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ABSTRACT: Neuropeptidomics is used to characterize endogenous
peptides in the brain of tree shrews (Tupaia belangeri). Tree shrews are
small animals similar to rodents in size but close relatives of primates, and
are excellent models for brain research. Currently, tree shrews have no
complete proteome information available on which direct database search .

can be allowed for neuropeptide identification. To increase the capability R T
in the identification of neuropeptides in tree shrews, we developed —-—- ‘_’ J
an integrated mass spectrometry (MS)-based approach that combines - !
methods including data-dependent, directed, and targeted liquid chro- - T 2

matography (LC)—Fourier transform (FT)-tandem MS (MS/MS) anal-
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ysis, database construction, de novo sequencing, precursor protein search, and homology analysis. Using this integrated approach,
we identified 107 endogenous peptides that have sequences identical or similar to those from other mammalian species. High
accuracy MS and tandem MS information, with BLAST analysis and chromatographic characteristics were used to confirm the
sequences of all the identified peptides. Interestingly, further sequence homology analysis demonstrated that tree shrew peptides
have a significantly higher degree of homology to equivalent sequences in humans than those in mice or rats, consistent with the
close phylogenetic relationship between tree shrews and primates. Our results provide the first extensive characterization of the
peptidome in tree shrews, which now permits characterization of their function in nervous and endocrine system. As the approach
developed fully used the conservative properties of neuropeptides in evolution and the advantage of high accuracy MS, it can be
portable for identification of neuropeptides in other species for which the fully sequenced genomes or proteomes are not available.
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B INTRODUCTION

Neuropeptides are expressed as signaling molecules in all
animal groups which possess a nervous system."” The sequences
of neuropeptides are determined by genes and highly conserved
across species. Neuropeptides play signaling roles in both
nervous and endocrine systems and thus are involved in diverse
physiological processes such as mood, sleep, pain, reward, and
social behaviors."”> ¢ Comprehensive characterization of neuro-
peptides in various species is essential to provide the fundamental
understanding of neuropeptide function in basic neuroscience,
pharmaceutical, and/or clinical research.

MS has become the method of choice for determining
the exact sequence, including post-translational modifications
(PTMs) of peptides and proteins from complex biological
samples.”® Compared to traditional techniques such as immuno-
cytochemistry,” MS-based neuropeptidomic studies permit faster
and more specific structural identification.”'°”'® The character-
ization of endogenous neuropeptides in animal models such as
mice and rats has provided a wealth of information about
signaling molecules in the nervous and endocrine systems.'*'”
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Until now, the most commonly used neuropeptidomics strate-
gies identify neuropeptides by using data-dependent LC—MS/
MS analysis, where parent mass selection is usually determined
solely according to the abundances of respective peptides,
without considering their biological properties. This can result
in low identification rates for neuropeptides, because many of
them are present in the brain at low concentrations and are
thus rarely selected for fragmentation. Neuropeptide identifi-
cation also depends critically on the quality of MS and MS/MS
spectra of a single sequence.'® ' Thus, it remains challenging
in neuropeptidomics to confirm the sequences of neuropep-
tides that have low fragmentation information MS/MS spectra.
This is particularly true when using the common collision-
induced dissociation (CID) mode, where many neuropeptides
with long sequences exhibit irregular fragmentation patterns
and therefore cannot be identified with high confidence.*”
Additional information is therefore required to overcome these
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limitations, for example, knowledge about highly conserved struc-
tural motifs or chromatographic characteristics of known peptides.

Our present study targets neuropeptides from tree shrews and
aims to provide an in-depth neuropeptidomics investigation.
Tree shrews are small animals that are similar in size to rats but
phylogenetically very close to primates.”>** Neuropeptidomic
research on an animal model such as the tree shrew is challenging
because complete proteome information is not yet available.
Therefore, a sequence search on its own protein databases, as
commonly done for mice and rats, cannot be performed in this
species. This complicates the comprehensive characterization of
neuropeptides in the tree shrew. However, due to the highly
conserved nature of neuropeptides,2 we can predict that not all,
but a large number of neuropeptides in tree shrews will have
sequences identical to those in related mammalian species. Many
of the other neuropeptides may have highly similar structures to
their sequence equivalents, with only a small fraction of amino
acid substitutions. Therefore, a MS-based approach that is
capable of integrating known structural characteristics of neuro-
peptides will allow the identification of many endogenous tree
shrew peptides in a fast and efficient manner.

Fully using the advantages of MS together with known
properties of neuropeptides, we developed an integrated MS-
based approach to characterize neuropeptides in tree shrews.
The data acquisition was conducted by combining (i) data-
dependent, (ii) directed, and (iii) targeted LC—FT-MS/MS
analysis. We thus take advantage of recent developments in
proteomics, which have demonstrated that the use of directed or
targeted LC—MS/MS is able to improve detection capability and
identification efliciency for peptides by rearrangement of parent
ion selections.”>** We used a directed LC—MS/MS analysis,
conducted according to the results of a data-dependent analysis,
while the targeted LC—FT-MS/MS analysis was undertaken
using parent ion lists of neuropeptides or fragments that were
reported in the literature for other mammalian species. All the
MS information was then subjected to de novo sequencing-based
hybrid spectral analysis.””** To identify the peptides that have
low information content MS/MS spectra, we used truncated
peptides and/or chromatographic characteristics to correct and
confirm their sequences. Using our integrated approach, a large
number of neuropeptides that have sequences identical or
homologous to those in any other species were identified with
high confidence from tree shrews.

B EXPERIMENTAL SECTION

Materials

LC—MS grade acetonitrile and formic acid were purchased
from Fisher Scientific (New Jersey, USA) and Fluka (Wisconsin,
USA), respectively. Acetic acid was purchased from Fluka
(Buchs, Switzerland). Pure water was prepared by GenPure
system (TKA, Niederelbert, Germany). Siliconized microcentri-
fuge tubes (2 mL) were purchased from Eppendorf (Hamburg,
Germany). Microcon centrifugal filter devices (Vivacon 500)
were purchased from Sartorius AG (Goettingen, Germany
Germany).

Animals

Tree shrews (Tupaia belangeri) were used in experiments
(n=3). All animals were housed under constant temperature and
humidity with free access to food and water. All procedures with

live animals were conducted with protocols approved by the
veterinary office of Fribourg, Switzerland.

Sample Preparation

To reduce the interference peptides produced from fragmen-
tation of proteins,'* restricted temperature control was used to
minimize the degeneration of the endogenous neuropeptides.
Two male tree shrews of six years old were sacrificed by
decapitation after anesthetized with ketamine (100 mg/kg,
Streuli Pharma AG, Uznach, Switzerland), then the brains were
heat stabilized by using Denator irradiation (Denator AB,
Gothenburg, Sweden) as described elsewhere.”” The left and
right striatum were dissected from the denaturized brain.

Neuropeptides were extracted three times from each striatum.
The three-step extraction was conducted using a gradient of
different methanol solutions: (i) 10% methanol containing 0.2%
formic acid, (ii) 30% methanol containing 0.2% formic acid, and
(iii) 50% methanol containing 0.2% formic acid, respectively. In
each extraction step, S uL of solution was used per 1 mg of tissue,
and the sample was homogenized twice (each time 20 s) within
1 min by a Precellys 24 homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France). After homogenization, the
sample was centrifuged at 22000¢ for 60 min at 4 °C. All
supernatants obtained from the three step extractions were
mixed and filtered on a 10 kDa cutoff filter (Vivacon 500,
Sartorius AG, Goettingen, Germany) by centrifuging for 90 min
at 14000g at 4 °C. The usage of organic solvent in samples was
demonstrated to be necessary to increase the recovery of large
peptides in injection, separation, and storage.’”>' The cal-
culated content of methanol in the final sample solution was 30%.

FT-MS Data Acquisition

The peptide extracts from the tree shrew brain were analyzed
using a LTQ-Orbitrap Discovery (Thermo Fisher Scientific,
Bremen, Germany) coupled to a 2D NanoLC (Eksigent Tech-
nologies, USA). In a LC—MS analysis, the extract was repeatedly
injected S times (S uL/times) with a 1D pump (Chanel 1) to a
trap column (100 #m ID, 2 cm long), which was packed with a
ReproSil-Pur C18 AQ particles (S um, 100 A; Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany) in a peek column
holder (Upchurch, Oak Harbor, USA). The interval between
each two injections was 3 min. The trap column was kept eluting
with 2% acetonitrile and 98% water containing 0.2% formic acid.
The elution direction of the trap column was reversed through a
10-port valve when it was switched to couple with the analytical
column. The analytical column used C18 AQ (3 um, 100 A; Dr.
Maisch GmbH) as medium which was packed in a Picofrit
capillary with an emitter tip of 10 #m (NewObjective, Cam-
bridge, USA). The mobile phase A and B in 2D pump (Chanel 2)
were 0.2% formic acid and 95% acetonitrile containing 0.2%
formic acid, respectively. The mobile phases were eluted on
the analytical column at 300 nL/min with a gradient profile as
0—6 min, 2% B; 6—12 min, 2—20% B; 12—80 min, 20—50% B;
80—8S min, 50—60% B; 85—90 min, 60—95% B; and 90—
100 min, 95% B.

Data acquisition on the LT Q-FTMS instrument consisted of a
full FTMS scan event at a mass range of 350—2000 m/z. The lock
mass (445.120025 from polydimethylcyclosiloxane) was used for
real time internal recalibration.”” The mass resolution for each
scan event was kept at 30 000. The first and fifth most intensive
ions were selected and fragmented using CID. Dynamic exclu-
sion was set as a repeat count of 1, exclusion duration of 180 s,
and arepeat duration of 30 s. Other MS/MS parameters were set:

dx.doi.org/10.1021/pr200709j |J. Proteome Res. 2012, 11, 886-896



Journal of Proteome Research

isolation width, m/z 2; normalized collision energy, 30%; activa-
tion Q, 0.25; and activation time, 50 ms.

The peptides in tree shrew brain extracts were analyzed using
three methods which included data-dependent acquisition
(DDA), directed and targeted LC—FT-MS/MS. The brain
samples were first analyzed using DDA-LC—FT-MS/MS. Then
the samples were analyzed using directed LC—FT-MS/MS as
described elsewhere.*® In brief, the m/z of peptides in the DDA-
LC—FT-MS/MS data were examined with the software (Sieve,
1.2 version, Thermo, CA, USA) and filtered using charge states
and intensities. The MS1 signals were determined with the
following parameters: mass range of 0.02 Da, intensity threshold
of minimal 100 000. The features with charge states ranging from
2 to 5 were collected in the inclusion mass list of tree shrew
teatures for the directed LC—MS/MS analysis. In the targeted
LC—MS/MS analysis, the inclusion lists of neuropeptides were
collected from the neuropeptidomic studies conducted on
mice,'”" rats,"**** and humans,>>>° respectively. The parent
mass lists were loaded to the FT-MS/MS scan for selective frag-
mentation the target peptides. To acquire high quality MS/MS
information, 500—750 ms maximum injection time was used in
FT-MS/MS scan.

Spectral Interpretation

All the raw LC—FT-MS/MS data were subjected to Peaks
Studio 5.2 (BSI, Canada) for spectral interpretation.”” Peaks
Studio 5.2 is composed of functions such as Data Refinement,
Auto De Novo, Peaks Search, and Spider (homology search).>’
The Data Refinement program allows correcting of the parent
mass and charge states to provide accurate monoisotopic mass of
a peptide. The scans of quality value > 0.3 were kept for further
sequence analysis. Data processing, including peak centroiding,
charge deconvolution, and deisotope, was conducted for data
refinement.

The refined data were subjected to Auto De Novo program for
sequencing with the mass tolerance of parent ions and product
ions set at 10 ppm and 0.05 Da, respectively. No enzyme
was specified for cleavage. Variable PTMs, including, amidation
(C-terminal), acetylation (N-terminal), pyroglutamalytion from
glutamatic acid, and glutamine (N-terminal) were selected in de
novo sequencing.

De novo sequencing-based protein ID search was used to
sequence tree shrew peptides that are identical to those
from other species. The database search was conducted on
a customized database constructed using predicted peptides
from species in Euarchontoglires using a method described else-
where.'? Briefly, the database was made with predicted neuro-
peptides of known precursors from Euarchontoglires species
(50 377 entries). The cleavage is made according to the following
template: (K/R)Xm(K/R) Xk (K/R)Xn(K/R) where X is any
amino acid, Kis lysine and R is arginine, and m and n correspond
t0 0,2, 4, 6,and k corresponds to 3—50 amino acids. The residues
Xk represent the predicted neuropeptide sequence.'®*® The
database search was first performed for peptides with +1, +2,
and +3 charge states using the mass tolerance of parent ions and
product ions set at 10 ppm and 0.05 Da, respectively. Then the
search was performed for peptides with >+4 charge states using
the mass tolerance of parent ions and product ions set at 10
ppm and 2 Da, respectively. Estimation of false positives was con-
ducted by searching all spectra against decoy databases. The
cutoff p-value for peptide identification in Peaks search was <1 x 10>,
Homology search (mass tolerance 0.5 Da) was used to find candidates

of peptides that have a high degree of homology to those from other
species. The homology search was conducted on the de novo
sequencing results using the same PTMs as used in Auto De Novo
program.

To confirm sequences identified from the database search, all
the search results were subjected to manual inspection. A
sequence was considered correct only if they match all the
following criteria: (1) the mass of a peptide must have been
calculated from the monoisotopic ions of a peptide; (2) all the
database search results were inspected with de novo sequencing
results; (3) the peptide mass had to be within 10 ppm of the
theoretical mass; (4) for peptides with +1, +2, and +3 charge
states, the major fragments observed in MS/MS have to match
within 0.05 Da to predicted monoisotopic fragmentation ions.
For peptides with > +4 charge states, 1 or 2 Da shift is allowed to
inspect the major fragments according to their predicted mono-
isotopic ions. (5) The fragmentation information must be
enough to recognize the alignment of amino acids, in particular
if they fall in the substitution positions across the adjacent
species.

For comparison of neuropeptides between tree shrews and
mice, the MS/MS data of mouse neuropeptide were searched
using the same parameter as for tree shrew peptides except using
the Swepep database (precursor, 2006-02-15 version).

The predicted fragmentation ions were calculated using the
MS-Product tool in ProteinProsepctor (v.5.7.2, Mass Spectro-
metry Facility, University of California, San Francisco). The
sequence identity analysis was acquired by searching the peptide
sequences in Uniprot. The statistic analysis was conducted with
software Origin 7.5 (OriginLab Corporation, Massachusetts,
us).

BLAST Analysis

The sequence identities of identified tree shrew peptides
across different species were conducted using the BLAST
analysis function in Uniprot. The statistic analysis of identities
(paired f test) was performed with Origin 7.5 (OriginLab Corpora-
tion, Massachusetts, US). For truncated peptides, only the
longest one was counted for acquiring the mean identity of tree
shrew peptides. For example, when both the peptide PPEGVL-
GALLRYV and its truncated peptide PPEGVLGALLR are identi-
fied, only the peptide PPEGVLGALLRY is counted to avoid
repeated calculation of the peptide sequence derived from its
neuropeptide precursor protein.

B RESULTS

Combined LC—MS/MS Analyses of Tree Shrew Brain
Samples

In the present study, we conducted a neuropeptidomic
analysis of tree shrews by using an integrated approach that
included data-dependent, directed LC—MS/MS analysis, and
targeted LC—MS/MS analysis. The general workflow of the
LC—MS/MS analysis methods described in this study is outlined
in Figure 1. The data-dependent LC—MS/MS analysis was
conducted with parent ions automatically selected for fragmen-
tation. The subsequent directed LC—MS/MS analysis selectively
used the features/peptides acquired in data-dependent LC—MS/
MS analysis and removed undesired features/peptides. In the
targeted LC—MS/MS analysis, inclusion lists were formed from
collected m/z of reported neuropeptides from mice, rats, and
humans, respectively. All the LC—MS/MS data were subsequently
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Figure 1. Workflow of tree shrew neuropeptide identification using
combined LC—MS/MS analysis methods. Neuropeptide extracts from
tree shrew brain were analyzed by data-dependent LC—MS/MS (1).
Inclusion lists of tree shrew are formed by selectively extracting MS1
peaks from previously acquired LC—MS map and subject to the next
round of directed LC—MS/MS analysis (2). Meanwhile, the inclusion
lists of other species, including mice, rats, and human, are formed by
collecting m/z of reported neuropeptides. These inclusion lists are
loaded into instrumental methods separately for to further targeted
LC—MS/MS analysis (3). De novo-based database (DB) search and
homology search are conducted for LC—MS/MS data and finally
generate a identification list of tree shrew peptides.

subjected to de novo sequencing, database search (Protein ID
search) for characterization of peptides that have sequences
identical to those in one or more other species. Meanwhile, the
LC—MS/MS data acquired in the first and second steps were
used for de novo sequencing-based homology search for char-
acterization of neuropeptides with substituted amino acids in the
sequence. The use of directed and targeted LC—MS/MS analysis
allowed the number of identified neuropeptides to increase
remarkably (from 70 to 107) with limited times of LC—MS/
MS analysis.

Identification of Tree Shrew Peptides with Substituted
Amino Acids in Their Sequences

To identify these tree shrew peptides, we used homology
search based on de novo sequencing results. In total we identified
1S tree shrew peptides with sequences that have amino acid
substitution(s) in comparison to their homologues in other
species (Table 1). Figure 2 represents the spectral identification
of a peptide LS DDDRVIWAEQQYQKERS with FT-MS/MS in
high confidence. BLAST analysis showed this peptide has a high
degree of identity to the peptide equivalent of endocrine con-
vertase 1 from mice (89%), rats (89%), and humans (94%),
respectively.

It is worth mentioning that clustering a group of truncated
peptides will assist in prediction, identification, and confirmation
of their correct sequences. Truncated peptides are commonly
observed in neuropeptidomics studies, even if strict sample
preparation procedures were used.'"”*”*>7*> Many truncated
peptides detected in neuropeptide analysis were possibly derived
from endogenous proteolytic processing and have their distinct
physiological functions. Because of the overlap in the sequence of
truncated peptides, identification of a truncated peptide will
assist in sequencing the original peptide or other truncated
peptides. For example, the peptide LGELFNPYFDPLQWKSSR
had an atypical fragmentation pattern (Supplementary Figure S1,
Supporting Information). It was therefore difficult to identify
the C-terminal sequence. In contrast, a truncated peptide, PYF-
DPLQWXKSSRFE, had high-confident sequence based on the de
novo sequencing results (Supplementary Figure S2, Supporting
Information). With PYEDPLQWKSSRFE identified, the C-terminal

of the peptide LGELFNPYFDPLQWKSSR was then confirmed.
Further examination of homology search results allowed con-
firmation of the sequences of another two truncated peptides,
LGELENPYFDPLQWKSS and LGELENPYFDPLQWKS. The
same principle fully used the advantage of de novo sequencing
and was therefore applied to other groups of truncated peptides
in this study.

Characterization of Tree Shrew Neuropeptides Identical to
Those in Other Species

Using the de novo sequencing-based protein ID search
function, we characterized 92 peptides that have sequences
identical to those from one or more other species (Table 1).
These peptides included many classical neuropeptides and a
large number of fragment peptides from neuropeptide precur-
sors. These fragment peptides may potentially be biologically
active neuropeptides. This hybrid spectral analysis used the
advantage of the highly accurate FT-MS and FT-MS/MS data
and generated high confidence in identification of these peptides,
which allow the majority of the peptide fragment ions assigned,
with a p-value lower than 1 x 107, a parent mass error of <10
ppm, and a fragment ion mass error of <0.05 Da. Figure 3 depicts
the examples of assignment of FT MS/MS spectra for neuropep-
tide K fragment (1—24). This peptide has information-rich
tandem MS spectrum. The subsequent de novo sequencing plus
Protein ID search against a customized database allows this
peptide to be identified in a fast manner with high confidence.

In contrast to peptides that have information-rich tandem MS
spectra, several identified long neuropeptides, such as neuro-
peptide Y and GAV, have low information content MS/MS
spectra, and thus their sequences are still questionable despite
high database search scores. Homology analysis indicated that
most of these peptides have sequences identical to those in
mice. To further verify the sequence of such peptides, we used
mouse brain samples to examine their structures. Figure 4A
outlines the workflow for the sequence verification on these
peptides. The extracts from tree shrew brain, mouse brain, and
their mixtures were analyzed using the same LC—MS/MS
method. In this case, a tree shrew peptide can be considered as
identical to the mice peptide only if they have the same
chromatographic and mass spectrometric behaviors. Chroma-
tographic and mass spectrometric characteristics are useful
factors to confirm the sequence of peptides, especially with a
high accuracy MS.*” Figure 4B,C represent the process for
confirming the sequence of neuropeptide Y. Neuropeptide Y
has an uneven fragmentation pattern due to the existence of
proline.*! Using high accuracy MS and MS/MS, neuropeptide
Y was identified by database search based on the high
information content in its N-terminal. The results showed
that tree shrew neuropeptide Y has a fragmentation pattern
highly similar to that of mouse neuropeptide Y (Figure 4B)
with the same parent mass. However, its C-terminal fragmen-
tation spectrum has much less information content, and
importantly the amino acid substitutions of neuropeptide Y
in different mammalian species occur in this region. It was
difficult to determine by MS/MS alone whether tree shrew
neuropeptide Y has sequence identical to mouse or human
neuropeptide Y. Further comparative LC—MS/MS analysis
demonstrated that neuropeptide Y in tree shrew, mouse samples,
and their mixture had the same chromatographic behavior
(retention time, peak shape) and mass spectrometric properties
(parent mass and fragmentation patterns). On the basis of this

dx.doi.org/10.1021/pr200709j |J. Proteome Res. 2012, 11, 886-896


http://pubs.acs.org/action/showImage?doi=10.1021/pr200709j&iName=master.img-001.jpg&w=204&h=97

Journal of Proteome Research

SL0
°0C
or'1
16'T
658
6’1
£€C'8
668
6T1T
00°S
ST
S6T
IT'1
€97
81'C
8T'Y
61°0
ST
000
070
08y
00C
€L0
0
134
197
(484
1+°9
0SC
09°¢
LTT
080
850
600
60T
L8°0
L8'T
(wdd)

JO1I9 ssewr

6¥SS60€T
¥L98°¢S0¢
LYT8YT61
069¢°9¢L

TTCSOTLYT
LLL869ST
Y86STHTT
TI6T9v1T
€9L9"LTTT
€185°660T
6¥¥SLT0T
06699711
£9€6'8891
L606'TLIT
88LELT9

8ELY'SYL

80S€°€9ST
9L£0°0T0T
0L0T'991C
LEEY'SOLE
PTTLELET
S99S°LY6

96'800%
STLS'690¢
0T80°69TH
STLS690¢
L6TT'S9ET
0€LS T8TT
Y6€9'TTCT
8078°0¢8T
8060'80ST
6CL98TST
8060'80ST
000L'S9¢€T
I8E8TE9T
€LECTEEY

€TEBHIST

AU_SV
W

N o~ H nH F N F A A AN FT VNN A N A AN O N N N F$ QA

N

TH8L'SS9
1€¥6°LT0T
0TTH €96
STOT'69¢
TH0°LETT
YLLY €6€
S9L818¢
66SS°LES
TEETOTY
79¢S°L9¢
SO8LYIS
68SEYTL
586'€9S
0TT¢8SS
L8EBT9
LSYLELE
IS¥8'TH9
6¥SEYLY
6TH0'ETL
TYLITYL
8TLY'L8Y
YI6L VLY
L008C08
LIT6Y19
19T8+S8
LEOY'89L
1L8€°68L
SL6L'T6S
S8TYTI9
0TTH916
80€0'879
€595°01S
9670879
90+ T9SH
1TS6'vS
THreEve9
0619°CCS

Z/N

o 0T X ¥'T
& 0T X +1
e O X T
0,_0T X 97¢
G OT X TT
@ 0L X LS
0L X 0%
¢ 0L X §9
0T X €T
e O X ¥'T
o 0T X ¥'1
o 0L X ¥'1
101 X €7
O X T
< 0T X 97T
¢ 0T X 9°¢
o 0T X ¥'T
6 0T X +1
e O X T
e O X ¥'T
e O X VT
w01 X TT
¢ 0L X '€
O S 4
40T X 9T
o O X ¥'T

Y
o 0L X ¥'1
Ol X L¥
O X T
40T X €%
10T X 8¢
e 0T X 9T
1 0L X 68
0T X +'T
20T X 6S
o O X ¥'T

91005 19p1dg 10

Rn[ea-d

DAAAMMINL

HNIIADISASTOTIASAT
INHIADISASTOTIASAT

TOYNADD

HNAIATISASTOTIASI TVAVA
IAATONITIDODA

AOMITIDDX

PONAMI DI TIDDA

MO TIDDA

dANITIDODX

ONAMI DI

(86'0—)IADAVSNIIADIH
TIATDIDINAATO
TATIDINTAT(€0LT—)O

TIAdI

TIAADI

QN TIAHAIANA TIHOHO T

T TTIAHAIANATIA(€0°LT—)O

DTN TIAHAIANA THHOT

QNI TIAHAANA THHOTO Y HAVAVAIOV
MNTIASITLAJS

(86'0—) XJOU.LI'T

(86'0—) IOW.LI'INIAHY TVSARIVINATY IVATDINAIIS
(86'0—) IOYLI'INIAHI TVSARIVINAAY IV
»(860—) RIOY.LIINIXHY TV SAXIVINATVIVATDINADASIA
(86'0—) NOW.LI'INIAHY TVSARIVINATV IV
SIDIOXOOIVMIAYAAAST
(86:0—)DIITOASMH(£0°LT—)O
QOTTHAIAIT

JAANOWVSYIADASNTY
HANOWVSIIXADAIHSIOOHOVA
JARDNDIHSIODHOVA
HANOWYSYIADIMHSIOOHOVA
,SIHSAATSO'IN

HNLLSYIVSAVAMVSDS

HAII

INAAODDIFALI

ouanbas

g urqdroudp

v urydioudp

urydropusoau-n

I-9 apndadomoau

uIsuajoInau

N urpsuwroinau

X apndodomoau

€¢-urunjo3s£da[oyd

UI[2ga19d

Qureu

apndad

,SMAIYS 31T, wox pagnuap] sapndag snousopuyg ‘T d[qeL,

696L¥d
01210d
01210d
696L¥d
01Z10d
LTHSEO
LTHSEO
LTHSEO
€12710d
€1210d
€1710d
75695d
6d€d60
6d£d60
6d€£A60
6d£A60
0¥TSTO
0¥ZSTO
0¥TSTO
0¥TSTO
8SYA9T
18VN90
YLLLSd
YLLLS
9IMSX6D
18VN90
6€7€9d
8XHESO
$6¥X60
I0Z60D
10760
10760
10760
0+760d
1LT960
88£9Sd
88£9Sd

Iaqunu uoIssadde uOH&_GB

v ureydoyus-oxd

v ureydoyue-oixd

v ureydoyus-oxd

v urpeydayus-oxd

v ueydoyus-oid
urgdroudpordard
urydroudpordord
urydroudpordord
urydroudpoidard
urydioudpoidaid
urydroudpordard

HOW oxd

UISUI}0INAU

UISUI}0INAU

UISUS}0INaU

UISU}0INau
IDAuRjo1d-£1039109s0m3U
IO AuIj01d-£103910950M3U
IO Aurj01d-£103910950mMaU
IO AuIjo1d-£103210950mMU
X apndadomoau
Xapndadomoau

X apndadomoau

X apndadomau

X apndadomau

X apndadomoau

T 9SBLIDAUOD SULDOPUIOIMNIU
uraqropeuod
urupjdpejordard eurwes
urupjfypeyordard ewrured

T urupjdyoejordaid eypp

1 urunjiyoejoxdaid eyppp

1 urupjdyoejordaid eyop
urunjo3s£da[oyd

-UI[[9qa19>

IaVD

IYVO

10s1no31d

dx.doi.org/10.1021/pr200709j |J. Proteome Res. 2012, 11, 886-896

890



Journal of Proteome Research

1€C
950
Sy'e
66'¢
€1
L9°0
65T
88°¢
09'C
e
90°¢
6v'€
860
8T'¢
LL'E
00y
S0'€
0S'T
60°¢
€50
9T1
w1
€S°L
0¢'e
990
60
S0
8¥'1
6L'T
9¥°0
86'€
€90
€91
£€8'C
880
L9'T
€ee
160
(wdd)

JOII9 sseur

0L99'TLET
0rSE'SS9
LL6T LT8T
€8TLIYET
TLTY061T
LS €601
869STETT
TheE6LST
YSLTTYT
060€'T€ST
089S +S6T
95TS'ST8T
S0TL'99¢T
L96L'8TET
0€9t¥8LT
88TL6ITT
£099°0CTT
+006°0L8T
L7660
8916'¢STT
LISOTLET
LT6S EVTT
61€ECIL
LSTTELS
T69T'SSS
196+°6S0T
790¥°€06
6€STESTI
L9LS99¢€T
£V06+TIT
81985661
0¥86'¥TET
891S¥STIC
£€790°€€€T
£TEY' 668
1S6£°9L8
0S¥9° ST
¥98S°LECT
(1)

x

W

€T¥8'989
609€959
153245
TYLEYLY
10T€°96S
o¥6L LYS
9€6TL9S
€EP8'SHo
LLLS'TT9
L8LLYY8
91S9°6¢L
TI6€°L0L
789¢€+89
8L0%°099
9STI'L69
T¥L8°019
T6EET9S
LTY9YT9
€L88°669
086'LTTT
0¥€8°989
TS08°CC9
6SL9°LSE
8YETHLS
T9LT9SS
8%SL0ES
T0TLTSY
0SELLLS
8967189
ST96°€901
1T¥6'866
€00 911
8LE968L
6969'8LL
8€TLOSY
9s0T 6t
TTE'EEL
1T08°699

Z/W

o 0T X ¥'T
s 0T X T'E
LT
o 0T X 1
0T X ¥§
0L X 6T
o 0T X ¥'T
0T X ¥T
o 0T X 1
o 0L X T
& 0L X 1
e1- 01 X ST
101 X T
0T
o 0T X 1
& 0L X 1
o 0T X ¥'T
o0 X ¥'T
N4l
0T X 9T
LI€
8¢
o101 X ¥
60T X 09
< 0T X 8¢
& 0T X 1
& 0L X 1
o 0T X ¥'T
o0 X T
0T X ¥'T
o 01 X 1
& 0L X 1
-0l X T
o0 X ¥'T
¢ 0 X T
& 0T X 1
& 0L X T
& 0L X T
31005 19p1dg 10

,n[eA-q

AHTIOATAVADA

1aATOdY

QO TTHAIIAd TEDIIOASASMASM
(86'0—)NTOIIOO DI
(86'0—)IWTDIIOO DI
(86:0—)WTOHIIOOI
(86'0—)WTDAASAIIH
JHSIODHOXTVATIVAONAISSAVA
STOOHDATVATIVAONAISSAVA
HOMAVATTHV IVIVIHOAVOVVID
PHOMAVATTHV TVIVIHOAVOVVIDOUIAY
LOUEVATIHVIVIVIHOAVOVVEDYIAY
VIHOAVOVVADUIA
ALTIVOTADEIA

,AONAVATTHY IVIVTHOAVOVYIDU
AYTIVOTADEAD

ATIVOTADIA
DIAAIDTADITNAAA
JISATOSMISTAA
HNAIADISASAOTIASI TVE

L TDIVEAATOdS

JIDIVEAATOds

TINADD

WADDA

TADDX

JNMMETIDA

WNMMETE

DAANMMAd

DAANMMAIID
AWHIADISASTOTAASI TV
JNHIADISASTOTHASITY
AWHIADISASEOTAASI TVAY

,TADD RDIOATANMMITIDOATINADDX
DATNMMIDIDANINIDDX
TOYNADDA

DINADDX

DATANMMIDIOA

AQNMMIIIOA

douanbas

d @dueisqns

VY urupjornau

(8ey) yopndadomau

AVD

urreydosua-jour
urreydadua-naf

q apndad

no7-A19-3ry-ureydayua-jowr
sy J-Sry-ureydeyua-jowr

Qureu

spndad

$1091d
$1091d
1¥5090
1¥5090
1¥5090
1¥5090
1¥5090
1¥5090
1¥5090
6NX060
6NX060
6NX060D
6NX060
0AXO60
6NX060
TOHNGD
TOHNGD
695
061V90
01Z10d
696L¥d
696L¥d
01z10d
696L¥d
01ZT10d
01Z10d
01210d
01210d
696L¥d
01z10d
01Z10d
01210d
01210d
696L¥d
696L¥d
696L¥d
696L¥d
696L¥d

Iaqunu uorssadde Jordrun

1 uruei8oja1oes

1 urues8o3a109s
T-urunyAyoejord
T-urunjAyoejord
1-urunjdyoejord
1-urunjAyoejord
1-urunjAyoejord
T-urunyAyoejord
T-urunjAyoejord
syvsoxd
Svysod
svvsod
syvsoid
syvsoxd
syvsoxd
svvsod
svvsod
HOW-oxd
unpoejord

v ueydoyus-oxd
v urpeydayus-oxd
v ureydoyus-oxd
v ureydoyus-oxd
v ueydoyus-oxd
v ueydoyus-oid
v urpeydayus-oxd
v ureydoyus-oxd
v ureydoyus-oxd
v ureydoyue-oxd
v ureydoyus-oxd
v ueydoyus-oid
v ureydoyus-oxd
v ureydoyus-oxd
v ureydoyue-od
v ureydoyus-oxd
v ueydoyus-oid
v urpeydayus-oxd
v ureydoyus-oxd

10s1n531d

panunuo) ‘| dqe]J,

dx.doi.org/10.1021/pr200709j |J. Proteome Res. 2012, 11, 886-896

891



ARTICLE

Journal of Proteome Research

09C
Ly'e
1€7¢
01’0
S0'€
68T
we
S0
96'¢
9¢°¢
09¢C
0
8¢'T
861
e
8¢
790
Lyt
oL'e
16T
0T
6¢'1
0T'c
(4
8T'¢
€0y
15T
o¥'e
17¢
80'T
80'C
0
(wdd)

JOII9 sseur

6LT8T0ST
LY8Y' 0961
LITS' €C6Y
ST9S°€PTT
969S°6LT1
99TS'S9T1
£¥79'956T
TTEL'8EIT
169811
0SLS00TT
8LYLT0ST
9TTOTLLY
SYLY'L6LT
L8IL'BLIT
TTSL'8IVT
€Yo SYoT
LTS89691
STE80€91
9799°'L6T1
VL8 6SLT
L8T9'6611
LSY'€08T
T168L7991
STOL SYIT
LLIY'86LT
L00T961C
L866'6£0T
L996'CS61
10¥9'9SCT
LIE6'E66T
L86S'SOET
¥98¢°L8L
(1)

I

W

(4

9
9
T
(4
(4
14
(4
€
€
(4
(4
(4
T
T
€
€
(4
(4
T
(4
S
(4
(4
T
€
(4
(4
T
€
T
T
VA

TET'TSL
9LSL’LT8
879T°€T8
088LTT9
0¥6L'0v9
LILL'E8S
199T°0%L
8€LE°0T8
7906°€8Y
€00T' 10V
1€8€TSL
8L96'988
L9Y6'668
£€6£0v8
8S8¢°SEL
6069789
TST9'99S
0STH918
0T¥8°6t9
0L¥6°088
8L18°009
TL69'TOS
9€0+'7e8
8068°¢T8
0¥¥+'006
8EY0'cEL
T600°TC0T
ov6Y'LL6
€6TC°679
6159'S99
0808°¢S9
LTOLY6€E

Z/W

& 0L X ¥'T
f

f

10T X TT
e O X 1T
o 0L X ¥'T
601 X ST
& 0L X ¥'1
e O X T
o O X ¥'T
6 O X 1T
& 0L X ¥'T
o O X T
ST

I S
o O X 1T

1
1
1
'l
%4

501
sp-01
sp-O1
s 01

X X X X

X
<
—

501

& 0L X ¥

o 0L X 1
31025 19p1dg 10

Pnead

(86°0—)N'TISN'TAODIAVIN(€0° LT —)O

pSTOVONHOALLMISA TANIHO LA DISAADIHIAVINADIAS OV)
PSHASDIFOILLDLLI TINMHO LA TIVIAASVIEDNADIAY(OV)

TIIVINVINSNVS
DSLAIIMAAIN

OSLAIMMAAL
DIVTHOMOVVVVISIO TIOY TIdASdY
DSLAIMIINIOOV
LAIIMAINIDOV
IIMAINIDOV
NATIODOTAINAS
VAANATIODOTAINAS
HVAVIOAN TIIAVS T

2 LSAAQEIANDINCAAS
VIOANTIIAVS T
ONNAOLTIDTIOIASATLY
LOUNALAANATOAdA
ONNIO.LTIDTIOIAS
ONNADLTIDTHO
ONNIDLTIDTHOIASH
AHTTOQ'TAVA

T TIATDINANANHI A TIIDS
AHTTIOATAVADAXO
AHTTOATAVADAA(E0'LI—)O
ADISSIMOTIAIXD

2 YSSAMOTAAIAINATAD T
SSIMOTIAIAINATADT
(SAIMOTAAIXINATADT
AHTTOATAVAD
JVAAANISTOAOHADED T
,HOADHADID 1L

AHTTIOA

douanbas

so[dures ureIq ISNOW PUE MIIYS 991} U2IMIdq SISAeue darerdeurod
SIN/SIN—DT £q paynuapr sapndag [ "on[eA ydIEas £3ojowoy] , ‘sajdures ureiq asnow jo sisdfeue SI/SI— T daneredwos Sursn uoneprea sduanbas 1ayng p "UOHEPI[EA [EUNEW 10§ PIIIIAS 210M . 0T
X T Uey) ssa] sanfea J yim sapnda | *samads 19730 10 smaIys 2313 ur 1oy pajiodarjou sapndad [paoN 0 "uone[£3a0e ‘17— SSEW BI[3(J ‘UONBPIWE ‘g6 (— SSEW BIR(J ‘N[D-0I4J ‘€0 LT — SSeW e3P ‘SINLLd ,

apndad eunsajur aanoeosea

+d ursowy)
01y wsowdyy

4] -UIje}Sojewos

Amm.@v 4T -UI}e}SOJeWOS

uwreu

spndad

69ted
$9007d
8AMZ90
SISLLO
€ISLLO
€ISLLO
6L719d
SISLLO
€ISLLO
€ISLLO
0AHA9D
0AHA9D
TAXM80
TAXM8O
Taxmso
8DZHSO
1TSE€1d
8DZHSO
8DZHSO
8DZHSO
¥1091d
$1€S€0
+1091d
$1091d
$IESEO
$IESEO
$IESEO
$1ESE0
$1091d
09050d
09050d
FOTNIV

Iaqunu uorssadde jordrun

sapndad JIA
+¢ ursow4y)
01y ursowkyy
UnEISOJeWOoS
uneISOjeWOS
U1je}sojewWos
uneISOjeWOos
UnEISOJeWOoS
UIJEISOJeWOS
UIJE}SOJeWOS

A uruei8o3a1nas
A uruei8o3a1oas
111 urue303a109s
111 uruer303a109s
111 uruer303a109s
11 uruei8o3a1das
11 urueido3emas
11 urueido3am9s
11 uruei8o3a109s
11 uruei8o3a109s
1 uruerdojadas
1 urueido3a19s
1 uruei8o3o109s
1 urueido3o109s
1 urueido3o109s
1 urueido3o109s
1 uruerdojardas
1 uruerdojaas
1 urueido3o109s
1 urueido3o19s
1 urueido3a109s

1 uruerdojadas

10s1no3xd

panunuo) ‘| dqe]J,

dx.doi.org/10.1021/pr200709j |J. Proteome Res. 2012, 11, 886-896

892



Journal of Proteome Research

Indaris
108

LEpppRVIMARRREREER 5 b

Y14 Y6 peaiho
¥ e bit
b7

(227911 [ Wb, 0-NH, ]
) 7 babio ':'us‘ ’m"
¥4 ¥ MEEL 715)
i Y - u| ul| ll T} I || I |

b0 1000 1500 1000 2500

n

¥i3

Neurcendocrine covertase 1 fragment in Tree shrews: LSCDDRVIWAEQOYOKERS
Neurgendocring covertase 1 (AA50-108) in Humans: LSDODRVIWAEQOYEKERS
Neurgendocrine covertase 1 (AAS0-108)in Rats LLDDOAVIWAEQQYEKERR
Neurgendocrine covertase 1 (AASD-108) in Mice LSDDDRVTWA ﬁ"KER‘S

Figure 2. The neuroendocrine convertase 1 fragment LSDDDRVL-
WAEQQYQKERS has been sequenced via homology analysis of the
MS/MS spectrum. The b- (blue) and y-ions (red) are assigned based on
the delta mass difference between two fragmentation ions. De novo
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ously identified. The sequence of this peptide is highly conserved but not
identical to its homologous peptide from mice, rats, and humans.
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information, the sequence of neuropeptide Y was unambiguously de-
termined. In addition to these classical neuropeptides characterized,
thymosin -4 and thymosin 3-10, two peptide hormones that are not
derived from prohormones, were also identified with this method
(see Supplementary Figures S3 and S4, Supporting Information).

Post translational modifications (PTMs) were examined dur-
ing peptide identification. PTMs have important biological
influence because they can alter the functional property of
neuropeptides, for example, increase the binding affinity to
receptors or make peptides more resistant to enzymatic
degradation. In the present study, we characterized 22 peptides
containing PTMs (see Table 1). Amidation is a PTM that was
identified with the highest frequency in our spectral interpreta-
tion. C-terminal amidation is specific to endogenous peptides*’
and is reciuired for the functional activation of many neuro-
peptides.*’ In all cases where the peptide had a C-terminal amide
group, the precursor contained Gly on the C-terminus; this is
consistent with the known enzymatic reaction that produces
C-terminal amides.**

BLAST Analysis of Tree Shrew Neuropeptides

Peptides as well as neuropeptides in animals will present high
identity when they have close relationship,* which can be used
to understand their distance in evolution.” As tree shrews are
specific animals that are phylogenetically close to primates,”** it
can be expected that neuropeptides in tree shrews will show
overall higher homology to primates such as humans than the
homologous neuropeptides in rodents such as mice and rats. To
test this aspect, we determined the mean sequence identity of
tree shrew peptides (96.34 + 0.96%), rat peptides (92.39 =+
1.92%), and mice peptides (91.15 £ 1.98%) to human homo-
logues. Figure S shows the difference between the sequence
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Figure 4. Applications of chromatographic and mass spectrometric
information to verify the sequences of unevenly fragmented peptides.
(A) Workflow to verify the sequence of neuropeptides that have low
residue assignment. Targeted LC—MS/MS analysis are conducted on
three types of neuropeptide samples: extracts of tree shrew brain, mice
brain, and the mixtures of the two extracts (1:1, v/v). T: tree shrew, M:
mouse. The retention time (Rt), parent ions, and fragmentation patterns
are compared to confirm the sequence of unevenly fragmented tree
shrew neuropeptides. (B) The MS/MS spectra and fragmentation ion
assignments of neuropeptide Y from tree shrew and mouse samples. The
C-terminal of tree shrew neuropeptide Y cannot be confirmed, although
its fragmentation pattern in the N-terminal is highly similar to that of
mouse neuropeptide Y. (C) The chromatographic behaviors of neuro-
peptide Y in extracts of tree shrew brain (blue), mice brain (red), and the
mixed extracts of both (green). Neuropeptide Y has very close Rt in the
three types of extracts. Importantly, the fact that no peak split of
neuropeptide Y is observed in the mixed extracts indicate this peptide
has an identical sequence with mouse neuropeptide Y.

Identiy of Peptide Sequences to Human

Tree shrew

B88% 90% 92% 945 96% 98%

Figure 5. Sequence identity analysis of tree shrew, rat and mouse
peptides against their equivalent peptides in human. The values are
represented as mean 3= SEM. The comparison indicated that tree shrew
peptides have significantly higher mean identify to their homologous
peptides in humans than those in mice and rats (paired t test, p < 0.01).

identity of the peptides across the four species. Remarkably, the
results showed that the peptides from tree shrew had significantly
higher sequence identity to those from humans than from mice
or rats.

H DISCUSSION

Neuropeptides are important si%naling molecules that regu-
late diverse physiological processes.” They have been extensively
characterized in standard laboratory animals such as rats and

dx.doi.org/10.1021/pr200709j |J. Proteome Res. 2012, 11, 886-896
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mice, but to date there has been no systematic 1nvest1gat10n in
tree shrews, a small mammal that is a close relative of primates.****
We therefore focused on identifying as many neuropeptides as
possible in the tree shrew, which we accomplished by developing
an integrated neuropeptidomics approach. Currently, the tree
shrew genome published online (see NCBI Web site) is still
incomplete and the sequences are mostly unannotated. There-
fore, a BLAST search on this genome can only yield a limited
number of proteins. Thus, the currently available genome
information for tree shrew cannot be used to predict a full list
of neuropeptide precursors for database construction. This
complicates data interpretation and would severely limit the
neuropeptide identification rate.'” To circumvent these pro-
blems, we employed several complementary techniques to
identify neuropeptides from tree shrews with high confidence.
The current investigation represents a comprehensive survey of
neuropeptides of the tree shrew using our integrated approach.
Overall, we identified 107 peptides from 25 neuropeptide pre-
cursors. Of the identified peptides, some are classical neuropep-
tides, and the others may be potentially bioactive peptides.
Despite the absence of a species-specific database, our results
are nevertheless comparable, in terms of the total number of pep-
tides identified, to previous studies usm% genetic or proteomic
assay-assisted neuropeptidomics.'>~ ">

Our LC—MS/MS analysis strategy allowed highly efficient data
acquisition. The analytical strategy combined data-dependent,
directed and targeted LC—FT-MS/MS methods for analysis of
tree shrew brain samples. In directed LC—MS/MS, the fragmenta-
tion of peptides was conducted using an inclusion list/parent mass
list that was created based on analysis of the data-dependent
LC—MS/MS data. The parent ions were selected according to
charge states and intensities of peptides in full scans. This method
allowed the removal redundant 51gnals and consequently increased
the peptide identification efficiency.”® Meanwhile, the targeted
LC—MS/MS analysis allowed the screening of neuropeptides
based on the prediction that a large number of tree shrew
neuropeptides might be identical to their counterparts in one or
more other mammals. To increase the probability of finding a
peptide with identical sequence in the database, we created
inclusion lists from four other species, in this study, from mice,
rats, and humans. Current neuropeptidomic data were collected in
these species using LC—ESI-MS/MS. The reported m/z and
charge states of parent ions would therefore be the preferred states
of peptides in ESI mode, which we used in our analysis. The
creation of such inclusion lists is helpful to find neuropeptides, if
they exist in the samples even at low concentrations. Additionally,
when a low number of peptides were selected for fragmentation,
some important CID parameters, such as maximum accumulation
time, could be specially optimized to acquire high quality MS/MS
spectra of all targeted peptides. Our targeted LC—MS/MS analysis
is thus especially useful for detecting peptides with low abundance
signals. Because of the high efficiency, directed/targeted LC—MS/
MS are suited for very small quantities, such as those that can be
obtained from brain tissue samples. Importantly, this method can
also fully use the advantages of FT-MS/MS, because the apphcatlon
of FT-MS/MS was able to increase the confidence of sequencing,*
but FT-MS/MS has lower sensitivity and slower scan speed than
low resolution MS/MS conducted in other detectors such as ion
traps.>” Using directed and targeted LC—MS/MS analysis, we were
indeed able to identify a higher number of peptides, in total about
50% more, compared to our standard method of data-dependent
LC—MS/MS analysis.

During evolution, the majority of neuropeptides have been
highly conserved across species, with identical sequences occur-
ring often across related species. On the basis of this principle, we
conducted direct protein search and homology search to allow
rapid identification of tree shrew peptides. Subsequently, we used
combinational methods to verify the sequence of each neuro-
peptide. The validation of neuropeptidomic results remains
challenging.*” Although high accuracy measurement of both
parent mass and fragment mass significantly narrows the limits in
database searchmg and increases the capability in the discovery of
peptides,*>* it sometimes fails to determine the full peptide
sequence. This can happen especially for peptides with low
information content MS/MS spectra. Prior knowledge of struc-
tural other peptide characteristics can support the validation of
peptide sequence in such cases. Accordingly, we used the
sequence and the retention time of mouse neuropeptides to
validate the sequences of several tree shrew neuropeptides in
question, for example, the long neuropeptides neuropeptide Y
and GAV. Our results demonstrate that high accuracy mass
spectrometric measurement plus a retention time criterion can
be an efficient way of peptide identification, which is consistent
with the previous observations in proteomic studies.*

Tree shrews are interesting animal models used in brain
research. Our study demonstrated that tree shrew peptides have
a significantly higher degree of homology to equivalent se-
quences in humans than those in mice or rats, consistent with
the close phylogenetic relationship between tree shrews and pri-
mates.”>** As animal models, tree shrews thus provide a sig-
nificantly closer approximation to humans in terms of biological
signaling mechanisms than the standard laboratory animals such
as rats and mice.

B CONCLUSION

We present an integrated approach for the comprehensive
characterization of neuropeptides in tree shrews. This approach
exploits the high degree of conservation of neuropeptides across
mammalian species and fully uses the advantages of directed and
targeted LC—FT-MS/MS. Our study provides a complete over-
view of tree shrew neuropeptides, some of which are novel and
most of which have not been functionally studied in tree shrews
to date. Our finding now permits deep characterization of their
function in the nervous and endocrine system of tree shrews in
diverse biological studies.
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