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Abstract

Measurement, identification, and quantitation of endogenous peptides in tissue samples by mass
spectrometry (MS) contribute to our understanding of the complex molecular mechanisms of
numerous biological phenomena. For accurate results, it is essential to arrest the postmortem
degradation of ubiquitous proteins in samples prior to performing peptidomic measurements.
Doing so ensures that the detection of endogenous peptides, typically present at relatively low
levels of abundance, is not overwhelmed by protein degradation products. Heat stabilization has
been shown to inactivate the enzymes in tissue samples and minimize the presence of protein
degradation products in the subsequent peptide extracts. However, the efficacy of different heat
treatments to preserve the integrity of full-length endogenous peptides has not been well
documented; prior peptidomic studies of heat stabilization methods have not distinguished
between the full-length (mature) and numerous truncated (possible artifacts of sampling) forms
of endogenous peptides. We show that thermal sample treatment via rapid conductive heat
transfer is effective for detection of mature endogenous peptides in fresh and frozen rodent brain
tissues. Freshly isolated tissue processing with the commercial Stabilizor T1 heat stabilization
system resulted in the confident identification of 65% more full-length mature neuropeptides
compared to widely used sample treatment in a hot water bath. This finding was validated by a
follow-up quantitative multiple reaction monitoring MS analysis of select neuropeptides. The
rapid conductive heating in partial vacuum provided by the Stabilizor T1 effectively reduces
protein degradation and decreases the chemical complexity of the sample, as assessed by
determining total protein content. This system enabled the detection, identification, and
quantitation of neuropeptides related to 22 prohormones expressed in individual rat hypothalami

and suprachiasmatic nuclei.



Introduction

Neuropeptides are a diverse class of cell-to-cell signaling molecules in the central and peripheral
nervous systems. They are derived from larger precursor proteins, prohormones, after enzymatic
cleavage by prohormone convertases at enzyme-specific sequences, with these expected
cleavage sites referred to as conventional cleavage sites.'” Neuropeptides participate in a broad
range of physiological and pathological processes—pain sensation, food intake, circadian rhythm,
depression, tissue regeneration, and drug addiction—by acting as neuromodulators,
neurotransmitters, and hormones.*!" Significant advances in the study of neuropeptides have
been achieved in the past three decades, in part due to rapid progress in mass spectrometry (MS)
instrumentation and software tools for data analysis.*'*"

Even with these advancements, peptide detection, including discovery of new molecules,
remains challenging in complex biological samples. Some of the challenges are technical,
including unknown recovery rates for peptide extraction and rapid postmortem peptide
degradation'® during sampling, as well as matrix-related ion signal suppression during the
measurement process. Fast postmortem degradation of ubiquitous proteins into polypeptides is
especially problematic when analyzing the neuropeptidome.'’ The resultant degradation products
increase the chemical complexity and dynamic range of concentration of sample constituents,
with this concentration range at times exceeding the analytical performance of many
characterization systems, and hence, obscuring the detection of low-abundance endogenous
peptides. Prior work has shown that the peptides originating from degraded proteins constitute as
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much as 95% of the total peptide identifications in brain tissue samples.
degradation is due in part to postmortem cerebral hypoxia, which induces many intracellular and
extracellular events, including neuronal cell death via apoptosis — an enzymatic self-destruction
process. The enzymes involved digest proteins into peptides ex-vivo, thus changing the
peptidome of the sampled tissue.”!

To prevent chemical protein degradation during tissue sampling, several tissue
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stabilization approaches have been develope with heat stabilization being one of the

most effective methods of sample preparation for MS experiments.”> Numerous studies since the
1990s°® have shown that heat stabilization of tissues arrests postmortem protein degradation,*’*
improves the detection of endogenous peptides by MS,” and preserves post-translational

modifications (PTMs).>"?"* For example, experiments conducted by Stingl et al?' and



Segerstrom et al.** demonstrated that heat stabilization effectively arrests the ex-vivo peptidase
activity, thereby preserving the chemical sample composition as compared to samples from
unstabilized tissues. Various means of heat stabilization, such as incubation in a hot water
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bath,***° animal sacrifice by focused microwave irradiation (FMR), 629,37

microwaving of
dissected tissue,'® and laser-guided rapid conductive heating in a commercial device, the Denator
Stabilizor T1 (ST1),***’ were previously investigated in a variety of neural and neuroendocrine
tissues.

Rapid conductive sample heating in a partially deoxidized environment™**°

using a
scanning laser to determine accurate sample size is designed to overcome the technical
limitations of prior thermal tissue stabilization methods. This includes tissue size/volume limits
and compromised brain morphology for FMR, and uneven and irreproducible temperatures
inside dissected tissue caused by conventional microwave ovens.”*'*> The ST1 benchtop
instrument heats fresh and frozen samples quickly and uniformly by rapid conductive heating
through metallic blocks pressed against the sample. This technique has been reported to
successfully retain the endogenous proteome and peptidome close to the in vivo state, as assessed
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in previous studies including analysis of the mature neuropeptide complement in

crustaceans’ and snap-frozen mammalian tissues.*®

Several studies have compared the performance of the ST1 with other methods of thermal
stabilization.””** However, there have been limited efforts to comprehensively evaluate the
efficiency of the device in preserving the full-length neuropeptide complement in mammals.
Segerstrom et al.** studied the relative levels of only a few select neuropeptides, and Skold et
al.'® researched specific peptide markers of the protein degradation process in fresh and frozen
tissues associated with different heat stabilization methods. Stingl and co-workers®' tested
various tissue stabilization methods in combination with urea-based peptide extraction for
neuropeptide detection in the rat brain. However, they did not distinguish between full-length
neuropeptides, intermediate processing and/or linker peptides derived from the prohormones and,
most importantly, numerous truncated versions of neuropeptides often resulting from sequential
one amino acid loss that is commonly observed in peptidomics measurements.” The distinction
is important as full-length peptides are produced, accumulated, and released from cells in-vivo,"”
and are more likely to be biologically active, whereas randomly truncated forms often observed

in the MS measurements could be sampling artifacts caused by the loss of the sample cellular



integrity and release of lysosomal proteases, or by chemical degradation under the extreme pH
conditions typical for peptide extract preparation. Ladder sequence truncation, as evidenced in
the supplemental data set by Secher et al.** for example, is a well-known form of peptide
chemical degradation under extreme pH that had been used for peptide sequencing before the
advent of tandem MS (MS/MS)-capable instrumentation.*’

As mentioned above, previous studies evaluated the performance of the ST1 relative to
other heat stabilization methods; however, our work is distinct in a several aspects. First, most of
the previous studies either evaluated the stabilization efficacy based on protease activity, overall
number of peptide identifications, or identification rates of a select set of full-length
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neuropeptides.” "

In contrast, we compared the efficiencies of the heat stabilization methods
on the entire repertoire of mature full-length neuropeptides. We also determined quantitative
differences in the detection of known peptides in individual suprachiasmatic nuclei (SCN)
treated with both approaches and analyzed using multiple reaction monitoring (MRM).

For the few studies that indeed considered the entire mature neuropeptide complement,
they either used the invertebrate animal model crustaceans,”” or used a mammalian model but
only to evaluate the performance of the ST1 on snap-frozen tissues. Moreover, hot water
treatment, perhaps the most simple and cost-effective way of stabilizing the sample, which has
been used previously and proved effective for tissue stabilization,”® was evaluated here in
comparison to the ST1 in a mammalian model for the first time. Questions as to whether the ST1
and hot water work equally well on fresh and frozen tissues, and how ST1 and hot water
treatment compare with each other for both fresh and frozen tissue samples from a mammalian
brain model appear not to have been examined. Hence, to address this specific lack of
information, we performed the current study using the rat hypothalamus.

Why use the hypothalamus for peptide characterization? The hypothalamus plays an
important role in controlling various body functions and activities, such as temperature
regulation, the sleep-wake cycle, hunger, mood, different aspects of behavior, endocrine system
activity, growth, and metabolism. Not surprisingly, both the hypothalamus and its sub-structural
region, the SCN, have been well investigated via peptidomics approaches by us and others,>>~**"
>! creating an effective model for peptidomic methodology development and comparison.

Here, using both qualitative and quantitative liquid chromatography (LC)-MS

measurements, we demonstrate the important advantages of laser-guided rapid conductive



heating by the ST1 device compared to a hot water bath as a sample treatment for both fresh and
frozen tissues, specifically for investigation of the full-length neuropeptide content of brain

tissue.

Materials and methods

Chemicals
Reagents were obtained from either Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) or
Thermo Fisher Scientific (Waltham, MA, USA).

Animals

Male Sprague-Dawley rats (N=24), 2747 days old, were obtained from Envigo (Indianapolis,
IN, USA). For comparative experiments, animals were matched by age into three sets, one set of
N=12 and two sets of N=6. The animal procedures were carried out according to protocols
approved by the Institutional Animal Care and Use Committee, University of Illinois at Urbana-

Champaign, and in full accordance with the ARRIVE guidelines.™

Peptide extraction

The brain was dissected 30 s after decapitation; the hypothalami or SCN were isolated according
to stereotaxic coordinates in the rat brain atlas™ and stabilized either using the Denator Stabilizor
ST1 system (Denator, Uppsala, Sweden) (N=3), or a hot water bath (95°C) (N=3), within 3 min
of sacrifice.

For the rapid heat sample stabilization in the ST1 device, each isolated hypothalamus was
transferred into a Maintainor Tissue card (Denator) and processed at 95°C using the quick fresh
compression mode; processing time was 35 s. Since the sample geometry is measured by a laser
scan, this measurement automatically calibrates the heating process, including the heating time,
without intervention from an operator. Due to similar sizes of the individual samples used in our
measurements as well as their small sizes (just several millimeters in one dimension), the time of
treatment was identical (35 s) and sufficient to achieve 95°C. Stabilized hypothalami were

transferred into clean microcentrifuge tubes and placed on ice until peptide extraction.



For sample treatment with the hot water bath, each isolated hypothalamus was transferred
into a clean microcentrifuge tube containing 300 pL of LC-MS grade water preheated in a 95°C
water bath. The hypothalami were incubated in the water bath at 95°C for 10 min, in accordance
with prior peptidomics work on rat brain tissues,” and then placed on ice until peptide extraction.
LC-MS grade solvents and reagents were used to prepare all of the peptide extraction and
elution buffers unless specified otherwise.

After thermal stabilization, the hypothalamic samples were homogenized on ice and
subjected to a three-stage peptide extraction procedure consisting of ice-cold water, acidified
acetone (40:5:5 / acetone: water: acetic acid), and water containing 0.25% (v/v) acetic acid.’'
The extracts from the three stages were combined, creating a single pooled sample, desalted and

pre-concentrated using a Pierce C18 spin column (Thermo Scientific, Waltham, MA, USA).

Total protein assay

Measurements of desalted hypothalamus peptide extracts from one set of animals, N=6 (N=3
with ST1+N=3 with hot water bath), were performed. Total protein content was measured in 20%
of the volume of the peptide extract eluent collected from the desalting spin column using a
commercial Pierce BCA protein assay kit (Thermo Scientific) and an Epoch microplate
spectrophotometer (BioTek, Winooski, VT, USA). The remaining eluent was dried in a
SpeedVac (Genevac, Ipswich, Suffolk, UK) and stored at —20°C until analysis.

Hypothalamus peptide measurement by nano-electrospray ionization-nanoLC-MS/MS
Each of the dried hypothalamus samples was reconstituted in 10 pL of water supplemented with
0.1% (v/v) formic acid (FA) prior to LC-MS analysis. Next, two distinct LC-MS analytical
platforms were used for peptide characterization.

Platform 1 consisted of a Dionex Ultimate 3000 nanoLC system (Thermo Scientific)
coupled to an Impact HD QqTOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA).
This system was used for qualitative characterization of the chemical complexity of samples
exposed to either of the thermal sample treatments. The remaining peptide eluent from each
hypothalamus in the total protein assay mentioned above was used on Platform 1. The sample
was loaded onto a PepMap 100 pre-column trap (C18, 5 pm, 100 A) for 3 min. The trap was then
switched in-line with an analytical PepMap RSLC column (75 pmx15 c¢cm, C18, 2 um, 100A)



(Thermo Scientific), and peptides were separated at a uniform flowrate of 300 nL/min using a
multi-step gradient. Water with 0.1% FA, and acetonitrile (ACN) with 0.1% FA, were used as
solvents A and B, respectively. The gradient conditions were: 0—3 min, 4-4% B; 3—50 min, 4-50%
B; 50-55 min, 50-95% B; 55-58 min, 95-95% B; 58-65 min, 95-4% B; 65-75 min, 4-4% B.
Data were acquired over a full scan range of m/z 300-3000. Collision-induced dissociation
(CID)-assisted MS/MS acquisition was performed in a data-dependent manner. The top five
most-intense peaks were selected for fragmentation from the full scan. Dynamic exclusion of
precursor ions was 60 s.

Platform 2 consisted of an Eksigent 1D NanoLC plus system (Dublin, CA, USA)
equipped with a PicoFrit ProteoPep II column (C18, 5 pm, 100A) (New Objective, Woburn, MA,
USA) hyphenated to an 11 Tesla Fourier transform (FT) ion cyclotron resonance mass
spectrometer (LTQ-FT Ultra, Thermo Fisher). This system was used with a different animal set
for assessment of neuropeptide identification rates. Peptide extraction was performed via the
three-stage peptide extraction procedure as described above for all four sample groups described
below. Platform 2 solvents A (water with 0.1% FA) and B (ACN with 0.1% FA) were used at a
300 nL/min flow rate with the following gradients: 0—80 min, 30% B; 80—105 min, 30-45% B;
105-120 min, 45-60% B; 120—125 min, 60-85% B; 125-130 min, 85-85% B; 130-145 min,
85-0% B. The MS acquisition was set to scan at m/z 3002000 with an m/z 10 precursor
isolation window for CID. Data-dependent precursor selection was restricted to the top three
most-intense ions. Dynamic exclusion was enabled with three repeat counts and a 120 s

exclusion duration.

Bioinformatic peptide identification from the MS/MS data

Data from both LC-MS platforms described above have been used for qualitative peptide
analysis in the hypothalamus. PEAKS software (version 7.5, Bioinformatics Solutions Inc.,
Waterloo, ON, Canada) was used for peptide identification. The data from the Bruker Impact
instrument were converted to Mascot generic format using Bruker Data Analysis (version 4.2)
before loading into the PEAKS software. Data from the Thermo LTQ-FT instrument were
directly loaded into PEAKS for identification. The PEAKS workflow included creation of de
novo sequence tags that were then queried against a rat proteome database (33,475 protein

entries) downloaded from UniProt using the PEAKS DB search protocol.” The search



parameters included: 20 ppm precursor mass tolerance, 0.1 Da fragment mass tolerance, no
enzymatic cleavage, and variable PTMs, including acetylation, amidation, phosphorylation, half-
disulfide bond, pyroglutamination, and Met oxidation. The maximum number of variable PTMs
per peptide was 3. Filtering criteria of a 1% false discovery rate was set for the final peptide

spectral matches.

Statistical analysis of peptide profiles in the hypothalamus extracts

The data from Platform 2 were used for comparisons of the detection of neuropeptides in relation
to the method of thermal stabilization. Comparisons were made between the methods of
treatment (the ST1 device or hot water bath) and tissue storage (fresh or frozen tissue) using a set
of 12 animals (N=12) assayed via Platform 2 as described above. For these comparisons, the
individual hypothalami (N=12) were divided into four experimental groups, each containing
three biological replicates. Group 1 - snap-frozen immediately after isolation and stabilized by
the ST1; Group 2 - freshly isolated and stabilized with the ST1; Group 3 - snap-frozen
immediately after isolation and stabilized in a hot water bath; Group 4 - freshly isolated and
stabilized in a hot water bath. Settings for the ST1 system and hot water bath, and the peptide
extraction procedures, were identical to those described above. The peptide identification results
from PEAKS were exported in .csv format into Microsoft Excel. The average number of peptide
identifications for each group was determined by calculating the mean of the number of unique
peptides among the technical replicates (+/- SD). To test whether the values of identified
peptides were significantly different between the groups, a paired Student’s t-test was performed.
For the statistical analysis of just the neuropeptides, the peptides formed during enzymatic
processing of mono/di or tribasic prohormone cleavage sites were first sorted out, followed by
the same statistical analysis procedure as described above. For calculating the overlap in
neuropeptide detection between the groups, neuropeptide identifications from all the three
technical replicates of a group were merged together, with duplicates removed. Effectively,
peptides identified in at least one of the three technical replicates were considered representative

of the whole group.



MRM analysis of select neuropeptides in the SCN extracts
A second set of six rats were used in this experiment. The SCN areas from left and right brain
hemispheres (N=6x2=12) were isolated and heat-treated individually using either the ST1 system
(N=6) or hot water (N=6) within 3 min after animal sacrifice. Peptides extracts were prepared
using the methods described above and analyzed individually.

After sample desalting and analyte pre-concentration, peptides extracts were reconstituted
in 30 pL of 0.1% FA and analyzed with an Advance UHPLC system (Bruker Daltonics) coupled
to an EVOQ triple quadrupole mass spectrometer (Bruker Daltonics). A Kinetex column packed
with 1.7 um C18 resin (Phenomenex, Torrance, CA, USA) was used with a flow rate of 300
pL/min for peptide separation. The peptide signals were identified by selecting four transition
ions (the most-intense one as quantifier, remaining three as qualifiers). MRM channels for
proSAAS[42-59] (monoisotopic mass=1783.97, dominant charge state: +2, fragment m/z 341.6
used as quantifier, and m/z 498.8, 569.8 and 892.0 used as qualifier ions), proMCH[131-143]
(monoisotopic mass=1447.69, dominant charge state: +2, fragment m/z 228.2 used as quantifier,
and m/z 375.2, 503.3 and 659.3 used as qualifier ions), neurosecretory protein VGF [488-507]
(monoisotopic mass=1914.02, dominant charge state: +3, fragment m/z 576.9 used as quantifier,
and m/z 605.8, 703.9 and 816.9 used as qualifier ions), and proSAAS[62-75] (monoisotopic
mass=1366.72, dominant charge state: +2, fragment m/z 599.3 used as quantifier, and m/z 618.8,
389.2 and 880.5 used as qualifiers ions). MS Data Review (Version 8.2, Bruker Daltonics) was
used for data analysis. The peak area of the most-intense fragment ion signal was calculated. An
unpaired Student’s t-test (p<0.05) was performed to verify that the peak areas corresponding to

the targeted peptides were significantly different between treatments.

Results and Discussion

Our goal here is to develop protocols for characterizing the peptides within a tissue using LC—

55,56

MS, as opposed to characterizing the contents of individual cells, spatially localizing peptides

within tissue with MS imaging (MSI),”>°

or in preparing living tissues for dynamic
measurements such as measuring peptide release.””>® Approaches for preparing tissues for spatial
and temporal measurements are distinct from the chemical characterization of tissue presented

here.
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For tissue characterization by LC-MS, compelling evidence accumulated over several
decades has established heat stabilization as an effective and necessary procedure for halting
postmortem protein degradation during tissue sampling procedures, 20232%27-30-32:34.37.39.41.45.59-61
To avoid redundancy with previous studies, we did not test and compare the detection of
peptides in untreated tissue samples relative to heat-treated ones. Our investigation focuses on
comparing the effectiveness of different heat treatment approaches specifically for improved
discovery and characterization of the physiologically relevant neuropeptide complement.
Towards this goal, we measured and compared total peptide/protein recovery during extraction
(N=6), the number of detected chemically unique peptides (N=6), the number of mature, full-
length neuropeptides among the identified peptides in both fresh and frozen tissues (N=12), and

quantified select neuropeptide levels resulting from the two different heat stabilization methods

by MRM (N=6).

Advantages of rapid conductive heating for full-length neuropeptide recovery from fresh
tissue

We used the BCA total protein assay to investigate the amount of detectable peptides and
proteins extracted from fresh rat hypothalami treated with the ST1 and hot water-based heat
stabilization methods; a significant difference in extracted polypeptide amounts was observed
between the examined datasets (Student’s t-test, p=0.006). As shown in Figure 1A, the
concentration of total peptide and protein in extracts from hot water-stabilized hypothalami (49
png/mL) was two-fold higher than ST1-stabilized hypothalami (27 pg/mL). These results indicate
that sample exposure to hot water extracts an overall higher amount of soluble analytes. This
observation correlates well with the results of our LC-MS/MS analysis that detected an average
of 204 and 104 peptides per sample, in hot water- and STl1-treated samples, respectively.
However, despite a higher total number of chemically unique peptides, there were on average 30%
fewer prohormone-derived peptides in the hot water-treated samples compared to the ST1-
treated samples (Figure 1B). Over 70% of the total peptides observed in the hot water-treated
samples are from cytosolic, mitochondrial, structural, and other ubiquitous proteins. These
results suggest that hot water stabilization reduces postmortem degradation of cytosolic proteins

less efficiently than ST1 stabilization, and results in a broader chemical dynamic range. This in
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turn interferes with the detection of prohormone-derived peptides, which are usually present in

lower amounts.
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Figure 1. Influence of the two different tissue heat treatments on results of total protein and peptidomic LC-MS/MS
measurements of corresponding analyte extracts. (A) Total protein content of the samples as determined by the BCA
test (p=0.0061, N=3). (B) Average total number of peptides, prohormone-derived peptides, and neuropeptides
identified in the hot water-treated hypothalamic samples. Extracts were split as follows: 20% were used in total
protein measurements and 80% for LC-MS/MS qualitative analysis (N=3). Error bars represent standard deviation.

Analysis of prohormone-derived peptides in the two groups of freshly isolated
hypothalami revealed that only 58 prohormone-derived peptides per sample were detected in the
hot water-treated samples, but 84 peptides, corresponding to a 45% increase, were identified in
the ST1-treated samples. Full-length prohormone-derived peptides formed by cleavage at the
canonical basic amino acid cleavage sites were evaluated by examining the prohormone
sequence adjacent to the N- and C-termini of the identified neuropeptides. Of the 58
prohormone-derived peptides detected in the samples treated with a hot water bath, on average,
37 of the peptides were flanked by dibasic, monobasic, or tribasic cleavage sites. In contrast, in
the ST1 treated samples, 61 full-length neuropeptides were detected, which again is an increase
of 65% compared to the hot water approach. Moreover, vasopressin-neurophysin 2-copeptin,
proenkephalin-B, and tachykinin-3 prohormones were exclusively identified in the rapid
conductive-heat stabilized samples, leading to more comprehensive characterization of the
neuropeptide content in hypothalamic tissue (Table 1). Our observed improved detection of
endogenous neuropeptides with the ST1 system may be due to two reasons: first, the rapid
conductive-heating procedure is highly effective in arresting the enzymatic activity that degrades
the peptides’’ and second, the method results in fewer protein degradation products and a

reduction in the chemical complexity of the sample.
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Table 1. Prohormones detected in extracts of ST1- and hot water-treated samples.

Hot
Water
X

Prohormone ST1

Cerebellin-1

Chromogranin-A

Cocaine- and amphetamine-regulated transcript protein
Corticoliberin

Neuroendocrine protein 7B2
Neuropeptide S

Neurosecretory protein VGF
Neurotensin/neuromedin N

Pituitary adenylate cyclase-activating polypeptide
Proenkephalin-A

Proenkephalin-B

Progonadoliberin-1

Secretogranin-1

Pro-MCH

ProSAAS

Protachykinin-1

Prothyroliberin

Secretogranin-2

Secretogranin-3

Somatostatin

Tachykinin-3
Vasopressin-neurophysin 2-copeptin

X
X

PR PR PR PR PR PR PR

il

il lialtaltaltalls

PR PR PR PR R R R R R R PR R R R

Prohormones detected in analyte extracts of different biological replicates (N=3) for each of the sample treatment
procedures were combined, with peptide duplicates removed. A prohormone was considered only if it had at least
one unique full-length peptide sequence; full length is defined as a peptide that is flanked by known basic cleavage
sites in the prohormone.

Advantages of rapid conductive heating for full-length neuropeptide recovery from frozen
tissue

In addition to the improved detection of mature neuropeptides using the ST1 for fresh tissue in
the current study, previous investigations have demonstrated the advantages of heat stabilization
in terms of reducing enzyme activity, decreasing protein solubility preservation of PTMs, and

enabling endogenous peptide quantitation,>>>%*6*

The advantages were observed for both fresh
and frozen tissues collected from different animal models. We were also interested in knowing
whether or not full-length endogenous neuropeptides can be as effectively recovered from tissues
frozen for transportation or storage, followed by ST1 treatment. Thus, using a different set of

animals, we evaluated the performance of the two heat treatments for LC-MS detection and
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identification of neuropeptides in both frozen and fresh rodent brain samples by comparing the
effects of freezing, followed by the two heat stabilization methods. Qualitative LC-MS/MS
analyses of the four groups (G1-4) of samples described in the methods section were performed
and the corresponding metrics compared. The average number of full-length neuropeptides
detected per sample was higher in the ST1-treated samples than the hot water-treated samples,
regardless of tissue status, fresh or frozen (group 1 vs. 3, p=1.9¢-3; group 2 vs. 4, p=6.1e-4)
(Figure 2). Additionally, no differences in the number of prohormone-derived peptides were
observed between fresh and frozen hypothalami samples treated with the ST1 system. A
summation of unique identifications from triplicate runs (redundant identifications removed) is
represented in a Venn diagram (Figure 3). Briefly, for the ST1-treated samples, the presence of
77 and 78 neuropeptides in fresh and frozen samples, respectively, were observed; 53
neuropeptides were found in both types of STl-treated samples. Twenty-five full-length
neuropeptides with unique sequences and endogenous cleavage sites were specific for frozen,
and 24 were specific for fresh, ST1-stabilized samples. Our results show that rapid conductive
heat-based stabilization, but not incubation in hot water, leads to LC-MS detection of
representative hypothalamus neuropeptide profiles previously characterized by other approaches,
and it is true for both frozen and fresh tissues. The finding is in agreement with a different study
that investigated enzyme inactivation and PTM quantitation in the frozen mouse striatum,”
which showed that the activity of enzymes such as phosphatase and cytochrome C oxidase is
significantly lowered by heat treatment with the ST1 compared to no heat treatment. Moreover,
we observed that the hot water treatment of frozen tissues performs significantly better (p=8.7e-4)
than the same treatment of fresh tissues. This information could be useful to researchers who
wish to use the inexpensive hot water treatment, helping ensure that they achieve the best

possible results.
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Figure 2. The number of neuropeptides identified per sample by LC-MS/MS in four hypothalamus sample groups
(N=3). Error bars represent standard deviation.

Fresh+ST1 ¢ Fresh+Hot Water
e Snapfrozen+ST1 o Snapfrozen+Hot Water

Figure 3. Overlap between the data sets containing full-length endogenous neuropeptides detected in extracts of
hypothalami processed with four different sample treatment protocols. Data collected from triplicate biological
samples, merged, and duplicate peptide entries removed.

Interestingly, the effects of heat stabilization on the detection of the neuropeptide
complement has been tested using an invertebrate model and reached a different conclusion. Li’s
group> demonstrated that there was no difference between the rapid conductive heat or hot water
sample treatments for MS-based neuropeptide identification in blue crab pericardial organ
samples. However, they did report an increased complexity of the mass spectra acquired from the

hot water-treated sample. The discrepancy in Li’s finding with numerous reports from

mammalian studies may be due to the anatomical differences between the mammalian brain and
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an invertebrate neurohemal gland. Such differences may relate to extensive myelination of
vertebrate axons; for example, degradation products of myelin basic protein are overwhelmingly
detected in mammalian brain tissue extracts.®** Accordingly, the LC—MS analysis of the crab
neurohemal gland, comprised of unmyelinated neural processes, is less likely to benefit from
sample heat treatment in the same way as mammalian tissue. Another factor increasing the
observed chemical complexity of mammalian brain tissue extracts is contamination from blood

1864 The mammalian brain is a highly vascularized organ with

proteins, hemoglobin in particular.
a significant volume of blood present in the tissue, whereas the crab neurohemal gland has lower
vascularization; in addition, its open vascular system anatomy allows effective hemolymph
drainage during dissection. Therefore, the advantage of heat treatment may be lessened in an

invertebrate model like the crab due to its less complex anatomy and histology.

Targeted quantitative assessment of neuropeptide levels in analyte extracts from thermally
stabilized tissues

To quantify neuropeptide level differences according to the method of thermal stabilization used,
we monitored three neuropeptides previously observed in the SCN.* The SCN was selected

351 and our demonstrated ability to

because of our experience in characterizing it’s peptidome
dissect a well-defined brain nucleus. Small samples such as these pose a distinct set of isolation /
sampling requirements compared to larger anatomical regions.

Since the in-vivo prohormone-related peptide amounts are relatively low in the SCN to
begin with because of its small size, significant quantitative differences in measured peptide
levels due to analyte degradation or interference with targeted peptide detection may be expected.
Relative measured levels of little SAAS (proSAAS[42-59]) and MCH precursor-related
neuropeptide-glutamic acid-isoleucine (proMCH[131-143]) were higher in the ST1-treated SCN
samples compared to those exposed to hot water (Figure 4); the measured differences were
significant (p<0.05). Interestingly, no differences between the levels of neuroVGF[488-507]
were observed based on the heat treatment method used. We speculate that this peptide is less
labile; it is known that peptides of different structure are enzymatically degraded and hydrolyzed
at different rates.” As one example, in the presence of aminopeptidase M, peptides with N-

terminal proline, such as neuroVGF[488-507], have an extended lifetime compared to other

eptides.®®®” Overall data suggest that processing SCN tissue with the ST1 system conserves
pep
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full-length neuropeptides more effectively than tissue incubation in a hot water bath. This
assumes equal peptide recovery from the heat-treated tissues during follow-up extraction. In
addition to differences in peptide signal intensity, the MRM mass chromatograms have a higher
background in hot water-exposed sample extracts, perhaps due to the increased sample

complexity, which affects peptide quantitation accuracy (Figure S1).

150000+ Il Hot Water
Bl sT1
@ 100000
c
=1
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proSAAS proMCH NeuroVGF
[42-59] [131-143] [488-507]

Figure 4. Comparison of relative levels of selected neuropeptides detected in extracts of ST1- and hot water-
stabilized SCN samples. Integrated peak areas on the MRM channels of proSAAS[42-59], proMCH[131-143], and
neuroVGF [488-507] are calculated and compared (proSAAS paired comparison, p=0.018; neuroVGF paired
comparison, p=0.012). Error bars represent standard deviation.

A sequential ladder type of amino acid chain truncation of endogenous neuropeptides at
unconventional sites is often documented in peptidomic studies. This phenomenon could be a
sign of native catabolic processing or ex-vivo neuropeptide degradation. As an example from our
results, a truncated form of the mature peptide proSAAS[62-76], proSAAS[62-75], was detected
exclusively in hot water-exposed SCN samples (Figure S2), which suggests that peptide
degradation continues during hot water treatment. Although only select peptides were
investigated by MRM for level differences related to type of thermal stabilization, the results hint
to an explanation of why a lower number of full-length neuropeptides were detected in samples
subjected to stabilization in hot water. Fewer degraded proteins and peptides were detected in the
extracts of rapid ST1 heat-stabilized samples, including both whole hypothalamus and SCN,

which resulted in improved endogenous peptide detection, identification, and quantitation.
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Differences between rapid ST1 conductive heat and hot water bath sample stabilization

We demonstrate that the rapid ST1 conductive heat stabilization of samples performed at
controlled pressure is more effective than the hot water treatment for successful characterization
of mature neuropeptides in the hypothalamus and its anatomically defined nucleus, the SCN.
Several features of the ST1 device allow uniform and controlled heating of the tissue above 90°C,
while not exceeding 95°C anywhere in the sample. This precision is attained by accurate sample
size determination via a scanning laser and automatic adjustment of heating temperature and
time, important parameters for irreversible inactivation of proteolytic enzymes, without
significant increase in temperature-dependent degradation of peptides and proteins.* Uniform
and rapid heat transfer is achieved by establishing a vacuum-assisted seal between a sample-
containing membranous chamber and a heating block, which rapidly deforms the sample into a
thin geometry that facilitates rapid heat transfer. Especially with larger samples, a hot water bath
heats tissue gradually, at a rate inversely proportional to sample size. The treatment time could
be another disadvantage of the water bath approach. In established protocols, hot water
incubations are relatively long (10 min) to ensure deep heat transfer within the treated tissue,
while the ST1 requires less than a minute. Hence, the kinetics of thermal enzyme deactivation in
the tissue sample is likely to be slower in a hot water bath, leading to greater protein and peptide
degradation. Collectively, the above-mentioned technical features of the ST1 device results in
improved LC-MS detection of full-length mature peptides.

We reached this conclusion by comparing the percentage of full-length neuropeptides
amongst the total peptides reported for the hypothalamus in the current literature. Recently,
Secher et al.** reported on an analytical framework for peptide characterization using the longest
peptide variant (LPV) method, where peptides were assembled into LPVs to account for the
sequential degradation ladder sequences due to non-specific enzymatic activity. Using this
approach, 14,416 unique peptide sequences were grouped into 2,835 LPVs, of which 356 were
derived from prohormone precursors. About 25% of the 356 prohormone-derived LPVs have
basic cleavage sites whereas with the ST1 approach, we detected 65% of prohormone-derived
peptides with C/N termini basic cleavage sites. Though the mass spectrometric platforms used in
both studies are different, we posit that the principal factor contributing to this dissimilarity
could be the difference in the peptide extraction method used. Secher et al.** used urea, which is

a preferred choice for protein extraction as it helps dissolve the protein, but may not be optimal
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for peptides, especially as peptides are smaller and more easily dissolvable compared to proteins.
Moreover, the otherwise insoluble proteins would now be soluble, with a potential to degrade

during sample processing, and thus can mask some of the trace-level endogenous peptides.

Does rapid heat sample stabilization have an advantage over other sample stabilization approaches?
Not tested here, but known in the peptidomics community, focused microwave radiation (FMR)
has been proven effective in arresting enzymatic activities.>> Unfortunately, FMR is not available
for most laboratories as it requires highly specialized and expensive equipment, and FMR is
difficult to use for samples larger than the rat brain.?’ This is because as the organ of interest gets
bigger in size, the heating becomes more uneven, leading to non-reproducible results. Moreover,
FMR treatment changes the texture of the brain tissue, compromises brain morphology, and
makes immediate precise isolation of small defined internal brain regions such as the SCN
difficult.

Other more practical methods of sample conservation, such as freezing and conventional
microwave oven irradiation, have been reported for peptide and protein analysis. Freezing alone
does not stop peptide and protein degradation and is less effective than heat, likely because some
enzymatic activity reactivates during sample thawing, while cellular integrity is
compromised.”’*> Conventional microwave ovens have been used for treatment of different
tissues, including smaller brain regions, demonstrating improved outcomes for LC-MS
peptidomics analysis.”**”*” The approach has several of the same limitations as FMR, but does
not provide as fast and uniform tissue heating. Additionally, microwave oven-assisted irradiation
has been reported to have lower uniformity in heating in frozen samples as it heats a few pockets
of thawed tissue to a high temperature, leaving the remaining frozen tissue almost unaffected.”

In order to allow time for dissection, especially of defined small brain structures, without
using heat treatments, options such as “precooling” the brain by perfusing cold saline into the
organ before dissection,* injecting cold modified Gey’s buffer salt solution into the body cavity

immediately after euthanasia,’®®*

or fast sample freezing are effective. Although these methods
reduce postmortem analyte degradation and are useful when precise anatomical areas need to be

isolated, they do not prevent degradation without the need for additional stabilization methods.
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Conclusions

Thermal tissue stabilization during sampling has been shown to moderate postmortem protein
degradation. With multiple methodological approaches available for raising sample temperature,
our goal was to determine the best approach for improving qualitative and quantitative
neuropeptide measurements in the brain by capturing the endogenous state of the
neuropeptidome for biochemical analysis. Of course, when the goals of the experiment are to
preserve the spatial localization of the peptides for mass spectrometry imaging, heat stabilization
using the ST1 is not appropriate, and so other approaches are required. For neuropeptide
characterization, we find that rapid, uniform heat transfer into tissues with a short exposure time
in a vacuum environment provided by a commercially available device about doubles the full-
length neuropeptide identification via LC-MS-MS, and significantly reduces the detection of
truncated peptide forms, in comparison to simple hot water treatment. Even though hot water
stabilization has certain advantages, such as being inexpensive, easier to use, and compatibility
with frozen tissues, it is not as efficient as the laser-guided, rapid conductive heat stabilization
approach; more full-length neuropeptides in their endogenous form were detected with the ST1
device for the samples used here. This contrasts with the results obtained in similar experiments
performed by Li’s group at UW-Madison on crustacean pericardial organs;” such differences
may indicate that the efficiency of a heat stabilization method may vary for different animal
models. In addition, by reducing the number of degraded proteins and peptides, important
identity and abundance details previously obscured are uncovered. As a result, a more accurate
picture of the in vivo chemical composition of the tissue of interest can be measured, and a
correlation between neuropeptides to certain behaviors or phenotypes established more easily,
when LC-MS is integrated into a multidisciplinary study. Use of the fast, well-controlled, and
effective heating procedure described here enables the detection of physiologically active

peptides present in trace amounts.
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