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Abstract. Neuropeptides are structurally highly diverse messenger molecules that
act as regulators of many physiological processes such as development, metabo-
lism, reproduction or behavior in general. Differentiation of neuropeptidergic cells
often corresponds with the presence of the transcription factor DIMMED. In the
central nervous system of the fruit fly Drosophila melanogaster, DIMMED commonly
occurs in neuroendocrine neurons that release peptides as neurohormones but also
in interneurons with complex branching patterns. Fly strains with green fluorescence
protein (GFP)-expressing dimmed cells make it possible to systematically analyze
the processed neuropeptides in these cells. In this study, we mapped individual GFP-

expressing neurons of adult D. melanogaster from the dimmed (c929)>GFP line.
Using single cell mass spectrometry, we analyzed 10 types of dimmed neurons from the brain/gnathal ganglion.
These cells included neuroendocrine cells with projection into the retrocerebral complex but also a number of
large interneurons. Resulting mass spectra not only provided comprehensive data regarding mature products
from 13 neuropeptide precursors but also evidence for the cellular co-localization of neuropeptides from different
neuropeptide genes. The results can be implemented in a neuroanatomical map of the D. melanogaster brain.
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Introduction

europeptides are structurally highly diverse messenger

molecules which act, mostly via G-protein coupled re-
ceptors, as regulators of many physiological processes such as
development, metabolism, reproduction or behavior in general.
For the fruitfly Drosophila melanogaster, which is an impor-
tant model organism in neuropeptide research, more than 50
neuropeptide and protein hormone genes and the correspond-
ing receptor genes have been described (e.g., [1-4]). Although
we have only limited knowledge about the coordinated action
of neuropeptides within the central nervous system (CNS),
specific functions of many neuropeptides are known and these
functions are often related to hormone activity (see [5, 6]). In
the central nervous system (CNS), a majority of neurohor-
mones is produced in LEAP cells (large, episodically-releasing,
amidating peptide producing cells that contain the transcription
factor DIMMED [7]); a fundamental controller and promotor
of the regulated secretory pathway of many neuropeptides [8—
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10]. It was also shown that DIMMED plays multiple transcrip-
tional roles such as affecting cell growth and inhibiting apo-
ptosis at different developmental stages in a cell type-specific
manner [11]

Dimmed cells are characterized typically by their relatively
large soma size with an enhanced ability to accumulate and/or
release large amounts of secretory granules containing mature
amidated peptides [12, 13]. In neuroendocrine cells, for exam-
ple, this accumulation of neuropeptides is necessary to raise
hormone levels in the hemolymph to a physiologically effec-
tive dosage. Peptidergic interneurons with complex branching
patterns also express dimmed [9].

The c929>GAL4 Drosophila strain with green fluorescence
protein (GFP)-expressing dimmed cells makes it possible to
systematically analyze processed neuropeptides in neurosecre-
tory neurons of the CNS, either by methods such as immuno-
cytochemistry or by means of single cell mass spectrometry
(SCMS) [7, 14]. The mapping of DIMMED in the CNS of 3™
instar larvae in combination with immunocytochemistry re-
vealed that most dimmed cells were peptidergic, but not all
peptidergic cells synthesize DIMMED [7]. Using affinity cell-
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capture mass spectrometry, pooled GFP-expressing dimmed
cells from adult Drosophila brains yielded not less than 42
peptides from 16 neuropeptide precursors [14]. However, a
distinct correlation to specific dimmed neurons is missing so far.

In this study, we mapped individual gfp-expressing neurons
from the ¢929>GALA driver line by direct MALDI-TOF mass
spectrometry. Presence of GFP expression was necessary to
identify somata of neurosecretory neurons or large peptidergic
interneurons throughout dissections. Whereas such neurons
can frequently be visualized in larger insects by retrograde
dye filling via nerves (e.g., [15]), retrograde filling is not a
suitable technique to detect specific neurons in insects as small
as D. melanogaster. Instead, in D. melanogaster, numerous
Gal4 lines are available, which allow the identification of
different neuron populations by synthesis of marker proteins
such as GFP under UAS control. The ¢929>GFP driver line is
one of these Gal4 lines and resulting mass spectra provided
data on (1) possible co-localization of neuropeptides from
different neuropeptide genes and (2) major processing products
of prepropeptides translated from these genes. As it turned out,
SCMS was a reliable method to reveal the neuropeptidome of
dimmed cells in the brain of adult flies. In our study, we
targeted cells with a soma size >7 pm; the results can be
implemented in a neuroanatomical map of the
D. melanogaster brain.

Experimental
Fly Strain

Adults (2-10 d old) of both sexes of D. melanogaster were
used for experiments. Flies were raised on standard agar,
cornmeal, and yeast food at 25 °C and 60% relative humidity
ona 12 h:12 h light—dark cycle. For cell identification, w,;c929-
Gal4;+ (provided by Christian Wegener, University
Wiirzburg, Germany) [13] was crossed to y* w* P{UAS-
mCD8::GFP.L}LL4,; P{UAS-mCD8::GFP.L}LLS; P{UAS-
mCD8::GFP.L}LL6 (provided by Manuela Ruppert, Universi-
ty of Cologne) [16].

Chemicals

Chemicals were purchased from SIGMA-Aldrich (Steinheim,
Germany).

Single Cell Dissection for Mass Spectrometry

Adult flies of both sexes were immobilized on ice and brains
were removed in ice-cold saline buffer (125.94 mM NaCl,
5.37 mM KCl, 0.17 mM NaH,PO,, 0.22 mM KH,PO,, pH
7.2) with forceps under a stereofluorescence microscope (Ste-
REO Lumar V12, Carl Zeiss AG, Goettingen, Germany)
equipped with a GFP filter set (488 nm). The dissected brains
were transferred to a fresh drop of either saline buffer as
described above or saline buffer containing 33% glycerol. Both
approaches showed similar results. Without any enzyme treat-
ment, only one individual cell soma per brain sample was
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manually (without any manipulators) removed using a glass
capillary that was fitted to a tube connected to a mouthpiece
[see 15]. Before, the ganglionic sheath of the brain was care-
fully opened close to the position of the cell of interest using a
fine scissor and without obvious changes in the position of
surrounding cells. Then, the tip of the glass capillary was
positioned at the cell body. Subsequently, the soma was re-
moved from the surrounding tissue and completely absorbed
into the tip of the capillary by applying gentle negative pres-
sure. Each isolated soma was transferred onto a stainless steel
target plate for MALDI-TOF mass spectrometry analysis.
Using the same glass capillary, the buffer solution around the
cell was removed and the respective cells dried at room tem-
perature. The area around the cell was then carefully rinsed
with ice-cold 50% methanol/water using another glass capillary
and dried again. Only cell bodies without visible contamination
from attached tissue or other cells were analyzed. Finally, cells
and surrounding area were covered with matrix; resulting in a
matrix spot of about 500 um. Many somata of dimmed cells are
located near the surface of the brain but the decision to analyze
a specific cell type was based solely on cell size and frequent
traceability.

Matrix Application

Solutions of 10 mg/ml 2,5-dihydroxybenzoic acid (DHB) dis-
solved in 20% acetonitrile/1% formic acid, 79% HPLC grade
water or, alternatively, 10 mg/mL o-cyano-4-
hydroxycinnamic acid (CHCA) dissolved in 60% ethanol,
36% acetonitrile, 4% HPLC grade water were used as matrices.
Prior to analysis, CHCA stock solution was diluted 1:3 with
50% methanol/water. Depending on cell size, 10-20 nL matrix
solution was pipetted onto a cell sample using a nanoliter
injector (World Precision Instruments, Berlin, Germany). For
an even distribution of DHB matrix crystals samples were dried
using a regular hairdryer.

MALDI-TOF Mass Spectrometry

Mass spectra were acquired in reflector positive ion mode
under manual control on an UltrafleXtreme TOF/TOF mass
spectrometer (Bruker Daltonics, Bremen, Germany) in a detec-
tion range of m/z 600-10,000. The instrument settings were
optimized for the mass ranges of m/z 600—4000 and 3000—
10,000, and calibrated using a suitable synthetic peptide mix-
ture, respectively. Laser fluency was adjusted to provide the
optimal signal-to-noise ratio. Data were collected using a laser
beam diameter of 50 um and random walk laser setting over the
entire matrix spot. The data obtained in these experiments were
processed with the FlexAnalysis 3.4 software package. MS/MS
was performed with LIFT technology. LIFT acceleration was
setat 1 kV. The number of laser shots used to obtain a spectrum
varied from 5000 to 10,000, depending on signal quality.
Peptide identities were verified using MS/MS fragmentation
of the molecules, determination of the molecular mass of the
fragments, and comparison of predicted (http://prospector.ucsf.
edu) and experimentally obtained fragmentation patterns.
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Drosophila Precursor Sequences

Neuropeptide precursor sequences were obtained from blast
searches at NCBI database (https://www.ncbi.nlm.nih.gov/).
Signal peptides were predicted using the SignalP 4.1 server
(www.cbs.dtu.dk/services/SignalP/). Potential cleavage sites
were manually assigned according to Veenstra 2000 [17].

Documentation and Single Cell Verification

For documentation, microphotographs were taken before and
after cell dissection procedure using a stereofluorescence mi-
croscope (SteREO Lumar V12) equipped with a digital camera
(AxioCam MRc, Zeiss, Germany). For a more detailed map-
ping, samples were processed according to [18]. For that, brain
samples were fixed in 4% paraformaldehyde dissolved in
phosphate buffer solution (PBS) (1.86 mM NaH,PO4,
8.41 mM Na,HPO,, 175 mM NaCl) for 120 min at room
temperature under vacuum. Then, samples were washed three
times for 10 min in PBS containing 0.1% Triton-X 100 and two
times for 10 min in PBS, respectively. After mounting in
glycerol containing 20% PBS and 50 mg/ml 1,4-
diazabicyclo(2.2.2)octane, samples were analyzed using a
Zeiss LSM 510 Meta confocal microscope equipped with a
Plan-Apochromat 20x/0.75 objective. GFP was excited with an
Argon laser at 488 nm and emission collected via a BP 505—
550 filter. Serial optical sections were analyzed with a thick-
ness 0f 0.3 to 0.8 um. Contrast adjusted image stacks were used
to reconstruct the brain surface whereas GFP expression was
visualized by voltex function using Amira 5.4.2 software pack-
age (FEI, Hillsboro, OR). The final figures were exported and
processed to adjust brightness and contrast with Adobe
Photoshop CS6 software (Adobe Systems, San Jose, CA).

Results and Discussion

A reconstruction of dimmed cells visualized in an adult brain of
D. melanogaster is shown in Figure 1a. The number of dimmed
cells detectable with the confocal microscope varied consider-
ably between different brain preparations (Figure 1b—d). Only
dimmed cells with sufficient GFP expression in the majority of
brain samples and an average soma size of >7 um were selected
for SCMS experiments (Figure 1c, d blue marker). These cells
could be identified with certainty also during dissections,
which simplified the repeatability of mass spectra from the
same type of neurons. Differences between images recorded
with the fluorescence stereomicroscope used for single cell
dissection and a common confocal laser scanning microscope
are illustrated in Figure le.

In the following, we describe 10 different cell types from the
c929>GFP strain using direct SCMS. In contrast to FACS-
sorting and similar approaches, we show in this study the only
way to identify and map single neurons on peptidomics differ-
ences within a living brain and by thus exploit the advantage of
invertebrate brains. A summary of all peptides observed in
these cells is listed in Table 1.
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Cell Type #1 : Allatostatin C (Ast-C) neuron (n = 6);
FlyBase ID: FBgn0032336

A single large bilateral cell (#1; soma size: 18—20 pm) in the
posterior medio-lateral protocerebrum is classified as Ast-C
neuron (Figure 2a-I). The Ast-C precursor contains a single
putative Ast-C sequence. The processing of this peptide was
confirmed in mass spectra (Figure 2a-II), which suggested
almost equimolar amounts of Ast-C with N-terminal Gln and
N-terminal pyroglutamate (pGln). Both forms were identi-
fied earlier by mass spectrometry using an immunoaffinity
cell enrichment of brain cells from the same D. melanogaster
c929>GFP line with GFP expression under UAS control
[14]. MS/MS fragmentation of the ion signal at m/z 1921.8
yielded fragments typical of Ast-C with N-terminal Gln
(Figure 3a). The type #1 cell is probably identical to the
PMP, neuron described from adult D. melanogaster
protocerebrum [19]. An assignment of our analyzed neuron
to the mapped Ast-C immunopositive dimmed neurons of
larval brain [7] is not possible; this cell type was obviously
not part of the GAL4 pattern described from larvae. The type
#1 cell could belong to a cell lineage described as neuroen-
docrine CA-LP 1 cell with projection into the ring gland of
larva [20]. Co-localization with other neuropeptides was not
found in cell type #1 neurons. The only detected neuropep-
tide, Ast-C, is a non-amidated peptide (Figure 2a-III). There-
fore, these dimmed cells do not likely process amidated
neuropeptides.

Cell Type #2: Myosuppressin (MS) neuron (n = 20);
FlyBase ID: FBgn0011581

A single large bilateral cell (#2; soma size: 24 pm) in the
medio-lateral protocerebrum anterior of the type #1 cell is
classified as MS neuron (Figure 2b-I). The MS precursor
contains a single putative MS sequence. The processing of
this peptide and a precursor peptide that covers the remain-
ing propeptide sequence was confirmed by mass spectra
(Figure 2b-11, b-1II). This precursor peptide contains an
internal disulfide bridge and its presence confirmed indirect-
ly the length of the suggested signal peptide. The type #2 cell
is likely identical to the medial protocerebral cells (MP2)
described from D. melanogaster. In the CNS, MP2 cells are
the first MS-immunopositive neurons during the develop-
ment [21]. These MP2 neurons do not project into the
retrocerebral complex but develop extensive arborizations
along the ventral nerve cord. One of the two bilateral MP2
neurons of larva disappears during metamorphosis [21].
Therefore, the type #2 cell analyzed here likely resembles a
cell type represented by a single cell only, just as it was
described above for type #1 cell. MP2 dimmed neurons with
anti-MS immunoreactivity, likely from the same cell lineage,
were described from larval D. melanogaster brain [7]. A
suggested co-localization with short neuropeptide F [7] or
any other neuropeptide was not found in cell type #2 mass
spectra of adults.
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Figure 1. Drosophila c929>GFP driver line. (a) 3D-reconstruction of GFP-positive signals (dark red) in an adult brain with gnathal
ganglion. (b) Maximum projection view of dimmed cells recorded with a confocal microscope. (c), (d) Schematic reconstruction of
dimmed cells in two different brains illustrating the variation in cell numbers between different brain preparations. Spots marked in
blue are reproducibly identified as dimmed cells and were used for single cell mass spectrometry. Remaining dimmed cells, which
were not detected in the majority of brain preparations, are marked in yellow. (e) Brain as it was seen under the fluorescence
stereomicroscope used for manual cell picking. Scale bar: 50 pm. PC: protocerebrum, DC: deutocerebrum, GG: gnathal ganglion,

OL.: optic lobe.

Cell Type #3: Allatostatin-A (Ast-A) + myoinhibiting
peptide (MIP) + Natalisin (Nat) neuron (n = 7);
FlyBase IDs: FBgn0015591, FBgn0036713,
FBgn0085417

A single bilateral cell (#3; soma size: 14 pm) anteriorly in the
ventro-lateral brain is classified as AST-A/MIP/natalisin neu-
ron (Figure 2c-I). This is the only dimmed neuron analyzed
with co-expression of three neuropeptide genes (Figure 2c-II,
c-III). The AST-A precursor contains four AST-A paracopies.
Ion signals of all paracopies were observed in mass spectra of
cell type #3 preparations. In addition, an ion signal mass-
identical with the suggested C-terminal precursor peptide was
found in mass spectra (Figure 2c-II). The MIP precursor con-
tains five MIP paracopies; all of these predicted neuropeptides
were detected in mass spectra from type #3 cells. For the first
time, MIP-1 could be biochemically confirmed (Figure 3b).
This peptide is mass-identical with MIP-2 and, like the other
MIPs that do not contain Arg (MIP-4, 5), MIP-1 and 2 were
primarily detected as sodium and potassium adducts. The
natalisin precursor is the third multiple copy precursor proc-
essed in type #3 cells and contains five putative natalisin
paracopies. lon signals of four of these peptides (see Table 1)
were observed in mass spectra of cell type #3 preparations. The
predicted natalisin-1 was only indicated by a N-terminal frag-
ment (natalisin-1'"'*), which suggested use of an internal
monobasic Lys cleavage site. The analyzed type #3 cell is
likely identical with the inferior contralateral interneuron
(ICLI), which is one of the few natalisin-immunopositive neu-
rons in the brain [22]. Apparently identical cells were later
described as MIP-expressing cells of adult Drosophila brain;

also named ICLI neurons [23] or inferior posterior slope neu-
rons with extensive projection processes to different brain
neuropiles (IPS; [24]). Analysis of anti-Ast-A immunostaining
in the brain of adult D. melanogaster [25] suggests that a cell
described as ALT2 (anterolateral tritocerebrum) is identical
with the cell type #3 neuron discussed here. These bilateral
ALT2 neurons first appeared during metamorphosis, which
explains the absence of this cell type in the thorough mapping
of larval Ast-A and MIP dimmed cells [7].

Cell Type #4: CAPA Neurons (n = 6),; FlyBase ID:
FBgn0039722

Capa and pyrokinin (hugin; see cell type #5, Figure 4a-I) genes
share a common evolutionary origin and likely result from a
gene duplication at the origin of hexapods [26]. The ancestor in
hexapods was a single gene encoding three types of receptor
ligands [26]. These ligands are designated in insects as
pyrokinins (PKs), periviscerokinins (PVKs, CAP,,), and
tryptoPKs (new name; [27]), and each activate different recep-
tors in D. melanogaster [28, 29]. The derived capa gene of
D. melanogaster encodes two PVKs and a single tryptoPK
(CAPA-PK, CAPA-3). Earlier studies suggested that the
CAPA-precursor is differentially processed in neuroendocrine
cells of abdominal ganglia and gnathal ganglion. Whereas
PVKs and tryptoPK were observed in abdominal hormone
release sites (perisympathetic organs), only truncated tryptoPK
was found in the retrocerebral complex [30, 31]. Two CAPA
cells (16 um) in the gnathal ganglion (see [7, 32]), identical to
earlier described CC-MS 2 neurons [20], project into the
retrocerebral complex (see Figure 4a-I). These DIMMED-
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Table 1. Mature neuropeptides and further precursor peptides of D. melanogaster, which were identified in DIMM neurons of brain and gnathal ganglion by direct

SCMS

Peptide name

Peptide sequence

[M+H]", m/z

o Allatostatin-A (Ast-A)
Ast-A-1

Ast-A-2

Ast-A-3

Ast-A-4

Ast-A-PP-1

o Allatostatin-B (Myoinhibitory peptide [MIP])

MIP-1

MIP-2

MIP-3

MIP-4

MIP-5

o Allatostatin-C (Ast-C)
Ast-C [pQ]

Ast-C [Q]

o CAPA
CAPA-tryptoPK>"3
CAPA-PP
CAPA-PP*"?

e Corazonin

Corazonin

® Diuretic hormon-31 (DH-31)
DH-31

® Hugin/pyrokinin (PK)
PK

PK-PP

® Myosuppressin (MS)

MS

MS-PP
LKSYINNEASALVANSDDLLKNYN-OH
o Neuropeptide F (NPF)

NPF

NPF-PP-1

NPF-PP-2

o Neuropeptide-like precursor-1 (NPLP-1)
APK

MTY

MTY2> 4

MTY>4

IPN

IPNZ15

DPK

AGA

Voo

ALH

® Natalisin (Nat)

Nat-1'-14

Nat-2

Nat-3

Nat-4

Nat-5

Nat-PP

o Pigment-dispersing factor (PDF)
PDF

o Sulfakinin (SK)

SK-1

SK-2

® Short neuropeptide F (sNPF)
sNPF-1

sNPE-1*""/sNPF-2

sNPF-3

sNPF-4

sNPF-PP-1

sNPF-PP-1>7*

sNPF-PP-2

VERYAFGL-NH,
LPVYNFGL-NH,

SRPYSFGL-NH,

TTRPQPFNFGL-NH,
SPVIGQDQRSGDSDADVLLAADEMADNGGDNID-OH

AWQSLQSSW-NH,
AWKSMNVAW-NH,
RQAQGWNKFRGAW-NH,
EPTWNNLKGMW-NH,
DQWQKLHGGW-NH,

pQVRYRQCYFNPISCF-NH,
QVRYRQCYFNPISCF-NH,

GPSASSGLWFGPRL-NH,
GDAELRKWAHLLALQQVLD-OH
DAELRKWAHLLALQQVLD-OH

pQTFQYSRGWTN-NH,
TVDFGLARGYSGTQEAKHRMGLAAANFAGGP-NH,

SVPFKPRL-NH,
KSLQGTSKLDLGNHISAGSARGSLSPASPALSEA-OH

TDVDHVFLRF-NH,
AVQGPPLCQSGIVEEMPPHIRKVCQALENSDQLTSA
6494.22

KNDVNTMADAYKFLQDLDTYYGDRARVRF-NH,
SNSRPPR-OH
GSLMDILRNHEMDNINLGKNANNGGEFARGFNEEEIF-OH

SVAALAAQGLLNAPK-OH
YIGSLARAGGLMTY-NH,
IGSLARAGGLMTY-NH,
GSLARAGGLMTY-NH,
NVGTLARDFQLPIPN-NH,
VGTLARDFQLPIPN-NH,
NIATMARLQSAPSTHRDPK-OH
NVAAVARYNSQHGHIQRAGA-OH
NLGALKSSPVHGVQQ-OH
NLGALKSSPVHGVQ-OH
YPPFHTWGTPPRITALH-OH

EKLFDGYQFGEDMS-OH
HSGSLDLDALMNRYEPFVPNR-NH,
DKVKDLFKYDDLFYPHR-NH,
HRNLFQVDDPFFATR-NH,
LQLRDLYNADDPFVPNR-NH,
LPPSLIATATKAALSHQRQQKQQQQHQ-OH

NSELINSLLSLPKNMNDA-NH,

FDDYGHMREF-NH,
GGDDQFDDYGHMRF-NH,

AQRSPSLRLRF-NH,

SPSLRLRF-NH,

KPQRLRW-NH,

KPMRLRW-NH,
EVSSAQGTPLSNLYDNLLQREYAGPVVFPNHQVE-OH
VSSAQGTPLSNLYDNLLQREYAGPVVFPNHQVE-OH
WFGDVNQKPI-OH

953.52
921.43*
925.46
1276.67
3360.47

1091.52%*
1091.54*
1603.83

1374.66*
1253.62*

1904.89
1921.89

1430.75
2176.19
2119.15

1369.65

3149.57

942.58
3307.72

1247.65

3484.71
813.43
4165.94

1423.83*
1471.77
1308.70
1195.62
1653.83
1539.86
2094.08
2120.77
1534.83*
1406.77*
1991.03

1665.71
2430.19
2198.13
1861.94
2045.06
3036.64

1972.01

1186.50
1658.66

1329.78
974.58
982.61
985.59
3771.81
3642.82
1203.62

Asterisk marks peptides that were mostly detectable as sodium adduct in mass spectra
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TRGKKLQLRDLYNADDPFVPNRGKRHLTASAGKLGETMAGGGKWPDDSNNYWPLRMSTHKINGYDQSVRPSLSVE
DAAASLASWRLPANRLHSTRSMSADLRQQLLLPHVRFIGNPNMRQOOQOQOQOHQVKTSSWQAEERLRRSILAPGE
SNDAHETQLTLSHPANPHLVTDTDNLNI
Figure 2. Mapping of cell type #1-3. Arrows mark the soma location in one brain hemisphere whereas the circle depicts the position
of the dissected soma in the contralateral brain hemisphere. (I) Reconstruction of dimmed cells after dissection of an individual
dimmed neuron. (ll) Mass spectra obtained from dissected dimmed cells. (lll) Precursor sequences with signal peptides (highlighted
in grey), identified peptides (underlined), confirmed cleavage sites (bold), and amidation signals (italic). (a) Cell type #1: Allatostatin-C
(AST-C). The mass spectrum shows the GiIn form (Q) and the pyroglutamate form (pQ) of Ast-C. (b) Cell type #2: myosuppressin
(MS). The mass spectrum shows the pyroglutamate form of MS and the C-terminal precursor peptide (PP). (c) Cell type #3:
allatostatin-A (AST-A)/Myoinhibiting peptide (MIP)/natalisin (Nat). The mass spectrum verified the co-localization of products from
three neuropeptide genes. Sodium adduct ions are marked with an asterisk

positive neurons were analyzed here and resulting mass spectra ~ sequence was detected (Table 1). Since transcriptome data
confirmed (1) the absence of PVKs, and (2) the presence of N-  did not support different CAPA transcripts in abdominal gan-
terminally truncated tryptoPK (Figure 4a-1I). In addition, the glia and gnathal ganglion (Neupert, Ragionieri, Predel; unpub-
precursor peptide N-terminal of tryptoPK in the precursor lished), different enzyme complements in the respective CAPA
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MIP-1

cells are the most likely scenario to yield the different products.
This is the only well-supported case for a differential neuro-
peptide precursor processing in D. melanogaster. The finding
of PVKs and full length tryptoPK in brain extracts of adult
D. melanogaster [14] can be attributed to two CAPA-
immunopositive cerebral cells which were in fact not consid-
ered as real CAPA cells at that time [32]. However, these cells,
which were not detected in the c929>GFP line, express capa
and in this case the processing of the CAPA precursor yielded
PVKs and tryptoPK (Neupert, Predel, Wegener, unpublished).

Cell Type #5: Hugin Pyrokinin (huginPK) Neurons
(n = 10); FlyBase ID: FBgn0028374

HuginPK expression in D. melanogaster is restricted to several
cell populations in the gnathal ganglion. These Augin neurons
have projections to pharyngeal muscles, the protocerebrum and
also to the retrocerebral complex (CC-MS 1 cells; [20, 33-35]),
and receive input from external gustatory receptor-expressing
neurons as well as pharyngeal chemosensory organs [36]. The
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Figure 4. Mapping of cell type #4-6. Arrows mark the soma location in one brain hemisphere while the circle depicts the position of
the dissected soma in the contralateral brain hemisphere. (I) Reconstruction of dimmed cells after dissection of an individual dimmed
neuron. (Il) Mass spectra obtained from dissected dimmed cells. (lll) Precursor sequences with signal peptides (highlighted in grey),
identified peptides (underlined), confirmed cleavage sites (bold), and amidation signals (italic). (a) Cell type #4: CAPA. The mass
spectrum shows signals of truncated CAPA-tryptopyrokinin (tPK) and a CAPA-precursor peptide (PP) and confirms the differential
processing of the CAPA precursor in neuroendocrine cells of the gnathal ganglion (shown here) and abdominal ganglia. (b) Cell type
#5 hugin-pyrokinin (PK). The mass spectrum shows a prominent ion signal of PK. The weak ion signal at m/z 3307.8 is mass-identical
with a PK precursor peptide (PP). (c) Cell type #6: sulfakinin (SK). The mass spectrum shows prominent signals of SK-1 and SK-2.
Sulfation of Tyr cannot be detected with MALDI-TOF MS in positive ion mode. Sodium adduct ions are marked with an asterisk

huginPK precursor of D. melanogaster contains only two
potential PKs. We have analyzed the different huginPK neu-
rons in earlier experiments already [37] and found only PK
(SVPFKPRLamide) in single cell mass spectra. Here, we re-
peated these experiments and collected randomly isolated
dimmed neurons (cell size 8—10 um) from different subpopu-
lations in the gnathal ganglion (see Figure 4b-I). Subsequent
mass spectrometric analyses confirmed the presence of Drm-
PK (Figure 4b-II). In addition, an ion signal mass-identical with
the N-terminal precursor peptide was found, which supported
the length of the predicted signal peptide (Figure 4b-III). The
second PK, which was originally predicted from the huginPK
precursor and named hug y [38], was not detected in mass
spectra.

Cell Type #6: Sulfakinin (SK) Neuron (n = 3);
FlyBase ID: FBgn0000500

Two bilateral dimmed neurons (#6, soma size: 10-14 pm) in
the medium protocerebrum are classified as SK neurons
(Figure 4c-I). The SK precursor contains two SK paracopies
(SK-1 and 2) and a further amidated peptide without Arg (""SK-
0") (Figure 4c-III). The presence of SK-1 and 2 was confirmed
in mass spectra (Figure 4c-II) albeit Tyr sulfation cannot be
detected with MALDI-TOF mass spectrometry in positive ion
mode. The sulfation of these peptides, essential for proper
activation of their receptors [39], was confirmed in earlier
studies [14]. Ion signals of SK-0 or other precursor peptides
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Figure 5. Mapping of cell type #7-9. Arrows mark the soma location in one brain hemisphere while the circle depicts the position of
the dissected soma in the contralateral brain hemisphere. (I) Reconstruction of dimmed cells after dissection of an individual dimmed

neuron. (I) Mass spectra obtained from dissected dimmed cells.

() Precursor sequences with signal peptides (highlighted in grey),

identified peptides (underlined), confirmed cleavage sites (bold), and amidation signals (italic). (a) Cell type #7: corazonin (Cor.)/short
neuropeptide F (sNPF). The mass spectrum shows the prominent ion signal of the pyroglutamyl form of corazonin, all predicted
sNPFs sequences, and an additional sNPF precursor peptide (PP). (b) Cell type #8: pigment dispersing factor (PDF). The mass
spectrum shows ion signals of PDF ([M+H]*, [M+Na]*). (c) Cell type #9: neuropeptide-like precursor 1 (NPLP1). The mass spectrum
shows the presence of many NPLP1 peptides. Several of these peptides are represented by truncated forms as well

were not observed. The analyzed type #6 cell is likely identical
with one of the two medial protocerebrum cells (MP1) with
positive SK-immunostaining [40]. These cells are also known
as protocerebral descending neurons, which are highly con-
served in insects and show extensive arborizations along the

entire ventral nerve cord [41]. Putative homologous MP1
dimmed neurons with anti-SK immunoreactivity were de-
scribed from larval D. melanogaster brain [7]. The suggested
co-localization with Ast-C [7] was not found in cell type #6
mass spectra of adults.
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Cell Type #7: Corazonin/Short Neuropeptide F
(sNPF) Neurons (n =7); FlyBase ID: FBgn0013767

Three to four dorso-lateral dimmed neurons in the
protocerebrum that could not be differentiated from each other
during single cell dissections (#7, soma size: 7-9 um) are
classified here together as corazonin/sNPF neurons
(Figure 5a-I). The corazonin precursor contains a single
corazonin sequence next to the signal peptide (Figure 5a-III).
The presence of the pyroglutamyl form of corazonin was
confirmed in mass spectra (Figure 5a-II). No ion signal of
corazonin with N-terminal Gln could be detected. The sNPF
precursor contains four sNPF paracopies, which were con-
firmed to be processed (Figure Sa-II). The sequence of sSNPF-
2 is identical with truncated sNPF-1 if the optional internal
monobasic cleavage site (Arg) of sNPF-1 is used. Relative
signal intensities of SNPFs in type #7 cells (Figure 5a-I) suggest
that this cleavage site is indeed efficiently working although
minor signals of complete sNPF-1 are present as well. The
detection of the precursor peptide that follows the signal pep-
tide in the precursor sequence, with and without the N-terminal
amino acid, indicates that the signal peptide might function
with different lengths. In all mass spectra of type #7 cells, the
corazonin signal was much more prominent than signals of the
different sNPFs. Type #7 neurons in the lateral protocerebrum
are described as dorso-latero-posterior (DLP) neurons with
positive corazonin immunostaining and mRNA expression in
adult D. melanogaster [42]. For a number of these lateral
neurosecretory cells, a co-localization of corazonin and sNPFs
was suggested (adult brains: [43]; larval brains: [7]). Our mass
spectra corroborated the expression of the two respective genes
in type #7 neurons; other known neuropeptides were not found
in these cells.

Cell Type #8: Pigment Dispersing Factor (PDF)
Neurons (n = 5); FlyBase ID: FBgn0023178

Four bilateral neurons (#8, soma size: 10 um) in the lateral
protocerebrum are classified as PDF neurons (Fig. 5b-1). These
dimmed neurons represented the large ventral lateral clock
neurons (I-LNv-cells; [44]) that were already analyzed at the
single cell level in earlier experiments using a pdf~GAL4 line
[37]. The mass spectra of type #10 dimmed cells, which con-
firmed the presence of the mature PDF (Figure 5b-II, b-I1I), are
nearly identical to the mass spectra obtained from the pdf-
GALA4 line. Ton signals of other neuropeptides were not detect-
ed in mass spectra of type #8 cells.

Cell Type #9: Neuropeptide-Like Precursor 1
(NPLP1) Neuron (n = 2); FlyBase ID:
FBgn0035092

Two bilateral dimmed neurons (#9, soma size: 10 um) in the
dorso-lateral protocerebrum are classified as NPLP1 neurons
(Figure 5d-I). The NPLP1 precursor of D. melanogaster con-
tains a number of neuropeptide sequences with potential
amidation motifs but the sequences show little sequence
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similarity among themselves (Figure 5d-III). Mass spectra of
type #9 cells (Figure 5d-II) confirmed the presence of all
NPLP1 peptides identified before in comprehensive
peptidomic analyses of the Drosophila CNS [14, 30, 45, 46].
In addition, an ion signal mass-identical to a further peptide
(YPPFHTWGTPPRITALH-OH) was observed. Ion signal in-
tensity was not sufficient to confirm the sequence of this
peptide. Different from most other neuropeptides in single cell
mass spectra, distinct signals of truncated forms of several
NPLP1 peptides were observed in spectra of #9 cells. Interest-
ingly, a single NPLP1 peptide NIATMARLQSAPSTHRDPK-
OH) contains the Lys from the common Lys-Arg cleavage site;
this peptide was already reported earlier [45]. The predicted
peptide without Lys was not detectable. Similar data exist for
a possibly homologous NPLP1 peptide (NPLP1-6) from Aedes
aegypti [47]. The analyzed type #9 cell likely corresponds with
the large dorso-lateral IPN immunopositive interneuron de-
scribed without projection from larval and adult
D. melanogaster [48]. Mapping of larval D. melanogaster
dimmed cells did not reveal NPLP1 neurons in the brain [7].

Cell Type #10: Neuropeptide F' (NPF) Neuron (n =
3),; FlyBase ID: FBgn0027109

A single bilateral dimmed neuron (#10, soma size: 14 yum) in
the dorsal medium protocerebrum, slightly postero-lateral of
the dimmed neurons of the pars intercerebralis, is classified as
NPF neuron (Figure 6-1). The NPF precursor of
D. melanogaster contains a single NPF sequence [49], which
has never been identified by peptidomics. As shown in Fig-
ure 6-11, the processed D. melanogaster NPF (Table 1) is
shorter than predicted and was confirmed by MSMS (Figure 6-
IV). The N-terminus of mature NPF indicates a complete
proteolytic cleavage at a monobasic Arg cleavage site. Two
further precursor peptides of the NPF precursor were detected
in mass spectra as well (Figure 6-1I). The analyzed type #10
cell corresponds with the large medial anti-NPF immunoreac-
tive interneuron in the dorsal protocerebrum of adult
D. melanogaster, which innervates the dorsal and lateral
protocerebrum (e.g., [49-51]). The type #10 neuron is likely
also identical with the DIMMED-positive NPF cell #8 de-
scribed in larval brains [7]. A suggested co-localization of
NPF and DH-31 in these NPF cells #8 [7] could not be
convincingly verified with our mass spectra although a minor
ion signal, mass-identical with DH-31, was found in a single
spectrum (Figure 6-11).

Conclusions

Using SCMS of identified neurons, we analyzed 10 types of
dimmed neurons from the brain/gnathal ganglion of adult
D. melanogaster (Figure 7). These cells included neuroendo-
crine cells with projection into the retrocerebral complex but
also a number of large interneurons. Resulting mass spectra
provided comprehensive data regarding mature products from
13 neuropeptide precursors. Interestingly, data from these
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Figure 6. Mapping of cell type #10: neuropeptide F (NPF). The arrow marks the soma location in one brain hemisphere while the
circle depicts the position of the dissected soma in the contralateral brain hemisphere. (I) Reconstruction of the dimmed cell after
dissection of an individual dimmed neuron. (Il) Mass spectra in lower and higher mass range show ion signals of NPF and a precursor
peptide (PP). A weak ion signal mass-identical with diuretic hormone 31 (DH-31) is marked as well. This signal was not seen in other
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grey), identified peptides (underlined), confirmed cleavage sites (bold), and amidation signals (italic). (IV) MS/MS spectrum of NPF
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Figure 7. Overview of dimmed neurons in the brain/gnathal
ganglion of adult D. melanogaster that were mapped by SCMS
in this study

single cell analyses consistently revealed all mature neuropep-
tides, which have been described for these precursors in earlier
publications. Some neuropeptides such as Drosophila
natalisins could be biochemically confirmed for the first time.
The mass spectra presented clear evidence for a co-expression
of up to three neuropeptide precursors in some of the dimmed
cells. The majority of dimmed neurons, however, each yielded
only products from a single neuropeptide gene. Although ion
suppression is a general issue in MALDI-TOF mass spectrom-
etry, single cell mass spectra with low peptide complexity are
probably less affected than tissue samples by this problem. In
addition, our experimental approach did exclude cell lysis
during cell dissection and therefore avoided possible changes
of the peptidome in the course of sample preparation. It has to
be noted in this context that our approach did not cover larger
protein hormones such as insulin-like peptides. Moreover,
closely packed dimmed cells of the pars lateralis and pars
intercerebralis in the protocerebrum and many neurons, which
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were detectable in only few brain preparations, have not been
analyzed yet. The already available data may be implemented
in neuroanatomical maps of the D. melanogaster brain; e.g.,
virtual fly brain (http://www.virtualflybrain.org/).
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