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Abstract: Unraveling the complexity of biological systems relies on
the development of new approaches for spatially resolved proteoform-
specific analysis of the proteome. Top-down proteomics is a powerful
tool, which has been used for the identification of thousands of
proteoforms in biological samples. Herein, we present a first spatially
resolved top-down proteomics analysis of biological tissues using
nanospray desorption electrospray ionization mass spectrometry
imaging (nano-DESI MSI). Nano-DESI generates multiply charged
protein ions, which is advantageous for their structural
characterization using tandem mass spectrometry (MS/MS). Proof-of-
concept experiments demonstrate that the nano-DESI MSI combined
with on-tissue top-down proteomics is ideally suited for the
proteoform-selective imaging of thin tissue sections. Using rat brain
tissue as a model system, we provide the first evidence of the
differential proteoform expression in different regions of the brain.

A proteome is a collection of proteins expressed by an
organism, which determines its biological state. Post-translational
modification (PTM) of proteins is a process that dramatically
increases the complexity of the proteome beyond what can be
predicted based on the known protein-coding genes.M? PTMs
affect protein structure, interactions, transport, and function
thereby exhibiting a pronounced effect on cell physiology.®!
Furthermore, the reversible nature of PTMs facilitates the
dynamic response of biological systems to different conditions in
both health and disease. Therefore, the identification of
proteoforms is critical to understanding biological processes.

Mass-spectrometry-based top-down proteomics is a
powerful tool for proteoform characterization. This approach
enables the identification of intact proteoforms based on their
mass-to-charge ratio (m/z) and fragmentation pattern.*! Top-
down proteomics has been used for the identification of
thousands of proteoforms in biological samples.PISI7IEl Several
databases have been developed as a community resource for
proteoform identification.®I'% Several studies used top-down
proteomics for the discovery of disease biomarkers.* For
example, differences in the expression levels of several KRAS
proteoforms have been associated with cancer cell
proliferation.*? In another study, the phosphorylated cardiac
troponin | was identified as a potential biomarker of chronic heart
failure.l*3

Although top-down proteomics is an established field,
mapping of the proteoform localization in tissues is still
challenging. Mass spectrometry imaging (MSI) is a label-free
approach for the untargeted analysis of biomolecules with little

sample preparation, which is ideally suited for spatial proteomics
studies. MSI may be used for determining the spatial localization
of multiple proteoforms in a single experiment, making it a
powerful discovery tool for biological research.

Matrix-assisted laser desorption ionization (MALDI) has
been used for imaging of intact proteins smaller than 22 kDa.[*4I5]
Although a majority if these studies were performed with a
moderate spatial resolution of 50 um, a subcellular spatial
resolution has been achieved using transmission-geometry
MALDI source.l'®l Despite these developments, the low charge
states of ions generated in MALDI presents a challenge to the
detection of proteins using commercial mass spectrometers and
their identification using top-down tandem mass spectrometry
(MS/MS). The latter limitation has been addressed by combining
MALDI MSI with the off-line protein identification using
conventional top-down approaches.'”] Alternatively, on-tissue
protein digestion combined with bottom-up proteomics has been
used for protein imaging. 8 Nanodroplet processing in one pot for
trace samples (nanoPOTs)!® is an emerging bottom-up
technigue that does not require on-tissue digestion. NanoPOTS
using laser capture microdissection (LCM) enables imaging and
identification of proteins in tissue sections with a spatial resolution
of 50-100 pum.20

Ambient ionization based on liquid extraction generate
higher charge states of protein ions making these techniques
suitable for conducting top-down proteomics directly from a tissue
sample. Desorption electrospray ionization (DESI) and liquid
extraction surface analysis (LESA) have been used for detecting
intact proteins in tissues.?Y DESI has been used for imaging of
<20 kDa proteins with a spatial resolution of 150-200 um.[?2231
Meanwhile, the localization of larger proteins and protein
complexes of up to 47 kDa has been examined using LESA with
a spatial resolution of 600 um. 241251

Nanospray desorption electrospray ionization (nano-DESI)
is an ambient ionization technique, which has been extensively
used for imaging of lipids and metabolites with high sensitivity and
a spatial resolution down to 10 um.[8! Although the utility of nano-
DESI for protein analysis has been demonstrated?”, only a few
studies used it for protein imaging. In particular, nano-DESI MSI
has been used for protein localization in healthy and MYC-
induced lymphomas mouse brain tissue sections®, imaging of
proteins in skin melanoma,? and native MSI of protein
complexes in rat kidney tissues.%



Despite the impressive developments in spatial proteomics,
the direct imaging and identification of proteoforms has not
advanced significantly in recent years. In this study, we utilize
nano-DESI MSI combined with top-down proteomics directly on a
tissue for imaging of proteoforms. Proof-of-concept experiments
presented in this study used rat brain tissue sections to
demonstrate the ability of nano-DESI MSI to generate high-quality
proteoform-specific imaging data. Each proteoform with unique
PTMs was selected to generate the ion image, thus we name our
workflow as proteoform-selective MSI. We observed forty
proteoforms of nineteen <19 kDa proteins and investigated the
relative abundance of multiple proteoforms of the 14.1 kDa myelin
basic protein (MBP). Our results provide first insights into the
differences in proteoform expression levels in different regions of
the brain, which is important for understanding the relevant
biological pathways.
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Figure 1. Average mass spectra of the rat brain tissue showing protein signals
in the (a) white mater and (b) blood vessel regions highlighted with red circles
in the corresponding optical images. (c) A table summarizing the features
labeled in a) and b). (d) MS/MS spectrum of the unmodified hemoglobin subunit
alpha (HBAL1) and its fragmentation map.

Nano-DESI MSI experiments and on-tissue top-down
proteomics are described in detail in the supporting information
(SI). Briefly, rat brain tissue sections were delipidated by
sequential washes in the ethanol solutions (70%, 90%, and 100%)
and chloroform right before the analysis. Proteoforms were
extracted into the liquid bridge formed between two fused
capillaries and ionized by electrospray ionization at a mass
spectrometer inlet. ACN/H,O/CH3;COOH (65/34/1, viviv) was
used as the extraction solvent. On-tissue top-down proteomics
analysis was performed using targeted MS/MS. Proteoforms were

identified by matching their intact masses and MS/MS data
against the Rattus norvegicus (Rat: Taxon 10116) database.

Representative mass spectra from two regions of the brain
tissue are shown in Figure 1. The 14.1 kDa MBP is the most
abundant species detected in the white matter region of the
cerebellum (Figure 1a). We observe the unmodified 14.1 kDa
MBP and 10 PTMs with the charge state distribution in the range
of +15 to +26. The most abundant proteoforms and their intact
masses are listed in Figure 1c. We also detected an 18.4 kDa
isoform of MBP and its two PTMs in the white matter region. In
addition to MBPs, we observe abundant signals of hemoglobin
proteoforms in the blood vessel region (Figure 1b). The mass
spectrum obtained for this region contains the charge state
distribution of hemoglobin subunit alpha (HBAL), subunit beta-1
(HBB1), and beta-2 (HBB2) with a total of 13 proteoforms in the
range of +11 to +20. The top two most abundant proteoforms are
listed in Figure lc. Figure 1d shows the annotated MS/MS
spectrum of the unmodified HBA1 and its corresponding
fragmentation map with 41% sequence coverage. Most of the
other proteoforms detected in this study are enhanced in the
hippocampal formation region. A representative averaged mass
spectrum obtained from this region is shown in Figure S2. A
complete list of the proteoforms identified and imaged in this study
with their proteoform identification levels is provided in the
supporting table.!

lon images of several abundant proteoforms normalized to
the total ion current (TIC) are shown in Figure 2. Additional
images are provided in Figure S3. lon images of the same
proteoforms obtained in replicate experiments are shown in
Figures S4 and S5. The two most abundant proteoforms of
hemoglobin, unmodified HBA1 (Figure 2b) and HBB-1 or HBB-2
(Figure 2c), are enhanced in the blood vessel region. Note that
there is not sufficient fragmentation to accurately assign Figure 2c
to HBB-1 or HBB-2. The fragment ions captured in MS/MS
experiments matched well with the overlapped C-terminal amino
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Figure 2. (a) An optical image of an axial rat brain tissue section after nano-
DESI MSI analysis. lon images of the intact proteins normalized to TIC: (b) m/z
894.9384'7*, 15,197Da, Hemoglobin subunit alpha (HBA1), unmodified, (c) m/z
992.281%*, 15,861 Da, Hemoglobin subunit beta-1 (HBB-1) or Hemoglobin
subunit beta-2 (HBB-2), (d) m/z 765.4067'%, 9,937 Da, Acyl-CoA-binding
protein (ACBP), N-terminal or K7 acetylation, (e) m/z 784.5647*, 5,484 Da,
Cytochrome c oxidase subunit 7c, mitochondrial (COX7c), unmodified, (f) m/z
998.7947%*, 9,978 Da, Cytochrome c oxidase subunit 6B1 (COX6B1), N-
terminal acetylation, (g) m/z 709.93757*, 4,962 Da, Thymosin beta-4, N-
terminal, K3 or K11 acetylation, (h) m/z 741.8094'%*, 14,075 Da, myelin basic
protein (MBP), unmodified, (i) m/z 682.357227*, 18,397 Da, myelin basic protein
(MBP), N-terminal acetylation. Scale bar: 3mm.



acids sequence of HBB-1 and HBB-2. Similar localization is
observed for all the hemoglobin proteoforms. The observed
localization of hemoglobin proteoforms to the blood vessel region
validates the proteoform-selective imaging experiments.
Additional ion images of hemoglobin in replicate experiments are
shown in Figures S10, S11, and S12.

Figure 2d shows the unique distribution of the acetylated
acyl-CoA binding protein (ACBP) enhanced in the grey matter
region of the rat brain cerebellum. ACBP functions as a
transporter of both medium- and long-chain acyl-CoA esters. The
observed enhancement of the ACBP in the grey matter is
consistent with its previously reported localization to the glial cells
and synaptosomal nerve ending, the major components of the
grey matter in rat brain.’4 Both the unmodified mitochondrial
cytochrome c¢ oxidase, subunit 7c (Figure 2e) and N-terminal
acetylated cytochrome c oxidase 6Bl (Figure 2f) are evenly
distributed across the rat brain tissue. Figure 2g displays the
localization of the acetylated 4.9 kDa thymosin beta-4, which is
enhanced in the hippocampal formation, isocortex, lateral spetal
nucles, and striatum ventral regions. This distribution is consistent
with the high expression level of thymosin beta-4 messenger RNA
(mRNA) in the hippocampal formation and cerebral cortex
regions.B3B4 A similar localization is observed for the acetylated
4.7 kDa isoform of thymosin beta-4 (Figure S4t).

lon images of the two isoforms of MBP, unmodified 14.1 kDa
MBP and N-terminal acetylated 18.4 kDa MBP (Figure 2h, 2i),
indicate a similar localziation of these two proteins in rat brain
tissue. The signals of MBPs are enhanced in midbrain and white
matter regions of the brain. MBPs are abundant proteins in the
myelin sheath essential for the formation of myelin and associated
with protein transport and signaling.3I36157]
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Figure 3. lon images of the +19 charge state of the 14.1 kDa MBP proteoforms.
Top panels show ion images normalized to the TIC. Bottom panels show images
generated by plotting the ratio of the individual proteoform signal to the sum of
signals of all the MBP proteoforms: (a) m/z 744.2335%%*,14,121Da, N-terminal
acetylation, (b) m/z 745.0235'°*, 14,136Da, N-terminal acetylation, methionine
sulfoxide, (c) m/z 745.8132%°*, 14,151 Da, phosphorylation, (d) m/z 747.7063%*,
14,187 Da, N-terminal acetylation, phosphorylation, and -16 Da mass shift, (e)
m/z 748.3901'%*, 14,200Da, N-terminal acetylation, S118 or S122
phosphorylation, (f) m/z 752.4923'%*, 14,278 Da, N-terminal acetylation, di-
phosphorylation. Scale bar: 3mm.

MBP and hemoglobin are the two proteins with most PTMs
detected in this study. A region of the mass spectrum containing
the +19 charge state of 14.1 kDa MBP proteoforms and +25
charge state of 18.4 kDa MBP proteoforms is shown in Figure S6.
Figure 3 shows ion images of six MBP proteoforms. lon images
of all the eleven MBP proteoforms are shown in Figure S7.
Additional ion images obtained in replicate experiments are
shown in Figure S8 and S9 to demonstrate reproducibility. All the
proteoforms have similar spatial distributions, which is consistent
with the expression of their coding genes in specific regions.
However, the relative abundances of different proteoforms vary
across the tissue. These differences are visualized using ratio
images shown under each ion image in Figure 3. The ratio images
were generated by plotting the ratio of the individual proteoform
signal to the sum of signals of all the MBP proteoforms in the +19
charge state in each pixel of the image. The ratio images reveal
the expression of each proteoform in different regions of the brain
tissue.

Both the N-terminal acetylated MBP (Figure 3a) and its
oxidized form (Figure 3b) are enhanced in the midbrain and white
matter regions. However, the N-terminal acetylated MBP (Figure
3a) is more abundant in the white matter of the cerebellum region
whereas the oxidized form is more abundant in the midbrain
region (Figure 3b). Methionine oxidation is a spontaneous PTM
attributed to the oxidative damage, which accumulates with
aging.B® Methionine sulfoxide reductase (MSR) repairs the
oxidative damage by reducing methionine sulfoxide to
methionine.B8 This observed difference in the relative abundance
of the two proteoforms may be attributed to the higher activity of
MSR in the cerebellum region in comparison with other regions of
the brain.k

The ratio images of the phosphorylated MBP (Figure 3c)
and its N-terminal acetylated form (Figure 3e) display a uniform
distribution across the entire tissue section. However, the ratio
image of the N-terminal acetylated, di-phosphorylated MBP
(Figure 3f) shows the enhanced abundance of this proteoform in
the hippocampal formation and isocortex regions. An interesting
ratio image showing an enhanced abundance in the thalamus and
striatum ventral region was observed for the N-terminal acetylated,
phosphorylated and uncharacterized -16 Da mass shift
proteoform (Figure 3d).

In summary, the combination of on-tissue top-down
proteomics with nano-DESI MSI has been used to generate first
proteoform-selective images of a rat brain tissue. In this proof-of-
concept study, we obtained spatial maps of forty proteoforms of
nineteen distinct proteins. Ratio images reveal the differential
expression of the individual proteoforms in different parts of the
tissue. The results obtained in this study show that direct imaging
of proteoforms, with their assignment and identification, is feasible.
With proteoform-selective imaging, the mapping of differentially
modified proteoforms to functional units within tissues is possible,
which will help in the assignment of their function. As the
technology is pushed toward the single cell level, the exploration
of proteoforms in specific cell types in human tissues will be
possible, thus advancing our understanding of proteoform
function and their exploitation as disease biomarkers.
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