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ABSTRACT: Mass spectrometry-based protein analysis has 
become an important methodology for proteogenomic map-
ping by providing evidence for the existence of proteins pre-
dicted at the genomic level. However, screening and identifi-
cation of proteins directly on tissue samples, where histolog-
ical information is preserved, remain challenging. Here we 
demonstrate that the ambient ionization source, nanospray 
desorption electrospray ionization (nanoDESI), interfaced 
with light microscopy allows for protein profiling directly on 
animal tissues at the microscopic scale. Peptide fragments for 
mass spectrometry analysis were obtained directly on ganglia 
of the medicinal leech (Hirudo medicinalis) without in-gel 
digestion. We found that a hypothetical protein, which is 
predicted by the leech genome, is highly expressed on the 
specialized neural cells that are uniquely found in adult sex 
segmental ganglia. Via this top-down analysis, a post-
translational modification (PTM) of tyrosine sulfation to this 
neuropeptide was resolved. This three-in-one platform, in-
cluding mass spectrometry, microscopy, and genome mining, 
provides an effective way for mappings of proteomes under 
the lens of a light microscope.      

The advance of cost-effective genomic sequencing has led 
to many completely sequenced genomes that are available to 
the public.1-5 The increasing knowledge of genomic scaffolds 
is essential to the identification of gene-encoded putative 
proteins, and the experimental observation of these predict-
ed proteins in various organisms has been growing enor-
mously in the past decades.6-9 Furthermore, those confirma-
tions of protein expression provide a complementary tool to 
improve the annotation of genes, e.g. verification of open 
reading frames (ORFs), of the sequenced genome.10 Such 
proteogenomic approaches have been utilized to advance the 
annotation of genomic datasets or the identification of spe-
cific gene clusters in various organisms.9-15  

In the context of such exploration-driven efforts, mass 
spectrometry plays a crucial role in proteomic analysis.6-18 
For example, de novo tandem mass spectrometry (MSn) anal-
ysis was utilized to locate the biosynthetic gene clusters for 
ten ribosomal and nonribosomal peptide natural products 
from the well-characterized microorganism.14 Among all 

available ionization methods, electrospray ionization (ESI) 
and matrix-assisted laser desorption ionization (MALDI) are 
most widely used for the mass spectrometric characterization 
of proteins.19,20 Both MALDI and ESI are   considered as “soft 
ionization”, which preserves the native sequence of polypep-
tides in their ionic gas phases.19,20 In this regard, intact (top-
down) or digested (bottom-up) ionized proteins can be in-
troduced into a mass spectrometer for peptide mass finger-
printing or be subjected to tandem mass analysis for subse-
quent annotation of sequences.21,22 

However, in most of the mass spectrometry-based prote-
omics studies, appropriately prepared samples are prerequi-
site and critical to the quality of analysis.22 These preparation 
steps mainly include: (1) tissue or cell homogenization and 
extractions, (2) protein digestions using proteases such as 
trypsin, and (3) molecular isolation processes such as liquid 
chromatography (LC) or polyacrylamide gel electrophoresis 
(PAGE). Although many high-throughput methods are avail-
able, valuable personnel time and expensive laboratory costs 
are indispensable for preparation of protein samples. Fur-
thermore, the histological heterogeneity and topography are 
lost at sub-tissue level in most of the proteomics studies. 

In the past 20 years, imaging mass spectrometry (IMS) has 
provided an excellent capability for visualizing label-free 
biomolecules in a spatial manner.23-26 MALDI is currently the 
most widely used ionization sources for IMS. MALDI IMS is 
particularly superior in providing accurate spatial distribu-
tion of singly charged proteins from biological sections.26-28 
However, effective measurements of the MALDI IMS are 
greatly dependent on the quality of sample preparations, e.g. 
the uniformity of matrix deposition or the requirement of 
specialized substrates.29 This generally limits the usefulness 
of MALDI IMS to cryo-sectioned biological samples, in order 
to preserve morphological details at the cellular level. Alter-
natively, IMS using ambient ionization sources provide com-
plementary methods that only require minimal sample prep-
aration.30 Ambient ionization, such as desorption elec-
trospray ionization (DESI), allows ionization of small mole-
cules, i.e. M.W. < 1000 Dalton (Da), directly on the tissue 
surface without matrix deposition.31-33 However, situ charac-
terizations of larger biomolecules on biological samples are 
rarely reported using ambient ionization.34-36 Recently, Hsu 
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et al. showed that by interfacing with light microscopy, an 
ambient ionization source, nanospray desorption elec-
trospray ionization (nanoDESI), is able to reveal develop-
mental patterns of proteins associated with central nervous 
systems (CNS).37 More importantly, this microscopy-guided 
approach allows top-down protein MS analysis, such that MS 
fragments containing amino acid (a.a.) sequences were ob-
tained directly on tissue sections without enzymatic diges-
tion. Herein, we present this hybrid technique, interfacing 
ambient mass spectrometry with light microscopy, to 
demonstrate rapid tissue-specific proteomic screening and 
subsequent in situ top-down identification of peptides pre-
sent in the CNS of the medicinal leech. 

 

EXPERIMENTAL SECTION  

Microscopy NanoDESI. The hybrid microscopy ambient 
ionization source was used for rapid molecular screening 
directly on isolated medicinal leech ganglia. Details of the 
instrument setup have been described elsewhere.37,38 In short, 
an inverted fluorescence microscope (Nikon DIAPHOT 300) 
was interfaced with a nanospray desorption electrospray 
ionization (nanoDESI) source for a two-in-one microscopy-
guided mass spectrometry analysis. Sample plates were held 
on a z-axis translation stage, which was itself bolted onto the 
x-y stage of the microscope. The stage was then manipulated 
to position the ganglia in the area of interests under the liq-
uid junction formed by the two fused silica capillary tubes of 
the nanoDESI instrument. The capillary tubes were flame-
pulled from original 150/50 µm (O.D./I.D.) stock to ~50 µm 
O.D. (only at junction terminals), and a voltage of 2.0 kV 
(positive mode) was applied to the primary capillary tube. 
Throughout the experiments, a syringe pump was used to 
deliver a continuous flow of solvent to the capillary junction, 
at a rate of ~1.0 µL/min. The solvent for all nanoDESI-MS 
experiments was 65/35 (vol/vol) acetonitrile/0.1% formic acid 
aqueous solution. The sample stage was raised until the sam-
ple surface slightly contacted with the liquid droplet. A con-
tinuous stream of mobilized analytes as well as carrier sol-
vent was then aspirated into the secondary capillary tube to 
create the electrospray. The distance (~1-2 mm) between the 
terminal end of the secondary capillary tube and the MS inlet 
was optimized for MS readouts and to keep the solvent flow-
rate at the level of ~1.0 µL/min. The dynamic droplet size at 
the junction of the two capillaries and solvent spreading spot 
on the ganglionic surface were controlled within 100 µm in 
these experimental conditions. For each sampling spot, the 
ion signal (MS1) was accumulated for 2 minutes. After each 
measurement, the sample was removed from the liquid drop-
let (by lowering down the stage) and was allowed at least 1-
minute rinse of pure blank solvent to prevent carry-over.  

General Mass Spectrometry Settings. Electrospray ions 
generated by the home-built microscope-nanoDESI source or 
with a TriVersa Nanomate (Advion Biosystems) nanoESI 
source were directly introduced into a 6.4 T Finnigan ion 
trap quadrupole Fourier transform ion cyclotron resonance 
(LTQ-FT-ICR) mass spectrometer (Thermo) for MS analysis. 
Detailed operating parameters of nanoDESI are described in 
the previous section. HPLC-purified compounds were dis-
solved in spray solvent of 50:50 methanol/water containing 
0.1% formic acid, and underwent nanoelectrospray ionization 
on a TriVersa Nanomate using a back pressure of 0.35-0.5 psi 
and the spray voltage of 1.3-1.45 kV. The instrument was first 

tuned to m/z 816.3 (+15 charge) using 2.0 µM commercially 
purchased bovine cytochrome c (Sigma-Aldrich) 65/35 
(vol/vol) acetonitrile/0.1% formic acid aqueous solution be-
fore measurements on medicinal leech ganglia. For MS1 pro-
tein profile scanning using nanoDESI, positive ion spectra 
were collected in selected ion monitoring mode at 825.0 m/z 
with a 100 m/z isolation window. FT-ICR-MS spectra with a 
50,000 resolution (at m/z 400) were collected using 4000-ms 
maximum ion inject time. For the mass determination of 
sulfopeptides, FT-ICR-MS spectra were collected with a reso-
lution of 500,000 (at m/z 400), which is sufficient to resolve 
the mass differences between the PTMs of sulfation and 
phosphorylation.  

Top-down MS Analysis. To obtain the a.a. sequence tags 
of the proteins of interests, top-down MS2 and higher tan-
dem mass analyses were performed utilizing a normalized 
collision energy of 35% and an activation Q of 0.200 for both 
LTQ (isolation ∆m/z=3) and FT-ICR (isolation ∆m/z=8) de-
tections. Product ion intensity using nanoDESI source were 
accumulated from multiple sample points to increase the 
signal-to-noise ratio. For protein analysis the charge states 
and monoisotopic mass of the ion fragments were deter-
mined by isotopic patterns including isotope ∆m/z and peak 
intensity ratio of each isotope cluster. The raw tandem FT-
MS spectra were deconvoluted by Xtract (Thermo) into neu-
tral monoisotopic spectra.39 We also manually inspected and 
deconvoluted the raw spectra;40 ion fragments of isotopic 
patterns that were not identified by Xtract were manually 
pulled out. The product ions of the same parent molecules 
were listed according to their monoistopic masses to search 
for mass shift matching to a single or multiple a.a. losses. 
Mass shift-based sequences containing five (or more) con-
secutive a.a. tags were then used to search for candidate pro-
teins in the databases. Full a.a. sequence tags of the candi-
date proteins were furthered validated by cross-comparison 
with entire fragmenting products on ProSight PTM online 
platform.41 Parent m/z values were verified with the theoreti-
cal m/z values of the candidates. Product ions of proteins 
were verified on the basis of the annotations to the mono-
isotopic y and b fragments. Isotopic distribution of predicted 
proteins and peptides fragments were calculated using Iso-
Pro program basing on Yergey algorithm.42 Prediction of 
sulfotyrosine sites was utilized by using SulfoSite 
(http://sulfosite.mbc.nctu.edu.tw/index.php).43 

Proteome and Genome Mining. Protein BLAST engine 
at National Center for Biotechnology Information (NCBI) 
was used to search for candidates that contain the sequence 
tags suggested by the top-down MS analysis using parame-
ters appropriate for short peptide queries (ungapped align-
ments and high e-values).44 Sequences not found in known 
databases, or whose output candidates could not be validated 
by MS results, were compared to translated mRNA sequences 
predicted from a draft assembly for Hirudo medicinalis. Draft 
genome sequences were assembled from paired short reads 
using Velvet and PHRAP/CONSED45,46 and given to Glim-
merHMM to predict mRNAs.47 Sequence tags were compared 
to mRNAs and genome sequences locally with BLAST’s 
tblastn algorithm.  

General HPLC Conditions and Purifications. All HPLC 
purifications were performed on an Agilent infinity 1260 
HPLC equipped with a diode array detector, a manual injec-
tor, and a Biorad Model 2110 fraction collector. An analytical 
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column (Aeris 3.6 µm WIDEPORE XB-C18 200 Å, 250 x 4.6 
mm, Phenomenex) was used for sample analysis and purifi-
cation at 25 oC. For the mobile phase, gradients of solvent A 
(98.0% H2O, 1.9% acetonitrile, and 0.1% TFA) and solvent B 
(98.0% acetonitrile, 1.9% H2O, and 0.1% TFA) were used with 
flow-rate of 1 mL/min. Extracts from both sex and somatic 
ganglia homogenates were fractioned by HPLC with a gradi-
ent of 5 to 50% solvent B in 36 minutes followed by 50 to 95% 
in 4 minutes.  

Chemical Materials. Solvents for all experiments in this 
study, including acetonitrile, methanol, and water were pur-
chased from Sigma-Aldrich (all HPLC grade). Acid adducts 
including formic acid and trifluoroacetic acid (TFA) were 
purchased from Sigma-Aldrich. Authentic standards, includ-
ing serotonine, spermine, and spermidine were purchased 
from Sigma-Aldrich. Synthetic peptides, including leech sex-
peptide (2a, product #371156, >98%) and its sulfation form 13-
Tyr-SO3H (#371245, >95%), were ordered and purchased from 
American Peptide Company, Inc. 

Preparation of Leech Sample. Leeches used in these ex-
periments were obtained from a Hirudo medicinalis breeding 
colony maintained in the Macagno laboratory. For the 
nanoDESI mass spectrometric analysis, segmental ganglia in 
body segments 4-7 were surgically excised from anesthetized 
adult leeches and pinned on 35 mm Sylgard-covered plastic 
dishes and the ganglia were desheathed of their connective-
tissue capsule and the enveloping glial cells. Samples were 
kept at -20 oC for ~30 minutes while delivered to the mass 
spectrometry laboratory. Prior to the mass spectrometry 
measurements, each ganglion was rapidly rinsed 2 times with 
methanol (20 µL, ~10 seconds) and placed in an air-flow 
hood for 5 minutes to evaporate the methanol.  

 In Situ Hybridization. To further validate the distribu-
tions of the peptide, we assayed the histological distribution 

of sex peptide (2a) mRNA by in situ hybridization on whole 
embryos and adult de-sheathed ganglia according to previ-
ously described methods.48,49 Briefly, single-stranded sense 
and antisense RNA probes containing digoxygenin (DIG)-
labeled uridine were synthesized by in vitro transcription 
using linearized cDNA clones as a template. These probes 
were hybridized to fixed dissected embryos and adult gan-
glia. Unbound probe was removed by treatment with RNase, 
and bound probe was detected using alkaline phosphatase 
(AP)-conjugated antibodies to DIG. 

 

RESULTS AND DISCUSSION 

The medicinal leech, Hirudo medicinalis, is an important 
model organism for the study of nervous system function 
and development, and is also a unique species presently ap-
proved for use in human medical procedures.50,51 Due to its 
relative accessibility and simplicity, the CNS of the medicinal 
leech has been extensively studied. The CNS of the leech 
consists of thirty-two bilateral neuromeres, of which the 4 
anterior-most fuse to form the sub-esophageal ganglion and 
the 7 posterior-most fuse to form the caudal ganglion. The 
other individual ganglia in mid-body segments (SG1-SG21) 
are comprised of single bilateral neuromeres connected to 
each other by a bilateral pair of nerves and a single small 
medial nerve (Figure 1a). These ganglia contain about 400 
neurons, except the two “sex” ganglia (SG5 and SG6) inner-
vating the segments bearing the genitalia, which have about 
350 additional neurosecretory cells. These cells gradually 
appear during post-embryonic development and are distrib-
uted throughout the sex ganglia exclusively. How activity of 
neuronal circuits that involves these complements of neuro-
secretory cells contributes to specific reproductive behaviors 
is currently unexplored. 
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Figure 1. Microscopy ambient ionization mass spectrometry analysis on ganglia of the medicinal leech. (a) Top: photo-
graph of a medicinal leech. The red rectangular region represents the four ganglia isolated for mass spectrometric analysis. Bot-
tom: diagrams of SG4-SG7. SG5 and SG6 are “sex ganglia”, which control the sex organs of the segments. (b) The microscopic 
snapshot of a SG6 interrogated by nanoDESI at the center of ganglia on the top surface. The white frames indicate anatomical 
positions at which mass spectra in (c) and (d) were collected. (c) Top: the mass spectrum acquired at the “center” position of 
SG6. Bottom: the background signal acquired on blank substrate gel. MS/MS of the annotated molecules are shown in support-
ing information Figure S1. (d) High resolution FT-MS spectra at the selected range (~ 830-870 m/z) taken at the anatomical posi-
tions specified in the micrograph (b). The MS spatial profiles reveal unique expressions of proteins neurohemorythin (13674.7 Da, 
compound 1), leech sex peptide 2a (3343.7 Da), and leech sex peptide 2b (3423.6 Da) on the sex ganglia of medicinal leech. 

The two sex segmental ganglia (SG5 and SG6) and two 
neighboring somatic ganglia (SG4 and SG7) were collected 
from live specimens and quickly frozen in  their intact states 
for the subsequent nanoDESI-MS measurement. Five indi-
vidual sampling spots for MS measurement were determined 
by microscopic imaging of each ganglion (Figure 1b). In all 
four ganglia, significant levels of 5-hydroxyltryptamine (sero-
tonin, 177.1022 m/z [H+]) were detected at most of the data 
points (Fig. 1c).  This was expected, as several serotonergic 
cells, e.g., the very large Retzius neurons, are found in all 
leech segmental ganglia.52 In addition to this neurotransmit-
ter, polyamides such as spermidine and spermine were found 
throughout the samples. These have been known to be pre-
sent ubiquitously in eukaryotes and in nervous systems.53 
Direct measurement of these low molecular weight organic 

polycations on mouse uterine sections during pregnancy was 
also reported using a nanoDESI source.54 

In the previous study, it was shown that the nanoDESI 
source allows a gentle and highly-sensitive ionization of 
small-to-mid-sized proteins on tissue sections, with MS fea-
tures that resemble conventional ESI sources.37,55 Tissue-
derived proteins as large as hemoglobin subunits (~14 kDa) 
were protonated (up to 21 H+) and resolved by high-
resolution mass spectrometry along with other molecular 
species of a lower mass range. Similarly, in this study, we 
sought to characterize larger molecules, with multiple charg-
es at a higher m/z region. As shown in Figure 1d and support-
ing information Table S1, we found dozens of isotopic clus-
ters of M.W. > 2 kDa, heterogeneously distributed across 
each ganglion. The deconvoluted monoisotopic masses of 
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these compounds suggest that they are potential polypep-
tides associated with leech nervous systems. Among them, 
two sets of isotopic clusters, whose monoisotopic masses 
were 13674.74 Da (1), 3343.673 Da (2a), 3423.631 Da (2b), 
show distinct segmental specificities. Compound 1, later 
identified as neurohemerythrin, was expressed ubiquitously, 
in all four ganglia at the same level. By contrast, compounds 
2a and 2b were only detected in the sex ganglia (SG5 and 
SG6). To confirm this unique protein expression, we dissect-
ed twenty individual adult leech segmental ganglia and sub-
jected them to in situ nanoDESI-MS and offline high-
performance liquid chromatography (HPLC)-MS analysis. In 
both types of analysis, we did not detect any 2a and 2b ions 
in all of the "non-sex" ganglia (SG4 and SG7) while consist-
ently found them in SG5 and SG6. 

NanoDESI-MS provides not only an efficient way for rapid 
screenings of MS1 profiles, but also a capability to obtain top-
down MS/MS that gives consecutive sequence tags of the 
leech peptides. The sequence tags can then be used to query 
the recently sequenced genome of Hirudo verbana, a close 
relative of Hirudo medicinalis, to identify the corresponding 
genes. To test the validity of this approach, we demonstrated 
how it works on the identification of neurohemerythrin (1). 
The ions at m/z 856.180 (z=16) acquired on SG4 to SG7 (Fig-
ure 1d) by nanoDESI were subjected to tandem MS using 
collision-induced dissociation (CID) and resulted in various 
fragments at m/z 883.444, 890.983, 899.587 (z=15) and 
930.326 (z=14) corresponding to monoisotopic masses 
13228.53, 13341.62, 13470.67, 13002.44 Da, respectively (Figure 
2A). These masses together with the parent mass suggested 
multiple permutations of sequence tags containing 
[Gly+Phe]-Glu-Leu (or Ile)-[Pro+Glu]- (the order of tags in 
the brackets are not determined). This gave 8 possible sets of 
consecutive a.a. sequence tags that served as query units for 
search against the Hirudo genome. Search with NCBI protein 
BLAST engine found a prominent match (1Gly-Phe-Glu-Ile-
Pro-5Glu-) to a leech protein neurohemerythrin known to be 
highly expressed in H. medicinalis CNS.56 The intact protein 
mass rendered a negligible discrepancy of less than 1 ppm 
shift to the theoretical mass of neurohemerythrin. Further-
more, in the complementary HPLC-nanoESI-MS/MS results, 
another set of consecutive tags of neurohemerythrin (-82Ala-
Ser-Leu-Gly-Gly-Leu-Ser-88Ser-) was identified (Figure 2A). 
The abovementioned information combined with observa-
tion of many other peptide fragment ions generated during 
CID of the neurohemerythrin (Figure S2) demonstrate un-
ambiguously that the approach successfully identified this 
gene-encoded polypeptide. 

 

Figure 2. Top-down MS/MS analysis of neurohemerythrin. 
(A) Tandem mass spectra of neurohemerythrin (m/z 856.180) 
obtained by nanoDESI on the top of SG4 and SG7 (top) and 
from the nanoESI source (bottom). Consecutive sequence 
tags used for genome searching are shown at selected m/z 
regions. (B) The amino acid sequence and the fragmentation 
map of neurohemerythrin originated from MS/MS analysis of 
the protein at z = +16 to +19. Full MS/MS spectra and annota-
tions of y and b ions of neurohemerythrin are exhibited in 
the supporting information Figure S2. 

We then used this genome-assisted approach to character-
ize and identify the two sex ganglia-specific peptides 2a at 
m/z 837.176 (z=4) and and 2b at 857.166 (z=4). These mole-
cules were separated by 79.958 Da implying a PTM of tyro-
sine sulfation was added in 2b.57 Notably, there is only a 
slight difference between sulfation- and phosphorylation-
derived mass shifts, e.g. 79.9568 Da vs. 79.9663 Da (~3 ppm 
m/z difference for a +4 charge ion at m/z 857). Such a differ-
ence is typically considered as isobaric when using a 
low/medium resolution mass spectrometer.58,59 However, 
such a mass discrepancy is in the range of significance when 
using a high resolution mass analyzer such as the orbitrap or 
the FTICR, as in this study with a resolving power as high as 
500k (sufficient to resolve m/z difference of 2 ppm).59 We 
thus carried out a multiple-point calibration to measure the 
exact masses of 2a and 2b. The observed m/z readouts of 2b 
and its daughter ions agree well with the masses of the sul-
fated forms of 2a (Figure 3 and S3). Moreover, the isotopic 
profiles of the 2b ion clusters also present elevated abun-
dance ratios at 3rd to 6th isotopomers, as a consequence of 
the contribution from natural 34S isotope of the sulfate group 
(Table S2). These experimental results provided a conclusive 
piece of evidence favoring a considerable level of the sex pep-
tide being displaced to its sulfated PTM form. 
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Figure 3. Determination of the exact mass of 2b (sulfated 
form of 2a). The calibration curve of the observed m/z 
readout shifts to the calculated m/z using standard com-
pounds: MRFA (m/z 524.265), Hexakis(2,2-difluoroethoxy) 
phosphazine (m/z 622.029), synthetic leech sex peptide 2a 
(m/z 669.742, z=5; m/z 836.931, z=4), vancomycin (m/z 
724.7224, z=2), Hexakis tetrafluoropropoxy-phosphazine 
(922.010 m/z), Ultramark 1621 (1022.003 m/z and 1121.997 
m/z). The values in the parentheses above are the calculated 
m/z of the denoted compounds. The corresponding m/z 
readout shifts of sex leech peptide 2b to calculated sulfated (
●) and phosphorylated (▲) PTM forms show statistical sig-
nificance for both measurements in +4 and +5 charge states, 
indicating that the 80-Da PTM is contributed by a sulfation 
rather than phosphorylation.  

To identify the peptides 2a and 2b, we first conducted a 
top-down MS/MS on SG5 and SG6 surfaces for ion m/z 
837.176 of 2a using nanoDESI MS. The resulting tandem mass 
spectrum provided profound information of ion fragments, 
rendering sequence tags of -Arg-Gln-Ser at the C-terminus 
(Figure S4). However, this annotation containing three tags 
was ineffective for genome search. Conventional experience 
has shown precursors of higher charge state are prone to give 
more informative ion products, as each peptide fragment has 
higher probability to possess charges so as to be measured by 
mass spectrometers.60 High charge state precursor is also 
essential for a higher level tandem mass analysis (MSn, n>2). 
Thus, we collected homogenate of 10 pairs of adult sex gan-
glia (SG5 and SG6) to extract the sex peptides for subsequent 
nanoESI MS measurements. The isolated sex peptides gave 
excellent CID peptidic fragment (y and b ions) as shown in 
Figure 4 (z=5) and supporting information Figure S5 (z=6). 
The MS2 of the non-sulfated peptide explicitly presented a 
series of sequence tags starting from the N-terminal denoting 
as Asn-Val-Ala-Leu (or Ile)-Arg-[388.18 Da]-Leu (or Ile)-Asp-
[172.05 Da]. To obtain a more accurate series, we further in-
vestigated the fragments at MS3 (by FTICR-MS) and MS4 (by 
LTQ ion trap) levels. The MS3 from m/z 558.453 (parent ion, 
z=6) → m/z 627.319 (+5) fragment, later known as the y25 ion 
of sex peptide 2a, suggested that the gap of 172.05 Da is com-
posed of -11Gly-12Asp- by the discovery of y16 ion (Figure S6). 
We further interrogated the peptide 2a at MS4 level on the 
ion of m/z 558.453 (parent ion, z=6) → m/z 627.319 (+5) → 

m/z 729.404 (+1), the fragment that contained both y25 and b8 
cleavages. The resulting spectrum ascertained that the 388-

Da gap between y22 to y19 derived from -6Pro-7Tyr-8Gln- (Fig-
ure S7). These findings are summarized as sequence tags of 
1Asn-Val-Ala-Leu (or Ile)-Arg-Pro-Tyr-Gln-Leu (or Ile)-Asp-
Gly-11Asp-. 

 

Figure 4. Top-down MS/MS analysis of leech sex peptide 
(2a). (A) Tandem mass spectra of leech sex peptide (2a) of 
ion m/z 669.943 (z=5) revealing 12 successive sequence tags 
from the N-terminal. The sequences tags were then utilized 
to blast against predicted H. medicinalis mRNA dataset. (B) 
The amino acid sequence and the fragmentation map of the 
hypothetical leech peptide originated from top-town tandem 
mass analyses (up to MS4) of the peptide at z = +4 to +6.  

 

These tags enable a successful match with a hypothetical 
protein sequence predicted by the H. medicinalis mRNA as-
sembly (Figure 5). Draft genome sequences were subjected to 
Glimmer to identify putative mRNA sequences; their a.a. 
sequence translations were used for the search here.   

 

Figure 5. Three-frame translation of the mRNA encoding the  
sex peptide 2a. Excerpted nucleotide sequence and its for-
ward strand reading frames (top) with the corresponding 
translated a.a. sequences (below). Sex peptide 2a, highlight-
ed in red in the verified sequence. The complete nucleotide 
and amino acid sequence of the sex peptide 2a has been reg-
istered with GenBank, accession number KY707892. 
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Figure 6 shows the MS/MS annotations of 2b. The frag-
menting patterns of 2b was similar to 2a, the featuring Asn-
Val-Ala-Leu-Arg-[388.18 Da]-Leu-Asp-[172.05 Da] sequence 
tag at the N-terminal was also found. Notably, a considerable 
amount of de-sulfated fragments were observed in the 
MS/MS of 2b, indicating that the sulfate modification is la-
bile to CID. This result was not surprising since the neutral 
loss of SO3 (-80 Da) is very common in sulfopeptides.61 There 
were four tyrosine residues in 2b: Tyr-7, Tyr-13, Tyr-17, and 
Tyr-20. In the top-down tandem MS results of 2b, both sul-
fated and de-sulfated y17 (see Figure 6) and y15 (see Figure S8) 
were found, whereas only de-sulfated form was measured as 
y13 ion. This suggested that the sulfation of 2b occured on 
Tyr-13 (Figure 6B). To verify this annotation, it was submit-
ted to SulfoSite, which computationally predicts sulfotyrisine 
sites within given peptide sequences basing on the accessible 
surface area surrounding sulfation residues.43 SulfoSite pre-
dicted that Tyr-13 was the most probably sulfotyrisine in 2b, 
with the highest Support Vector Machine (SVM) score 
among all tyrosine residues (see Supporting Information 
Table S3 and Figure S9). The SulfoSite prediction agreed with 
the tandem MS result, suggesting that a sulfate group was 
attached to Tyr-13 in 2b. 

 

Figure 6. Top-down MS/MS analysis of leech sex peptide (2b) 
containing sulfotyrosine. (A) Tandem mass spectra of sulfat-
ed leech sex peptide (2b) of ion m/z 685.933 (z=5). The y ions 
(including y13*) labeled in green are de-sulfated forms. Dis-
covery of sulfated y17 and de-sulfated y13 implying a sulfotyro-
sine site at Tyr-13 (highlighted in red in (B)). (B) The frag-
mentation map of sulfopeptide 2b. MS3 spectrum (parent ion
→ y25 ion→) is presented in the supporting information Fig-
ure S8. 

To assay the histological distribution of the mRNA for sex 
peptide 2a, we performed in situ hybridization on the adult 
and embryonic ganglia (Figure 7). Probe hybridization in 
non-sex ganglion 4 and 7 was found to be restricted to a few 
small cells scattered across the surface of the ganglion (Fig-
ure 7A and 7D). In contrast, the probe was found to hybrid-

ize with 100’s of small cells scattered across the ventral and 
dorsal surfaces of the sex ganglia (Figure 7B and 7C). Embry-
os on the other hand revealed no obvious differences in 2a 
expression between sex and somatic ganglia (Figure 7E and 
7F). These 2a-positive cells have previously been identified as 
belonging to a population of peptidergic neurons found 
uniquely in ganglion 5 and 6 and which appear only late in 
embryonic development.62 Named peripherally induced cen-
tral (PIC) neurons, they are known to be induced by a pe-
ripheral signal associated with the developing male genita-
lia.63  

 

Figure 7. In situ hybridization staining of sex peptide 2a on 
adult (A-D) and embryonic leech ganglia (E and F). Adult 
somatic ganglia: (A) and (D); adult sex ganglia: (B) and (C); 
embryonic sex and somatic ganglia: (E) and (F). 

 

 

CONCLUSION 

We have combined a proteogenomic strategy with ambient 
ionization mass spectrometry, microscopy, and genome min-
ing. This combination supports and enables MS-based prote-
ome profiling directly on the top of sample surface with only 
minimal sample pretreatment. The spatially mapped protein 
profile allows a site-specific top-down analysis to obtain the 
protein identities. Protein sequence tags are obtained by 
both mass spectrometric and genomic interrogation. Using 
medicinal leech as the model, we discovered a hypothetical 
peptide (2a), predicted from a draft leech genome and highly 
expressed in the adult leech sex ganglia. The result of immu-
no-staining suggests that this leech sex peptide 2a is specific 
to the specialized neural cells unique to the adult sex seg-
mental ganglia. Furthermore, the top-down analysis using 
high resolution mass spectrometry indicates that the sex 
peptide is susceptible to a PTM of sulfation on one of the 
tyrosine residues (Tyr-13). Thus, this microscopy-guided 
mass spectrometry-based proteogenomic platforms proves to 
be a powerful tool to exploratory biological sciences.. 
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