
immune system functions were found including immunoglo-

bulins and immunoglobulin receptor. Several studies have
demonstrated nervous system stimulation of immunoglobulin
secretion,118 as well as immunoglobulin receptor trafficking
through regulated secretory vesicles.119 Recent studies have also
indicated transport of chemokines in large dense core vesicles
as mechanisms for secretion of cytokines.120,121 Thus, dense
core secretory vesicles may be involved in both the regulated
secretion of immunological factors as well as neurohumoral
factors, hormones, and neurotransmitters.

Proteins involved in translation of RNAs were identified such
as ribosomal proteins and RNA-binding proteins. Recent stud-
ies have demonstrated localization and translation of mRNAs
in axons,122-124 which occur in the vicinity of secretory vesicles
that are transported to axons and nerve terminals. It is possible
that components for mRNA translation may reside in subre-
gions of the neuroendocrine cell where secretory vesicles
undergo transport and trafficking for regulated secretion. An
alternative possibility is that contaminating RNA granules may
be present in the chromaffin granule preparation, but that is
unlikely since RNA granule markers (FMRP, Pur alpha and beta,
RACK1, S6, Staufen2, or Syncrip)125 were not identified in this
chromaffin granule proteomic study. Indeed, the purity of the
isolated chromaffin granules has been established in prior
studies,36-38 as well as in this study (Figure 1).

In addition, several proteins representing transcription fac-
tors were identified. Thus far, little is known about the roles of
such factors in secretory vesicles. Furthermore, several miscel-
laneous and unknown proteins were indicated from MS/MS
data analyses.

Chromaffin Granule Proteins Related to Neurological
Diseases. Several key proteins involved in neurological disease
mechanisms were present in these secretory vesicles. These
vesicles contain several neurodegenerative disease related
proteins consisting of the amyloid precursor protein (APP),
huntingtin interacting protein, ataxin 7, CLN8 protein, and
prion protein (Table 2). The amyloid precursor protein (APP)
undergoes proteolytic processing to generate toxic beta-amy-
loid peptide, a neurotoxic factor involved in the development
of Alzheimer’s disease.14-18,39,45,70 Beta-amyloid peptide and
proteases for its production have been demonstrated in chro-
maffin secretory vesicles.39,45,70 The protease inhibitor cystatin
C is involved in epilepsy.126,127 The huntingtin interacting

Table 2. Proteins Identified in Chromaffin Secretory Vesicles
with Neurological and Neurodegenerative Disease Functionsa

protein neurological disease

Amyloid precursor protein Alzheimer’s Disease
Ataxin 7 Spinocerebellar Ataxia type 7
CLN8 protein Neuronal Lipofuscinosis, EPMR,

epilepsy and mental retardation
Cystatin C Epilepsy
Huntingtin interacting

protein 1
Huntington’s Disease

KIAA0319 Dyslexia
Nesprin-2 Muscular Dystrophy
P20-CGGBP Fragile X Syndrome,

mental retardation
Prion protein Prion Disease
Regulatory factor X4

isoform c
Bipolar Disorder

a Proteins were identified from chromaffin secretory vesicles by
LC-MS/MS and subjected to bioinformatic analyses as described in the
methods. Several proteins were found which are known to participate in
several neurological and neurodegenerative disease conditions.
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protein19-22 is known to bind to the mutant huntingtin (htt)
protein with polyglutamine expansion of Huntington’s dis-
ease.128 The ataxin 7 protein is the product of the SCA7 gene
that possesses polyGln expansions, representing a CAG triplet-
repeat neurodegenerative disease.23-25 The CLN8 protein is
involved in genetic EPMR syndrome for epilepsy and mental
retardation as a mutant CLN8 autosomal recessive disorder.29-32

The mutant CLN8 gene represents one of several neuronal
ceroid lipofuscinoses (NCLs) neurodegenerative disorders char-
acterized by the accumulation of autofluorescent lipopigment
in various tissues. The prion protein is a key component of
prion neurodegenerative diseases based on misfolding of the
prion protein.26-28 It is notable that multiple factors known to
participate in severe neurodegenerative diseases are present
in chromaffin secretory vesicles.

Furthermore, proteins related to several neurological diseases
were identified (Table 2) as the P20-CGGBP protein of the
fragile X syndrome for mental retardation,33 the regulatory
factor X4 involved in bipolar disorder,34 the KIAA0319 protein
involved in dyslexia,35 and nesprin-2 related to muscular
dystrophy.129-131 Thus, the dense core secretory vesicle or-
ganelle contains several key proteins that participate in neu-
rological diseases.

The presence of selected neurological disease proteins in
chromaffin secretory vesicles were assessed by Western blots
of purified vesicles. Western blots (Figure 5) show the presence
of cystatin C of ∼14 kDa,132,133 huntingtin (htt) interacting
protein as several bands of 150-250 kDa that interact with
fragments of htt present in brain,48 ataxin 7 of ∼98-100

kDa,49,134 and prion protein of a main and of ∼30-35 kDa135,136

combined with a 55-60 kDa band (a possible multimer form).
Cellular immunofluorescence microscopy indicated the local-
ization of cystatin C (Figure 6), as example, in chromaffin
secretory vesicles that contain the enkephalin peptide neu-
rotransmitter.8 These data show that the LC-MS/MS results
can appropriately indicate the presence of such proteins in
chromaffin secretory vesicles.

Number of Proteins Identified in Distinct Functional
Categories of Chromaffin Secretory Vesicles. Comparisons of
the numbers of proteins in each category showed the varying
distributions of components within each category in chromaffin
secretory vesicles (Table 3). The functional categories of these
proteins represent the diverse biochemical systems utilized for

Figure 5. Presence of cystatin C, huntingtin interacting protein,
ataxin 7, and prion protein in chromaffin secretory vesicles
demonstrated by Western blots. Purified chromaffin secretory
vesicles were subjected to Western blots for analyses of (a)
cystatin C, (b) huntingtin interactin protein (HIP), (c) ataxin 7, and
(d) prion protein. Cystatin C of ∼12-14 kDa in these vesicles (a)
is similar in MW (molecular weight) to that reported in other
studies.132,133 Huntingtin-interacting proteins (3 bands) in the area
of ∼150-250 kDa were observed (b). Ataxin 7 of about 98-100
kDa (c) is similar to that found in prior studies.49 Prion protein of
several apparent molecular weights of ∼30 kDa, 36-40 kDa, and
50-60 kDa were observed (d).

Figure 6. Cellular localization of cystatin C with enkephalin-
containing secretory vesicles of chromaffin cells in primary
culture. The localization of cystatin C to secretory vesicles that
contain the enkephalin neuropeptide was observed by immun-
ofluorescence confocal microscopy of chromaffin cells in primary
culture. Colocalization of enkephalin (green fluorescence) and
cystatin C (red fluorescence) was demonstrated by the yellow
fluorescence of merged images. Examples of secretory vesicle
colocalization of cystatin C and enkephalin are indicated by the
arrows.

Table 3. Total Number of Proteins Identified in the Soluble
and Membrane Secretory Vesicle Compartments in
Designated Functional Categoriesa

protein category soluble membrane

Neuropeptides/Neurohumoral 18 19
Protease Systems 26 21
Neurotransmitter Enzymes/Transporters 9 11
Receptors 14 11
Enzymes 13 11
Carbohydrate Functions 11 9
Lipid Functions 10 9
Reduction-Oxidation 7 7
ATPases/Nucleotide Metabolism 8 23
Protein Folding 2 10
Transporters (solute) 4 8
Signal Transduction/GTP-binding 65 76
Vesicular Trafficking and Exocytosis 17 15
Calcium Regulation 4 10
Structural Proteins 24 26
Cell Adhesion/Cell-Cell Interactions 12 10
Cell growth and development 2 1
Immune 11 2
Transcription/Translation 49 47
Miscellaneous 28 37
Unknown 37 15

a Numbers of proteins found in each functional category for the
soluble and membrane compartments of chromaffin secretory vesicles
are indicated.
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secretory vesicle exocytosis of active molecules for cell-cell
communication.

Conclusion: Proteomic Data Reveals That Secretory
Vesicles Utilize Multiple Categories of Proteins for
Production and Release of Neuroeffectors for Cell-Cell
Communication.

Secretory Vesicle Biosynthesis, Storage, and Secretion of
Neuroeffector Molecules. This study illustrates the most
comprehensive proteomic data of chromaffin secretory vesicles
that provide neuroeffectors mediating cell-cell communication
from the adrenal medulla. Proteins of these secretory vesicles
function in the biogenesis and maturation of secretory vesicles,
synthesis and storage of bioactive molecules consisting of
neuropeptides and catecholamines, and secretion of bioactive
molecules which involves secretory vesicle transport and
docking to the plasma membrane for regulated secretion
(Figure 7). These proteins provide the biochemical basis for
regulated secretion of active neurotransmitter and neurohu-
moral agents for cell-cell communication. These data illustrate
that the dense core secretory vesicles function with distinct
functional protein categories. Production of peptide neu-
rotransmitters and hormones, as well as catecholamine neu-
roeffectors, within the chromaffin secretory vesicles utilize
proteins that control the intravesicular environment with
respect to redox conditions, acidity (acid pH at 5.5-6.0), protein
folding, as well as carabohydrate and lipid conditions. Trans-
porters are needed for bringing certain neuroeffectors into the
chromaffin granule. Regulated secretion of chromaffin granules
requires extensive use of signal transduction and GTP-binding
proteins, combined with proteins needed for secretory vesicle
trafficking and exocytosis (including structural proteins for this
purpose). Furthermore, because regulated secretion is calcium-
dependent, calcium binding proteins are present to mediate
regulated secretion. The proteomic data indicate that secretory
vesicles utilize proteins of multiple functions for production,
storage, and regulated secretion of neuroeffectors for cell-cell
communication.

Complementary Biochemical Studies Assist in Substantiat-
ing Proteomic Data. An important criterion for proteomic
studies is the subject of confidence and validation of protein
identifications obtained from tandem mass spectrometry data.

The unique feature of this proteomic study was consideration
of protein biochemistry data from these secretory vesicles to
guide and enhance appropriate confidence levels in bioinfor-
matic analyses of MS/MS data for protein identification,
including single peptide identifications.137 Protein biochemistry
studies of chromaffin secretory vesicles provide information
of previously identified proteins in this organelle at moderate
and low levels; this information can assist in defining reliable
scoring thresholds. For example, the serpin endopin 2C is of
moderate abundance since it was isolated from these secretory
vesicles with a 500-fold enrichment,43 and was observed in this
study at intermediate peptide scoring thresholds for identifica-
tion. Cathepsin B and cathepsin L are low abundance proteins,
demonstrated by their enrichment requiring 2 × 105-fold45 and
2 × 106-fold purification,8 respectively; after enrichment of
these proteins, they were identified with high confidence
scoring MS/MS data.8,45 Confidence levels of these MS/MS data
are consistent with previous bioinformatic analyses of MS/MS
data.137,138 These types of biochemical studies assisted in
guiding appropriate confidence levels for identification of
proteins from tandem mass spectrometry data, including those
identified by single peptide (tryptic) identification. Application
of biochemical data for relative protein abundances enhances
analyses of proteomic data.

Proteomic Data of Secretory Vesicle Proteins from
Adrenal Medulla in This Study and from Other Tissues in
Related Studies. Important secretory mechanisms for the
chromaffin secretory vesicles are indicated by the expansive
nature of these proteomic studies that have identified 686
distinct proteins in chromaffin secretory vesicles. Other studies
of regulated secretory vesicles have been reported for the dense
core secretory vesicles144-149 and synaptic vesicles150-154 for
investigation of their proteomic features. While it is of interest
to compare the identified proteins among these studies, their
different methodologies for purification of organelles and
protein extraction conditions, combined with different mass
spectrometry instrumentation and different bioinformatic da-
tabase searches should be considered in such comparisons.
Nonetheless, features of some of the prior proteomic studies
of various secretory vesicle systems are summarized here. A
proteomic study of pancreatic zymogen granule membranes

Figure 7. Multiple protein categories for biosynthesis, storage, and regulated secretion of neuroeffectors for cell-cell communication
in health and disease. The chromaffin granule proteome consists of distinct functional categories of proteins utilized for secretory
vesicle production, storage, and regulated secretion of neuroeffector molecules. The architecture of proteins of the soluble (blue area)
and membrane (gray area) function in the initial biogenesis and subsequent maturation of secretory vesicles, which produce and store
bioactive chemical molecules for secretion. The secreted neurotransmitters and hormones mediate cell-cell communication among
physiological target organs.
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yielded identification of 101 proteins by 2-D gel electrophoresis,
in-gel trypsin digestion, followed by LC-MALDI.139 Another
proteomic study of insulin secretory granules has identified 130
different proteins by SDS-PAGE, excision of gel slices, trypsin
digestion, followed by nano-LC-ESI-MS/MS.140 Proteomic
analyses of synaptic vesicles, which undergo regulated secre-
tion, identified 410 proteins.141 Analyses of multiple organelles
isolated from abundant rat liver yielded identification of
proteins of the rough and smooth microsomes, and Golgi
fractions of the rat secretory pathway; this study identified 1400
proteins that was possible with multiple fractions from an
abundant tissue source.142 However, these rat liver organelle
components represent the constitutive secretory pathway
present in liver cells, which lack the regulated secretory
pathway. It will be of interest for future joint efforts to compare
different secretory vesicle systems in different cell types.

Summary
This proteomic study of chromaffin dense core secretory

vesicles has provided new knowledge of the protein architecture
of the regulated secretory vesicle system. The application of
sensitive high throughput nano-HPLC Chip MS/MS to pro-
teomic studies, combined with biochemical information, of the
dense core secretory vesicle has revealed the presence of
distinct functional protein categories for secretory vesicle
production and secretion of bioactive moleculessneurotrans-
mitters and hormonessthat control physiological functions
through cell-cell communication. Significantly, several pro-
teins involved in neurodegenerative and neurological diseases
were identified in these secretory vesicles, suggesting their
involvement with the secretory vesicle protein systems in the
regulation of cell-cell communication. Overall, this proteomic
study has revealed an extensive group of functional protein
systems in regulated dense core secretory vesicles for cell-cell
communication in health and disease.
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