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Abstract

A multimodal workflow for mass spectrometry imaging was developed that combines
MALDI imaging with protein identification and quantification by liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS). Thin tissue sections were analyzed by
MALDI imaging, and the regions of interest (ROI) were identified using a smoothing
and edge detection procedure. A midinfrared laser at 3-pum wavelength was used to
remove the ROI from the brain tissue section after MALDI mass spectrometry imag-
ing (MALDI MSI). The captured material was processed using a single-pot solid-
phase-enhanced sample preparation (SP3) method and analyzed by LC-M5/MS5 using
ion mobility (IM) enhanced data independent acquisition (DIA) to identify and quan-
tify proteins; more than 600 proteins were identified. Using a modified database that
included isoform and the post-translational modifications chain, loss of the initial
methionine, and acetylation, 14 MALDI M5I peaks were identified. Comparison of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the identified
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1 | INTRODUCTION

Matrix-assisted laser desorption/ionization mass spectrometry imag-
ing (MALDI M5I) is a powerful tool to visualize the spatial distribution
of a wide range of biomolecules in tissue sections.)™ MALDI MSI has
been used as a complementary tool to h'lstologg,r,? and applications
include biomarker d'mema disease classification, tumor heteroge-
neity determination,** and monitoring the distdbution of drugs and
metabolites in tissue to assess different stages of drug discovery and
dewlopmentm One of the major challenges of MALDI MSI for com-
pound identification is the presence of many tissue components that
can lead to on suppression and obscure the analyte signal from low
abundant molecules.®'! Additionally, the presence of potential protein
isofomns that result from alternative splicing and post-translational
modification (FTM)*?2? make protein identifications in unseparated
mixtures challenging.

Liquid chromatography coupled with mass spectrometry (LC-BS)
can aid in identifying and guantifying a large number of biomolecules
from fissue extracts; however, in most cases, LC-MS analyses do not

proteins was achieved through an evolutionary relationships classification system.

presenve tissue or sample localization information. A number of recent
approaches to coupling MALDI MSI and LC-M5 in a single workflow
have demonstrated the potential to extend the capabilities of mass
spectrometry imaging 2" These studies have shown that MALDI
M5l can be used to locate ROI and LC-MS/MS can be employed to
identify and quantify the associated biomeolecules.**

Successful coupling of MALDI MSI and LC-MS requires efficient
extraction of small quantities of material from tissue. For example,
direct liquid extraction can be used to sample biomolecules from
selected regions of tissue sections.***” With the direct liquid extrac-
tion method, a volume of an appropriate solent is H.Itﬂl‘l'lﬂflca”}"m
ar rna\rrl.lalh_.r“'r deposited on the section to extract biomolecules,
and the extracted material is removed and analyzed using LC-MS/
MS. Sampled areas can range from a fraction of a millimeter to sev-
eral milimeters in diameter.™® This workflow has been used for
assignment of MALDI MSI peaks'™*® and to characterize ROI
defined by MSL2-22

Localized sampling can alo be achieved by manual microdissec-
tion, where a small portion of the tissue section is removed using
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a pipette or needle under a m]crosmpezm The use of a thin poly-
mer layer such as parafilm between the tissue and microscope dide
prevents direct contact of tissue with the glass surface and facili-
tates the microdissection®*** Parafilm assisted microdissection
(PAM) has been used for metabolite identification and quantification
parallel to a proteomics workflow for identification of multiple bio-
chemical pathways2”

An alternative to manual microdissection s laser capture micro-
dissection (LCM), which uses an ultraviolet (UV) or infrared (IR) laser
to remove RO from a tissue section.® ™ Two general methods are
used: UV-cutting and IR melting ! With UV cutting the ROI bound-
ary is iradiated by the focused laser and then detached with pulses
of the unfocused laser at the center of the ROLZ* ™2 IR melting
employs an IR laser to melt a thermoplastic film that covers the tis-
sue section and i removed together with the ROLZ* %2 | CM has
been coupled with LC-MS/MS and MALDI MSL=

Laser ablation and capture can be used to remove material from
tissue sections by comeerting it to small particles that are ejected from
the tissue into a capture vial or analysis system. Laser ablation uses a
pulsed UV 4% vighle** or IR**™¥ laser to iradiate the regions of
tissue section in transmission (back side 1rrad13tlon]5° or reflection
{front-side radiation) geometry.** The mid-IR wavelength of 2.94 pm
overlaps with OH vibrational absorption of water as well as molecules
containing a hydroxyl group and is efficient at biomolecule ablation
without fragmentation.**? Mid-IR laser ablation has been used for
ablation capture and offline analysis of proteins®® peptides®
enzyme, DMA and RMA™ while preserving their molecular
integrity.

In the work described here, MALDI MSI was coupled with laser
ablation sampling for offine protein idenfification and quantification
using UPLC-HDMSE (ie, M enhanced DIA). Contours generated from
MALDI MSI were used to define ROL and the same tissue section
was used for laser ablation sampling. Bottom up protein identifica-
tion and label-free quantification were achieved using UPLC-HDMS-
E, The list of identified proteins was used for identification of MALDI
MS1 peaks.

2 | EXPERIMENTAL

21 | Sample preparation

Fresh rat brain tissue samples (Pel-Freez Biologicals, Rogers, AR) were
sectioned at =20°C using a cryostat (CM 1850, Leica Microsystem,
Wetzlar, Germany). Optimal cutting temperature solution (OCT,
Sakura Finetek, Torrance, CA) was used to fix one side of the organ
to the cryostat support, avoiding contact of the OCT solution with
the exposed side of the organ. Coronal tissue sections at 10-pm thick-
ness were thaw-mounted onindium tin oxdide (ITO) coated microsco pe
slides (University Wafer, South Boston, MA) at =25°C. Sections were
stored at —=B0°C prior to further sample processing.

Prior to MALDI MSI, tissue sections were vacuum dried for 10
minutes and washed with 70% ethanol for 45 seconds and 95%

ethanol for 45 seconds to remowve lipids and salts After washing
the fissue sections were vacuum dried for another 10 minutes
before matrix application. Sinapic acid (S&, Sigma-Aldrich, 5t Louis,
MO) matrix was prepared at a concenfration of 10 mg/mL in
~70:30 methanobwater with 0.1% TFA. The matrix was applied to
the tissue section by spraying with a pneumnatic nebulizer comprising
a 200-pL micropipette tip, a quarter-inch stainless steel compression
fitting tee (Swageloc, Solon, OH), and a silica capillary with a 75 pum
LD. and 360 pum O.D. The nebulizer was connected to a compressed
air sounce operating at 10 psig pressure. A 3-mL syringe and syringe
pump (ME-300, Pump Systems Inc., Farmingdale, MY) were used to
deliver the matrix solution at a flow rate of 100 pL/min.

22 | MALDI MSsI

MALDI MSI experiments were performed using a MALDI-TOF/TOF
mass spectrometer (UltrafleXtreme, Bruker Daltonics, Billerica, Ma)
operated in positive-ion reflectron mode. The MALDI matrix was
sprayed on the tissue section using a pneumatic nebulizer.** Mass
spectra were acquired at a range of 2000 to 30 000 m/z. The target
raster was 150 pm with 1000 shots per pixel, and the random walk
option was set to 25 shots per posifion. After MALDI MSI, tissue sec-
fions were stored at -B0°C until laser ablation sampling.

The MALDI images of selected m/z values were normalized to
the total ion current (TIC) and created using Fleximaging software
The MALDI images were processed with Adobe Photoshop. The
Gaussian Blur and Trace Contour functions were applied utilidng
the mean (u) and standard deviation (o) of the image histograms,
and the resulting images were used to determine the ROL Protein
quantification for MALDI MSI was accomplished using Image) fwer-
don 1.52a, Mational Institutes of Health, Bethesda, MD). Imagel
was used to overlay the ROl on the MALDI image and retrace their
contour for a particular protein. The Image) Measure tool was used
to sum pixel intensities within the ROl on the MALDI image corre-
sponding to that protein, and the pixel intensity was normalized to
the ROI area for protein quantification.

23 | Laser ablation

Laser ablation was performed on tissue sections after MALDI MSL It
was found that more proteins were identified when the matrix was
removed after imaging (Supplementary Material Figure 51) Matrix
removal was accomplished by washing tissue sections with 70% etha-
nol for 1 minute®” followed by rehydration via submersion in water for
10 minutes. The mid-IR laser ablation system has been previously
described*®™ Briefly, a tunable wavelength (A = 2940 nm) pulsed
(20 Hz) nanosecond (7-ns termporal width) IR optical parametric oscil-
lator (IR Opolette; OPOTEK, Carlsbad, CA, USA) was used to irradiate
samples using a transmission geometry. The laser beam was directed
at the target at a 45" angle and focused with a 50-mm focal length
lens. The laser spot size was 200 pm = 250 pm determined by burn
paper at 2-mJ laser energy. The laser energy was adjusted with an
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external dual-plate attenuator. Microscope slides were mounted on a
two-dimensional translation stage (Model-433; Newport, Inine, CA,
LUsa) which was operated using 50-mm motorized actuators (LTA-
HS, Mewpart). A CMOS camera (DCC1645C, Thor Laboratories, Mew-
ton, M) was used for viewing samples. A LabVIEW program was used
to translate the slide in two dimensions for ablating the selected area
at a velocity of 1 mm/s. The stages were moved ina line raster pattern
with a line spacing of 100 pm. The ablated material was captured in a
300-pL microcentrifuge tube (mounted 5 mm below the ablation spot)
containing 200 pL of 50 mM tris buffer (pH = B.5) with 1% sodium
dodecyl sulfate (SDS, Sigrna-Aldrich).

24 | Protein digestion

Single-pot solid-phase-enhanced sample preparation (SP3) was used
for tissue digestion and filter aided sample preparation (FASPL*® Fur-
ther details can be found in Supplementary Material Figure 52. SP3
digestion was achieved using carboxylate modified magnetic particles
(SpeedBeads or Sera-Mag, GE Life Scences, Chicago, IL, USAL™ The
magnetic beads were added at a ratio of 1:1 (v/v), washed with water
three times, and reconstituted in water at a concentration of 20
pe/ul Protein disulfide bond reduction was achieved by adding DL-
dithiothreitiol (DTT, Sigma-Aldrich) to each sample tube to a final DTT
concentration of 10 mM followed by incubation at 100°C for 45
minutes, then the samples were kept at room temperature for 15
minutes. Alkylation was performed by adding iodoacetamide (Sigma-
Aldrich) to each sample to a final concentration of 20 mb followed by
incubation in the dark for 30 minutes. After reduction and alkylation,
2 L of the bead solution was added into each reaction. After the addi-
tion of bead solution, ACN was added to each 300-pl Eppendorf tube
to obtain a final concentration of 60% (v/v) These samples were incu-
bated at room temperature for 20 minutes followed by incubation on
a magnetic rack for 2 to 5 minutes until the beads settled on the mag-
nets. Protein clean-up was achieved by adding 70% ethanol, incubating
for 5 minutes off the magnetic rack, and then incubating on the mag-
netic rack for another 2 minutes. This procedure was repeated twice
with 70% ethanol and once with ACH before drying at 37°C. The sam-
ples were re-suspended in 10-pl ammonium bicarbonate buffer and
sonicated for 5 minutes prior to trypsin digestion.

Trypsin (Promega, Madison, W) digestion was performed with an
enzyme to protein ratio of 1:20 (wv). Samples were incubated at
37°C overnight and shaken at 300 rpm with a thermal micer (Thermo
Scientific, Waltham, MD, USA). The washing steps (twice with 70%
ethanol, once with 100% ACH) were repeated followed by recovering
the peptides by adding 10-pL 0.1% formic acid (in DI H2O) and sonica-
tion for 5 minutes. The samples were then incubated on the magnetic
rack for 2 to 5 minutes, and the supematant was collected, avoiding
aspiration of any beads. Tryptic peptide mixtures obtained from SP3
were vacuum dried and stored at -20°C until analysis.
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25 | HDMSE analysis

Rat brain digests were analyzed with a Synapt G2-5 HDMS system
and nanoACQUITY UPLC system (Waters, Milford, MA, USA). Mobile
phase Solvent A was water, and Solvent B was ACM feach with 0.1%
FA). The peptides were desalted on a Symmetry C18 pre-column (5
prn, 20 mm = 180 pm) and separated on a BEH130 C18 anabytical
reversed-phase column (1.7 pm, 100 mm = 100 pm) at a column tem-
perature of 40°C. For each sample, a 50-pl partial loop injection was
transferred to the precolumn for desalting and preconcentration using
9% Solvent A at a flow rate of 10 mL'min for 3 minutes. The
preconcentrated peptides were eluted to the analytical column and
separated for 90 minutes using a gradient of 5% to 45% Solvent B
at a flow rate of 00 nL/min. Following the separation, the mobile
phase was ramped to 99% Solvent B for 5 minutes and held at 99%
Solvent B for an additional 5 minutes. The mobile phase was ramped
to 5% Solvent B over 5 minutes, and the column was re-equilibrated
at 5% Solvent B for 15 minutes. During the runs, the lock mass com-
pound, [Glu'l-fibrinopeptide B (Waters) at a concentration of 300
fmol/mL, was delivered to the reference sprayer at 500 nL/min.

MS was performed in positive-lon electrospray ionization mode
(ESI), and the time-of-flight (TOF) mass analyzer of the Synapt G2-5
HDMS was operated in sensitivity mode (V' mode) with 10 000
FWHM resolution. The TOF was extemally calibrated from m/z 50
to 2000 using a sodium formate solution, and all TOF data were
lock-mass corrected postacquisition using the doubly charged mono-
isotopic jon of the lock compound, [Glu')-fibrinopeptide B at m/z
7858426, UPLC data independent acquisition was performed using
the ion mobility (IM}-enhanced *MS® Continuum® function of
Masslyre HDMSE employs IM separaion in conjunction with TOF
detection, using alternating low (4 V) and high (15 to 45-V amp) col-
lision energies for collecting parallel data of precursor and product
ions. During the UPLC-HDMS® experiments, the IM cell was filled
with ~3.5 mbar nitrogen gas Acquisition times for low and high
energy scans were 1 second each. Additional details of the IM settings
are provided in Supplementary Material Table 51.

ProteinLynx Global Server (PLGS Ver. 2.5.2; Waters Corporation)
was used for peptide identification with the following parameters:
UniprotkB /Swiss-Prot rattis nomvegiors proteome database; two
missed cleavages; 5 ppm precursor and fragment ion mass tolerances;
=3 lon matches per peptide; carbamidomethyl C fixed modification;
oxidation M variable modification; fale positive rate of 5. Identified
peptides with at least five amino acid lengths were used for BLAST
analysis using in-house software (Protein and Imaging Toaols (PIT),
ver. 102 https://github.com/FabrizioDonnammma/PIT git) and
UniprotkB Swiss-Prot rattus norvegicus proteome database (Uniprot
2018 _3). The database was modified using PIT to include single pro-
tein entry with chain, initiator methionine, signal peptide, and transit
peptide post translational modifications. Proteins with at least two
matched peptides were considered identified.

Functional annotation was performed using the Database for
Annotation, Visualization, and Integrated Discovery bicinformatics
resource (DAVID 6.8).°%** The Kyoto Encyclopedia of Genes and
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Genomes (KEGG) database was used for pathway analysis and KEGG
pathways with at least five proteins and P value <0.05 were consid-
ered. Proteins in the same pathway were output into the Search Tool
for Recurring Instances of Meighboring Genes (STRING 10.5) to gener-
ate protein-protein interaction networks.®' Both physical and func-
tional associations are considered for protein-protein interactions in
STRIMNG; only the interactions among identified proteins were consid-
ered. The minimum required interaction score was set at 0.4 (medium
confidence).®>** Label-free protein quantification of UPLC-HDMSE
results was performed by summing the signal from the three most
abundant unique pepfides.

3 | RESULTS AND DISCUSSION

MALDI images were obtained from sections from a single rat brain.
Two of the sections were consecutive, mounted on the same ITO
slide, and imaged sequentially. The third section was not consecufive
and was mounted on a separate ITO slide. Approximately 30 peaks
were observed in the average MALDI mass spectra in the m/z range
from 3000 to 30 000 m/z.

Figure 1 shows 14 MALDI images that can be sorted into three
general types: homogeneous signal throughout (Figure 1AB I}, signal
most intense in the corpus callosum and hippocampus (Figure 1C-F,
K,M), and signal least intense in the corpus callosum and hippocampus
(Figure 1G,H,J,LM). For example, (blue) images generated from B569,
14 041, and 17 139 myz had relatively homogeneous intensities that
wiere similar in all areas of the constructed images. Conversely, {green)
images generated from 14 122 14 132 14 192, 14 211, 18 401, and
28 217 m/z had intense signals in the corpus callosum and hippocam-
pus regions whereas {magenta) images at 15 193, 15 845, 17 737, 21
212, and 22 092 m/z had relatively low signalks in the corpus callosum
and hippocampus regions.

Figure 2 shows MALDI MS5I ROl contours generated from the
images in Figure 1 uvsing Gaussian smoothing. Heat map images

18,401

21,912

generated by mass spectrometer software were saved as B-bit Tagged
Image File Format (TIFF) files and loaded into Adobe Photoshop. The
images were smoothed using the Gaussian Blur function with a radius
of 10, which corresponds to a standard deviation of 2.1 mm in the
MALDI images. This radius was found to be efficient for generating
relatively smooth and contiguous regions from the MALDI images
obtained in this study. Region of interest contour lines were generated
using the Photoshop Trace Contour function using the mean () and
standard deviation (o) values from the smoothed image intensity level
histogram that indicates the number of pixels with a specific intensity
value in the range from O to 255. Three contour lines were obtained:
lower quintile {u = 1.28a), mean {u), and upper quintile {n + 1.28a).
The homogeneous (blue) images at 8569, 14 041, and 17 139 m/z
have corresponding homogeneous ROL that largely span the enfire
brain. The intense corpus callesum/hippocampus images (green) have
corresponding ROl centered on those regions, whereas the weak sig-
nal corpus callosum/hippocampus images (magenta) have RO largely
excluding those regions. The corpus callesum and hippocampus ROI
were used to guide laser ablation sampling.

For all three tissue sections, the ROl were selected using the 14
122 m/z (Figures 2C and 3A) image which corresponds to myelin basic
protein (MPB) isoform 4 (Uniprot: PO26BEL****** The upper quintile
llight green, Figure 3A) was used as a guide for ROI selection.
Figure 3B shows an optical microscope image of a tissue section after
laser ablation. Three contiguous areas were ablated and captured from
each tissue section at a laser fluence of 20 ki/m®. Two of those areas
that encompassed a7 mm’” total area of the corpus callosurn and hip-
pocampus regions were collected in one microcentrifuge tube as RO
1. The third region that covered a d-mm® midbrain region was col-
lected in a separate microcentrifuge tube as ROl 2. Brain regions were
identified using a rat brain atlas and correspond to Rat P21 Figure
51* The ROI 1 and RO 2 samples were digested using the SP3
method and analyzed using UPLC-HDM gk

Figure 4 shows representative MS and MS/MS spectra from ROl 1
Product ions were correlated with their corresponding precursor on

22,902 28,217

FIGURE1 Representative MALDI images of rat brain tissue sections obtained using peaks at (&) B56%, (B) 14 041, (C) 14 122 (D) 14 132, (E) 14
192, (F) 14 211, (G) 15 193, (H) 15 845, {I) 17 139, ()} 17 737, (K} 1B 401, (L) 21 912, (M) 22 902, and (M) 28 217 m/z
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FIGURE2Z Contour maps cbtained from MALDI MSI from peaks at (A) B569, (B) 14041, (C) 14 122, (D) 14 132, (E) 14 192, (F) 14 211, (G) 15
193, (H) 15 845, (I) 17 139, (J) 17 737, (K] 18 401, (L) 21 912, (M) 22 902, and (N) 28 217 m/z; the color shade indicates signal intensity with the
light shade indicating the upper quintile (>80%), midcolor intensity indicates mean (50%-80%), and dark indicates the lower quintile (20%-50%)

FIGUREZ (A) Contour of MALDI MSI at 14 122 m/z; (B) bright-field
microscope image of laser ablated rat brain tissue Location 1, corpus
callosum and hippocampus (7 mm?); Location 2, midbrain (4-mm?®
square}

with PLGS using the LC retention time and IM drift time. Figure 4B
shows a tandern MS spectrum that corresponds to the triply charged
precursor jon at 446 m/z (Figure 44), [M + 3HP. A series of
immonium jons and consecutive singly/doubly charged y-series ions
from ys to vy were observed. The peptide was identified as
YLATASTMDHAR which is unigue to the myelin basic protein family
(all MEP isoforms).

Peptides and proteins identified in ROl 1 and ROl 2 in three repli-
cate tissue sections are summarized in Table 52. An average of 398 £
129 proteins were identified from three tissue sections in the F-mm’
RO 1, and an average of 268 * 43 proteins were identified in the 4-
mm? ROl 2. A total of 3024 peptides were identified, about 7% of
which were found in all samples. A total of 636 proteins from three
rat brain tissue sections were identified, a third of which were found
in all six samples. The discrepancy in total protein number between
Sections a and b and Section ¢ may result from the fact that Section
c is not immediately consecutive to the other two sections, and it i
possible that differences between these sections are not clearly evi-
dent by visual inspection. However, it should be noted that the sample
cohort size in this work is not sufficiently large to evaluate sampling

&
[M+3H] . (A)
o [M+2H]
40 4
—
5 ™
c L
| —
a4 ikl il bl i -
4_‘}' 400 EQOD BOO 1000 1200
E 40 =
c v (B)
8 1 v e
S o, [MezH?

o 200 400 ann BOO 1000 1200

m/z

FIGURE 4 Representative UPLC-HDMSE data from analysis of
tissue: (&) MS spectrum for myelin basic protein (MBP) unigue
peptide “YLATASTMDHAR®; (B) MS/MS spectrum for
“fLATASTMDHAR"

and biological variability, both of which play a role in determining
the total number of proteins identified. Unique peptides and proteins
were also identified in each of the six samples. About 45% of the iden-
tified peptides and 31% of the identified proteins were found in only
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one of the six samples. Some peptides and proteins were common to
multiple sampling sections and positions. For example, hemoglobin,
acting, and tubulins were found in all six regions of the three sections,
most likely because they are highly expressed and relatively ubigui-
tous in tissue The number of proteins identified was comparable to
that reported in a previous study *”

The masses of the proteins identified by UPLC-HDMS® were used
for MALDI M5I peak identification. The MALDI MSI peak m/z values
were searched against the list of UPLC-HDMS® identified protein
masses assuming singly charged protonated molecules. A peak was
considered a potential match if the m/z value for the peak was within
500 ppm of the protonated species. This value was chosen because
the MALDI system calibration prior to MALDI M5l was conducted
with this tolerance. In addifion to protein mass, the following
sequence modifications were considered as potential MALDI MSI
matches: (a) protein chain (palypeptide resulting from enzymatic cleav-
ape of the original protein), (b) soform (a structurally similar protein
with one or more different amino acids), (c) loss of the initial methio-
nine, and (d) acylation. These four protein modifications were used
because of their common ocourrence. Other common FTMs such as
phosphorylation or glycosylation were not considered in this initial
proof-of-concept study for the sake of simplicity. Potential assign-
ments of the MALDI MSI peaks based on UPLC-HDMS® identified

protein masses and the above modification are summarized in the
Table 1. Fourteen MALDI MSI peaks were idenfified. The identified
peaks include cell junction protein, cytoskeletal protein, chaperone,
and nucleic acid binding proteins.

Laser ablation sampling and UPLC-HDMSE allowed precise relative
guantification of the MEP protein family (all the MEP isoforms) in the
selected region. MBP guantification using MALDI MSI was achieved
by summing the intensity of the 14 122 m/z signal (MBP-4) from each
pixel within each ROL The fraction of MBP-4 in ROl 2 was 13 + 4% of
that observed in ROl L The peptides identified in the UPLC-HDMS®
data were common to all koforms of MBP, and there was no unigue
peptide for MBEP-4 that was not common to the other isoforms. In a
previous study, an antibody was developed to stain MBP isoforms that
were extracted from specific brain regions such as the cerebellum.
These isoforms were further fractionated to separate them in individ-
ual samples for gel electro r.'nrm::me-ﬂs..“"aL The results indicate that all iso-
forms are observed in the tested regions, but with different signal
intensity. A similar result was obtained using liquid microextraction
of protein material from rat brain tissue. Although the entire brain
was not analyzed, gel dectrophoresis of material extracted from the
corpus callosum displayed all koforms of MPB at differing concentra-
fions.® Therefore, to account for the multiple isoforms, MBP quanti-
fication using UPLC-HDMSE was performed by summing the three

TABLE1 Summary of all MALDI peaks assigned based on LC-MS/MS analysis of the laser ablated extracts including the molecular weight (MW)
of the identified proteins, molecular weight difference (AM) between MALDI peaks and MW of identified proteins, Uniprot protein accession

number, and protein names

Figure1 MALDIMSI MW (Da) AM [ppm) Accession No. (Uniprot)  Protein ROI1 ROI2
A 8569 B565 350 P62982 Ubiquitin-405 ribosomal protein 5272 X

A 8569 B565 350 Q63429 Polyubiquitin-C X

A 8569 B565 350 POCGS1 Polyubiquitin-B X

B 14 041 14044 285 Q64598 Histone H2A type 1-F-Chain (2-130) X

B 14 041 14045 356 AFUMVE Histone H2A.) X

D 14 132 14135 283 Q00729 Histone H2B type 1-A-Chain (2-127) X X
D 14132 14138 495 POCCOY Histone H2A type 2-A ® X

E 14 192 14194 211 Q00728 Histone H24 type 4 & X

C 14 122 14 121 0 PO2688-4 Myelin basic protein isoform 4 * X X
F 14 211 14 211 70 PO2688-4 Myelin basic protein isoform 4 X X
[ 17 139 17136 117 PO2688-3 Myelin basic protein isoform 3 * X X
K 18 401 18398 109 PO2688-2 Myelin basic protein isoform 2 * X X
K 18 401 18 401 54 P45592 Cofilin-1-Chain (2-166) X

G 15 193 15197 329 PO1946 Hemoglobin subunit alpha-1/2-Chain (2-142) X X
H 15 845 15847 189 PO2091 Hemoglobin subunit beta-1 * X X
J 17 737 17743 395 P10111 Peptidyl-pro cis-trans isomerase A-Chain 2-164) X

L M 912 21914 137 Q99Pa2 Claudin-11 X

M 2 092 22088 136 Q99Pa2 Claudin-11° X X
N 28 217 28213 106 P&8511 14-3-3 protein eta X X
N 8 217 28213 106 P61983 14-3-3 protein gamma X X

3Lass of initial methionine.
B pcetylation.
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FIGURE 5 KEGG pathway of Alzheimer's disease using protein identified from (A) ROl 1; (B} ROI 2; (C) both ROl 1 and RO 2

most intense peaks from the MBP family, and the resulfing values
were normalized using the area of the ablated regions. From UPLC-
HDMSE, the fraction of all MBP family in ROl 2 was 66 + 5% of that
observed in ROI 1.

A pathway analysis of the combined protein lists of the three tis-
sue sections was performed using the database for annotation, visu-
alization, and integrated discovery (DAVID) bioinformatics resource
and STRING. MBP is associated with Alzheimer's disease (AD) ™
% therefore, a pathway analysis using this protein was used to pro-
vide a representative illustration of the advantages of localized sam-
pling. Figure 5 shows the network of protein-protein interaction
pathways in ROl 1 (A) and ROl 2 (B) both ROI 1 and 2 (C) related
to AD (KEGG ID: 05010). The full names of the proteine are listed
in Table S3. Six of the proteins were only identified in ROl 1. The
protein ndufsl is deficient in patients with AD,”® and it was identi-
fied only in ROl 1 with interactive links to seven other proteins.
Three proteins related to AD were identified uniquely in ROl 2.
Among them a central role k& occupied by Mapkl, which ik ako
implicated in AD,"* and it seems to form a bridge between two
interactome areas in ROH 2. An additional pathway analysis was per-
formed using a protein list obtained by merging the proteins identi-
fied in ROl 1 and ROl 2; the resulting network plot is displayed in
Figure 5C. This combined region plot is similar to what would
be expected from an analysis of the entire rat brain section
without regard to the expression of proteins in the different parts
af the brain.

4 | CONCLUSIONS

MALDI imaging directed mid-IR laser ablation was used for protein
identification and quantification from rat brain tissue sections.
Tissue sections were imaged using MALDI and were used to identify
RO using Gaussian smoothing and contour tracing. The upper quin-
tile of MALDI image from MBP-4 was used as the guide for ROI
selection: a 7-mm® area of the corpus callosurn and hippocampus
region and a A-mm® square from mid-brain were ablated and trans-
ferred. In total, more than 200 to 550 proteins were identified from
the different fissue sections in this study. Molecular weights of
these proteins and selected post-transationally modified proteins
databases were used to identify MALDI MSI peaks. Chain, loss of
the initial methionine, and acetylation PTMs together with isoforms
were included, resulting in 14 MALDI MSI peaks identified out of
30 peaks. Quantification of the MBP ksoforrm MBP-4 by MALDI
imaging revealed that the midbrain region (ROl 2) contained less of
that isoform (13 + 4%) compared with the corpus callesum and hip-
pocampus (ROI 1). The protein soform MBP-4 could not be quanti-
fied by itelf using LC-MS/MS because the peptides used to identify
that protein are commaon to all isoforms of MBP, but when the com-
plete set of MPB isoforms was quantified, it was found the mid-
brain region (ROl 2) contained 66 * 4% of all soforms compared
with the corpus callosum and hippocampus (RO 1). This striking dif-
ference in quantification results underscores the importance of
knowing the protein isoform when comparing MALDI MSI and LC-
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MS/MS data. KEGG pathways of the identified proteins were per-
formed to demonstrate localized protein-protein network interac-
tions. MALDI MSI directed laser ablafion coupled with LC-MS/MS
may be used to further investigate protein-protein network by
linking protein interactions to thelr actual localization in a fissue
specimen.
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