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Peptide hormones and neuropeptides constitute an important class of naturally occurring peptides
that are generated from precursor proteins by limited proteolytic processing. An important but
unaddressed issue in peptidomics is to pin down novel bioactive peptides in a bulk of peptide sequences
provided by tandem mass spectrometry. Here, we describe an approach to simultaneously screen for
bioactive peptides and their target tissues. The principle behind this approach is to identify intact
secretory peptides that have the ability to raise intracellular calcium levels. In practice, we used nanoflow
liquid chromatography—tandem mass spectrometry to analyze peptides released by exocytosis from
cultured cells. Peptide sequence information was utilized to deduce intact peptide forms, among which
those highly conserved between species are selected and tested on an ex vivo calcium assay using
tissue pieces from transgenic mice that systemically express the calcium indicator apoaequorin. The
calcium assay can be applied to various cell types, including those not amenable to in vitro culture.
We used this approach to identify novel bioactive neuropeptides derived from the neurosecretory protein
VGF, which evoke a calcium response in the pituitary and hypothalamus.

Keywords: peptidomics e proteolytic processing » apoaequorin « secretory peptides « bioactive peptides

Introduction

Peptide hormones and neuropeptides function as cell-to-
cell signaling molecules that mediate many physiological
effects. The generation of these bioactive peptides involves a
series of cleavage events orderly executed by specific proteases,
starting with the endoproteolytic cleavage of precursor proteins
to produce peptides with defined lengths."* These biosynthetic
cleavages are often accompanied by post-translational modi-
fications on specific residues, such as N-terminal acetylation
and C-terminal amidation.® Resultant peptides, termed major
processing products or “intact” peptides, are subsequently
degraded and inactivated by a variety of proteases.

Peptidomics has been advocated to comprehensively study
these naturally cleaved peptides that are beyond the reach of
conventional proteomics.*® Tandem mass spectrometry tech-
niques enable the sequence determination of peptides present
in complex mixtures for an organism whose genome sequenc-
ing nears completion. Efforts have been made to discover
neuropeptides by analyzing the total peptide complement of

* To whom cors should be Department of Molec-
ular Pharmacology, National Cerebral and Cardiovascular Center Research
Institute, Fujishirodai 5-7-1, Suita, Osaka 565-8565, Japan. Phone: +81 6 6833
5004ex. 2600; Fax: +81 6 6835 5349. E-mail: ksasaki@ri.ncvc.go.jp or
minamino@ri.ncve.go.jp.

" National Cerebral and Cardiovascular Center Research Institute.

" Innovative Drug Research Laboratories, Kyowa Hakko Kirin Co., Ltd.

S Antibody Research Laboratories, Kyowa Hakko Kirin Co., Ltd.
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the hypothalamus and pituitary, which are considered treasure
troves of bioactive peptides.®® However, despite initial enthu-
siasm, it has become clear that intact secretory peptides
account for a relatively small proportion in a tissue peptidome.
Even with known neuropeptides and peptide hormones, most
of the identified peptides are N-terminally or C-terminally
trimmed from intact peptides, implying that bioactive peptides,
present in trace amounts, are difficult to identify in their native
molecular forms.®® Hence, delineating intact peptides emerges
as a key factor in mass spectrometry-based peptidomic ap-
proaches to discovering bioactive peptides.

This “peptide first” approach, however, only leaves behind
many peptide sequences and does not offer information about
bioactivity or target tissues. One solution to the problem is to
focus on post-translational modifications characteristic of
known bioactive peptides, for instance C-terminal amidation.?
Using tandem mass spectrometry, we profiled peptides se-
creted by cultured endocrine cells and identified novel C-
terminally amidated peptides, designated NERP-1 and NERP-
2.'% Since C-terminal amidation does not guarantee that the
peptides are bioactive, we were forced to conduct many hit-
or-miss experiments to demonstrate that they are bioactive.'®
A more efficient method for identifying bioactive peptides
would therefore be desired.

Besides the importance of investigating intact secretory
peptides, we have considered the following common features

Journal of Proteome Research 2010, 9, 5047-5052 5047
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of known bioactive peptides: (1) strong interspecies homology
at the amino acid level and (2) frequent use of calcium as a
second messenger. In the present study, we describe an
approach to screen for bioactive peptides, independent of
specific modifications. The core part of this approach is to
identify intact peptides released by exocytosis from cultured
cells with secretory granules, followed by testing the ability of
a candidate to raise intracellular calcium levels. We hypoth-
esized that our transgenic mice systemically expressing apoae-
quorin, a calcium-sensitive photoprotein,'! could be used to
simultaneously screen for bioactive peptides and their target
tissues. In the present study, we examined peptides derived
from the neurosecretory protein VGF, the processing of which
has not been elucidated, aside from the C-terminal region.?
We used this peptidomic approach to identify two neuropep-
tides, hidden in the precursor sequence, that elicited a calcium
transient in the pituitary and hypothalamus.

Materials and Methods

Peptide Preparation. Monolayer cultures of TT cells'® were
rinsed three times with Hanks medium (Invitrogen). Culture
supernatants of the cells incubated for 15 min after stimulation
with 10 M forskolin plus 10 #M carbachol were harvested and
rapidly extracted at 4C using an RP-1 solid-phase extraction
cartridge (GL Sciences). Peptide fractions were obtained by
HPLC on a gel filtration column (G2000SWXL, 21.5 x 300 mm,
TOSOH) at 1.5 mL/min to obtain two fractions named G7—8
and G9-12, which contains peptides around 3000—7000 Da
and smaller peptides (around 1000—3000 Da), respectively.
Both fractions were reductive alkylated and desalted with
Empore C18 cartridges (3M). The resultant samples were
individually reconstituted in solvent A (10 mM ammonium
formate, pH 3.8: acetonitrile (ACN) = 9:1 (v/v)) and applied to
a TSK gel SP-2SW cation-exchange column (1.0 x 50 mm,
TOSOH) and eluted at 50 uL/min with a gradient of 0—100%
solvent B (1 M ammonium formate, pH 3.8: ACN = 9:1 (v/V))
in 30 min. Fraction G7—8 was divided into five fractions
(collected every 5 min, starting 5 min after injection) and
fraction G9—12 was into nine fractions (collected every 3 min,
starting immediately after injection) using this cation-exchange
HPLC. A total of 14 cation-exchange fractions were individually
desalted with Empore C18 cartridges and analyzed by LC—MS/
MS.

LC—MS/MS. NanoLC—MS/MS experiments were performed
with a Chorus nanoflow system (CTC Analytics) connected to
an LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific)
equipped with a nanoelectrospray emitter (MonoSpray C18
Nano, 100 um x 50 mm, GL Sciences).'* Sample dissolved in
2% ACN and 0.1% formic acid was loaded via a PAL autosam-
pler (CTC Analytics) onto an L column (Chemicals Evaluation
and Research Institute, Japan) and eluted with a linear gradient
from 5% ACN, 0.1% formic acid to 60% ACN, 0.1% formic acid
over 40 min at 500 nL/min. A protonated ion of polycyclodim-
ethylsiloxane with m/z 445.120025 was used for internal
calibration throughout. The mass spectrometer was operated
in a data-dependent mode to automatically switch between MS
and MS/MS acquisitions. After survey full scan (400—1500 m/z
range), five most intense ions (intensity threshold 2 x 10°) were
isolated for MS/MS in the linear ion trap using collision
induced dissociation, with dynamic exclusion onward through-
out the following scans. The resultant product ions were
recorded in the Orbitrap. For each fraction, any precursor m/z
(except for singly charged ions) was subjected to MS/MS and
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excluded thereafter if detected within a mass width of 5 ppm.
Multiple identifications of the same sequence were allowed
given that each identification was derived from a different
precursor charge state. In addition, redundant identification
of the same peptide, which was in most cases caused by
distribution over multiple chromatographic fractions, was also
allowed in this secretopeptidome analysis (Supplemental Table,
Supporting Information).

Data Analysis and Peptide Identification. Peak picking,
deisotoping, and deconvolution of MSMS spectra were per-
formed using Mascot Distiller (ver. 2.1.1.0) with the default
parameters for OrbiTrap. Peak lists were searched against IPI
Human (76539 entries on March 4, 2009) using Mascot (ver.
2.2.04), with no enzyme specification. Mascot was used with
monoisotopic mass selected, a precursor mass tolerance of 2
ppm, and a fragment mass tolerance of 25 mmu. Pyroglutami-
nation and C-terminal amidation were simultaneously allowed
as variable modifications. The significance threshold was the
Mascot default setting of 5%. Each MSMS spectrum was
checked manually to confirm or contradict the Mascot assign-
ment. The false discovery rate for the identity threshold was
in all cases 0% as estimated by using the Mascot decoy database
function. Only peptides identified with a score above the
Mascot identity threshold were considered in the present study.

Peptide Synthesis. All peptides were synthesized using Fmoc
(N-(9-fluorenyl)methoxycarbonyl) strategy, purified by reversed
phase HPLC (SigmaGenosys), and verified for correct synthesis
by mass spectrometry and amino acid analysis.

Antibody Preparation. Cysteinyl C-terminal peptides of rat
NERP-3 (CESPGPERVW) and AQEE-30 (CEHVLLHRP) were
synthesized and each coupled with maleimide activated key-
hole limpet hemocyanin (Pierce). Rabbits were immunized with
each conjugate and antisera were characterized as described.'®

Mass Spectrometric Characterization of VGF-Derived Pep-
tides. Rat whole brain excluding cerebellum was extracted and
condensed with a SepPak C18 cartridge as previously de-
scribed.'® Sephadex G-50 gel filtrated fractions of the rat brain
extract (2.38 and 1.40 g equivalent for NERP-3 and AQEE-30,
respectively) were immunoprecipitated with the antibodies and
analyzed on a surface-enhanced laser desorption ionization
mass spectrometer (Ciphergen) as described.'®

Calcium Assay Using Tissues from Apoaequorin Transgenic
Mice. Assays were performed as previously described with a
few modifications.!" Tissues or organs from the apoaequorin
transgenic mice were cut out as 1—2 mm? pieces and incubated
with coelenterazine for 3 h. They were sequentially treated with
RPMI medium containing 0.01% (w/v) BSA, test peptide (1 uM),
a standard and Triton X-100 (final 2.5%). Triton X-100 was used
to lyse cells and confirm the expression of functionally active
aequorin. The standard refers to one of the following positive
controls: angiotensin II (1 M), bradykinin (1 xM) and ATP (100
uM). A positive control that constantly exhibited higher signals
than any other control was used as standard for a given organ,
where bradykinin served as standard for pituitary and uterus,
ATP for hypothalamus, liver and heart, and angiotensin II for
adrenal gland. The mean relative luminescent units (RLU)
elicited by the standards from 20 assays (values in parentheses
indicate RLU ranges) for the pituitary, hypothalamus, liver,
adrenal gland, uterus, and heart were 40,000 (23 000—51 500),
880 (200—3950), 160 (100—300), 2020 (120—9200), 11 600
(1700—32 000), and 820 (120—3000), respectively. Signals in-
duced by test peptides were defined as positive in case RLUs
were above 100 for the pituitary or 50 for the others, or above
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Figure 1. VGF processing deduced from identified peptides. Sequenced peptides are shown by gray boxes and detailed in Supplemental
Table (Supporting Information). Closed arrowheads denote major cleavage sites across the top of the precursor, with basic residues
(pale magenta boxes) and the signal sequence (a stippled box) indicated. Orange boxes, C-terminal amidation; red boxes,

pyroglutamination.

5% of the RLUs induced by each standard in a given experi-
ment. Peptides were dissolved in RPMI containing 0.01%
(w/v) fatty acid-free BSA (Sigma) treated with activated char-
coal. Data for test peptides were obtained from three or four
independent experiments. A given peptide was considered
positive on a tested tissue if positive signals were observed in
at least two experiments. All the peptides were used at 1 xM
throughout due to limited sensitivity inherent in this assay;
endothelin-1, known as a potent vasoconstrictive peptide, did
not produce a positive signal below 0.1 xM (data not shown).

Results and Discussion

The human thyroid cell line TT was stimulated with carba-
chol plus forskolin for 15 min to recover peptides secreted in
the medium. The TT secretopeptidome was separated by gel
filtration and subsequent cation exchange chromatography into
14 fractions for LC-MS/MS. Among the MS/MS-identified
peptides, we studied peptides derived from VGF, a neurosecre-
tory protein.'>!7 Vgf, expressed in various neurons and endo-
crine cells, encodes a 68-kDa protein of 617 amino acids in
rodents and of 615 in human that bears several consensus
motifs for processing enzymes PC1/3 and PC2 to yield peptides
secreted via the regulated secretory pathway.'? Studies of Vgf-
deficient mice received much attention since they are lean,
hypermetabolic, and resistant to various types of obesity.'®
These findings support the view that VGF is a precursor to
multiple bioactive peptides. Major bioactive peptides derived
from VGF are AQEE-30,'® TLQP-62,"® TLQP-21,2° NERP-1 and
NERP-2."° It is hence possible that additional bioactive peptides
are embedded in this precursor sequence.

Consequently, we were able to identify 240 redundant
peptides (155 distinct sequences) that arise from the human
VGF sequence. These peptide sequences were aligned on the
precursor sequence to construct a “peptide alignment map”
(Figure 1 and Supplemental Figure 1, Supporting Information).
Of note, this map is conceptually different from the peptide
coverage map commonly used in proteomics studies. The
peptide alignment map delineated 15 distinct clusters of the
redundant peptides across the entire sequence. Consistent with
the reported signal peptide,’? the N-terminal region of 22
amino acids was not occupied by any peptide sequence (Figure
1). Each cluster consisted of peptides having N- or C-terminal
trimming. The peptide ladders observed are not unique to VGF

and common among different precursors of the regulatory
secretion pathway, such as neuropeptide precursors and chro-
mogranins identified in secretion media of endocrine cells,
presumably caused by the action of exopeptidases.'*?!

In 12 of 15 clusters, the longest peptide in each cluster was
flanked by basic residue(s) at both ends (Figure 1 and Supple-
mental Figure 1, Supporting Information). Except for 232QARI
MPD237, the boundaries that separate each cluster fit the
consensus motifs for PC1/3 and PC2 ((R/K)Xn(R/K) where n =
0, 2, 4, or 6).” While not experimentally verified, the stretch of
six basic residues 479KRKRKK484 may be a bona fide target of
PC1/3, since PC1/3 actually cleaves the corresponding rat
residues 483KRKRKK488.2? Judging from the number of human
peptides identified, APPG-40 (aa 23—62), QQET-30 (aa 177—206),
MPDS-45 (aa 235—279), NERP-1 (aa 282-306, C-terminal
amidation), NERP-2 (aa 310—347, C-terminal amidation), NAPP-
19 (aa 485—503), and AQEE-30 (aa 586—615) were considered
intact peptides released from TT cells. As noted earlier, NERP-
1, NERP-2,'° and AQEE-30"° have been reported as bioactive.
Although not illustrated by redundant identification (Supple-
mental Figure 1, Supporting Information), GGEE-45 (aa 373—417)
also appeared to be an intact peptide.

The limited number of human VGF-derived peptides re-
ported in cerebrospinal fluid peptitomics studies?~>* does not
suffice to elucidate an overall processing pattern of the precur-
sor (Supplemental Figure 2, Supporting Information). In the
present study, however, we were able to identify most, if not
all, of potential processing sites of the precursor (Figures 1 and
2). While some of the clusters are represented by relatively few
peptides (Figure 1), this might be caused by poor presentation
of acidic peptides in positive ion mode, as exemplified by
GGEE-45 with a calculated pI of 3.8. Otherwise, some regions
may not have been appreciably converted to peptides in TT
cells. For instance, the cleavage site 553RPRITLQ558 (corre-
sponding human sequence 551RPRITLQ556) for the recently
reported rat TLQP-21 as well as TLQP-62, an abundant C-
terminal peptide in rat brain,® did not emerge in the TT
secretopeptidome analysis. Since TT cells are of thyroid C-cell
origin, the lack of identification might reflect the difference in
cell type-specific precursor processing that involves multiple
processing enzymes.?® In two human pancreatic neuroendo-
crine celllines we examined, we got evidence that 551 RPRITLQ556
represented a major processing site (data not shown). To the

Journal of Proteome Research  Vol. 9, No. 10,2010 5049

506



research articles

1
MKTFTLPASVLFCFLLLIRGLGAAPPGRSDVYPPPLGSEHNGQVAEDAVSRPKDDSVPEVRAARNSEPQDQ

Rat
Mouse MKTFTLPASVLFCFLLLIQGLGAAPPGRPDVFPPPL JVAEDAVSRPKDDGVP: AARNPEPQDQ
Human MKALRLSASALFC - LLLINGLGAAPPGRPEAQPPPLS SEHKEPVAGDAVPGPKDGSAPEVRGAI QDE
KAk KK KRk KKK AKKRRRRAK KAAK KKK KK KRR KKK RRKK KKK KRR
Signal peptide
71
Rat GELFQGVDPRALAAVLLQALDRPASPPAVPAGSQQGTPEEAAEALLTESVRSQTHSLPASEIQASAVAPPR
Mouse GELFQGVDPRALASVLLQALDRPASPPSVPGGSQQGTPEEAAEALLTESVRSQTHSLPAPEIQAPAVAPPR
Human GELFQGVDPRALAAVLLQALD APSGSQ( AEALLTETVRSQTHSLPAPESPE- PAAPPR
KRR RRRERRRRAR KRKRKKKRRRRRE K RRRAK RRRRRRRR AR KARRRARARE X .
140
Rat PQTQDNDPEADDRSEELEALASLLQELRDFSPSNAKRQQETAAAETETRTHTLTRVNLESPGPERVWRASW
Mouse PQTQDRDPEEDDRSEELEALASLLQELRDFSPSNAKRQQETAAAETETRTHTLTRVNLESPGPERVWRASW
Human PQTPENGPEASDPSEELEALASLLQELRDFSPSSAKRQQETARAETETRTHTLTRVNLESPGPERVWRASW
*xx Kk ok KRR R KRR KKK KRR KR AR ARK KRk KKk KRRk Rk KKk kK k ok kKKK KKK KKK AR AE
NERP-3
211
Rat GEFQARVPERAPLPPSVPSQFQARMSENVPLPETHQFGEGVSSPKTHLGETLTPLSKAYQSLSAPFPKVRR
Mouse GEFQARVPERAPLPPPVPSQFQARMSESAPLPETHQFGEGVSSPKTHLGETLTPLSKAYQSLGGPFPKVRR
Human GEFQARVPERAPLPPPAPSQFQARMPDSGPLPETHKFGEGVSSPKTHLGEALAPLSKAYQGVAAPFPKARR
KREREAEEKRRRRRK KR KK KKK KARREE KERERERRRKARRE K KAKKK AR KhkE ko
282
Rat LEGSFL 'RLLOQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLQGGARQRDLGGRGLQ
Mouse LEGSFLGGSEAGERLLQQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLOGGARQRDLGGRELQ
Human PESALLGGSEAGERLLQQGLAQVEAGRRQAEATRQAAAQEERLADLASDLLLQYLLQGGARQRGLGGRGLQ
5 kkk Rk kK kK kKKK KKk K KKKk kKKK R Kk KKKk Kk Kk kK Kk Kk kKKK KKK AR KA KA A
NERP-1 NERP-2
353
Rat ETQ( AEQERK( JEVGEEL AEAEAEAEEAERARQNALLFAEEEDGEAGAEDKRSQE
Mouse ETQC AE( )DVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAEDKRSQE
Human EAAEERESAREEEEAEQERRGG- EERVGEEDEEAAEAEAEAEEAERARQNALLFAEEEDGEAGAEDKRSQE
e L L R e T T
423
Rat EAPGHRRKDAEGTEEGGEEDDDDEEMDPQTIDSLIELSTKLHLPADDVVSIIEEVEEKRKRKKNAPPEPVP
Mouse EAPGHRRKDAEGAEEGGEEDDDDEEMDPQTIDSLIELSTKLHLPADDVVSIIEEVEEKRKRKKNAPPEPVP
Human ETPGHRRKEAEGTEEGGEEEDD - EEMDPQTIDSLIELSTKLHLPADDVVSIIEEVEEKRKRKKNAPPEPVP
P T T L T T Rttt
493
Rat PPRAAPAPTHVRSPQPPP- - PAPARDELPDWNEVLPPWDREEDEVFPPGPYHPFPNY IRPRTLQPPASSRR
Mouse PPRAAPAPTHVRSPQPPP- - PAPARDELPDWNEVLPPWDREEDEVFPPGPYHPFPNY IRPRTLQPPASSRR
Human PPRAAPAPTHVRSPQPPPPAPAPARDELPDWNEVLPPWDREEDEVYPPGPYHPFPNY IRPRTLQPPSALRR
KRR KKK KK KKK KKK RRR KRR AR AR AR KR KRR KRR KRR KR KKK KKKKAREXAXEXIRKIIKIK K
NERP-4
564 615
Rat RHFHHALPPARHHPDLEAQARRAQEEADAEERRLQEQEELENY IEHVLLHRP
Mouse RHFHHALPPARHHPDLEAQARRAQEEADAEERRLQEQEELENYTEHVLLHRP
Human RHYHHALPPSRHYPGREAQARRAQEEAEAEERRLQEQEELENY IEHVLLRRP

P R L e

AQEE-30

Sasaki et al.

Figure 2. Alignment of rat (IPI00324864), mouse (IPI00378764), and human (IPI00069058) VGF sequences. Asterisks denote identical
residues. Basic residues and amidation motifs are marked in bold and bold italic, respectively. The calcium assay was performed with
bold underlined peptides. The residue numbering is for the human sequence.

best of our knowledge, this is the first study to demonstrate
that accumulated peptide information contributes to elucida-
tion of the overall processing of a precursor protein.
Bioactivity of a peptide cannot be inferred just from its
sequence. It would be impossible to synthesize all of the
peptides of various lengths revealed by LC—MS/MS. We
therefore need to narrow down the number of candidate
peptides for assessing bioactivity. In the present study, we took
into consideration that peptides with definite biological activity
are structurally conserved between species. Given the overall
processing pattern (Figure 1), as well as interspecies homology
between human and rodent VGF sequences (Figure 2), we
selected QQET-30, hereafter designated NERP-3, and NAPP-
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19, designated NERP-4 (Figure 2). At the amino acid level, they
are completely identical between human and rodents. APPG-
40 and HYHH-19 (aa 565—583) were excluded since the location
of internal basic residues is not conserved between rodent and
human sequences (Figure 2). MPDS-45 was disregarded since
rodent corresponding peptides were not so identical. HYHH-
13 (aa 565—577, C-terminal amidation)’* was also excluded
because rodent VGF sequences do not harbor corresponding
amidation sites. The stretch of acidic residues (seven aspartic
and/or glutamic acids in human and eight in rodents) led us
to disregard human EAEG-48 (aa 431—478. calculated pI 3.5).
Also, the presence of multiple proline residues in SPQP-49 (aa
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Table 1. Calcium Mobilization Induced by Test Peptides in
Tissues from Apoaequorin Transgenic Mice?

hypo- adrenal

pituitary thalamus liver  gland uterus heart
NERP-3 +@/3)  +(@2/3) —(0/3) —(0/3) —(0/3) —(0/3)
NERP-4 +@3/4) +(2/3) - (0/3) —(1/4) - (0/3) —(0/3)
AQEE-30 +(2/4)  +(@2/3) -(0/3) —(1/4) —(0/3) —(0/3)
NERP-1 +@/13) +(/3) —(0/3) ND ND ND
NERP-1-Gly - (0/3) —(0/3) —(0/3) ND ND ND
NERP-2 +(3/3) +(@/3) —(0/3) ND ND ND
NERP-2-Gly —(0/3) —(0/3) - (0/3) ND ND ND

“Peptides were tested at a final concentration of 1 M throughout.
Data were summarized from at least three separate experiments. The
peptide was i active on the indi d tissue if positive signals
were observed in at least two experiments. In parentheses, (X/Y)
indicates the occurrence of positive signals (X) in total experiments (Y).
ND, not determined.

505-553) was a reason for not including this peptide in
subsequent assays.

Screening methods for bioactive peptides should be as
comprehensive as possible. Given the presence of numerous
cell types in an organism, a cell-based assay using a limited
number of permanent cell lines or primary cultured cells is not
practical. Since calcium is the most common second mes-
senger, we used transgenic mice systemically expressing apoae-
quorin'' to develop a tissue-based calcium assay. A candidate
peptide is tested for its ability to raise intracellular calcium
levels on selected tissues from the mice in a standardized
analytical platform. Namely, the evoked calcium transient
serves as a marker to report that the peptide is active on a
tested tissue. The assay system was validated by bradykinin
(pituitary) and ATP (hypothalamus, liver, and heart) and
angiotensin II (adrenal gland) in advance. After an induced
calcium transient returned to basal levels, expression of
functional aequorin in the tested tissues was confirmed by
lysing cells with Triton X-100. This treatment liberated intra-
cellular apoaequorin to allow binding to extracellular calcium
in incubation medium. At first, the utility of this assay system
was assessed with the recently reported bioactive peptides
NERP-1 and NERP-2'° on pieces excised from the pituitary,
hypothalamus, and liver. Consistent with their central actions
reported in recent studies,' they elicited positive responses
in the pituitary and hypothalamus (Figure 3 and Table 1). The
inability of glycine-extended NERP-1 and NERP-2 to evoke the
calcium response was also consistent with the previous report
that NERPs’ function is dependent on C-terminal amidation.'®
In this assay, the liver was considered a negative control since
in most cases it does not respond to known bioactive peptides
(data not shown).

NERP-3 and NERP-4, in addition to AQEE-30, were tested
on the tissues including pituitary, hypothalamus, liver, adrenal
gland, uterus, and heart. Aside from the liver, they are
established targets for known neuropeptides and peptide
hormones, including previously reported VGF-derived neuro-
peptides.'®2° Positive signals were observed in the pituitary and
hypothalamus in response to NERP-3 and NERP-4 (Figure 3
and Table 1). The observed calcium transient in the hypothala-
mus triggered by AQEE-30 may support a previous view that
the peptide is a neuropeptide whose activity was first reported
in isolated hypothalamic tissue cultures.'? Overall, we identified
two novel VGF-derived peptides that are functional toward the
pituitary and hypothalamus.

As for human/mouse/rat NERP-3 and mouse/rat AQEE-30,
we were able to prepare antibodies that specifically recognize
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Figure 3. Typical traces of the relative luminescence units (RLU)
evoked in hypothalamic tissues from apoaequorin transgenic
mice. (a) NERP-1, (b) NERP-1-Gly, (c) NERP-3, and (d) AQEE-30.
Peptides were tested at a final concentration of 1 uM. Medium
(1), peptide (2), ATP (3), and Triton X-100 (4) were sequentially
administered where indicated by arrows.
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Figure 4. Mass characterization of peptides recognized by NERP-3
and AQEE-30 antibodies. Brain extract was immunoprecipitated
with each antibody and analyzed on a surface-enhanced laser
desorption ionization mass spectrometer. Asterisks indicate
doubly charged ions.

the C-terminus of respective peptide as described in Materials
and Methods. Peptides immunoprecipitated from whole rat
brain extract were analyzed on a surface-enhanced laser
desorption ionization mass spectrometer. Major peaks of the
immunoprecipitate coincided with the calculated mass of 3389
Da (NERP-3) and 3672 Da (mouse/rat AQEE-30) (Figure 4),
indicating that NERP-3 and AQEE-30 are actual major process-
ing products also in rat brain. Although antibody was not
prepared, NERP-4 may be a major peptide also in rodents as
deduced by the multiple identifications in the human pepti-
domic data shown in Figure 1. Overall, this assay resulted in
the identification of two VGF-derived peptides, designated
NERP-3 and NERP-4, which are active on the pituitary and
hypothalamus.

Conclusions

We described an approach to discover bioactive peptides and
their target tissues. This approach can be extended to different
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cell culture models. Identification of target organs or tissues
will help to characterize responding cells and receptors.
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ABSTRACT: Antimicrobial peptides (AMPs) are effector mole-  Peptidomics approach [ GFBPS ]
cules that are able to kill or inactivate microbial pathogens.  Identified peptides _— e Ee
pus

However, most AMPs harbor multiple basic amino acids that
hamper current proteomic identification. In our peptidomic

ﬁ%__}».ﬂ 11318

o
Deduced intact peptides

survey of endogenous peptides, we identified a novel intramo- ,C:”t:l L--‘L'D»«\\
lecular disulfide-linked 22-residue amidated peptide. This pep- ~ Discovery of AMP-18P5 AMP-18PS |
tide, designated AMP-IBPS (antimicrobial peptide derived from | AMPBPS Vﬁ_liil ‘:- i&:b
insulin-like growth factor-binding protein 5), showed antimi- wnm"" basie '“'dw,‘, NLI
crobial activity against six of the eight microorganisms tested at AMP-IBPS
concentrations comparable to or lower than those for well- ) W 7

characterized AMPs cathelicidin and f3-defensin-2. AMP-IBPS
is identical at the amino acid level between human, mouse, rat,
pig, and cow. Natural occurrence of this peptide as the originally isolated form was demonstrated in the rat brain and intestine, using
mass spectrometric characterization of major immunoreactivity. The peptide is flanked N-terminally by a single arginine and
C-terminally by a common amidation signal, indicating that insulin-like growth factor-binding protein 5 (IGFBP-S) undergoes
specific cleavage by a defined set of processing proteases. Furthermore, the intramolecular linkage C199-C210 reveals itself as a
correct disulfide pairing in the precursor protein, the finding not inferred from closely related family members IGFBP-4 and -6. In
principle, neither conventional proteomics nor bioinformatics would achieve the identification of this AMP. Our study exemplifies

{ prev
Neither proteomics nor bioinformatics identifies AMP-IBPS

the impact of peptidomics to study naturally occurring peptides.

KEYWORDS: antimicrobial peptide, bioactive peptide, insulin-like growth factor-binding protein S, mass spectrometry,

peptidomics, proteolytic processing, secretopeptidome

B INTRODUCTION

Bioactive peptides, such as peptide hormones and antimicro-
bial peptides (AMPs), have been identified through activity-gui-
ded biochemical purification that starts with a bulk of biological
samples. Recently, technological advances in mass spectrometry
(MS) enable us to identify naturally occurring peptides present
in mixtures.' ™ Nevertheless, we are faced with a daunting task of
identifying bioactive peptides of a secretory nature owing to their
relative low abundance. Once extracted from biological samples,
secreted peptides are not discriminated from nonsecreted pep-
tides or peptide fragments caused by degradation of cytosolic
proteins. Since relatively abundant molecules are preferentially
detected in MS schemes, we need to work on samples rich in
secreted peptides for facilitating the discovery of bioactive
peptides. We recently used tandem mass spectrometry (MS/
MS) techniques to characterize a total pool of naturally occurring
peptides that are released by exocytosis from cells in culture. This
study, referred to as secretopeptidome analysis, allows us to
identify peptides localized in secretory granules in a noninvasive
as well as efficient manner.*

In the present study, we focused on secreted peptides with a
highly basic nature. Some bioactive peptides, especially AMPs,

< ACS Publications ¢ xox American Chemical Society

harbor multiple basic amino acids. In fact, well-characterized
mammalian AMPs f3-defensin-2° and cathelicidin” both bear a
net charge of +6 at pH 7.0. These peptides should be analyzed in
their native forms, and therefore cannot be studied by current
proteomics that needs an enzymatic digestion step for MS-based
identification. We characterized highly basic fractions of the sec-
retopeptidome from cultured human pancreatic neuroendocrine
tumor cells and identified a previously unknown peptide that
arises from insulin-like growth factor-binding protein 5 (IGFBP-5).
With regard to antimicrobial activity and spectrum, this pep-
tide is almost as potent as cathelicidin and even superior to /3-
defensin-2. The peptide was thus designated AMP-IBPS (antimi-
crobial peptide derived from IGFBP-5). We provide evidence
that AMP-IBPS is generated through site-specific cleavages in the
brain and small intestine. In addition, the identification of this
intramolecular disulfide-linked peptide led us to conclude that
IGFBP-S protein possesses a disulfide pairing different from that
previously predicted on the basis of analogy to IGFBP-4 and -6.*
While bioinformatics is currently used for in silico prediction of
bioactive peptides, this peptide could not be identified in a
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situation where we had relied on the previous incorrect disulfide
pairing. Our data demonstrated that peptidomics is a promising
tool to uncover previously uncharacterized peptides.

B EXPERIMENTAL PROCEDURES

Peptide Preparation

Monolayer cultures of the human pancreatic neuroendocrine
tumor cell line QGP-1° were rinsed three times with Hanks’
medium (Invitrogen, Carlsbad, CA). Culture supernatant of the
cells (ca. 3.2 x 107 cells) stimulated with 10 #M forskolin and 10
UM carbachol for 15 min was harvested. Peptides were extracted
and gel-filtrated as previously described. Cysteine residues of the
gel-filtrated samples were converted to carbamidomethyl cystei-
nes (CmC) using dithiothreitol and iodoacetamide, followed by
desalting and lyophilization. Resultant products were dissolved
in solvent A (10 mM ammonium formate, pH 3.8: acetonitrile
(ACN) = 9:1 (v/v)) and applied to a TSK gel SP-2SW cation-
exchange column (1.0 x 50 mm; TOSOH, Tokyo, Japan)
equilibrated with solvent A, and eluted at a flow rate of S0 uL/
min with a gradient of 0—100% solvent B (1 M ammonium
formate, pH 3.8: ACN = 9:1 (v/v)) in 30 min and then main-
tained at 100% B for 20 min. Highly basic fractions eluted after 30
min and the preceding fractions eluted between 0 and 30 min
were separately desalted and applied to a C18 PepMap column
(0.075 x 150 mm; Dionex, Sunnyvale, CA) using an Ultimate
liquid chromatography (LC) system (Dionex) equilibrated with
solvent A (5% ACN, 0.1% trifluoroacetic acid (TFA)) at a flow
rate of 300 nL/min. Peptides were eluted with four steps, $% B
(95% ACN, 0.1% TFA) in S min, a linear gradient of $—60% B in
55 min, a linear gradient of 60—100% B in 5 min, and then 100%
B in 20 min. Fractions were collected every 20 s from 10 min after
sample injection and spotted onto a 384-well matrix-assisted
laser desorption/ionization (MALDI) plate with an infusion of
1.75 mg/mL O-cyano-4-hydroxy cinnamic acid (Nacalai tesque,
Kyoto, Japan) in 50% ACN, 0.1% TFA at a flow rate of 1.5 uL/
min using a Probot microfraction collector (Dionex).

MS Analysis

Samples spotted on a MALDI plate were analyzed on a
MALDI-TOF/TOF mass spectrometer (4800 Proteomics Ana-
lyzer, Applied Biosystems, Foster City, CA). Each spot was first
analyzed in MS positive ion reflector mode in the mass range
from 1000 to S000 Da by accumulating signals of 1000 laser
shots. The 15 most abundant parent ions with a signal-to-noise
ratio >20 were selected for top-down MS/MS scans, excluding
identical parent ions contained in adjacent spots from a given
LC—MALDI run. MS/MS was conducted using medium colli-
sion energy in positive ion mode.

Data Analysis and Peptide Identification

Peak lists were generated by the “Launch Peaks to Mascot”
function of 4000 Series Explorer software (ver. 3.5, Applied
Biosystems) using the default parameters supplied by the man-
ufacturer. Peak lists were searched against IPI Human (80128
entries on June 18, 2009) using Mascot (ver. 2.2), with no enzyme
specification. Carbamidomethylation of cysteine was set as a
fixed modification, and pyroglutamination and C-terminal ami-
dation were simultaneously allowed as variable modifications.
Peptide tolerance was set to 125 ppm and MS/MS tolerance was
0.4 Da. The significance threshold was the Mascot default setting
of 5%. In Tables 1 and 2, peptides with a score above the identity
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threshold (corresponding to an expectation value below 0.05)
were listed and considered identified.

Peptide Synthesis

Peptides derived from IGFBP-5 were synthesized on an Abacus
peptide synthesizer (Sigma Genosys, Sigma Aldrich Japan, Hokkaido,
Japan) using Fmoc (N-(9-fluorenyl) methoxycarbonyl) strategy,
purified by reverse phase high performance liquid chroma-
tography (HPLC), and verified for correct synthesis by MS and
amino acid analysis. Purity of the peptides was confirmed on sepa-
rate HPLC systems.
Heparin-Binding Assay

Synthetic peptides (1 nmol) were dissolved in 450 uL of
phosphate-buffered saline (PBS, 10 mM phosphate buffer, pH
7.0 containing 0.15 M NaCl) and incubated with 50 4L of heparin-
Sepharose CL-6B (GE Healthcare, Piscataway, NJ) at room
temperature for 1 h. Supernatant was obtained by centrifugation
at 800 x g for 3 min. Beads were washed three times with PBS
(1 mL each). All the supernatants were combined as unbound
fraction. After washing, bound peptides were eluted off the beads in
1 mL of 20 mM Tris-HCl, pH 8.0, containing 1.5 M NaCl (bound
fractions). One-tenth volume of the bound and unbound fractions
was each subjected to a reverse phase HPLC system. The linear
gradient consisted of 10—60% ACN in 0.1% TFA for 40 min at a
flow rate of 0.05 mL/min on a C18 reverse phase HPLC column
(Vydac 218TP51185, 1.0 X 150 mm; Hesperia, CA). For a positive
control of heparin-binding activity, cathelicidin (LL37; Bachem,
Bubendorf, Switzerland) was used."

Measurement of Antibacterial and Antifungal Activity
AlamarBlue (BioSource International, Camarillo, CA) was
used to determine antimicrobial activity. As a consequence of
bacterial growth, this oxidation—reduction indicator turns from
blue to red in color. Antimicrobial activities of test peptides (up
to 10 uM) or IGFBP-5 protein (1 #M; Ray Biotech, Norcross,
GA) were assessed for the target microbes Enterococcus hirae (E.
hirae), Micrococcus luteus (M. luteus), Staphylococcus aureus (S.
aureus) 209P, S. saprophyticus KD, Escherichia coli (E. coli) B, E.
coli K12, E. coli kp and Pichia pastoris (P. pastoris) GS11S. The
optimal growth temperature of M. luteus, S. saprophyticus KD and
P. pastoris GS115 was 30 °C and that of the other microbes was
37 °C. After grown in 3% tryptosoy broth (Eiken Chemical,
Tokyo, Japan) for 16 h with shaking at each optimal temperature,
cells were washed twice with 10 mM phosphate buffer, pH 7.0,
and diluted to 8 x 10° colony-forming units/ml in the same
buffer. Twenty-five microliters of bacteria suspension was mixed
with an equal volume of sample in the absence or presence of
peptides, and incubated for 1 h. After incubation, 200 uL of 3%
tryptosoy broth containing 10% alamarBlue was added to the
reaction mixture and further incubated as follows: 4 h for E. hirae,
S. aureus 209P and E. coli B; 6 h for E. coli K12 and E. coli kp; 7 h
for M. luteus; 7.5 h for S. saprophyticus KD; and 20 h for P. pastoris
GS115. Aliquots containing all assay reagents but microbes were
used as blank. After incubation, the reactions were monitored by
absorbance at 570 and 600 nm. Molar extinction coefficients of
0Dy and ODgq in the oxidative condition are 80586 and
117216. Therefore, viability (%) was expressed using the follow-
ing formula: viability (%) = (117216 x ODs50 — 80586 X ODggo
in the presence of peptides/117216 x ODg;o — 80586 X ODgoo
in the absence of peptides) x 100. The classical colony formation
assay was also performed as described "2 using S. aureus 209P,
E. coli K12 and P. pastoris GS115. For positive controls of
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ARTICLE
Table 2. IGFBP-5-Derived Peptides Identified by Mass Spectrometry”
M ((all) : ~mass ecvor
m/z (obsd)  (Da) (Da)  MASCOT score identity threshold ~  expect. N-term peptide C-term
333262 3331.54 0.07 134 54 550% 10°'0 VKIER ~ DSREHEEPTTSEMAEETYSPKIFRPKH RISEL
297446 2973.38 0.07 165 54 410x 107" ERDSR  EHEEPTTSEMAEETYSPKIFRPKHT RISEL
2956.13 2955.37 —=025 154 57 110x 107" ERDSR  <EHEEPTTSEMAEETYSPKIFRPKHT RISEL
287341 287233 007 80 54 000013 ERDSR  EHE EMAEETYSPKIFRPKH TRISE
181288 181193 —0.05 143 54 780 % 107" DRRKK ~LTQSKFVGGAENTAHPR 1ISAP
2080.34 2079.07 0.26 71 S0 0.0005 GPCRR  HMEASLQELKASPRMVPR AVYLP
1596.80 1595.81 —0.01 72 54 0.00097 GPCRR  HMEASLQELKASPR MVPRA
2770.21 276944 —0.24 61 60 0.046 RMVPR  AVYLPNCDRKGFYKRKQCKPSR-NH2 ~ GRKRG

“ Peptides whose MASCOT scores (column 4) exceeded identity thresholds (column $) are listed. Mr (calc) represents the theoretical monoisotopic
molecular mass (Da) of the peptide sequence. Expectation values (Expect.) are indicated in column 6. The N-terminal (N-term) and C-terminal (C-
term) flanking five amino acid sequences (columns 7 and 9) are shown. <E, pyroglutamic acid; -NH2, C-terminal amidation.

antimicrobial activity, cathelicidin and /3-defensin-2 (Peptide
Institute, Osaka, Japan) were used.

Statistical Analysis
Statistical analysis was performed using Student’s ¢ test, with a
level of significance set at p < 0.05.

Preparation of Cell Culture Supernatant

The culture supernatant from QGP-1 was prepared as described
above. Monolayer culture of the human lung neuroendocrine
tumor cell line SHP-77"% (Ca. 1.1 x 107 cells) was stimulated
with S0 mM potassium chloride and 10 #M carbachol for 10 min
and its culture supernatant was harvested. Peptides were extracted
as previously described’ and used for radioimmunoassay (RIA).

Tissue Collection from Sprague-Dawley Rats

All experimental procedures of tissue collection from rats and
immunization of rabbits were approved by our institutional animal
experiments and care committee. Brain, pituitary gland, lung, heart,
stomach, small intestine, liver, pancreas, kidney and uterus were
collected from three female Sprague-Dawley rats (11-week-old,
220—280 g) immediately after decapitation, and used for RIA.

Antibody Preparation

Synthetic AMP-IBPS (AVYLPNCDRKGFYKRKQCKPSR-
NH,, intramolecularly disulfide-linked) was conjugated with bo-
vine thyroglobulin (Sigma Aldrich, St. Louis, MO) by the action of
water-soluble carbodiimide (Peptide Institute). Rabbits were im-
munized with each conjugate emulsified with an equal volume of
Freund’s complete adjuvant as reported."*

RIA

RIA was carried out as reported'® using intramolecularly
disulfide-linked '**I-radiolabeled YAVYLPNCDRKGFYKRKQ-
CKP SR-NH, and anti-AMP-IBPS antibody (#569—5) at a
dilution of 1:210000. A fifty percent inhibitory concentration
(ICs) of ligand binding in the RIA was 20 fmol/tube. Specificity
of the RIA was examined with C-terminally Gly-extended AMP-
IBPS, carbamidomethylated (CAM)-AMP-IBPS, IGFBP-$ pro-
tein and seven known bioactive peptides, vasopressin, calcitonin,
adrenomedullin, proadrenomedullin N-terminal 20-amino acid
peptide (PAMP-20), neurokinin A, angjotensin II and leucine-
enkephalin. The six bioactive peptides except PAMP-20 showed
no cross-reactivity up to 100 000 fmol/tube, and IGEBP-5 pro-
tein had no cross-reactivity up to 10000 fmol/tube. The 1Cso
values of C-terminally Gly-extended AMP-IBP5, CAM-AMP-IBPS,
and PAMP-20 (arginine amide) were 20 000, 20, and 100000

fmol/tube, respectively. These results indicate that the antiserum
strictly recognizes the C-terminal region including amide struc-
ture but not the disulfide bond or the intact IGFBP-5 protein.

Immunological Detection of AMP-IBP5

Tissues were collected as described above, extracted and con-
densed with a Sep-Pak C18 cartridge as described previously.'®
An aliquot of cartridge eluate was examined by RIA to quantify
immunoreactive (IR)-AMP-IBPS. Brain and small intestine ext-
racts were loaded onto a gel filtration column (Sephadex G-50
fine, GE Healthcare; 1.8 x 135 cm) equilibrated with 1 M
CH,COOH at a flow rate of 7 mL/h, fractionated every 6 mL/
tube, and assessed by RIA to evaluate an IR-AMP-IBPS level in
each fraction. Fractions containing most abundant IR-AMP-
IBPS were pooled, lyophilized, and separated on a reverse phase
HPLC column (Symmetry300 C18 S i, 4.6 x 250 mm; Waters
Co., Milford, MA) equilibrated with solvent A (10% ACN, 0.1%
TFA) at a flow rate of 1 mL/min. Adsorbed samples were eluted
with a linear gradient of 0—100% B (60% ACN, 0.1% TFA) in
60 min, fractionated every 1 mL/tube, and assessed by RIA.

For MS of immunoprecipitates, the fraction containing a
highest level of IR-AMP-IBPS in the reverse phase HPLC was
lyophilized, dissolved in 40 1L of the antibody (#569-5) 10-fold
diluted with PBS, and incubated overnight with 10 L of Protein
A-Sepharose CL-4B (GE Healthcare) at 4 °C. Immunocom-
plexes were washed three times with PBS and twice with distilled
water (1 mL each), followed by elution in 20 4L of 1% TFA and
desalting using u-C18 Zip Tips (Millipore, Billerica, MA).
Recovered AMP-IBPS-IR materials were spotted on target plates
with @-cyano-4-hydroxy cinnamic acid matrix and then analyzed
in MS positive ion reflector mode in the mass range from 1000 to
5000 Da on a 4800 Proteomics Analyzer.

SDS-PAGE and Immunoblotting

Tissues were collected as described above and extracted with
10 volumes (w/v) of SDS-PAGE loading buffer, followed by
separation on a 15% SDS-PAGE gel and transfer to a PVDF
membrane (GE Healthcare) as reported.'” Membranes were
probed with the first antibody and then probed with horseradish
peroxidase-conjugated goat antirabbit IgG (1:5000; Cell Signal-
ing Technology, Beverly, MA). First antibodies were used as
follows: a rabbit polyclonal antibody (H-100) raised against
human IGFBP-5[81-180] (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA) for detecting intact IGFBP-S; and a rabbit
monoclonal antibody (14C10) raised against human/rat glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) (1:5000; Cell
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Figure 1. Preparation of highly basic peptides for peptidomic analysis.
(A) Gel filtration profile of culture supernatant extracts from QGP-1
cells. Peptide-containing fractions were indicated by five boxes; the clo-
sed box indicated the fraction in which AMP-IBPS originated. Molecular
weight makers: 1, bovine serum albumin (66.5 kDa); 2, ribonuclease A
(13.5 kDa); 3, neuropeptide Y (4.3 kDa); 4, neurotensin (1.7 kDa) and
S, Leu-enkephalin (0.6 kDa). (B) Cation-exchange HPLC of the AMP-
[BPS-containing fraction obtained by the preceding gel filtration.
Fractions eluted between 35 and 46 min (hatched box) were pooled
for LC-MALDI-MS. (C) Subsequent nanoLC separation of the fraction
denoted by the hatched box in (B). AMP-IBPS was identified at the
arrowed microfraction.

Signaling Technology). Membranes were visualized using an
ECL-plus kit, according to the protocol provided by the manu-
facturer (GE Healthcare), and images were recorded with a LAS-
1000 plus imager (Fujifilm, Tokyo, Japan) for 1—10 min. Digital
images were quantitated using Image ] software (National
Institutes of Health, Bethesda, MD).

W RESULTS

Peptidomic Identification of IGFBP-5-Derived Peptides

We recovered the culture supernatant from QGP-1 cells that
received an exocytotic stimulus of 10 M forskolin plus 10 #M
carbachol for 15 min. Substances extracted from the supernatant
were separated by gel filtration HPLC to obtain peptides
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Figure 2. MS identification of AMP-IBPS. (A) MS spectrum from the
microfraction indicated by the arrow in Figure 1C. 1, IGFBP-5[193-
214]-NH, (AMP-IBPS) AVYLPNCDRKGFYKRKQCKPSR-NH,; 2,
VGF([$43-561] HYHHALPPSRHYPGREAQA; 3, VGF[543—560]; 4,
VGF([543-559]; S, Desmoglein 2[10-24] NENKLLPKHPHLVRQ; *,
double charged ions of 2. (B) MS/MS identification of AMP-IBPS. The
peptide was identified with one b-ion and eleven y-ions. Tyr denotes the
immonium ion of Tyr.

distributed over five fractions (Figure 1A, open and closed
boxes). These five fractions were each subjected to reductive
alkylation and further separated by cation-exchange HPLC
(Figure 1B). To obtain a highly basic fraction, peptides eluted
over the ammonium formate concentration of 0.9 M (pH 3.8)
(Figure 1B, hatched box) were pooled for subsequent LC-
MALDI-MS analysis. Table 1 summarizes a list of MS/MS-
identified peptides in these basic fractions obtained by the cation-
exchange separations. We identified 37 peptides, of which 35
peptides arose from precursor proteins reported to be enriched
in secretory granules,"”l including VGF, somatostatin, prohor-
mone convertase 2 (PC2), chromogranin A, chromogranin B,
calcitonin gene-related peptide, calcitonin and nucleobindin 1.
Among the identified peptides, AVYLPN(CmC)DRKGFY-
KRKQ(CmC)KPSR-NH, was derived from IGFBP-5 and found
to be unique with a net charge of +7 even at pH 7.0 (Table 1).
The closed box (Figure 1A), the hatched box (Figure 1B) and the
arrow (Figure 1C) indicate the fractions in which this peptide
originated. MS profiling of the microfraction indicated by the
arrow in Figure 1C showed the signal of this peptide (Figure 24,
peak 1), whose sequence was identified by MS/MS (Figure 2B
and Supplementary data).

IGFBP-5 is a secreted protein, but its proteolytic processing
and concomitant generation of functional peptides remained
unknown. To search for different IGFBP-5-derived peptides, we
analyzed other fractions of the secretopeptidome by LC-MAL-
DI-MS/MS. As shown in Table 2 and Figure 3, we identified a
total of eight distinct peptides derived from IGFBP-5. This result
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Figure 3. Peptides processed from IGFBP-5 and sequence alignment of IGFBP-S between various vertebrates. (A) Amino acid sequence of human IGFBP-5.
Signal sequence is indicated in italic and underlined. Basic amino acids, K and R, are denoted by bold letters. Four distinct regions from which peptides are processed
out are boxed as follows: Peptide-1, IGFBP-5[98-122]; Peptide-2, IGFBP-S[ 140-156]; Peptide-3, IGFBP-5[ 175-192]; Peptide-4 (AMP-IBPS), IGFBP-5[193-
214]-NH,. The disulfide-bond (C199-C210) determined in this study is shown by the bold line. Processing sites predicted by identified peptides (Figure 3B) are
indicated by arrows. (B) Identified peptides derived from IGFBP-S. Peptides listed in Table 2 are denoted by closed boxes. Above the entire precursor, open boxes
indicate synthesized peptides. Basic amino acids in the processing sites are denoted by bold letters. Pyro- and -NH, mean N-terminal pyroglutamination and
C-terminal amidation, respectively. (C) Sequence alignment of the central and C-terminal domains of various vertebrate IGFBP-5s. Residues conserved in more
than four species are shaded. Asterisks indicate the completely conserved residues and dots indicate residues conserved in more than four vertebrates. Consensus
amino acid residues conserved completely and in more than four species are indicated by upper and lower cases, respectively. Accession numbers of IGFBP-5:
human, NP_000590.1; cow, NP_001098797.1; pig, NP_999264.1; mouse, NP_034648.2; rat, NP_036949.1; Xenopus, NP_001083938.1; and zebrafish,
NP_991289.1. Residue numbering for zebrafish is based on the signal sequence prediction by SignalIP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/).
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Figure 4. Antimicrobial activity of AMP-IBPS against Escherichia coli
K12. Increasing amounts of AMP-IBPS (@, 0.3 to 10 M) were mixed
with E. coli K12 and incubated for 1 h at 37 °C. Antimicrobial activity was
assayed as described under “Experimental procedures.” Other IGFBP-5-
derived peptides, Peptide-1 (A, 10 M), Peptide-2 (O, 10 #M) and
Peptide-3 (%, 10 4M), and IGFBP-5 protein (O, 1 4M) were also mixed
with E. coli K12 and incubated as described above. As a positive control,
increasing amounts of 3-defensin-2 (4, 3.2 to 10 #M) and cathelicidin
(M, 0.2 to 10 M) were used.

suggests that IGFBP-S undergoes proteolytic processing to
produce some functional peptides.

In neurons and endocrine cells, many ?egtides released by
exocytosis are processed by PC1/3 or PC2.'"*° Identification of
the PC2-derived peptides, corresponding to the propeptide
region, suggests the expression of functional PC2 in the cell line
examined (Table 1). We deduced processing sites of the eight
peptides from IGFBP-5 while considering their sequence infor-
mation (Figure 3A) as well as substrate specificity of the PCs.' >
RDSR, KHTR, RRKK, RR, and GRKR shown in Figure 3B are
typical processing sites for the PCs. We surmised that peptides
are processed out from four distinct regions of this precursor pro-
tein, tentatively designated Peptide-1 to Peptide-4 in the order
from N-terminus, and synthesized these peptides (Figure 3A). At
the amino acid sequence level, Peptide-4 is completely identical
among mammals and highly homologous between mammals and
nonmammals (Xenopus and zebrafish) (Figure 3C). Collectively,
this high sequence conservation of Peptide-4 suggests that this
peptide contains a biologically active unit. In fact, a consensus
sequence for heparin binding XBBBXXBX (where X is a hydro-
phobic or uncharged residue and B is a basic residue) '’ is present
in Peptide-4 (13YKRKQCKP20). In contrast with Peptide-4,
Peptide-1 to Peptide-3 did not show marked homology between
mammals and nonmammals (Figure 3C).

Antimicrobial Activity of IGFBP-5-Derived Peptides
Cationic peptides that contain heparin-binding consensus seq-
uences have been shown to exert antimicrobial activity.' As
described above, Peptide-4 contains the consensus sequence and,
in fact, Peptide-4 as well as cathelicidin bound to heparin, while
Peptid-1 to Peptide-3 did not (Supplementary Figure 1C, F,
Supporting Information). These results, in addition to the extre-
mely basic nature of Peptide-4 with a net charge of +7 at pH 7.0
(Table 1), suggested that Peptide-4 exerts antimicrobial activi&'
which we examined using a metabolic indicator alamarBlue™
Peptide-4 showed a significant antimicrobial activity against
E. coli K12 at more than 0.6 M, while Peptide-1 to Peptide-3
were not effective against E. coli K12 even at 10 «M (Figure 4).
The ICs, value of Peptide-4 was almost equal to or lower than
those for well-characterized AMPs cathelicidin and S-defensin-2.
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These values of the AMPs consistent with those reported in
previous studies.”** Notably, the parent protein IGFBP-S was
ineffective even at 1 u#M (Figure 4). Given these data, we
renamed Peptide-4 as AMP-IBPS (antimicrobial peptide derived
from IGFBP-S).

To determine the antimicrobial spectrum of AMP-IBPS, we
tested four-types of Gram-positive bacteria (E. hirae, M. luteus, S.
aureus 209P and S. saprophyticus KD), two other Gram-negative
bacteria (E. coli B and E. coli kp) and one fungus (P. pastoris GS115)
(Table 3). AMP-IBPS showed a broad and strong spectrum of
antimicrobial activity except for two types of Gram-positive bacteria
(E. hirae and S. saprophyticus KD). Of note, AMP-IBPS was active
against M. luteus and P. pastoris GS115, even greater than cathe-
licidin and B-defensin-2. AMP-IBPS showed the activity against
S. aureus 209P, E. coli B and E. coli kp, which were weaker than cathe-
licidin and greater than f3-defensin-2. These results indicate that
AMP-IBPS shows an antimicrobial spectrum and activity almost
equal to cathelicidin and greater than f3-defensin-2.

We next assessed CAM-AMP-IBPS to investigate the role of a
disulfide linkage. Cysteine-rich AMPs such as defensins are
structurally stabilized by intramolecular disulfide linkages that
are essential for their function.”* In fact, CAM-f3-defensin-2 did
not show antimicrobial activity against various bacteria except for
M. luteus (Table 3). As for CAM-AMP-IBPS, antimicrobial
activity was abrogated for S. aureus 209P and E. coli kp, to which
it was still active, though more than five-fold weaker than the
intact form. On the other hand, this peptide retained the activity
against M. luteus, E. coli B and P. pastoris GS11S comparable to
the intact peptide, while the modified peptide showed about
2-fold weaker activity against E. coli K12 than the intact peptide.
These results indicate that the disruption of disulfide linkages in
AMP-IBPS is less effective in reducing antimicrobial activity than
that in -defensin-2 presumably because the former contains
only one disulfide linkage while the latter contains three disulfide
linkages.

Some AMPs have the C-terminal amide group that plays a
significant role in their antimicrobial properties.”*** We mea-
sured antimicrobial activity of C-terminally Gly-extended AMP-
IBPS to evaluate the contribution of the C-terminal amide group.
It showed no activity against S. aureus 209P, E. coli B and E. coli kp
as well as E. hirae and S. saprophyticus KD. On the other hand, this
peptide retained the activity against M. luteus and P. pastoris
GS11S§ comparable to the intact peptide, while the modified
peptide was about 10-fold weaker against E. coli K12 than the
intact peptide. These results indicate that the C-terminal amide
group of AMP-IBPS is important for its activity.

To examine whether AMP-IBPS is bactericidal or just bacter-
iostatic, we performed a classical colony formation assay. It has
been established that the bactericidal peptide concentration
revealed by classical colony formation assays and the alamar-
Blue™ assay shows a good agreement.>*™>* As expected, this
peptide showed strong antimicrobial activity with ICso of 1.6, 1.1,
and 0.4 4M against S. aureus 209P, E. coli K12 and P. pastoris
GS11S, respectively (Table 4). These ICs, values were also
almost equal to or lower than that for cathelicidin and f3-
defensin-2 as in the case of the alamarBlue assay. These results
indicate that AMP-IBPS is bactericidal against these bacteria.

Immunological and Mass Spectrometric Characterization of
IR-AMP-IBP5

We developed a RIA system specific to the C-terminal region
including amide structure (see “Experimental Procedures”) to
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Table 3. Antimicrobial Activity of AMP-IBPS, 8-Defensin-2, and Cathelicidin (alamarBlue Assay)

ICso(uM)”
AMP-IBPS p-defensin-2 cathelicidin

intact” cam’ CGly" intact’ CAM® intact”
Gram-positive bacteria
Enterococcus hirac >10 >10 >10 24 >10 03
Micrococcus luteus 0.5 0.7 0.8 0.7 39 13
Staphylococcus aurcus 209 P 0.8 >10 >10 8.6 >10 03
Staphylococcus saprophyticus KD >10 >10 >10 >10 >10 0.6
Gram-negative bacteria
Escherichia coli B 8.8 7.6 >10 >10 >10 0.5
Escherichia coli K12 09 22 93 63 >10 0.6
Escherichia coli kp 42 >10 >10 74 >10 17
Fungi
Pichia pastoris GS115 13 LS 1.6 26 >10 3.1

“Fifty percent growth inhibitory concentration. ¥ Intact, intact peptide; CAM, carbamidomethylated peptide; C-Gly, C-terminally Gly-extended

peptide.

Table 4. Antimicrobial Activity of AMP-IBPS, fi-Defensin-2,
and Cathelicidin (Colony Formation Assay)

1Cso (uM)

AMP-IBPS  P-defensin-2  cathelicidin
Gram-positive bacteria
Staphylococcus aureus 209 P 16 39 003
Gram-negative bacteria
Escherichia coli K12 L1 >10 04
Fungi
Pichia pastoris GS115 04 1.0 12

determine IR-AMP-IBPS levels released from QGP-1 cells with
or without stimulation by carbachol plus forskolin (10 #M each)
for 15 min. The exocytosis stimulus caused a 500-fold increase in
IR-AMP-IBPS levels; the amounts secreted per 107 cells before
and after 15-min stimulation were 4.9 fmol and 2.6 pmol, respec-
tively. We also determined IR-AMP-IBPS levels released from
SHP-77 cells with or without stimulation by carbachol (10 #M)
plus potassium chloride (50 mM) for 10 min. The exocytosis
stimulus caused a S-fold increase in IR-AMP-IBPS levels; the
amounts secreted per 107 cells before and after 10-min stimula-
tion were 140 fmol and 650 fmol, respectively.

‘We determined AMP-IBPS levels in rat tissues using the same
RIA system. IR-AMP-IBPS in the brain, pituitary gland and small
intestine was 2.1, 6.2, and 1.5 pmol/g wet tissues, respectively. In
the lung, heart, stomach, liver, pancreas, kidney and uterus, it was
below the detection limit for quantitative measurement (0.6
pmol/g wet tissue) (Figure S). On the other hand, intact IGFBP-
S protein was detected in the brain, pituitary gland, heart, sto-
mach and kidney, while GAPDH was detected in all tissues tested
by Western blot analysis (Supplementary Figure 2, Supporting
Information). Judging from these results, the extent of IGFBP-S
processing to AMP-IBPS was different in each tissue.

IR-AMP-IBPS in rat brain extract was characterized by chro-
matographies. In gel filtration on a Sephadex G-50 column, IR-
AMP-IBPS occurred as a distinctive peak in the region of relative
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Figure 5. Determination of IR-AMP-1BPS levels in rat tissues by RIA.
Data are the mean =+ SD (n = 3). The detection limit for quantitative
measurement is 0.6 pmol/g wet tissues.

molecular mass less than 4 kDa (Figure 6A). Subsequently, we
separated the IR-AMP-IBPS-rich fractions (Figure 6A, open box)
using reverse phase HPLC and obtained two major peaks of IR-
AMP-IBPS (Figure 6B). The peak eluted earlier (Figure 6B, open
arrow) behaved consistently with synthetic AMP-IBPS, while the
peak eluted later remained unidentified. To identify the major
endogenous molecular form, we analyzed the earlier eluted peak
by MS of immunoprecipitates, and obtained a dominant peak at
m/z 2654.3 ((M + H]" ion) (Figure 6C). This mass value cor-
responded to the theoretical mass of synthetic AMP-IBPS (m/z,
2654.4), which was calculated as a disulfide-linked, C-terminally
amidated peptide from rat IGFBP-5[193-214].

We characterized IR-AMP-IBPS also in the small intestine
extract. As in the brain extract, most immunoreactivity was obser-
ved less than 4 kDa in the gel filtration chromatography (Supple-
mentary Figure 3A, Supporting Information) and separated into
two major peaks of IR-AMP-IBPS by reverse phase HPLC (Sup-
plementary Figure 3B). The earlier eluted peak (Supplementary
Figure 3B, open arrow, Supporting Information) was consistent
with synthetic AMP-IBPS, as assessed by the retention time. MS
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