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ABSTRACT: Neuropeptides mediate cell−cell signaling in the nervous and
endocrine systems. The neuropeptidome is the spectrum of peptides
generated from precursors by proteolysis within dense core secretory vesicles
(DCSV). DCSV neuropeptides and contents are released to the extracellular
environment where further processing for neuropeptide formation may
occur. To assess the DCSV proteolytic capacity for production of
neuropeptidomes at intravesicular pH 5.5 and extracellular pH 7.2,
neuropeptidomics, proteomics, and protease assays were conducted using
chromaffin granules (CG) purified from adrenal medulla. CG are an
established model of DCSV. The CG neuropeptidome consisted of 1239
unique peptides derived from 15 proneuropeptides that were colocalized
with 64 proteases. Distinct CG neuropeptidomes were generated at the
internal DCSV pH of 5.5 compared to the extracellular pH of 7.2. Class-
specific protease inhibitors differentially regulated neuropeptidome produc-
tion involving aspartic, cysteine, serine, and metallo proteases. The substrate cleavage properties of CG proteases were assessed by
multiplex substrate profiling by mass spectrometry (MSP-MS) that uses a synthetic peptide library containing diverse cleavage sites
for endopeptidases and exopeptidases. Parallel inhibitor-sensitive cleavages for neuropeptidome production and peptide library
proteolysis led to elucidation of six CG proteases involved in neuropeptidome production, represented by cathepsins A, B, C, D, and
L and carboxypeptidase E (CPE). The MSP-MS profiles of these six enzymes represented the majority of CG proteolytic cleavages
utilized for neuropeptidome production. These findings provide new insight into the DCSV proteolytic system for production of
distinct neuropeptidomes at the internal CG pH of 5.5 and at the extracellular pH of 7.2.
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■ INTRODUCTION

The neuropeptidome within dense core secretory vesicles
(DCSV) of adrenal medulla, known as chromaffin granules
(CG), provides a diverse and rich source of neuropeptides that
mediate cell−cell communication in response to stress.1−5 The
CG provide a model of the DCSV organelle system for the
production and release of neuropeptides in the nervous and
endocrine systems.6−9 Neuropeptides comprise hundreds to
thousands of unique peptides whose primary amino acid
sequences designate their biological activities as peptide
neurotransmitters and peptide hormones.10−16 Within CG,
diverse neuropeptides are generated from their proneuropeptide
precursors by proteolytic processing.12,15,17 The coordinate
biosynthesis of CG neuropeptides by proteases is necessary for
adrenal medullary chromaffin cells to respond to stress through
release of cell signaling neuropeptides.
Neuropeptidomes are generated by the endogenous DCSV

protease system to convert proneuropeptides into peptide

products.12,15,16 Several types of proteases are utilized in DCSV
for neuropeptide formation consisting of endopeptidases
cleaving within protein sequences of precursors at dibasic as
well as at nonbasic residues, followed by exopeptidases that
further process peptide intermediates into mature neuro-
peptides. Elucidation of the complex repertoire of endopepti-
dase and exopeptidase activities involved in proneuropeptide
processing can facilitate the challenge of understanding systems
of proteases for neuropeptidome production, as prior studies
have largely studied individual proteases in processing
proneuropeptides.12,15,17 The complexity of neuropeptide
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production by the simultaneous actions of multiple DCSV
proteases has not been revealed. Therefore, this study
investigated proteolytic mechanisms of neuropeptidome
production in DCSV modeled by CG using proteomics,
peptidomics, and peptide cleavage profiling by mass spectrom-
etry.
The CG neuropeptidome is produced within the intra-

vesicular acidic pH of 5.5 for DCSV18−20 for subsequent release
to the extracellular environment of pH 7.2.21−23 It is likely that
neuropeptidome production may also occur at the extracellular
neutral pH condition, since soluble CG proteases would be
cosecreted with precursors of the neuropeptidome. Therefore,
the goal of this study was to gain understanding of neuro-
peptidome production at intravesicular pH 5.5 compared to
extracellular pH 7.2 by aspartic, cysteine, serine, and metallo
protease classes of highly purified CG. Results of these
peptidomics and proteomics studies demonstrated that distinct
CG neuropeptidomes are generated at pH 5.5 compared to pH
7.2 for numerous peptides including the chromogranins,
secretogranins, enkephalins, neuropeptide Y, VIP, and galanin.
Furthermore, CG proteolytic cleavages for neuropeptidome
production used differential profiles of protease classes at each of
the pH 5.5 and 7.2 conditions.
To define the CG proteolytic properties utilized for

neuropeptidome production, CG cleavage profiles were
characterized by multiplex substrate profiling by mass
spectrometry (MSP-MS) which uses a peptide substrate library
consisting of 228 synthetic tetradecapeptides designed to
contain diverse protease cleavage sites.24−26 The MSP-MS
assays distinguish endopeptidases and exopeptidases in complex
biological samples such as plasma, pancreatic cyst fluid, and
gastric juice.25−28 Inhibitor-sensitive cleavage profiles of CG
proteolysis in MSP-MS assays matched endogenous cleavages
utilized for neuropeptidome production and led to identification
of CG proteases that matched the cleavage properties of
cathepsins A, B, C, D, and L, combined with carboxypeptidase E
(CPE). Recombinant purified forms of these six proteases in
MSP-MS assays confirmed their CG-like cleavage properties.
Support for the roles of these six proteases in the production of
selected neuropeptides has also been provided in the literature.
These results demonstrate the differential CG proteolytic
activities utilized for neuropeptidome production at the
intravesicular pH of 5.5 compared to the extracellular pH of
7.2. These findings indicate that neuropeptidome diversity is
generated by proteolysis within DCSV as well as by extracellular
postrelease processing mechanisms.

■ RESULTS
Strategy for Analyzing Neuropeptidome Production

by the DCSV Chromaffin Granule Proteolytic System. To
gain understanding of the protease systems involved in
production of the CG neuropeptidome, highly purified CG
from bovine adrenal medulla were analyzed by proteomics,
peptidomics, and proteolytic cleavage profiling assays by MSP-
MS (Figure 1). The endogenous CG proneuropeptide
precursors and proteases were identified by proteomics (Figure
1A). Neuropeptidomics defined the spectrum of peptides
derived from processing of proneuropeptides utilizing the
proteolytic capacity of the CG at the intravesicular pH of 5.5
and at the extracellular pH of 7.2 (Figure 1B). Furthermore,
class-specific protease inhibitors indicated roles for aspartic,
cysteine, serine, and metallo protease classes in neuropeptidome
production. Deconvolution of the complexity of the CG

protease activities was achieved by MSP-MS analysis of the
peptide substrate cleavage profiles in the presence of class-
specific protease inhibitors (Figure 1C), combined with
evaluation of recombinant proteases that represented the
major CG cleavage profiles involved in neuropeptidome
production at pH 5.5 and pH 7.2.

Proteomics Reveals Proteases, Proneuropeptides,
and Neuropeptides in Chromaffin Granules of Adrenal
Medulla.We isolated chromaffin granules from bovine adrenal
medulla and identified 2110 unique proteins by proteomics
(supplementary data 1). Proteins were grouped into 24
categories by gene ontology analysis. As expected, numerous
proteins were categorized as proteases, enzyme modulators, and
neuropeptide signaling molecules since the nervous system
utilizes DCSV for regulated secretion of neuropeptides whose
maturation requires proteolytic processing (Figure S1A).
Structural proteins as well as proteins that regulate calcium
binding, vesicular trafficking, and exocytosis are also abundant
components of CG and provide components of the internal
vesicle environment for biosynthesis, storage, and stimulated
secretion of neurotransmitters and hormones.
With respect to proteolytic enzymes, the CG contain 64

distinct proteases, corresponding to 2.53% of the total protein
abundance in the CG proteome as calculated by normalized
spectral abundance factor (NSAF)29 (Figure S1B). These
enzymes were further categorized by catalytic protease classes,
revealing the presence of 2 aspartic proteases, 17 cysteine
proteases, 21 serine proteases, and 24 metallo proteases (Figure
2A). Metallo proteases were the most abundant class of
proteases by NSAF, followed by serine, cysteine, and aspartic
proteases (Figure 2B). With respect to neuropeptide precursors,
15 well-characterized proneuropeptides were identified includ-
ing chromogranins A and B (CHGA and CHGB), proenkepha-
lin (PENK), neuropeptide Y (NPY), and secretogranins (Figure
2C). The proneuropeptides accounted for 8.79% of the total
protein abundance in the chromaffin granules (Figure S1B),

Figure 1. Neuropeptidome production by proteolysis by chromaffin
granules (CG) at pH 5.5 within DCSV and at pH 7.2 of the extracellular
environment. The production of the spectrum of diverse neuro-
peptides, the neuropeptidome, was analyzed in DCSV modeled by
purified CG from adrenal medulla (bovine) by (A) proteomics
identification of proneuropeptides and proteases, (B) neuropeptido-
mics analyses of neuropeptides generated during incubation of CG at
the intravesicular pH 5.5 within DCSV and at the extracellular pH of
7.2, conducted in the absence and presence of class-specific protease
inhibitors, and (C) proteolytic cleavage specificity analyses of CG
proteases using a synthetic peptide substrate library by multiplex
substrate profiling by mass spectrometry (MSP-MS) assays.
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with chromogranin A being themost abundant proneuropeptide
(Figure 2C).
Peptidomics Reveals Processing of Proneuropeptides

in Chromaffin Granules. To gain an understanding of the
diverse proneuropeptide-derived peptides generated by CG
proteases, we performed peptidomics analysis to define the
neuropeptidome in CG. The endogenous peptides in CG were
separated from high molecular weight (MW) proteins using a 10
kDa molecular weight cutoff filter and analyzed by LC−MS/MS
tandemmass spectrometry. A total of 1981 unique peptides that
ranged from 5 to 50 amino acids in length were identified and
quantified (supplementary data 1). Of these, 1239 peptides were
identified to be the proteolytic fragments of 15 proneuropep-
tides and most of them were derived from the chromogranins,
PENK, adrenomedullin (ADM), and secretogranin precursors
(Figure 2D).
The proteolytic cleavage specificity profile of peptides derived

from proneuropeptides was generated by aligning the
proteolytic fragments to the precursor and calculating the
frequency of amino acids occurring at both N- and C-termini of
the peptides (Figure 2E). On the basis of protease nomenclature
by Schechter-Berger,30 cleavage occurs between the P1 and P1′
amino acids and the adjacent residues are defined as P2, P3, P4,
etc. on the amino terminal side of the cleaved bond and as P2′,
P3′, P4′, etc. on the carboxy terminal side of cleavages. We
evaluated the frequency of amino acids at the P4 to P4′ positions
at the N-terminal and C-terminal ends of the peptide products
and discovered that the cleavage specificities were remarkably
different.
At the N-terminus, Pro and Glu were frequently found at the

P2′ to P4′ positions. Arg was abundant at the P1 to P4 positions,

and Lys was most frequently found at the P2 position. Ser, Tyr,
Ala, and Leu were common at P1′. At the C-terminal sides of the
peptides, Arg was often the most abundant residue at P4 to P4′
with the notable exception being P1 where Gln, Glu, and Asp
were frequently found. Lys was also abundant at P1′ to P4′. The
frequent occurrence of basic amino acids near the peptide
termini is consistent with previous studies showing that removal
of dibasic amino acids is involved in proneuropeptide
processing.12,15 As there is little similarity in amino acid
preferences at each terminus (e.g., P1 on the N-terminus
compared to P1 on the C-terminus), it is clear that a distinct set
of proteases may cleave at each of the N- and C-terminal ends of
the peptides.

Neuropeptidome Production at Intravesicular and
Extracellular pH Conditions. To evaluate the dynamic
protease-mediated biosynthesis of the CG neuropeptidome
components, the purified CG were incubated for 30 and 90 min
at 37 °C at pH 5.5 to mimic the acidic environment within the
DCSV. In parallel, the same CG samples were incubated at pH
7.2 to mimic the neutral extracellular pH environment.
At pH 5.5, 646 neuropeptides increased in abundance, of

which 486 were not previously found in the nonincubated
peptidomics data set. In addition, 225 neuropeptides found in
the initial peptidome were significantly reduced following
incubation at pH 5.5 (Figure 3A). During incubation at pH
7.2, 281 neuropeptides increased in abundance while 139 were
decreased. These data indicated that proteolytic activities at pH
5.5 were more prevalent than at pH 7.2.
Many of the peptides identified before incubation remained

unchanged following incubation at either pH condition. One
possible reason for this observation is that these peptide

Figure 2. Diverse proteases and neuropeptides identified in CG by proteomics and peptidomics. (A) CG proteases numbering 64 were identified by
proteomics and were categorized into four different classes. (B) Proteases were quantified by NSAF (normalized spectral abundance factor), and
abundances are illustrated by the pie chart. (C) Proneuropeptides were identified by proteomics and quantified by NSAF. (D) Peptidomics identified
1981 unique peptides of which 1239 were derived from 12 different proneuropeptides. (E) Sequence logo shows the frequency of amino acids at the
amino and carboxyl termini of proneuropeptide-derived peptides (shown by the gray area) identified by peptidomics.
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sequences were resistant to further proteolytic processing or
reached an equilibriumwhereby the proteolytic formation of the
peptide was equal to the rate of degradation. Another possible
reason is that the change of reaction environment from intact
CG to in vitro buffer conditions altered the concentrations and
localization of enzymes, substrates, inhibitors, and cofactors,
thereby preventing proteolysis of certain neuropeptide
precursors. Either scenario maintains a stable concentration
for these peptides.
Next, we compared the cleavage products formed at the two

different pH conditions. Of the 852 peptides that increased in
abundance at the pH 5.5 and pH 7.2 conditions, only 75 were
common to both data sets (Figure 3B). The high number of
distinct peptides generated at each pH condition suggested
differences in proteolytic activities at the acidic pH 5.5
intravesicular condition compared to the neutral pH 7.2
extracellular environment. The relative frequencies of amino
acid residues flanking the termini of the peptide cleavage
products at the two pH conditions were also distinct (Figure
3C,D). At pH 5.5, Leu, Glu, Arg, or Lys was frequently found at
numerous positions (P4 to P4′), with Leu being the most
frequent amino acid at P1. At pH 7.2, Arg and Lys were the most
frequently identified amino acids at P1 and were also found to be
the most common residues at other sites (P4 to P4′).
Interestingly, Leu is frequently present at P2 in the pH 7.2
assays while frequently present at P1 in the pH 5.5 assays. Taken
together, these data suggest that the proteases that are active at
the acidic intravesicular conditions display different substrate
specificity preferences compared to the proteases that function
at the neutral extracellular environment.
Differential Neuropeptidome Production Regulated

by Class-Specific Protease Inhibitors at Intravesicular
and Extracellular pH Conditions. Proneuropeptide process-
ing can utilize multiple proteases within DCSV. To deconvolute
the complexity of proteolytic activities, neuropeptidome

production was analyzed in the presence of four class-specific
protease inhibitors consisting of pepstatin, E64c, AEBSF, and
EDTA that inhibit aspartic, cysteine, serine, and metallo
proteases, respectively. By comparing inhibitor treated samples
to control (DMSO vehicle), we were able to determine the
classes of proteases that were responsible for the formation of
neuropeptides. The quantification of CG peptidomics results
was analyzed to show the abundance of each newly formed
peptide before and after incubation at 37 °C, at pH 5.5 and pH
7.2 conditions, and in the presence or absence of the protease
inhibitors (Figure 4). The neuropeptides shown in Figure 4 can
be classified into six groups based on hierarchical clustering, with
each group demonstrating differential neuropeptidomes regu-
lated by the four inhibitors.
Comparison of neuropeptidomics profiles generated by CG

(no inhibitors) showed (1) neuropeptides that were increased at
pH 5.5 but not at pH 7.2 (groups 1−4), (2) neuropeptides that
were increased at pH 7.2 but not at pH 5.5 (group 6), and (3)
peptides that displayed similar relative abundances after
incubation at both pH conditions (group 5). These findings
showed that selected groups of neuropeptides were formed at
pH 5.5 but not pH 7.2, while other neuropeptides were formed
at pH 7.2 but not at pH 5.5.
The formation of neuropeptides was sensitive to multiple

class-specific inhibitors suggesting that aspartic, cysteine, serine,
and metallo proteases were all involved in their production.
Different inhibitor sensitivities were observed for pH 5.5
compared to pH 7.2 for neuropeptides of groups 1−4 and 6.
At pH 5.5, peptide production was sensitive to inhibition by all
four class selective inhibitors (pepstatin, E64, AEBSF, and
EDTA), but at pH 7.2, little effect of pepstatin was observed
compared to inhibition by E64, AEBSF, and EDTA. However,
similar inhibitor sensitivities for production of neuropeptides of
group 5 were observed for pH 5.5 and pH 7.2, suggesting that
some proteases may be active at both pH conditions.

Figure 3. Neuropeptidome production after incubation of CG at pH 5.5 and pH 7.2 analyzed by peptidomics. (A) The Venn diagram shows the
number of neuropeptides that were significantly increased or decreased after 90 min of incubation (37 °C) at pH 5.5 and pH 7.2, compared to
nonincubated control CG samples. (B) Comparison of neuropeptide abundances that were significantly increased (p < 0.05) after 90min of incubation
at pH 5.5 and pH 7.2 conditions. (C, D) Sequence logos show the relative frequencies of amino acid residues flanking the amino and carboxy termini of
the peptide cleavage products derived from proneuropeptides after 90 min incubation at pH 5.5 (C) and at pH 7.2 (D).
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To evaluate proneuropeptide-derived peptides generated
from each precursor, we generated heatmaps of protease
inhibition profiles of peptides generated at pH 5.5 and pH 7.2.
The heatmaps (Figure 5 and Figures S2−S13) highlight the
processed regions of proneuropeptides and illustrate the classes
of proteases involved in the cleavages at these regions. It is
notable that in vitro incubation of CG resulted in production of
neuropeptidome components that were found in the static,
nonincubated CG neuropeptidome. These data indicate that the
in vitro CG processing assays reflect production of endogenous
peptides (Figure 5 and Figures S2−S13).

Analysis of peptides derived from two of the most abundant
proneuropeptides, chromogranin A (CHGA) and proenkepha-
lin (PENK), indicated that multiple types of proteases were
utilized for production of peptides derived from each of these
precursors (Figure 5). During incubation of CG at pH of 5.5,
formation of peptide fragments derived from CHGA and PENK
precursors was reduced by pepstatin, E64c, and AEBSF which
indicated roles for aspartic, cysteine, and serine proteases
(Figure 5). EDTA increased production of peptides derived
from several domains of CHGA and PENK. At pH 7.2, peptides
derived from PENK were generated, but CHGA derived
peptides were not produced at pH 7.2. Production of PENK-
derived peptides at pH 7.2 was inhibited by E64c and AEBSF,
indicating involvement of cysteine and serine proteases. EDTA
increased production of several PENK-derived peptides but also
decreased production of other PENK-derived peptides.
In addition to peptides derived from CHGA and PENK,

heatmaps were also assessed for peptides generated fromCHGB
(chromogranin B), SCG3, SCG2, ADM, PCSK1N, VGF, SCG5,
NPY (neuropeptide Y), GAL (galanin), and NPPA (shown in
Figures S2−S13). Analyses of peptides generated from these 12
proneuropeptides show that (1) multiple protease classes of
aspartic, cysteine, serine, and metallo types are all involved in
peptide formation, (2) differential profiles of protease classes
participate in peptide production from each distinct proneur-
opeptide, (3) the rate and diversity of proneuropeptide
processing were higher at pH 5.5 compared to pH 7.2, (4)
some peptides were generated at both pH 5.5 and 7.2, and (5)
peptides from NPY and GAL proneuropeptides were generated
at pH 7.2 with little production at pH 5.5. Importantly, these
findings demonstrate differential utilization of the four protease
classes at pH 5.5 compared to pH 7.2 for peptide production.

pH-Dependent CG Proteolytic Cleavage Profiles
Defined by MSP-MS. MSP-MS characterizes proteolytic
cleavage profiles using a defined peptide library consisting of
228 tetradecapeptides designed to contain all amino acid
combinations surrounding protease cleavage sites. The peptide
library was incubated with the CG, and cleavage products were
identified and quantified by nano-LC−MS/MS. Although a
substrate library of this size has fewer cleavable peptide bonds
compared to the endogenous proteins and peptide substrates in
CG, it offers several advantages for characterizing protease
activities consisting of the following: (1) the substrates are

Figure 4. Effect of protease inhibitors on CG neuropeptidome
production. The heatmap shows the abundance of newly formed CG
neuropeptides after 90 min of incubation with and without class-
specific inhibitors (DMSO vehicle, pepstatin, E64c, AEBSF, and
EDTA) and time 0 min control. Each row represents a neuropeptide.
Peptide abundance was log2 transformed and normalized within each
peptide across all conditions. Neuropeptides colored in red are at higher
abundance, and the ones colored in blue are at lower abundance.
Hierarchical clustering was performed to group neuropeptides based on
similar protease inhibition profiles. Data were shown as the average of
three biological replicates.

Figure 5.Neuropeptidomes generated from chromogranin A (CHGA) and proenkephalin (PENK) proneuropeptides in the presence of class-specific
protease inhibitors. For each amino acid of proneuropeptides, the height of the green bars is proportional to the number of peptide amino acids
overlapping the indicated region. The darkness of the color is proportional to the sum of the quantified peptide intensities. These heat maps illustrate
peptides generated from CHGA and PENK that were sensitive to each of the indicated protease inhibitors of pepstatin, E64c, AEBSF, or EDTA.
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sufficiently long to be able to quantify both the substrate and the
cleaved products in parallel, which contrasts to the endogenous
substrates that are often proteins or polypeptides that are too
large for peptidomics analysis; (2) every cleavage product
greater than five amino acids can be directly linked to a single
precursor; (3) the synthetic peptide substrates have a defined
length and sequence and have unmodified amino and carboxy
termini that allow us to clearly distinguish aminopeptidase,
endopeptidase, and carboxypeptidase activities; (4) the peptide
library substrates are present at equal molar concentrations to
rule out cleavage site bias due to substrate concentration, as is

the case for endogenous substrates that differ greatly in
concentration.
At pH 5.5, incubation of the peptide library with the purified

CG resulted in cleavage of 600 out of the 2964 peptide bonds of
the library substrates, while incubation at pH 7.2 resulted in 204
cleavage sites identified. When comparing these assays, 148 sites
were cleaved by proteases at both pH conditions (Figure 6A).
The pH 5.5 cleavage profiles showed preference for Arg at the P1
position as well as hydrophobic residues such as norleucine (n),
Phe, Leu, and Tyr. At the P2, P1′, and P2′ positions many of the
same hydrophobic residues were preferred with the addition of

Figure 6.MSP-MS reveals distinct substrate cleavage properties of CG proteases at pH 5.5 compared to pH 7.2. (A) MSP-MS (multiplex substrate
profiling mass spectrometry) was performed at pH 5.5 and pH 7.2 to characterize CG protease activities at the internal DCSV pH of 5.5 and at the
extracellular pH of 7.2 into whichCG contents are released. (B, C) Substrate cleavage specificity profiles of CG proteases at pH 5.5 (B) and pH 7.2 (C).
(D, E) The bar graphs summarize the cleavage frequency at each peptide bond within the 14-mer peptide substrates of the library at pH 5.5 (D) and pH
7.2 (E).

Figure 7. Inhibitor-sensitive protease cleavage profiles of CG neuropeptidome production at pH 5.5 and pH 7.2. (A) Substrate cleavage profile of
pepstatin-sensitive aspartic proteolytic activity at pH 5.5. (B, C) Substrate cleavage profile of E64c-sensitive cysteine proteolytic activity at pH 5.5 (B)
and pH 7.2 (C). (D, E) Substrate cleavage profile of AEBSF-sensitive serine proteolytic activity at pH 5.5 (D) and pH 7.2 (E). (F) Substrate cleavage
profile of EDTA-sensitive proteolytic activity at pH 7.2.
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Ala at P2 and Ile at P1′ (Figure 6B). Under these conditions, the
most frequently cleaved sites within the 14-mer peptides
occurred between residues 13−14 and 12−13 that are common
sites for mono- and dicarboxypeptidases, respectively, and also
between residues 2−3 and 3−4 that are preferred sites for
diaminopeptidases and triaminopeptidases, respectively (Figure
6D). Cleavage at sites distal from the amino and carboxy termini
are likely to be cleaved by endopeptidases.
At pH 7.2, the cleavage profile was distinct from that at pH

5.5. Notable differences were an increase in the frequency of Lys
and His at P3, His at P2, Lys at P1, Arg and Ala at P1′, Arg and
Trp at P2′, and Phe at P4′ (Figure 6C). The most frequently
cleaved sites occurred between residues 2−3 indicating the
presence of diaminopeptidases; in addition, the peptides were
also frequently cleaved by mono- and dicarboxypeptidases as
cleavage occurred between residues 12−13 and 13−14 (Figure
6E).

Inhibitor-Sensitive CG Cleavage Profiles at pH 5.5 and
pH 7.2 by MSP-MS. The protease classes that represent CG
proteolysis were evaluated by MSP-MS cleavage profiling assays
in the presence of protease class-specific protease inhibitors.
These inhibitors consisted of pepstatin, E64c, AEBSF, and
EDTA which inhibit aspartic, cysteine, serine, and metallo
protease classes, respectively.
Pepstatin reduced the number of CG cleavage products in the

MSP-MS analyses at pH 5.5 (Figure S14). A total of 124
cleavage sites were sensitive to pepstatin compared to the vehicle
control (DMSO). The pepstatin-sensitive cleavage sites were
generally located in the central regions of the 14-mer peptide
substrates between residues 4 and 12, indicating that the aspartic
proteases have endopeptidase activity. Analysis of the substrate
profile of the pepstatin-sensitive cleavage sites revealed a
preference for cleaving hydrophobic residues such as Phe, Leu,
Nle, and Tyr at P1 and Nle, Phe, Tyr, and Ile at P1′ (Figure 7A).

Figure 8.MSP-MS cleavage profiles of recombinant cathepsins A, B, C, D, as well as CPE. Recombinant, purified enzymes were subjected to substrate
cleavage profiling analysis by MSP-MS. Sequence logos show the preferred amino acid adjacent to the cleavage site (P1−P1′), and the frequency of
cleavages at each of the peptide bonds within the 14-mer peptides of the 228 peptide library is shown for (A) cathepsin A at pH 5.5, (B) cathepsin A at
pH 7.2, (C) cathepsin B at pH 5.5, (D) cathepsin B at pH 7.2, (E) cathepsin C at pH 5.5, (F) cathepsin C at pH 7.2, (G) cathepsin D at pH 5.5, (H)
cathepsin L at pH 5.5, (I) carboxypeptidase E (CPE) at pH 5.5, and (J) CPE at pH 7.2.
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Only two aspartic proteases are identified in the CG proteomics
analysis, with cathepsin D present at 33.9-fold higher levels than
presenilin-1 based on NSAF. These data indicate that under
acidic pH 5.5 conditions, cathepsin D may likely be responsible
for endopeptidase cleavage between hydrophobic amino acids.
It is of interest that at pH 7.2, there were almost no pepstatin-
sensitive cleavages (Figure S14) revealing that aspartic proteases
are unlikely to play a role in peptide hydrolysis at neutral pH 7.2.
In the E64c-treated MSP-MS assays, three types of cysteine

protease activities were revealed. Cysteine proteases with
dicarboxypeptidase activity were active at both pH 5.5 and 7.2
represented by peptides being hydrolyzed between residues 12−
13 (Figure 7B,C). In addition, diaminopeptidase activity was
evident at pH 5.5 but not at pH 7.2, with several peptides cleaved
between residues 2−3. Finally, cysteine endopeptidases that
cleaved at sites distal from the termini were active at both pH
conditions, but the number of cleaved peptides were higher at
pH 5.5. The cysteine proteases that are active at pH 5.5
frequently displayed Arg and Lys at the P1 position, with Phe,
Val, and Tyr at P2 and with Nle, Leu, and Phe at P1′. The
substrate specificity at pH 7.2, which is likely to be dominated by
the dicarboxypeptidase, has preferences for Phe, Lys, Val, and
Arg at P1 and for Lys at P1′. The CG proteomics data identified
17 cysteine proteases with cathepsin B as the most abundant in
this group. Among them, cathepsin B has dicarboxypeptidase
activity and is active at pH 5.5 and 7.2 and therefore may
represent a candidate protease cleaving between residues 12−
13. Also, cathepsin C and cathepsin L represent candidate
proteases for the diaminopeptidase and endopeptidase activities,
respectively, based on their known substrate specificities in the
MEROPS protease database (as described in Methods) and
relatively high abundance in the CG proteomics data.
When AEBSFwas incubated with the chromaffin granules, the

majority of AEBSF-sensitive serine protease activity occurred
between residues 13 and 14 which indicates a monocarbox-
ypeptidase at pH 5.5 and pH 7.2 (Figure 7D,E). Lower levels of
aminopeptidase and endopeptidase activities were observed at
pH 5.5 and pH 7.2 (Figure 7D,E). This monocarboxypeptidase
may be represented by cathepsin A, the most abundant serine
monocarboxypeptidase in the CG proteome.
EDTA treatment of CG in MSP-MS assays resulted in

reduced cleavages of a few peptides at both pH 5.5 and pH 7.2
(Figure S14). However, many peptide products increased after

EDTA incubation (Figure S14), which displayed endopeptidase
and aminopeptidase activities (Figure 7F).

Cleavage Profiles of Recombinant Proteases Assessed
by MSP-MS Represent the Majority of CG Cleavages at
pH 5.5 and pH 7.2. We followed three criteria, (1) protease
abundance in CG, (2) protease class, and (3) cleavage locations,
to identify key CG proteases that were responsible for the
different substrate specificity profiles. On the basis of our
proteomics (supplementary data 2, tab “Fig. 2A-C and Fig.
S1B”), protease classes (Figures 4 and 7), and MSP-MS data
(Figure 7), we identified cathepsins A, B, C, D, and L as key
candidate proteases for further study. These recombinant
enzymes were evaluated by MSP-MS, and the results (Figure
8A−H) confirmed that the specificity profiles of these five
enzymes were found to closely match the CG inhibitor-sensitive
cleavage profiles observed by MSP-MS (Figure 7). These
findings suggest that the identified cathepsins A, B, C, D, and L
represent the majority of CG peptide cleavages at pH 5.5 and
7.2. In addition, carboxypeptidase E (CPE) was also investigated
as it was the single most abundant protease in CG (Figure 8I,J).
Cathepsin A displayed monocarboxypeptidase activity that

removes single amino acids from the C-terminus at pH 5.5 and
pH 7.2. Peptide hydrolysis was more efficient at the acidic pH
condition. In general, Phe, Val, and Tyr were preferred at P2,
Nle, with Tyr, Leu at P1 and Nle and Tyr at P1′ for both pH
conditions (Figure 8A,B). These data show that cathepsin A is a
serine protease that corresponds to AEBSF-sensitive proteolytic
activity in CG.
Cathepsin B displays dicarboxypeptidase activity at pH 5.5

and 7.2 with a preference for Nle at P1′, for Arg and Lys at P1,
and for Leu, Nle, and Pro at P3 in both specificity profiles
(Figure 8C,D). The specificity profile of cathepsin B strongly
correlates with the E64c-sensitive activity observed in the CG for
neuropeptidome production.
For cathepsin C, peptide cleavage occurred between residues

2−3 at both pH conditions (Figure 8E,F). This diaminopepti-
dase preferentially cleaves substrates withHis, Ala, Nle, or Thr at
the amino terminus (P2 position) and also with Tyr and Phe at
P1′, with Phe and His at P2′, with Arg, Trp, and Asn at P3′, and
with Leu, Pro, and Gly at P4′. Cathepsin C is a cysteine protease
inhibited by E64c.
Cathepsins D and L are clearly endopeptidases since the

cleavage sites were located mainly in the mid-region for the 14-
mer peptides of the library (Figure 8G,H) and have stronger

Figure 9. Parallel cleavage profiles of CG proteolytic activity utilized for neuropeptidome production with that of selected recombinant proteases
analyzed by MSP-MS. Comparison of CG protease cleavage profiles with that of selected recombinant proteases identified in CG (by proteomics),
conducted by MSP-MS analysis, was assessed at pH 5.5 (A) and pH 7.2 (B). Data show the matching cleavage profiles of endogenous CG proteolytic
activity with that of purified recombinant enzymes consisting of cathepsins A, B, C, D, L, and CPE, assessed for each of the 13 cleavage sites of 14-mer
peptides (228 total) of the substrate peptide library.
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activity at pH 5.5. Cathepsin D cleaves between hydrophobic
residues such as Phe, Leu, and Tyr which has been reported
previously.31,32 Cathepsin L cleavage specificity is dominated by
a P2 preference for hydrophobic residues such as Leu, Trp, Val,
Phe, Ile, and Tyr, which correlates with specificity data
generated by Choe and colleagues.33 A strong correlation in
peptide cleavage specificity occurs for the cathepsin D cleavage
profile and the pepstatin-sensitive activities of CG. Finally, CPE
generally cleaved peptides containing a C-terminal Arg residue
at both pH conditions (Figure 8I,J), and this specificity has been
reported previously.34

The combined cleavage sites of the MSP-MS assays achieved
by the recombinant enzymes matched those of the CGMSP-MS
cleavage profiles utilized for neuropeptidome production
(Figure 9). CG cleavage of peptide bonds 1−13 of the 14-mer
peptide library was mapped at pH 5.5 and pH 7.2 (colored in
red, Figure 9). For each recombinant enzyme, cleavage at
peptide bonds that match those of the CG cleavage site was also
colored red. These data show that at pH 5.5, 67.3% of the CG
proteolytic cleavage sites can be hydrolyzed by the recombinant
enzymes (Figure 9A). Likewise, at pH 7.2, 88.5% of the CG-
derived cleavage sites can be hydrolyzed by the recombinant
proteases (Figure 9B). These findings indicate that the CG
proteases of cathepsins A, B, C, D, and L possess cleavage
specificities that match those utilized for endogenous CG
neuropeptidome production at intravesicular and extracellular
pH conditions.

■ DISCUSSION

Findings from this study show that distinct neuropeptidomes
were generated by multiple classes of CG proteolytic activities at
the intravesicular pH of 5.5 compared to the extracellular pH of
7.2. These pH differences were observed for peptides generated
from each of the proneuropeptides consisting of CHGA, CHGB,
PENK, SCG3, SCG2, ADM, PCSK1N, VGF, SCG5, NPY, GAL,
and NPPA. The 64 distinct proteases present in the CG
proteome were evaluated with class-specific protease inhibitors
to assess their roles in neuropeptidome biosynthesis. Results
indicated differential utilization of aspartic, cysteine, serine, and
metallo protease classes for neuropeptidome production at pH
5.5 compared to pH 7.2. Characterization of the CG proteases
with a synthetic peptide library by MSP-MS analyses with class-
specific inhibitors demonstrated aspartic, cysteine, serine, and
metallo proteolytic activities of endopeptidase, carboxypepti-
dase, and aminopeptidase activities. The CG MSP-MS
proteolytic cleavage profiles represented those of cathepsins A,
B, C, D, L, and CPE that are present in CG. Purified
recombinant forms of these six proteases cleaved the peptide
library in a manner that represented the majority of cleavages
displayed by the CG proteome. Our MSP-MS cleavage data for
cathepsins B, D, and L, andCPE correlate well with other studies
using different substrate specificity profiling methods.32−37

However, little cleavage data are available for cathepsin C38

and cathepsin A,39,40 and therefore, the MSP-MS cleavage data
for these enzymes are new in the field. The six proteases
(cathepsins A, B, C, D, L, andCPE) identified for biosynthesis of
the CG neuropeptidome in this study have been reported to
process proneuropeptides or peptide intermediates for
production of neuropeptides.12,15,41−53 Notably, results dem-
onstrate that distinct neuropeptidomes are generated by CG
proteases at the internal DCSV pH of 5.5 compared to the
extracellular pH of 7.2.

The approach of assessing neuropeptidome biosynthesis from
both proneuropeptides and proneuropeptide-derived inter-
mediates by the entire proteolytic capacity of CG, a model
DCSV organelle, is unique in the field. Proteases involved in
neuropeptide production have largely been investigated in
focused studies of specific proteases in genetic enzyme knockout
mice and cells, gene expression, and inhibition studies.12,15,17

The advantage of DCSV organelle-based neuropeptidome
studies is the simultaneous assessment of the full spectrum of
DCSV proteases for production of proneuropeptide-derived
peptides.
Distinct CG neuropeptidomes were generated at the

intravesicular pH of 5.5 and at the extracellular pH of 7.2. The
differential neuropeptidomes produced at the two pH
conditions were generated from the proneuropeptides CHGA,
CHGB, PENK, SCG3, SCG2, ADM, PCSK1N, VGF, SCG5,
NPY, GAL, and NPPA. Notably, production of CG neuro-
peptidomes in the presence of four class-specific protease
inhibitors (pepstatin, E64c, AEBSF, and EDTA) indicated that
aspartic, cysteine, serine, and metallo proteases participated in
peptide production. For processing of individual proneuropep-
tides, different peptide products were sensitive to inhibition of
the four protease classes. Production of peptide products from
the proneuropeptide PENK (proenkephalin), as an example, at
pH 5.5 was reduced by pepstatin, E64c, and AEBSF, whereas
production of PENK-derived peptides at pH 7.2 were inhibited
by E64c, AEBSF, and EDTA. These data show that different and
similar protease classes participated in generating PENK-
derived peptides at pH 5.5 compared to pH 7.2 conditions.
The matching CG cleavage profile results observed with the

peptide library in MSP-MS assays and by neuropeptidomics
elucidated the CG proteases involved in neuropeptide
production. The endopeptidase activity was inhibited by
pepstatin A which is consistent with the activity of the aspartic
protease cathepsin D present in CG. E64c inhibition of the
endopeptidase activity represented that of the cysteine protease
cathepsin L. The E64c-sensitive dicarboxypeptidase activity
matches that of the cysteine protease cathepsin B. The AEBSF-
sensitive monocarboxypeptidase activity matches that of
cathepsin A. The diaminopeptidase activity, inhibited by E64c,
represents the cysteine protease cathepsin C. Carboxypeptidase
E (CPE) is an abundant CG metallo protease that was
investigated since CPE removal of C-terminal Arg and Lys
residues is known to be necessary for neuropeptide matura-
tion.12,15,53

The identification and characterization of these 6 active
proteases in CG also explained why we observed higher
proteolytic activity at pH 5.5 compared to pH 7.2 (Figures
3B, 6A, 8, and 9). In this study, we observed that 4 out of 6 of the
most active CG proteases in CG, cathepsins A, B, D and L, are
more active at acidic pH than neutral pH. On the one hand, this
observation aligns with the biological fundamental knowledge
that the majority of the proteolytic processing of proneuropep-
tides occurs during the axonal transportation within the DCSVs,
which has a pH of 5.5, so that mature neuropeptides at the nerve
terminal can be released to the periphery, allowing such
neuropeptides to function instantly for cell−cell communica-
tion. On the other hand, many cathepsins with optimal activities
in an acidic environment have also been reported to be able to
retain their activities at neutral pH.54−56 Here, we observed
distinct proteolytic activities at neutral pH in our CG
peptidomics and MSP-MS assays, suggesting that proneuropep-
tides can also be processed by certain proteases at the
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postsecretion stage. The change of pH from acidic to neutral
upon exocytosis may serve to regulate protease activities,
particularly cathepsins A, B, C, D, and L, and subsequently
regulate the biosynthesis of neuropeptides.
Involvement of these six CG proteases in neuropeptide

production is supported by reported data showing that each of
these proteases cleaves proneuropeptides or neuropeptide
intermediate substrates. Cathepsin L, a cysteine endopeptidase,
has been shown to process the proneuropeptides PENK,
POMC, NPY, pro-CCK, and PDYN at dibasic residue cleavage
sites.41−45 Cathepsin D, an aspartic endopeptidase, cleaves
protachykinin at basic residues as well as hydrophobic residues
to generate substance P.46,47 Cathepsin B, a cysteine protease,
cleaves the PENK-derived intermediate BAM-12P to generate
the (Met)-enkephalin-Arg (ME-Arg), demonstrating its endo-
peptidase activity.48 Cathepsin B also displays dicarboxypepti-
dase activity shown by removal of C-terminal dipeptides from
ME-Arg-Phe, ME-Arg-Gly-Leu, and dynorphin (1−8).49,50 The
monocarboxypeptidase activity of cathepsin A cleaves ME-Arg-
Phe by sequential removal C-terminal Phe and Arg to generate
the ME neuropeptide.51 The diaminopeptidase cathepsin C
removes the N-terminal dipeptide from the neuropeptide ME.52

The CPE exopeptidase has been shown to remove C-terminal
Arg and Lys residues to generate numerous neuropeptides
including ME.12,15,53

The findings of this study and those in the field demonstrate
that different experimental approaches of gene homology,
biochemical, and global neuropeptidomics result in identifica-
tion of distinct proteases for neuropeptide production. A genetic
approach of searching for mammalian gene homologues of the
yeast Kex2 gene for pro-α-mating factor processing led to
identification of mammalian proprotein convertases 1 and 2
(PC1 and PC2)57−60 involved in processing prohormones,
including POMC (proopmelanocortin),61,62 proinsulin,63,64

proenkephalin,65−67 and others.12,17,68,69 The PC1 and PC2
proteases are members of the subtilisin-like serine protease
family of mammalian processing proteases. The biochemical
approach of identifying proenkephalin cleaving activity led to
identification of cathepsin L for processing proenkephalin,
POMC, prodynorphin, and several other proneuropepti-
des.41−45 The approach of this study using peptidomics,
proteomics, and MSP-MS led to identification of multiple
proteases identified consisting of cathepsins A, B, C, D, L, and
CPE that are present in CG. Clearly, the global neuro-
peptidomics combined with MSP-MS protease profiling
provides a novel unbiased approach for elucidation of proteases
involved in generating diverse neuropeptidomes.
Here, we presented our initial effort to develop a mass

spectrometry platform to study proteases and substrates in a
complex biological system. We utilized CG as our model system
which are among the most homogeneous of cellular DCSVs.12

However, a missing aspect in this study and the field is to
investigate the nature of DCSV heterogeneity in proneuropep-
tide processing. Whether prohormones and proteases coexist
within the same cell and CGwill affect the proteolytic outcomes.
One way to address this question is to perform studies at the
single cell level. Even though current mass spectrometry
technology is facing the challenge of low sensitivity in
quantifying proteins from single cells, the advances in this field
will ultimately contribute to deeper understanding of biological
systems at single-cell resolution. Alternatively, cell sorting flow
cytometry can also be performed to obtain more homogeneous
samples.

Moving forward, it will be beneficial to gain understanding of
neuropeptide biosynthesis by integration of peptidomics,
proteomics, and protease cleavage profiling of the DCSV
organelle from neuropeptide-rich cell types of multiple
organisms. Investigations of neuropeptidomes under different
conditions will advance understanding of the complexity of
neuropeptidomes for cell−cell communication in disease and
health.

■ METHODS
Purification of Chromaffin Granules (CG) from Bovine

AdrenalMedulla.Dense core secretory vesicles (DCSV), represented
by CG present in adrenal medullary chromaffin cells, were isolated from
fresh bovine adrenal medulla by differential sucrose density
centrifugation as we have described previously.70,71 In total, we
obtained three biological replicate CG samples. Each replicate CG
sample was obtained from 20 adrenal glands of fresh adrenal medulla
(bovine) tissue (Sierra for Medical Science, Whittier, CA). Adrenal
glands were gently homogenized in 0.32M sucrose using a Polytron and
centrifuged at 365g (20 min at 4 °C) to remove nuclei (pellet). The
CG-containing supernatant was centrifuged at 12 000g (20min at 4 °C)
to result in the CG pellet. The CG pellet was washed three times in 0.32
M sucrose (12 000g, 20 min, 4 °C). The washed CG pellet was
resuspended in 0.32M sucrose, layered on a 1.6M sucrose step gradient
with a cushion of 2.2 M sucrose, and centrifuged at 120 000g (120 min,
4 °C) in a Beckman SW28 rotor to result in purified CG at the interface
of the 1.6/2.2 M sucrose. The CG were removed, resuspended in 0.32
M sucrose, layered on 1.6 M sucrose, and subjected to a second
ultracentrifugation step (SW28 rotor, 120 000g, 120 min). The
resultant purified CG was resuspended in 15 mM KCl and stored at
−70 °C for analysis.

We have documented the high purity of this preparation of isolated
CG by electron microscopy and biochemical markers.70,71 The purified
CG lack markers for the subcellular organelles of lysosomes (acid
phosphatase marker),70 cytoplasm (lactate dehydrogenase marker),72

mitochondria (fumarase and glutamate dehydrogenase markers),70 and
endoplasmic reticulum (glucose-6-phosphatase marker).72 Thus, the
high purity of the isolated CG has been established.70−73

Proteomics Analysis for Identification of Proteins and
Proteases in Chromaffin Granules. Proteins and proteases in CG
were identified by proteomics analysis. Proteins of the purified CG (200
μg, in triplicate) were precipitated by incubation in ice-cold 90%
MeOH (Thermo) for 15min, centrifuged for 30min (14 000g, 4 °C) to
collect the protein pellet. The protein precipitate was resuspended in
reduction buffer consisting of 8Murea (MPBiomedicals), 50mMTris-
HCl (MP Biomedicals), pH 8.0, 5 mMDTT (Sigma), and incubated at
55 °C for 45 min for protein denaturation and reduction. For alkylation
of cysteine residues, samples were incubated in 15 mM iodoacetamide
(Sigma) in the dark at RT for 30 min, followed by quenching by
addition of DTT to a final concentration of 5mM. Samples were diluted
with 50 mMTris-HCl, pH 8.0, to reduce urea to 1.0 M or less. Samples
were then digested by incubation with trypsin/LysC (Promega V5113)
at a ratio of 50:1 protein/trypsin, at RT for 20 h at 37 °C. Reactions
were quenched by addition of 10% TFA (Thermo) to 0.5% TFA to
adjust the pH below 2.

Samples were subjected to peptide purification and desalting by C18
stage tip SPE using Empore C18 wafers (from 3M), using a protocol
described by Rappsilber et al., 2007.74 The C18 stage tip was washed
with ACN (acetonitrile) and equilibrated with 0.1%TFA. Samples were
loaded, washed with 0.1% TFA, eluted with 50% ACN/0.1% TFA,
dried in a SpeedVac, resuspended in water, and peptide concentrations
were measured by a total peptide assay kit (Pierce quantitative
colorimetric peptide assay, Thermo Fisher). Samples were dried in a
SpeedVac centrifuge, stored at −70 °C, and resuspended in H2O for
nano-LC−MS/MS.

Nano-LC−MS/MS utilized 2 μg of peptides from each sample for
analysis on a Q-Exactive mass spectrometer (Thermo) equipped with
an Ultimate 3000HPLC (Thermo). Each triplicate sample was injected
3 times into the LC−MS/MS as technical replicates. Peptides were
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separated by reverse phase chromatography on a C18 column (1.7 μm
bead size, 75 μm× 25 cm, heated to 65 °C) at a flow rate of 300 nL/min
using a 145 min linear gradient from 5% B to 25% B, with solvent A
consisting of 0.1% formic acid (H2O) (Thermo) and solvent B
consisting of 0.1% formic acid/acetonitrile (Thermo). Survey scans
were recorded over a 310−1250 m/z range (35 000 resolutions at 200
m/z, AGC target 3 × 106, 100 ms maximum IT). MS/MS was
performed in data-dependent acquisition mode with HCD fragmenta-
tion (28 normalized collision energy) on the 20 most intense precursor
ions (175 000 resolutions at 200 m/z, AGC target 1 × 105, 50 ms
maximum IT, dynamic exclusion 20 s).
MS/MS data were processed by PEAKS 8.5 (Bioinformatics

Solutions Inc.). MS2 data were searched against Bos taurus proteome
(Aug 28, 2018) with decoy sequences in reverse order. Fixed
modifications of carbamidomethylation of cysteine (+57.021 46 Da),
variable modification of acetylation of protein N-termini (+42.0106),
and oxidation of methionine (+15.994 92 Da) were specified. A
maximum of two missed cleavages of trypsin was allowed. A precursor
tolerance of 20 ppm and 0.01 Da for MS2 fragments was defined. Data
were filtered to 1% peptide sequence and protein false discovery rates
with the target decoy strategy. Proteins that were identified in at least 2
out of 3 technical injections were considered as identified in each
replicate sample, and proteins identified in at least 2 out of 3 replicate
samples were considered as identified in CG. Proteases in the CG
proteome were compiled according to the MEROPS database of
protease enzymes.75

Peptidomics Analysis of Chromaffin Granules. Purified CG
samples (1.25 mg per replicate sample, triplicate samples prepared)
were incubated at 37 °C for 0, 30, and 90 min at pH 5.5 (20 mM
citrate−phosphate, pH 5.5, 100 mMNaCl, 1 mMCaCl2, 1 mMMgCl2,
2 mM DTT) and at pH 7.2 (phosphate buffered saline, pH 7.2, 1 mM
CaCl2, 1 mMMgCl2, 2 mM DTT). Incubations were conducted in the
absence of protease inhibitor and in the presence of each of the protease
inhibitors pepstatin A (4 μM,MP Biomedicals), E64c (40 μM, Sigma),
AEBSF (4 mM, Tocris), and EDTA (10 mM, MP Biomedicals).
Endogenous peptides were then extracted by addition of ice cold HCl
to 20 mM HCl (pH < 3), incubation on ice for 15 min, centrifugation
for 30 min (14 000g, 4 °C), and the supernatant peptide fraction was
collected. The acid extract was then brought up to 20% ACN and 10
mM HCl, filtered through a 10 kDa MW cutoff filter (Millipore
MRCPRT010) (centrifugation for 45−60 min at 14,000g, 4 °C),
followed by addition of 100 μL of 0.5 M NaCl and 10 mM HCl to the
filter and centrifugation. The low molecular weight filtrate was
neutralized by addition of 1 M ammonium bicarbonate to 30 mM,
dried in a vacuum centrifuge, and stored at −70 °C for the next step.
Samples were then resuspended in 100 μL of urea buffer (6 M urea, 60
mM Tris-HCl, pH 8), and DTT (100 mM DTT stock) was added to a
final concentration of 5 mM DTT and incubated at room temperature
for 1 h. Iodoacetamide (IAA) stock solution (200 mM IAA in urea
buffer) was added to each sample to obtain 15 mM IAA, and samples
were incubated for 3 min at RT in the dark. The alkylation was
quenched by addition of DTT to a final concentration of 10 mM, and
samples were acidified by addition of TFA. Peptides were then collected
by C18 stage-tip SPE as explained for CG proteomics (this Methods
section); eluted samples were dried in a vacuum centrifuge and stored
at −70 °C. Samples were resuspended in water and were briefly
vortexed and sonicated, and total peptide content was measured as
described for CG proteomics. Samples were dried in a SpeedVac and
resuspended in 2% ACN/0.1% TFA to a peptide concentration of 0.11
μg/μL.
For nano-LC−MS/MS, 4.6 μL (∼500 ng) of each was injected into

the LC−MS system. Peptides were separated by reverse phase
chromatography on a C18 column (1.7 μm bead size, 75 μm × 25
cm, heated to 65 °C) at a flow rate of 300 nL/min using a gradient of
solvent B (0.1% formic acid ACN) at 5−25% gradient over 75 min with
solvent A (0.1% formic acid/H2O). Survey scans were recorded over a
310−1250 m/z range (70 000 resolutions at 200 m/z, AGC target 3 ×
106, 100 ms maximum IT). MS/MS was performed in data-dependent
acquisition mode with HCD fragmentation (27 normalized collision
energy) on the 15 most intense precursor ions (17 500 resolutions at

200 m/z, AGC target 1 × 105, 70 ms maximum IT, dynamic exclusion
30 s).

Bioinformatics of MS/MS data was analyzed using PEAKS 8.5
(Bioinformatics Solutions Inc.). MS2 data were searched against the Bos
taurus proteome (Apr 22, 2018) with decoy sequences in reverse order.
Fixed modifications of carbamidomethylation of cysteines (+57.02146
Da), variable modification of acetylation of protein N-termini
(+42.0106), oxidation of methionine (+15.99492 Da), pyro-Glu from
A (−17.03), and phosphorylation (STY) (+79.97) were specified. A
precursor tolerance of 20 ppm and 0.01 Da for MS2 fragments was
defined. No protease digestion was specified. Data were filtered to 1%
peptide and protein level false discovery rates with the target-decoy
strategy. Peptides were quantified with label free quantification, and
data were normalized by calculating the median of intensities for each
sample and then scaling the data to their medians, and filtered by 0.3
peptide quality. Missing and zero values were imputed with random
normally distributed numbers in the range of the average of the smallest
5% of the data ± SD.

Multiplex Substrate Profiling by Mass Spectrometry (MSP-
MS) of Proteolytic Activities in Chromaffin Granules. CG
proteolysis was subjected to peptide cleavage profiling analysis by
MSP-MS. Proteolytic activity of CG was analyzed with a library of
exogenous synthetic peptides, consisting of 228 tetradecapeptides that
were designed to contain all known protease cleavage sites.24,25,76

Cleavage products were identified and quantitated by nano-LC−MS/
MS mass spectrometry for bioinformatics analysis of cleavage site
properties.

All MSP-MS assays (conducted in quadruplicate) were conducted by
incubating purified CG with the 228-peptide library at a final
concentration of 0.5 μM for each peptide at pH 5.5 or pH 7.2 (using
the same buffers as those used in the peptidomics methods). TheMSP-
MS assays utilized 200 μg/mL CG (purified). For MSP-MS assays
using recombinant human proteases, all enzymes were purchased from
R & D Systems. MSP-MS assays used 18.4 nM cathepsin A, 2.64 nM
cathepsin B, 19.6 nM cathepsin C, 100 nM cathepsin D, 3.84 nM
cathepsin L, and 18.8 nM carboxypeptidase E that were preincubated
(30 min at 37 °C) without and with protease inhibitors consisting of 4
μM pepstatin (MP Biomedicals), 40 μM E64c (Sigma), 4 mM AEBSF
(Tocris), or 10 mM EDTA (MP Biomedicals). MSP-MS assays were
conducted at 37 °C for 30 and 90 min. At each time point, 20 μL of the
reaction mixture was removed and quenched by addition of GuHCl
(MP Biomedicals) to 6.4 M and samples were immediately stored at
−80 °C. Control reactions consisted of CG or recombinant protease
samples preincubated with 6.4MGuHCl to inactivate the enzyme prior
to addition of the peptide library. All samples were desalted with C18
and dried in a vacuum centrifuge.

For each MSP-MS assay sample, ∼0.4 μg of peptides was injected
into a Q-Exactive mass spectrometer (Thermo) equipped with an
Ultimate 3000 HPLC. Peptides were separated by reverse phase
chromatography on a C18 column (1.7 μm bead size, 75 μm × 25 cm,
65 °C) at a flow rate of 300 nL/min using a 60 min linear gradient from
5% to 30% B, with solvent A of 0.1% formic acid in water and solvent B
of 0.1% formic acid in acetonitrile. Survey scans were recorded over a
150−2000 m/z range (70 000 resolution at 200 m/z, AGC target 3 ×
106, 100 ms maximum). MS/MS was performed in data-dependent
acquisition mode with HCD fragmentation (28 normalized collision
energy) on the 12 most intense precursor ions (17 500 resolutions at
200 m/z, AGC target 1 × 105, 50 ms maximum, dynamic exclusion 20
s).

Data were processed using PEAKS 8.5 (Bioinformatics Solutions
Inc.). MS2 data were searched against the tetradecapeptide library
sequences with decoy sequences in reverse order. A precursor tolerance
of 20 ppm and 0.01 Da for MS2 fragments was defined. No protease
digestion was specified. Data were filtered to 1% peptide level false
discovery rates with the target-decoy strategy. Peptides were quantified
with label free quantification, and data were normalized by median and
filtered by 0.3 peptide quality. Missing and zero values are imputed with
random normally distributed numbers in the range of the average of
smallest 5% of the data ± SD.
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Data Analysis and Bioinformatics. Gene ontology analysis and
protein classification (Figure S1) were performed using the analysis
tools from the PANTHER classification system.77 Proneuropeptides
were annotated based on NeuroPedia,78 and proteases were annotated
based on MEROPS.75 For peptidomics, peptides whose abundance
increased by 2-fold with q value of <0.05 comparing the assays of 30 or
90 min incubation to controls were considered to be significantly
increased, and those whose abundance decreased by 2-fold with q value
of <0.05 were considered to be significantly decreased. For MSP-MS
assays, peptides whose abundance π value of >2.613879 (significance
level of <0.005) comparing 90 min incubation to controls were
considered to be increased (cleavage products). Those cleavage
products whose π values were <−2.6138 comparing the assays of 90
min incubation with the inhibitor treated CG to DMSO controls were
considered to be inhibited.
Proteolytic specificity profiles were generated using iceLogo software

to visualize amino acid frequency surrounding the cleavage sites.80

Amino acids that were most frequently observed (above axis) and least
frequently observed (below axis) from P4 to P4′ positions were
illustrated (p < 0.3). Norleucine (Nle) was represented as “n” in the
reported profiles. Amino acids in opaque text were statistically
significant (p < 0.05). Heatmaps were generated using peptides that
were cleaved after 90 min of incubation without inhibitor at either pHs.
Hierarchical clustering was performed using Euclidean distance and
complete linkage. Peptidomics profiles of each proneuropeptide and
peptide alignment maps were generated using Peptigram.81

Data Availability. All mass spectrometry data have been deposited
in MassIVE and proteomeXchange with accession numbers. MassIVE:
MSV000085957 (proteomics), MSV000085956 (peptidomics),
MSV00008595 (MSP-MS). ProteomeXchange: PXD020926 (proteo-
mics), PXD020925 (peptidomics).
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