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ABSTRACT: To make the vast collections of well-documented human clinical samples archived in biobanks accessible for
mass spectrometry imaging (MSI), recent developments have focused on the label-free top-down MS analysis of neuropep-
tides in sections of paraffin embedded formalin-fixed (FFPE) tissues. In analogy to immunohistochemistry (IHC) this vari-
ant of MSI has been designated MSHC (mass spectrometry histochemistry). Besides the detection and localization of neu-
ropeptide and other biomolecular MS signals in these FFPE samples, there is great interest in their molecular identification
and full characterization. We here used MALDI MSI employing ultra-high-resolution FT ICR MS on DHB coated five-mi-
cron sections of human FFPE pituitary to demonstrate clear isotope patterns and elemental composition assignment of
neuropeptides (with ~ippm mass accuracy). Besides tandem MS fragmentation pattern analysis to deduce or confirm amino
acid sequence information (Arg-vasopressin for the case here presented), there is a need for orthogonal primary structure
characterization of the peptide-like MS signals of biomolecules desorbed directly off FFPE tissue sections. In the present
work, we performed LESA extractions on consecutive (uncoated) tissue slices. This enables the successful characterization
by ion mobility MS of vasopressin present in FFPE material. Differences in sequence coverage are discussed based on the
mobility selected CID, ECD and UVPD MS/MS. Using Arg-vasopressin as model case (a peptide with a disulfide bridged
ring structure), we illustrate the use of LESA in combination with a reduction agent for effective sequencing using mobility
selected CID, ECD and UVPD MS/MS.

sequence and shape. Hence the interest to elucidate the
peptides' primary as well as secondary structures. In addi-
tion, their detailed spatial distribution within a tissue and
correlation with classical histological and/or expert patho-
logical features are crucial information with respect to re-
vealing the importance of secretory peptides in the biology
of a tissue/organ.

1. INTRODUCTION

The biological tissues which comprise the various organs
and organ systems in our body consist of large numbers of
heterogeneous cells. Groups of cell types operate together
to execute/complete a (physiological) function. Cells

within tissues are known to respond to their surrounding
extracellular environment and communicate with each
other by a combination of physical signals (through spe-
cialized intercellular junctions), and biochemical molecu-
lar signals. This enables multicellular tissues to operate as
functional units. In this context, endogenous peptides are
essential molecules synthesized (and released) by a living
cell. They are biological messengers carrying information
from one tissue to another through the extracellular circu-
lation (e.g. bloodstream)>. The function of endogenous (se-
cretory) peptides is dependent on their amino acid

A series of analytical tools have been used to study
changes related to endogenous peptides in a cell or an or-
ganism, such as chromatography, mass spectrometry (MS)
and nuclear magnetic resonance (NMR)3. Most analyses
are typically performed using MS#¢, in combination with
separation techniques such as liquid chromatography
(LC)7°, and ion mobility (IMS)"*5 which assist with char-
acterization. The caveat of these techniques is the loss of
any detailed spatial distribution of the peptides within the
tissue sample. Mass spectrometry imaging (MSI) was de-
veloped especially for spatially conserved ion sampling



from a surface not requiring any targeted probe. Intro-
duced already a quarter of a century ago by Caprioli and
coworkers.’® MSI allows biomolecules to be mapped with-
out the need of upfront knowledge of the targeted mole-
cules. This so-called discovery mode is an important ad-
vantage when analyzing complex samples like biological
tissues'? . MSI works as a label free technique that can
provide information for the understanding of biological
processes with high spatial resolution from multicellular
down to single cell and even subcellular levels. MSI essen-
tially involves a four-step procedure that includes sample
preparation, desorption/ionization, mass analysis and im-
age registration”. The most widely used MSI techniques
are Matrix Assisted Laser Desorption Ionization (MALDI)2°
and Secondary Ton Mass Spectrometry (SIMS)7 coupled to
a Time of Flight (TOF) analyzer.

Formalin-fixed, paraffin-embedded (FFPE) tissues are
samples amply archived in hospitals where they are exten-
sively used for histological and histochemical studies®.
However, the vast majority of MSI analyses of hospital bi-
obanked material reported are not on FFPE samples. The
main reason is that formaldehyde fixation and subsequent
dehydration and embedding protocols have been found to
be inferior for MSI of various biomolecules of interest. In-
versely, fresh, or fresh frozen sample preparation of tissues
is typically preferred as tissues which are not FFPE pro-
cessed yield considerably higher intensity ions of many
classes of biomolecules including metabolites,>> = gly-
cans,* and lipids® 2® when compared to the same tissue
samples after FFPE.

One of the most challenging classes of biological com-
pounds to detect by MSI are endogenously produced pep-
tides, tiny proteins which comprise the so-called neurose-
cretory peptides that are involved in the regulation of
many if not all physiological processes of the (human)
body.>” The use of MSI for the detection, characterization,
and localization of neuropeptides has been showcased by
only few independent groups (Andrén, et al.?®3°, Fournier
and Salzet et al3' and Verhaert et al. 32).The two latter
groups described different sample preparation workflows,
including a procedure for FFPE peptide MSI (Paine et al.33).
Different conclusions were drawn as to the usefulness of
FFPE tissues, in particular for 'top down' MSI analyses of
(endogenous, i.e., non-tryptic) peptides, which contrib-
uted to the neglection of FFPE samples for (neuro)peptide
MSI.

In the present work, MALDI MSI using an ultra-high res-
olution 7T FT-ICR MS was performed on 2,5-Dihy-
droxybenzoic acid (DHB) coated sections of human pitui-
tary FFPE tissue. As an orthogonal, complementary tech-
nique, liquid extraction surface analysis - trapped ion mo-
bility spectrometry- tandem mass spectrometry (LESA-
TIMS-MS/MS) was performed on consecutive FFPE tissue
sections. This combination of orthogonal analyses was
used to confirm the peptide identity based on the mobility
pattern, accurate mass and mobility selected MS/MS frag-
mentation pattern. LESA has become an alternative tech-
nique to surface mapping, where a liquid micro-junction

between the surface and an extraction tip is created, fol-
lowed by direct nano-electrospray infusion34.

Finally, differences in sequence coverage after mobility
selected collision induced dissociation (CID), electron cap-
ture dissociation (ECD) and UV photodissociation (UVPD)
MS/MS are discussed. Focusing on Arg-vasopressin as ex-
emplary neuropeptide with a cystine ring, the use of LESA
with a disulfide reduction agent is illustrated for improved
de novo sequencing using mobility selected CID, ECD and
UVPD MS/MS.

2. EXPERIMENTAL SECTION

2.1. Chemicals. HPLC-grade ethanol (dehydrated) was
purchased from Biosolve B.V. (Valkenswaard, The Nether-
lands). Xylene (>99%), HPLC-grade acetonitrile (ACN;
>99.93%), 2,5-dihydroxybenzoic acid (DHB; >99.0%), and
trifluoracetic acid (TFA; 99%) were from Sigma-Aldrich
(Zwijndrecht, The Netherlands). Vasopressin standard
(synthetic [Arg8]-vasopressin (AVP)) was purchased from
AnaSpec Inc. (Fremont, CA, USA).

2.2 Sample collection, embedding, microtome sec-
tioning and mounting. FFPE human pituitary tissues
were obtained from the biobank at the Neuropathology
Department of Leuven University (a generous gift by Prof.
Dr. R. Sciot; UZ-Leuven, Belgium) all in compliance with
(inter)national privacy and ethics laws and regulations and
in full respect of human rights. Paraffin blocks containing
more than 5-year-old biopsies from anonymized patients
suffering from (anterior) pituitary adenomas, were espe-
cially selected for their inclusion of fragments of the poste-
rior pituitary (i.e., neurohypophysis). These pituitary parts
are known to store and release endogenous neuropeptides,
including the cyclic nonapeptides vasopressin and oxyto-
cin. All tissues had been fixed and embedded following a
routine standard protocol employed for histopathology
(see Figure 1)3.

Briefly, fixation of tissues with 10% formalin (i.e. 40%
formaldehyde, fixative volume 5-10 times tissue volume)
was performed at room temperature for 24-48 hours. Fixed
tissues (trimmed to appropriate size and shape) were
placed in embedding cassettes. Paraffin embedding was
performed according to the following schedule (total 16
hours); 70% ethanol (3 x 1h); 80% ethanol (2 x1h); 95% eth-
anol (2 x 1h); 100% ethanol (3 x 1.5h); xylene (3 x 1.5h); par-
affin wax (58-60 °C) (1x 2h;1x >2h). Afterwards, embedded
tissues were brought back to room temperature, allowing
the paraffin to solidify. Paraffin blocks were trimmed as
necessary and sectioned at 5 pm thickness on a semi-auto-
mated microtome (Microm) equipped with a Zeiss Stemi
2000 binocular loupe. Sections were collected in a water
bath at room temperature and mounted onto regular mi-
croscope slides (Thermo Superfrost) using distilled water.
Sections were stretched on a hotplate (50°C) and air-dried
for at least 30 minutes with optional overnight baking in
an oven (45-50°C). Prior to mass spectrometry histochem-
istry (MSHC) analysis, sections were deparaffinized in 2
changes of xylene (3 and 2 min respectively), xylene was



removed by ethanol through 2 changes of 100% ethanol (2
min each), according to the MSHC protocol described ear-
lier33. For microscopic reference, a few sections adjacent to
those processed by MSHC were stained with classical his-
tochemistry. These included hematoxylin/eosin (H&E)
staining as well as immunohistochemistry with anti-vaso-
pressin antibodies (a kind gift by Prof. L. Arckens; Labora-
tory for Neuroplasticity and Neuroproteomics, University
of Leuven, Belgium).

2.3 MALDI sample preparation. After deparaffiniza-
tion, tissues on the microscope slides were coated with a
matrix solution of 2,5-dihydroxybenzoic acid (DHB; 50
mg/mL) in ACN/H20/TFA (49.95:49.95:0.1 v/v). The ma-
trix solution was applied as a nebulized spray using a TM
sprayer (HTX Technologies, NC, U.S.A.) with the following
settings: flow rate, 0.1 mL/min; spray nozzle velocity, 1200
mm/min; spray nozzle temperature, 75 °C; number of
passes, 3; nitrogen gas pressure, 10 psi; track spacing, 1 mm;
drying time between passes, 10 s.

2.4 MALDI MSI FT-ICR MS. MALDI Imaging experi-
ments were done on a 7T FTMS system (SolariX Smart-
beam, Bruker Daltonics, Billerica, MA, USA) with a 355nm
Nd:YAG Laser. A total of 1000 shots were acquired per
spectrum, with 100 shots per raster site. Raster width was
set to 25 um. FT-ICR MS spectra were collected with 2MW
acquisition data size and internally calibrated.

2.5. Neuropeptide extraction from FFPE slides. Glass
slides containing deparaffinized human pituitary tissue
slices were placed on the LESA universal adaptor plate of a
TriVersa Nanomate device (Advion, Ithaca, NY, USA) in
micro-junction mode. Extraction spots were determined
manually. To start, an automated arm aspirated 5 pL of sol-
vent from the solvent well and relocated on top of the de-
sired spot in the tissue. The tip descended to a 1.9 mm dis-
pensation height to deposit 1.0 pL of solvent forming a lig-
uid micro-junction between the surface of the tissue sam-
ple and the solvent. Solvent droplet stayed in contact with
the surface for 60 s, before being re-aspirated and re-dis-
pensed for another 60 s for a total of 5 times. Ultimately,
1.5 pL of solvent was re-aspirated and dispensed into a spe-
cific well in a 96 well plate. As many spots as possible were
extracted depending on tissue size. A peptide internal
standard (human angiotensin II, 1046 m/z) was prepared
to 1 tM concentration and added to the extraction solvent
acetonitrile:water:formic acid (40:59:1; v/v/v). The use of
an internal standard allowed to correct for variations in the
LESA tip extraction and nESI spraying conditions.

2.6 LESA with disulfide bond reduction. A 1opL vol-
ume of LESA extract was reduced by adding 1pL. of 10mM
Tris(2-carboxyethyl)phosphine (TCEP) at 50 °C for 15 min.
Reduced solutions were analyzed immediately after dilu-
tion to avoid re-formation of the disulfide bond.

2.7. nESI-TIMS-q-TOF MS/MS. A volume of 10 pL of
LESA extract was loaded in a quartz glass pull-tip capillary
(O.D.:1.omm and 1.D.: 0.7omm) and sprayed at 800 - 1200
V into a custom built nESI-TIMS coupled to a g-TOF MS
instrument (Impact q-TOF, Bruker Daltonics, Billerica,
MA, USA)3. The TOF component was operated at 10 kHz
and m/z range from 50 - 2000, using the maXis Impact Q-
TOF acquisition program. The TIMS component was oper-
ated by Lab View, an in-house software, in synchronization
with the TOF controls. This TIMS-q-TOF MS/MS proto-
type is also equipped with a CID cell, a custom-built elec-
tromagnetostatic (EMS) cell for ECD and a trap for mobil-
ity selected UVPD (213 nm) prior to TOF MS. Data were

analyzed using Data Analysis version 5.2.
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Figure 1. Workflow for FFPE fixation, microtome sectioning
(slicing) and further (human pituitary tissue) sample prepara-
tion for MSHC analysis.

3. RESULTS AND DISCUSSION
3.1 MALDI MSI FT-ICR MS.

MSHC analysis of two different sections of the same par-
affin block (a few 100 pm apart) by MALDI MSI FT ICR MS
provided ultra-high mass resolution measurements in the
range of m/z 500-2000 (Fig. 2a and 2b). Endogenous neu-
ropeptide signals for Arg-vasopressin (AVP, 1084.44 m/z
[M+H]*; Fig. 2, green) and oxytocin (1029.45 m/z [M+Na]*,
Fig. SIi) were detected. The protonated signals of Arg-vas-
opressin were found to be accompanied by the Shiff base
([M+12]*, yellow) and sodiated adducts ([M+Na]*, red),
providing similar MSHC images to that of the [M+H]* sig-
nal (Fig. 2a and 2b). All peptide ion species were detected
with their expected isotopic pattern (Fig. 2c and 2d show-
case recorded MS data exhibiting the respective isotopic
patterns and corresponding mass errors).

Like other MALDI sources (including MassTech's AP-
MALDI and Waters' Synapt) which do not require conduc-
tive (e.g. ITO coated) slides for MSI data acquisition, our
setup allows for the use of regular microscope slides for
MSHC. This represents a clear advantage over MSI proto-
cols requiring ITO slides. Not only is it less costly, it is also
logistically very elegant as samples can be collected
straight from hospital biobanks.
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Figure 2. a. Bright field optical images of human pituitary bi-
opsy tissue sections adjacent to MSHC imaged section 3 and
5. (1) haematoxylin-eosin staining of section 1; (2) unstained
section 2 coated with DHB MALDI matrix; (4) immunohisto-
chemically stained section 4 (in between MHSC imaged sec-
tions 3 and 5; (6) haematoxylin-eosin staining of section 6, at
end of series. b. and c¢. MSHC experiments showing software
selected areas analyzed (left panel) and the respec-
tive MALDI-FT ICR MSHC images of protonated (green), Shiff
base (yellow) and sodiated (red) ions of Arg-vasopressin
ions. Legend: ah, adenohypophysary tumour tissue; H&E, he-
matoxylin eosin; IHC, immunohistochemistry (using anti-vas-
opressin polyclonal antiserum). d. and e. showcase mass spec-
tra and experimental isotopic patterns for each species in sec-
tion 3 and section 5, respectively. f. theoretical isotopic pat-
terns for each species.

3.2. LESA-nESI-TIMS-q-TOF MS/MS.

LESA-nESI-TIMS-TOF MS/MS provided a complemen-
tary, quick identification of AVP (1084 m/z [M+H]* and 542
m/z [M+2HJ**) from the tissue sample (Figures 3 and 4, re-
spectively). These results were compared to the analysis of
a synthetic AVP standard in the same solvent conditions
(red trace in both Figure 3 and 4). Interestingly, the AVP
[M+H]* yielded two mobility bands (302 A2 and 310 A>; Fig-
ure 3a), while the [M+2H]>*showed a single band (340 A2)
(Figure 4a). This is consistent with the primary structure
of AVPwhich comprises 2 protonation sites, leading to the
formation of 2 protomers for the case of the singly charged
molecular ions. Moreover, an alternative explanation could
be the isomerization of the Pro residue in the backbone.

Since a single band is observed for the doubly charged mo-
lecular ion, the existence of protomers seems favored.

The mobility selected CID MS/MS of the singly charged
AVP precursor ions from the LESA extract yielded charac-
teristic fragment ions (bs, bs and y3), in good agreement to
that observed from the AVP standard (Figure 3). Even with
the optimal collision energy, the intensity of the parent and
fragment ions remained quite low. This is likely due to the
minute amount of analyte present in the small surface sam-
pled, rather than to a lack of fragmentation energy. AVP
contains a proline in the middle of its short sequence
which produces characteristic ions evidencing peptide
fragmentation in the C-terminal of the Pro residue as seen
in the tandem MS data.

The mobility selected CID MS/MS of the doubly charged
AVP ions from the LESA extract yielded characteristic frag-
ment ions (bs, b, bs and y;), likewise in good agreement to
that observed from the AVP (Figure 4). In contrast to CID,
mobility selected ECD MS/MS from the LESA extract
showed better sequence coverage (bs, bg, b,, bs, v, ys5, and
Y6 ), in good agreement to that observed from the AVP
standard and previous CID/ECD comparisons.3°3% The mo-
bility selected UVPD (213 nm) of the double charged AVP
standard showed complete sequence coverage (bs, as, bs,
b, bs, Y3, Vs, Y6, X5, Yo, Xs and ys). Note that exposure of pep-
tides to 213 nm photons selectively cleaves disulfide bonds
by UVPD fragmentations®. The caveat of ECD and UVPD
over CID is the lower fragmentation efficiencies (2.6% and
4.03%, respectively), which
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Figure 3. Figure 3. Ion mobility, isotopic and fragmentation
patterns of LESA extracted [M+H]* ions of Arg-vasopressin
species. a. ion mobilogram of experimental LESA extracted tis-
sue sample [upper panel, black traces] and of synthetic pep-
tide standard [red traces]; b. isotope pattern of experimental
LESA extracted tissue sample [upper panel, black traces] and
of synthetic peptide standard [red traces]; c. CID tandem MS
of experimental LESA extracted tissue sample [upper panel]
and of synthetic peptide standard [lower panel]).



combined with the low peptide concentration typically
observed in the LESA extracts from FFPE makes this ap-
proach more challenging.

An additional analytical tool suitable to LESA samples, is
the administration of a disulfide reduction agent prior the
nESI-TIMS-TOF MS/MS analysis (Fig. 5). Interestingly,
upon reduction of the disulfide bond, the mobility profiles
of the doubly charged AVP ions now yield two mobility
bands (consistent with the appearance of an extra proto-
nation site in reduced versus oxidized peptide) and the re-
duction can be clearly seen by the A+2 isotopic profile.
Moreover, the mobility selected CID MS/MS of the doubly
charged reduced AVP ions from the LESA extract provided
unambiguous sequence confirmation (bs, by, bs, bg, b,, bs*,
V3 Yar Y5 Yoo Yoo Y72+ and ys**) (Fig. 5¢), in good agreement to
that observed from the AVP standard (Fig. 5d).
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Figure 4. Ion mobility, experimental isotopic and fragmenta-
tion patterns of [M+2H]>* species of Arg-vasopressin. a. ion
mobilogram of experimental LESA extracted tissue sample
[upper panel, black traces] and of synthetic peptide standard
[red traces]; b. isotope pattern of experimental LESA extracted
tissue sample [upper panel, black traces] and of synthetic

peptide standard [red traces]; c. CID [upper panel] and ECD
[lower panel] tandem MS of experimental LESA extracted tis-
sue sample and d. CID [upper panel], ECD [center panel] and
UVPD [lower panel] of synthetic peptide standard.

The mobility selected ECD and UVPD MS/MS of the
doubly charged reduced AVP ions showed better sequence
coverage than CID, with ions a,, b,, b;, ¢;, b, bs, ¢5, be, b,
bs, Cs, Y, Y3, Yar Y50 Y6r Z6, Y7» Z72, Y8 and zs observed for ECD
and ions a,, b, b;, ¢;, a4, by, as, bs, bg, b;, bs*, v, Y3, Yar Vs, Yoo
Z6, Yo, Z7**, and yg** for UVPD. The same caveat was noted
for the case of the S-S reduced LESA extract: the lower frag-
mentation efficiency of ECD and UVPD (9.5% and 3.0%,
respectively) over CID did not provide meaningful frag-
mentation information. Overall, with the Cys,-Cyss ring
structure (cystine bond) present, fragment ions represent-
ing all inner amino acids were not achieved after mobility
selected CID. However, after reduction of the S-S bond, full
peptide sequence coverage was obtained.
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Figure 5. [on mobility, experimental isotopic and fragmenta-
tion patterns of [M+2H]>* species of reduced Arg-vasopressin
species extracted (LESA) from tissue. a. ion mobilogram of ex-
perimental LESA extracted tissue sample [upper panel, black
traces] and of synthetic peptide standard [red traces]; b. iso-
tope pattern of experimental LESA extracted tissue sample
[upper panel, black traces] and of synthetic peptide standard
[red traces]; c. CID tandem MS of experimental LESA ex-
tracted tissue sample and d. CID [upper panel], ECD [center
panel] and UVPD [lower panel] of synthetic peptide standard.



4. Conclusions

We described the complementary use of MALDI MSI FT-
ICR MS and LESA-TIMS-TOF MS/MS for the analysis of
neuropeptides from FFPE tissue sections. The workflow al-
lows for the MSHC based localization of neuropeptides
with sub-ppm mass accuracy and effective peptide identi-
fication using mobility profiles, accurate m/z, and tandem
MS fragmentation patterns. In addition, the LESA work-
flow allows for the incorporation of reduction agents effec-
tively leading to full sequence coverage using CID tech-
niques. The use of alternative mobility selected ECD and
UVPD techniques yield better sequence coverage, yet with
lower fragmentation efficiencies when compared to mobil-
ity selected CID.
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