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Abstract

Completion of the Caenorhabditis elegans genome sequencing project in 1998 has provided more insight into the complexity of
nematode neuropeptide signaling. Several C. elegans neuropeptide precursor genes, coding for approximately 250 peptides, have
been predicted from the genomic database. One can, however, not deduce whether all these peptides are actually expressed, nor
is it possible to predict all post-translational modifications. Using two dimensional nanoscale liquid chromatography combined with
tandem mass spectrometry and database mining, we analyzed a mixed stage C. elegans extract. This peptidomic setup yielded 21
peptides derived from formerly predicted neuropeptide-like protein (NLP) precursors and 28 predicted FMR Famide-related pep-
tides. In addition, we were able to sequence 11 entirely novel peptides derived from nine peptide precursors that were not predicted
or identified in any way previously. Some of the identified peptides display profound sequence similarities with neuropeptides from

other invertebrates, indicating that these peptides have a long evolutionary history.

© 2005 Elsevier Inc. All rights reserved.
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Neuropeptides are naturally occurring signaling mol-
ecules that interact with cell surface receptors to trigger
an intracellular transduction pathway. Not only are they
structurally diverse, their signaling cascades are highly
variable, so there is a tremendous potential of different
effects on living cells. Because of their critical signaling
role, peptides are attractive for pharmaceutical use,
since they can be used as therapeutics or as indirect tar-
gets via their cognate receptors or processing enzymes.
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acetonitrile; TFA, trifluoroacetic acid; FA, formic acid.
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Current estimates suggest that as much as one-third of
the human world population harbors one or more spe-
cies of parasitic helminths [1]. In this context, the impor-
tant role of neuropeptides in the biology of nematodes
has captivated the interest of many parasitologists.
Understanding the role of neuropeptides is unfortunate-
ly often hindered by the absence of primary sequence
information and knowledge about their post-transla-
tional modifications. This sequence information has ar-
rived very slowly, due to the huge efforts required in
tissue collection and purification to ultimately isolate
and functionally characterize a peptide. Although 23
FMRFamide-like peptide (flp) genes [2,3] and 32 neuro-
peptide-like protein (n/p) genes [4] have been predicted
from the genome sequence of Caenorhabditis elegans,
only 12 FMRFamide-related peptides (FaRPs) have
been biochemically isolated and identified to date [5-10].
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The concept for the simultaneous identification of
naturally occurring peptides, derived from protein pre-
cursors in vivo within a peptide producing cell, differs
from that of tryptic peptides, which in contrast are arti-
ficially derived from proteins on the laboratory bench.
The first approach is called ‘peptidomics’ to clearly dis-
tinguish it from ‘proteomics.” We recently introduced
this concept of peptidomics, which aims at the simulta-
neous visualization and identification of all the ex-
pressed  peptides with  their  post-translational
modifications of a cell, tissue or organism [11]. In this
way, the neuropeptidome of Drosophila melanogaster
was already successfully explored and we demonstrated
that a two dimensional-LC separation is more suited
than a one dimensional-L.C separation in order to iden-
tify the peptidome as complete as possible [12,13]. In this
paper, we describe for the first time a high throughput
peptidomic analysis of a nematode, i.e., C. elegans, by
the use of specific extraction and sample preparation
procedures, followed by two dimensional nanoscale li-
quid chromatography—quadrupole time-of-flight tan-
dem mass spectrometry (2D-nanoLC-Q-TOF MS/MS).

Materials and methods

Animals. Wild-type C. elegans (variety Bristol N,) were raised at
20 °C, under standard laboratory conditions, on conventional nema-
tode growth media (NGM) plates, cultured with the E. coli strain OP-
50.

Peptide extraction and sample preparation. Mixed stage worms from
10 fully grown petri dishes (diameter 90 mm), free from bacteria and
dead animals by flotation on 30% sucrose, were placed in an ice-cold
methanol/water/acetic acid (90:9:1, v/v/v) solution. After homogeni-
zation, sonication, and centrifugation at 500g for 15 min, the pellet was
discarded. The methanol was evaporated and the remaining aqueous
residue was delipidated by re-extraction with ethyl acetate and n-hex-
ane. The organic solvent layer was decanted and the aqueous solution
was subsequently desalted by using a SepPak C18 cartridge (Waters,
Milford, MA, USA). The peptides were eluted with 50% acetonitrile
(ACN) containing 0.1% trifluoroacetic acid (TFA). One-fifth of this
fraction was further dried in a Speedvac concentrator, redissolved in
20 uL of 2% ACN with 0.1% formic acid (FA), and subsequently fil-
tered through a 22 pum spindown filter (Ultrafree-MC, Millipore,
Bedford, USA) prior to analysis.

2D-nanoL.C MS/IMS. The two dimensional nanoscale liquid chro-
matography tandem mass spectrometry experiments were conducted on
an Ultimate HPLC pump, a Switchos column-switching device, and a
Famos autosampler (all LC Packings, The Netherlands), coupled to a Q-
TOF hybrid Quadrupole Time-Of-Flight mass spectrometer (Micro-
mass, UK). Twenty microliters of the sample, corresponding to two
fully grown NGM plates, was injected on a strong cation exchange
(SCX) column (Bio-SCX, 500 pm x 15 mm, LC-Packings, The Neth-
erlands), which was on-line with a C18 pre-column (p-guard column
MGU-30 C18, LC-Packings, The Netherlands). Sample loading was
done at a flow rate of 30 pl/min with water containing 2% ACN and
0.1% FA. After loading the sample, the SCX column was switched off-
line and the reversed phase pre-column was rinsed for 5 min. Next, this
reversed phase trapping column was switched on-line with the nanoscale
Atlantis C18 column (3 pm, 100 pm X 100 mm, Waters, USA). The
peptides were separated using a 50 min gradient from 2 to 50% ACN
containing 0.1% FA at a flow rate of 200 nl/min. The second fraction of

peptides was eluted from the SCX column by injection of 20 pl of a
20 mM ammonium acetate solution. The eluting peptides were again
concentrated and desalted on the C18 pre-column prior to the nanoscale
HPLC and MS analysis. This procedure was performed 10 times with
successive concentrations of ammonium acetate (0, 20, 50, 100, 200, 400,
600, 800, 1000, and 2000 mM) that were used to elute peptide fractions
from the SCX column. The 2D-LC system was directly connected with
the electrospray interface of the Q-TOF mass spectrometer. The column
eluent was directed through a stainless steel emitter (Proteon, Denmark)
and nitrogen was used as nebulising gas. The mass spectrometer was set
to automatic data-dependent MS to MS/MS switching when the
intensity of the doubly and triply charged parent ions increased above
15 counts/s. The applied collision energy of the argon gas was chosen
automatically between 25 and 40 eV depending on the number of
charges and the mass range of the selected parent ion.

Peptide identification. The MS/MS data of all 10 SCX fractions
were transformed into peak list files using the Proteinlynx software
(Micromass, UK). These text files were subsequently submitted to a
Mascot search on an in-house server to identify the peptides. This
bioinformatics program matches the fragmentation data from the peak
list files against any FASTA format protein database [14]. A home-
made C. elegans database was constructed, containing the known FLP
and NLP precursors. To identify possible unknown neuropeptide
precursors, the NCBInr database with taxonomy set on C. elegans was
also applied. Pyroglutamic acid (Glu), carboxyterminal amidation,
acetylation (aminoterminal, Lys), sulfatation (Tyr), and oxidation
(Met), which are all common post-translational modifications of
neuropeptides, were selected as variable modifications in the Mascot
program. Individual ions with Probability Based Mowse Scores above
the threshold required for identity or extensive homology (p < 0.05)
were further manually explored. First, we checked whether the frag-
mentation spectrum shows extensive similarity to the theoretical
fragment ions of the presumed peptide sequence. If this was the case,
we further checked whether this peptide meets all requirements to
correspond to a naturally occurring peptide. This means that the
peptide must be flanked in the precursor by dibasic (or basic) cleavage
sites or N-terminally flanked by the signal sequence, since this is the
case for all presently known endogenous bioactive peptides. If the
presumed peptide sequence carboxyterminally contains an amidation,
this means that in the precursor sequence a glycine must be present as
carboxyterminal amidation is always derived from a glycine. Next the
presumed peptide precursor should contain a signal peptide, a com-
mon feature of all secreted proteins. Therefore, newly identified pre-
cursors were further analysed by SignalP 3.0 [15] to identify the signal
sequence. The presence of a signal sequence, the presence of dibasic (or
basic) cleavage sites amino- and carboxyterminally located from the
peptide (which are used by the endogenously present convertases), and
the presence of a glycine located aminoterminally from the cleavage
place in case of carboxyterminal amidation were handled as three
additional rules to identify endogenous, naturally occurring, peptides.

The few peptides with individual ion scores just below the indicated
threshold, but having satisfying fragmentation spectra and meeting all
requirements to correspond to an endogenous peptide, all originated
from a precursor of which another peptide had already been success-
fully identified (a score above the threshold). This is a strong indication
that these peptides, although below the threshold, do correspond to an
endogenous peptide. These peptides are indicated by a footnote in
Table 1 which lists all the presently identified C. elegans peptides.

Results

In the 2D-nanoLC experiment, different peptide frac-
tions eluting from the strong cation exchange column in
each salt step underwent a subsequent nanoscale
HPLC separation on an analytical C18 column. Each
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Table 1

C. elegans neuropeptides identified by 2D-nanoLC-MS/MS
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Gene

Gene similarity

Peptides characterized by 2D-nanoLC-MS/MS

FMRFamide-related peptides or FaRPs

-LRFamide family
Sip-1

fip-18

-IRFamide family
flp-5
Sip-13

-MRFamide family
fip-3

fip-22
fip-6
-VRFamide family

Sip-9
fip-11

fip-16

fip-19

C. vulgaris, C. briggsae,
P. redivivus, myosuppressins
C. briggsae

C. briggsae
C. briggsae

C. briggsae
C. briggsae

C. briggsae

C. briggsae

Neuropeptide-like protein (NLP) peptides

-MSFamide family
nip-1

nip-13

nlp-7

-(F/ M)G(L/F)amide family

nip-6
-GFxGF family

nip-8

nip-14

nip-15

-FAFA family
nip-18

C. briggsae, buccalin
drosulfakinin-0

C. briggsae

9!

briggsae

9

briggsae, allatostatins A

briggsae
briggsae
briggsae, orcokinin
briggsae

SHONON!

C. briggsae

SADPNFLRFamide
AAADPNFLRFamide
EIPGVLRFamide?®
SEVPGVLRFamide
SYFDEKKSVPGVLRFamide
SVPGVLRFamide®
DFDGAMPGVLRFamide
GAMPGVLRFamide

GAKFIRFamide
APEASPFIRFamide
AMDSPLIRFamide
ASPSAPLIRFamide®
SPSAVPLIR Famide
SAAAPLIRFamide
AADGAPLIRFamide

TPLGTMRFamide
EAEEPLGTMRFamide
SADDSAPFGTMRFamide
SAEPFGTMRFamide
ASEDALFGTMRFamide
NPENDTPFGTMRFamide
SPSAKWMR Famide
pPQQDSEVEREMM

KPSFVRFamide
ASGGMRNALVRFamide
NGAPQPFVRFamide®
SPLDEEDFAPESPLQamide
AQTFVRFamide
GQTFVRFamide®
WANQVRFamide

MDANAFRMSFamide
VNLDPNSFRMSFamide
SAPSDFSRDIMSFamide
SSSMYDRDIMSFamide*
SPVDYDRPIMAFamide

LYLKQADFDDPRMFTSSFamide®

MILPSLADLHRYTMYD

APKQMVFGFamide

YPYLIFPASPSSGDSRRLV
SFDRMGGTEFGLM
ALNSLDGAGFGFE
AFDSLAGSGFDNGFN

SDEENLDFLE
SPYRTFAFA
SPYRAFAFA
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Table 1 (continued)

Gene Gene similarity Peptides characterized by 2D-nanoLC-MS/MS
GGARAF- family
nlp-21 C. briggsae pQYTSELEEDE
GGARVFQGFEDE
GGARAFLTEM
nip-9 C. briggsae TPIAEAQGAPEDVDDRRELE
No multigene family
nip-11 C. briggsae SPAISPAYQFENAFGLSEALER Aamide
nip-17 C. briggsae GSLSNMMRIamide
Newly characterized peptides
Novel FaRPs
fip-24 C. briggsae VPSAGDMM VRFamide
VPSAGDM(ox)MVRFamide
VPSAGDMM(ox)VR Famide
VPSAGDM(ox)M(ox)VRFamide
fip-26 C. briggsae EFNADDLTLRFamide
FNADDLTLRFamide
GGAGEPLAFSPDMLSLRFamide
Novel NLP peptides
nip-35 C. briggsae AVVSGYDNIYQVLAPRF
nlp-36 C. briggsae SMVARQIPQTVVADH
nip-37 C. briggsae NNAEVVNHILKNFGALDRLGDVamide
nlp-38/ MIP Insect MIPs, B-type allatostatins TPQNWNKLNSLWamide
SPAQWQRANGLWamide
nlp-39 EVPNFQADNVPEAGGRV
nip-40 C. briggsae APSAPAGLEEKL
APSAPAGLEEKLR
nip-41 APGLFELPSRSV

Peptides that were previously purified and sequenced are in italic face. pQ, pyroglutamic acid; ox, oxidation.
% Peptides having Mowse scores just below the threshold required for identity or extensive homology (p <0.05), but having satisfying
fragmentation spectra and meeting all requirements to correspond to an endogenous peptide, as explained under Materials and methods.

nanoLC-MS analysis resulted in a complex total ion
current (TIC) chromatogram, which is made up from
individual mass spectra (Fig. 1). The nanoLC-MS/MS
technology allows us to select and fragment multiple
charged peptide ions as they elute from the column, even
when co-eluting with other peptides. The amino acid
sequences of the selected peptides can then be deduced
from the resulting fragmentation spectra. In this way,
we sequenced 60 endogenous peptides in total. Table 1
lists the sequences of all presently identified C. elegans
peptides and indicates whether they display similarity
to neuropeptides found in other invertebrates or
vertebrates.

FMRFamide-related peptides or FaRPs

One of the most diverse and well-studied groups of
neuropeptides in invertebrates are the FMRFamide-re-
lated peptides (FaRPs). All C. elegans-RFamide pep-
tides possess a non-polar hydrophobic amino acid (L,
I, M, V) in the third position from the carboxyl-termi-
nus. We will now describe the identified peptides and
place them in their respective families according to the
carboxyterminal motifs.

-LRFamide family

The first discovered FMR Famide-like peptide gene of
C. elegans was named flp-1. Its mRNA can be alternative-
ly spliced [16]. The Cuv-flp-1 gene in Caenorhabditis vulga-
ris has 99.4% similarity with the C. elegans flp-1 gene and
it encodes the same putative peptides [17]. Disruption of
the fIp-1 gene causes multiple behavioral defects, includ-
ing uncoordination, hyperactivity, and insensitivity to
high osmolarity [18]. Six of the seven -FLRFamide pep-
tides, all contained within the putative translation prod-
ucts of the flp-1 gene were already isolated from extracts
of mixed stage animals in 1993 [10]. In our 2D-nanoLC-
MS/MS experiment, we identified two of these formerly
characterized neuropeptides, i.e., AAADPNFLR Famide
and SADPNFLR Famide. The latter was initially isolated
from Panagrellus redivivus [19].

The flp-18 transcript can also be alternatively spliced
yielding two peptide precursor proteins, one being the
aminoterminally extended form of the second. All five
FaRPs from FLP-18 contain the carboxyterminal -
PGVLRFamide consensus sequence. We identified the
peptides EIPGVLRFamide, @ SEVPGVLRFamide,
SVPGVLRFamide, DFDGAMPGVLRFamide, and
an aminoterminally truncated form of the latter peptide
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Fig. 1. Schematic overview of the 2D-nanoLC-MS/MS data. (A) Total ion current chromatograms (TIC) of all 10 SCX fractions obtained by a 2D-
nanoLC separation of a C. elegans extract. (B) Example of one survey mass spectrum at 34.5 min of the 600 mM fraction, in which the doubly
charged ion at m/z 504.34 is selected for fragmentation. (C) Fragmentation spectrum of the selected peptide, representing the sequence
GSLSNMMRIamide (b-type and y-type ions are indicated in the spectrum, “a” indicates a carboxyterminal amidation).

(GAMPGVLRFamide). An aminoterminally extended
form of SVPGVLRFamide, being SYFDEKKSV
PGVLRFamide, was also identified. SVPGVLRFamide,
the only peptide present in three copies, was previously
characterized and appears to be excitatory on Ascaris
suum somatic musculature [9].

-IRFamide family

The following two -FIRFamide containing peptides
were identified in our experiment: GAKFIRFamide
and APEASPFIRFamide, which are products of,
respectively, fIp-5 and fip-13. Only APEASPFIRFamide
was previously isolated and synthetic replicates of this
peptide seem to induce a profound relaxation of both
dorsal and ventral somatic muscle-strip preparations
of A. suum [6]. The FLP-13 precursor contains nine
putative peptides of which one displays the -FIRFamide
motif. The other eight peptides have a carboxyterminal
-LIRFamide sequence. Of these peptides, we confirmed
the presence of AMDSPLIRFamide, ASPSAPLIRFa-
mide, SPSAVPLIRFamide, SAAAPLIRFamide, and

AADGAPLIRFamide. Only the latter has been isolated
previously in C. elegans and appears to have an inhibi-
tory effect on dorsal and ventral 4. suum muscle strips
[9]. According to the predictions of the potential FaRPs,
SDRPTRAMDSPLIRFamide was also predicted as a
FLP-13 derived peptide. However, we only found the
short form AMDSPLIRFamide, indicating that the ba-
sic arginine at position six acts as a monobasic cleavage
site.

-MRFamide family

Flp-3 encodes nine putative aminoterminally extend-
ed -GTMRFamide peptides, of which we were able to
sequence six: TPLGTMRFamide, EAEEPLGTMRFa-
mide, SADDSAPFGTMRFamide, SAEPFGTMRFa-
mide, ASEDALFGTMRFamide, and NPENDTPF
GTMRFamide. None of these peptides were identified
or biochemical characterized before, hence little is
known about their function. Flp-22 encodes three copies
of the peptide SPSAKWMRFamide, which could also
be observed in the present peptide profile. Some putative
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FLP peptides without the -RFamide moiety were also
sequenced. The presently identified sequence pQQDS-
EVEREMM is for example aminoterminally preceded
by the signal peptide and flanked at the carboxyl-termi-
nus by KR in the FLP-6 precursor. This peptide has an
aminoterminal pyroglutamic acid residue. The enzymes
responsible for this modification are found in the secre-
tory pathway, suggesting that the peptide is indeed
secreted. A doubly charged ion which might correspond
to the peptide KSAYMRFamide from FLP-6 was
detected, though not selected for fragmentation, hence
its sequence could not be confirmed.

-VRFamide family

Alternative splicing of flp-11 yields three transcripts,
whereby one transcript encodes three FaRPs while the
others encode only two, due to a frame shift of the cod-
ing region. We were able to sequence the unique peptide
NGAPQPFVRFamide derived from one transcript as
well as ASGGMRNALVRFamide that is encoded by
all three transcripts. We also identified another peptide
derived from the flp-11 precursor, which is not a FaRP,
i.e., SPLDEEDFAPESPLQamide. This peptide is
flanked on both sites by the dibasic amino acids KR,
which are used as cleavage sites. The peptides
GQTFVRFamide and AQTFVRFamide, products of
the flp-16 gene, and the peptides KPSFVRFamide and
WANQVRFamide that originate from fIp-9 and fip-19
respectively, were also identified.

Neuropeptide-like protein peptides

The C. elegans genome has been scanned for putative
proteins that display structural properties of typical neu-
ropeptide preproproteins and/or are homologous with
previously characterized invertebrate neuropeptides [4].
In this way, 32 neuropeptide-like protein (nlp) genes were
identified, but none of the corresponding peptides have
ever been de novo sequenced until now. In our 2D-na-
noLC MS/MS experiment, we could confirm the occur-
rence of 21 predicted NLP peptides.

-MSFamide family

This family comprises neuropeptides with a carboxy-
terminal -SFamide motif similar to D. melanogaster dro-
sulfakinin-0 [20]. The NLP-1 precursor also resembles a
part of the Aplysia californica buccalin precursor [21].
Two of the three predicted NLP-1 peptides could be
identified in our experiment: MDANAFRMSFamide
and VNLDPNSFRMSFamide. Six of the seven putative
NLP-13 peptides have the carboxyterminal -DIMSFa-
mide motif. We found three doubly charged ions of
which the masses correspond to SSSMYDRDIMSFa-
mide, SAPSDFSRDIMSFamide, and SPVDYDRPI-
MAFamide, but only the latter two peptides were
fully sequenced. An ion with a fragmentation spectrum

corresponding to MILPSLADLHRYTMYD was also
found in our C. elegans extract. This peptide is flanked
in the NLP-7 precursor by the dibasic cleavage site
KR, but was not predicted in the bioinformatics study
[4]. A peptide with the sequence QADFDDPRMFTS-
SFamide was false predicted from the nlp-7 gene, as
we found an aminoterminally extended form, LYLK-
QADFDD-PRMFTSSFamide that is aminoterminally
flanked by the signal peptide, which is removed upon
entrance in the secretory pathway.

-(FIM)G(LIF)amide family

NLP-5 and NLP-6 contain putative peptides with a
carboxyterminal -MGLamide, -MGFamide or -FGFa-
mide motif. We found a doubly charged ion of which
the fragmentation spectrum corresponds to the sequence
APKQMVFGFamide. This sequence is located directly
carboxyterminally from the predicted signal peptide
and is flanked by KR at its carboxyl-terminus in the
NLP-6 precursor.

-GFxGF family

NLP-14 and NLP-15 putative peptides contain a carb-
oxyterminal -GFxGF or -GFGF motif. We were able to
identify the peptides ALNSLDGAGFGFE and AFD-
SLAGSGFDNGFN from, respectively, NLP-14 and
NLP-15. The predicted neuropeptides of NLP-14 all
share the carboxyterminal -GFGF(E/D) sequence string
with orcokinin, a myotropic neuropeptide from the cray-
fish Orconectes limosus [22]. YPYLIFPASPSSGD-
SRRLYV and SFDRMGGTEFGLM, products from the
nlp-8 gene, were also proven to be present. The latter pep-
tide contains a carboxyterminal motif FGLM of sequence
identity with human substance P.

-FAFA family

The presently sequenced peptides SDEENLDFLE,
SPYRAFAFA, and SPYRTFAFA are all products of
the nlp-18 gene, which is part of the -FAFA neuropep-
tide family that also contains nlp-20.

GGARAF- family

Nlp-9 and nip-21 encode putative peptides containing
a aminoterminal GGARAF- or related motif, but there
is no carboxyterminal conservation between these pep-
tides. In our 2D-nanoL.C-MS/MS experiment, we could
confirm the existence of three peptides originating from
NLP-21: pQYTSELEEDE, GGARAFLTEM, and
GGARVFQGFEDE. From the nilp-9 gene, we were able
to identify the sequence TPIAEAQGAPEDVDD-
RRELE.

Other NLP peptides

Eight nlp genes (nlp-4, nip-10, nip-11, nip-12, nip-16,
nilp-17, nlp-19, and nlp-26) could not be classified into
gene families according to sequence homology. Two
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abundant ions, a doubly and triply charged, were found
in four successive salt steps. Their fragmentation spectra
correspond to the sequence SPAISPAYQFENAFGL-
SEALERAamide, which originates from the NLP-11
precursor. After transcription, translation, and process-
ing, the nlp-17 gene results in two predicted peptides of
which we could identify GSLSNMMR Iamide.

Newly characterized peptides and their putative novel
peptide precursors

Besides the 28 FaRPs and 21 NLP peptides derived
from predicted neuropeptide precursor genes, we discov-
ered eleven entirely novel peptides that originate from
nine different, so far unknown C. elegans peptide precur-
sors (Table 2). To verify the sequences of the novel pep-
tides, synthetic replicates were analyzed by MS/MS.
Comparison of the resulting fragmentation spectra with

Table 2
Novel C. elegans precursors from which peptides were identified by
2D-nanoLC-MS/MS

FLP-24 3B343, C24A1.1 AAB70310
MLSSRTSSII LILAILVAIM AVAQCRNIQY DVEEMTPEAA
FRYAQWGEIP HKRVPSAGDM MVRFGKRST

FLP-26 R173.4, XH649 NP 741827
MKVMFMLALLFSSLVATSAF RLPFQFFGAN EDFNSGLTKR
NYYESKPYKR EFNADDLTLR FGKRGGAGEP LAFSPDMLSL
RFGK

NLP-35 4K284, C33A12.2 NP 501687
MPRVSSFIVFLTFMVALLAVSHAAVVSGYD NIYQVLAPRF
RRARMMSFDA EAPQYLQHLL QNLKPRFRRS V

NLP-36 3K579, B0464.3 NP 499088
MSVDLKQQLELADYLGALAVWCIFFGVLFILSVIFNEVCT
KKDDDVTALE RWGYKKNIDM KLGPHRRSMV ARQIPQTVVA
DH

NLP-37 XC781, F48B9.4 NP 508397
MSSRISVSLLLLAVVATMFFTANVVDATPR SQGNMMRYGN
SLPAYAPHVL YRFYNSRQFA PINKRNNAEV VNHILKNFGA
LDRLGDVGK

NLP-38/MIP 1N995, C01A2.7 NP 740928
MOLIHFIVGLAMLISLSLAA SDDRVLGWNK AHGLWGKRSV
QEASQDKRTP QNWNKLNSLW GKRSASSFDD DYTTENGDDD
VTMLYKRSPA QWQRANGLWG R

NLP-39 1N53, C54C8.9 NP 493163
MKLLILFSLFAIFFGVIALD SPIPEFYSTG RSTRVPSHRH
RIPRLGKREV PNFQADNVPE AGGRVRRYVG PPLKLVILI

NLP-40 1A489, Y74C9A.2 NP 490661
MKLVILLSFVATVAVFAAPS APAGLEEKLR ALQEQLYSLE
KENGVDVKQK EQPAAADTFL GFVPQKRMVA WQPMKRSMIN
EDSRAPLLHA IEARLAEVLR AGERLGVNPE EVLADLRARN
QFQ

NLP-41 C04H5.8 CAE17685
MLGLVCKILVVLCLSVLCLTVSAAPGLFEL PSRSVRLIRS
DPSAYDGYEN SFYRGYGSDN QQFRFNSPQN W

Consensus cleavage sites and NCBI accession numbers are underlined,
identified peptides are in bold face, signal peptides as predicted by
SignalP 3.0 are in italic face.

the fragmentation data of the endogenous peptides from
C. elegans confirmed the obtained sequences.

Novel FaRPs

Recently, systematic BLAST searches of nematode
ESTs revealed eight novel putative flp sequelogs
designated flp-24 through flp-31 [23]. Five of these
(flp-24—fip-28) are present in C. elegans. By using our
peptidomics setup, we independently were able to pro-
vide biochemical evidence for the presence of three
FaRPs encoded by two of the newly identified flp genes.
An abundant ion, whose fragmentation spectrum corre-
sponds to VPSAGDMM VR Famide, was found in four
successive salt steps (Fig. 2). Three other forms in which
the methionines are oxidized were also identified. This
novel FaRP from the VRFamide family is flanked by
dibasic cleavage sites in the propeptide precursor which
was designated FLP-24. Two peptides, EFNADDLT-
LRFamide and GGAGEPLAFSPDMLSLRFamide,
both ending in -LRFamide and originating from the
same precursor FLP-26, were also identified by tandem
mass spectrometry. An aminoterminally truncated form
of the first peptide (FNADDLTLRFamide) was also
found (Fig. 3). This novel FaRP precursor gene
(R173.4 or XH649) has structural features of a neuro-
peptide precursor gene as it encodes an aminoterminal
signal peptide and three putative dibasic cleavage sites.
The Caenorhabditis briggsae gene CBG10956 is highly
similar (98.8%) to this newly annotated C. elegans fip-
26 gene and contains the putative peptides EFNADD-
LTLRFamide and AGAGEPLAFSPDMLSLRFamide.
The latter peptide only differs in one aminoterminal ami-
no acid from the peptide found in C. elegans.

Novel neuropeptide-like peptides

Since the bioinformatics study of Nathoo et al. [4],
which revealed 32 nlp genes, two additional nlp genes,
nip-33 and nlp-34, have been identified by in silico anal-
ysis. In the present study, we could identify the novel
peptides AVVSGYDNIYQVLAPRF, SMVARQIPQT
VVADH, and NNAEVVNHILKNFGALDRLGDVa-
mide. These potential neuropeptides share extensive se-
quence homology with the putative C. briggsae
peptides AGVSGYDNIYQVLAPRF, SMVARQLPQ-
TIEMD, and NNAEVVNHLLKNFGTLDRLGDVa-
mide, respectively. The three C. elegans peptides
originate from different precursors (4K284 or
C33A12.2, 3K579 or B0464.3, and XC781 or F48B9.4),
in which they are all flanked by conventional basic cleav-
age sites, or by a signal peptide at the aminoterminus. We
propose to annotate them as neuropeptide-like protein
precursors NLP-35, NLP-36, and NLP-37, respectively.

The two peptides TPQNWNKLNSLWamide and
SPAQWQRANGLWamide were also found in the C.
elegans extract and both originate from the gene
1N995 or CO1A2.7. Because of the presence of a signal
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Fig. 2. Fragmentation spectrum of a novel FLP-24 peptide. The fragmentation spectrum of an ion at m/z 604.87 corresponds to the sequence
VPSAGDMMVRFamide. This novel FaRP originates from the precursor FLP-24 (b-type and y-type ions are indicated in the spectrum, “a”

indicates a carboxyterminal amidation).

peptide and four dibasic cleavage sites (KR), this precur-
sor most likely also represents a novel NLP precursor
(NLP-38/MIP). TPQNWNKLNSLWamide and SPA-
QWQRANGLWamide display profound similarity with
neuropeptides belonging to the MIP family of insect
neuropeptides. The MIPs (myoinhibiting peptides) were
initially isolated and sequenced from an extract of 9000
locust brains [24], and later from CNS extracts of lepid-
opterans (Manduca sexta and Bombyx mori), crickets
(Gryllus bimaculatus), and even from the stick insect
Carausius morosus [25-28]. In crickets, MIPs inhibit
juvenile hormone biosynthesis by the corpora allata
and are therefore also known as B-type allatostatins.
The MIP homologue in B. mori is known as Bom-PTSP
(AWQDLNSAWamide), a prothoracicostatic peptide
that inhibits ecdysteroid biosynthesis in the prothoracic
glands. A MIP gene has been cloned from D. melanogas-
ter [29] and two of the five predicted peptide sequences
have been isolated and sequenced by means of a pepti-
domic experiment [l12]. The C. briggsae gene
CBG20435 has 79.6% similarity with nlp-38 or the C.
elegans MIP gene, and its translation product also con-
tains TPQNWNKLNSLWamide, in between dibasic
cleavage places. All MIPs, including the novel C. elegans
NLP-38/MIP peptides, share the carboxyterminal
W(X)sWamide motif, suggesting that the biological
activities exerted by this motif may be highly conserved
(Table 3). The C. elegans MIPs also share the carboxy-
terminal -LWamide motif with a neuropeptide family
from Hydrozoa. Metamorphosin A has the sequence
pEQPGLWamide and was first isolated from the marine
hydroid Hydractinia echinata [30]. Six -GLWamide con-
taining peptides from Hydra magnipapillata were later
isolated and sequenced. They are involved in metamor-
phosis and muscle contractions [31].

The protein precursor 1N53 or C54C8.9 has a signal
peptide and two dibasic cleavage sites flanking the se-
quence EVPNFQADNVPEAGGRYV. We confirmed the
existence of this peptide in the C. elegans extract by tan-
dem mass spectrometry. This precursor was designated
as NLP-39.

An ion whose fragmentation spectrum corresponds to
the peptide APSAPAGLEEKL was also found in this
study. The carboxyterminal extended form APS-
APAGLEEKLR, which could be an intermediate form,
not fully processed by carboxypeptidases, was also identi-
fied. These peptides originate from the 1A489 or
Y74C9A.2 gene, which we named n/p-40. A highly similar
putative neuropeptide APSAPGLEEKL, which is miss-
ing the alanine in position six, is predicted to be present
in C. briggsae.

The peptide APGLFELPSRSV was also found in the
C. elegans extract and is located carboxyterminally from
the signal peptide of the hypothetical protein C04HS.8,
which therefore might be a possible neuropeptide pre-
cursor (NLP-41).

Discussion

Little is known about the cellular and molecular
mechanisms whereby different neuropeptides exert their
effects in C. elegans. Performing physiological tests to
understand the role of neuropeptides is, however, often
hindered by the absence of primary sequence informa-
tion of the neuropeptides. One of the major advantages
of using C. elegans as a model organism in research is
the availability of its genomic sequence. Peptides can in
principle be predicted from genomic sequences, but this
remains even more difficult than for regular proteins,
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Fig. 3. Fragmentation spectrum and annotation of two novel FLP-26 peptides. (A) fragmentation spectrum of an aminoterminally truncated novel
FLP-26 peptide, FNADDLTLRFamide. (B) Fragmentation spectrum of the second FaRP that originates from the novel FLP-26 precursor. The
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amino acid sequence was determined as GGAGEPLAFSPDMLSLRFamide (b-type and y-type ions are indicated in the spectrum, ““a” indicates a

carboxyterminal amidation).

where finding all exonic coding regions and splicing them
together correctly in silico is already a challenge. Several
search strings, such as a glycyl residue as a putative ami-
dation site, dibasic cleavage sites (KR, KK or RK), the
presence of a signal peptide and sequence homology with
other known neuropeptides, can be taken into account
when looking for novel neuropeptides. One can, howev-
er, not deduce whether all these peptides are actually ex-
pressed. In addition, processing of a neuropeptide
precursor is regulated in time and space. Genomic
sequences do not provide sufficient information to accu-
rately predict the presence of post-translational modifi-
cations, which are often required for biological activity.
Furthermore, non-conventional cleavages have been
shown to exist in other invertebrates. Although the
genomic sequence information has been available from
1998 and approximately 250 neuropeptides have been

predicted to be present in C. elegans, only 12 FaRPs from
C. elegans have been isolated and sequenced until now,
due to the large efforts needed for tissue collection and
purification strategies [5—10].

By using a high throughput peptidomics approach,
based on nanoscale liquid chromatography and tandem
mass spectrometry, we could identify 28 predicted FaR-
Ps, of which 21 were never sequenced before. In this
study, we were also able to provide biochemical evidence
for the presence of three novel FaRPs from flp-24 and
flp-26. Our mass spectrometry-based approach also re-
vealed information about the post-translational process-
ing like amidation and aminoterminal truncation of
peptides, which of course could not be predicted by bio-
informatics. So far, relatively few neuropeptides other
than FaRPs have been isolated from helminths. Howev-
er, we could confirm the presence of 21 neuropeptides
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Table 3
Comparison of the primary structure of invertebrate myoinhibiting
peptides (MIPs) or B-type allatostatins

Species Designation Peptide sequence
C. morosus Cam-AST-B1
C. morosus Cam-AST-B2
C. morosus Cam-AST-B3
C. morosus Cam-AST-B4
C. morosus Cam-AST-B5
C. morosus Cam-AST-B6
G. bimaculatus Grb-AST-B1
G. bimaculatus Grb-AST-B2
G. bimaculatus Grb-AST-B3
G. bimaculatus Grb-AST-B4
D. melanogaster Drm-MIP1
D. melanogaster Drm-MIP2
D. melanogaster Drm-MIP3
D. melanogaster Drm-MIP4
D. melanogaster Drm-MIPS5
Locusta migratoria Lom-MIP

B. mori Bom-PTSP
M. sexta Mas-MIP1
M. sexta Mas-MIP2
C. briggsae

C. elegans

C. elegans

W and Wamide of the W(X)sWamide motif are highlighted.

from predicted nlp genes of C. elegans. None of them
were de novo sequenced before. Eight additional pep-
tides that originate from seven novel precursors were
also identified. These precursors were so far not predict-
ed as being putative peptide precursors. We annotated
them as potential neuropeptide precursors NLP-35 till
NLP-41. Some of their derived identified peptides dis-
play profound sequence similarities with insect neuro-
peptides like the B-type allatostatins or myoinhibiting
peptides (MIPs). This indicates that the concept of neu-
ropeptide signaling and their players is highly conserved.
Most peptide receptors are members of the G-protein-
coupled receptor (GPCR) family, and genes encoding
predicted GPCRs are abundant in the C. elegans gen-
ome [32]. By means of a “reversed pharmacology ap-
proach,” it is possible to find the ligands of these
“orphan” receptors (receptors of which no ligands are
known) within a library of synthetic peptides. The
success of such an approach is highly dependent on the
correctness of the sequences of the peptides and their
post-translational modifications. To date, only six C.
elegans GPCRs were de-orphanised using this approach
[33-38]. The peptide sequence information obtained by
the present experiments will obviously stimulate the char-
acterization of remaining orphan GPCRs in C. elegans.
Not all of the predicted neuropeptides were detected
in our 2D-nanoLC-MS/MS experiments and this might
be due to several reasons. First of all, many predicted
neuropeptide precursors were in silico processed based
on conventional cleavage sites. So we do not know
whether or under which conditions these genes will be

expressed and processed. For example, three genes
(nlp-27, nlp-29, and nip-31), presumable all encoding
antimicrobial peptides (not neuropeptides), show unique
profiles of induction after fungal and bacterial infection
[39]. It might also be possible that some peptide concen-
trations were beneath the sensitivity of our mass spec-
trometer, keeping in mind that we extracted whole
worms, and not just its central nervous system, because
this would be virtually impossible. Only ions with an
intensity above a certain threshold were selected for
fragmentation. Other ions which might correspond to
the theoretical masses of predicted neuropeptides were
not taken into account, because their sequence informa-
tion could not be confirmed. Of course, there is also the
possibility that some peptides were not properly extract-
ed and not all peptides ionize with the same efficiency in
the electrospray source. Nevertheless, this high through-
put neuropeptide profiling study demonstrates the sensi-
tivity and effectiveness of nanoLC combined with
tandem mass spectrometry in peptide research. Since
this nanoscale approach worked very well for an organ-
ism as tiny as C. elegans, we are convinced that virtually
any organism of which the genome has been sequenced
can be analyzed by this peptidomics technology.
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