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Abstract

Mass spectrometry imaging (MSI) is a powerful tool for label-free mapping of the spatial
distribution of proteins in biological tissues. We have previously demonstrated imaging of
individual proteoforms in biological tissues using nanospray desorption electrospray ionization
(nano-DESI), an ambient liquid extraction-based MSI technique. Nano-DESI MSI generates
multiply charged protein ions, which is advantageous for their identification using top-down
proteomics analysis. In this study, we demonstrate proteoform mapping in biological tissues
with a spatial resolution down to 7 um using nano-DESI MSI. A substantial decrease in protein
signals observed in high spatial resolution MSI makes these experiments challenging. We have
substantially enhanced the sensitivity of nano-DESI MSI experiments by optimizing the design
of the capillary-based probe and the thickness of the tissue section. In addition, we demonstrate
that oversampling may be used to further improve spatial resolution at little or no expense to
sensitivity. These developments represent a new step in MSI-based spatial proteomics, which
complements targeted imaging modalities widely used for studying biological systems
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Nano-DESI imaging 7 um spatial resolution
of proteoforms
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INTRODUCTION

Protein imaging plays an important role in studying biological systems. Antibody-

based optical methods including brightfield immunohistochemistry (IHC)! and
immunofluorescence (IF)23 are the most widely used techniques for visualizing protein
localization in cells and tissues using fluorescent labeling. High spatial resolution and speed
of analysis are their key advantages.*~’ Meanwhile, limited multiplexing capabilities of
these techniques have been a major driving force for the development of new approaches
for spatial proteomics. CO-Detection by indEXing (CODEX) employs DNA-conjugated
fluorescently-labeled antibodies to target proteins of interest.8 Up to 60 target proteins can
be visualized in the same sample using the sequential addition and removal of fluorophore-
labeled DNA barcodes.8-11

Targeted proteomics approaches based on immunolabeling have been also coupled with
mass spectrometry (MS) analysis, which substantially enhances the multiplexing capabilities
at the expense of the spatial resolution. For example, imaging mass cytometry uses
antibodies tagged with rare earth metals as mass reporters. Imaging of metal tags is
performed using inductively coupled plasma time-of-flight (ICP-TOF) MS. This approach
has been used for simultaneous imaging of up to 40 proteins with a subcellular spatial
resolution.}2-16 Multiplexed ion-beam imaging (MIBI) is another highly multiplexed
targeted imaging method in which spatial profiling of metal labels is performed using
secondary ion mass spectrometry. MIBI has been typically used to image ~35-45 protein
targets with the potential to target up to 100 proteins with a spatial resolution down to

250 nm.17-21 Recently, a multiplexed immunohistochemical MALDI-MS imaging (MALDI-
IHC) with photocleavable mass tags has been developed and used for targeted imaging of

up to 12 proteins with 10 pm spatial resolution.22 Despite the power of targeted spatial
proteomics methods, they are limited by the costly and laborious process of the development
and validation of affinity reagents.23 Furthermore, antibody-based imaging techniques have
limited capabilities for targeting post-translational modifications (PTM).24:25 Label-free
approaches have attracted considerable attention in studies focused on the untargeted protein
imaging including the discovery of disease biomarkers and understanding of complex
biochemical pathways associated with health and disease.26-2° Raman spectroscopy imaging
is a well-established noninvasive label-free imaging modality, which has been widely used
for imaging of living cells with subcellular spatial resolution.3%:31 Although Raman spectra
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of individual proteins contain characteristic features in the fingerprint region32, substantial
spectral overlap presents a challenge to the identification of protein signals observed in
imaging experiments,30:31.33

Mass spectrometry imaging (MSI) is ideally suited for the label-free imaging of proteins

in biological samples with unprecedented chemical specificity.3* MSI techniques are
intrinsically multiplexed providing spatial localization of many proteins in one experiment
with a spatial resolution of ~50-100 um.3°:36 Matrix-assisted laser desorption ionization
(MALDI) is typically used for imaging of intact proteins3’~42. In these experiments, bottom-
up or off-line top-down proteomics approaches have been used for protein identification.43-
47 Meanwhile, nanodroplet processing in one pot for trace samples (nanoPOTS)*® has

been developed to enable simultaneous imaging and identification of proteins with a

spatial resolution of 50-100 um, using bottom-up proteomics coupled with laser capture
microdissection.4®

Top-down proteomics is a powerful tool for protein identification based on the accurate
mass measurement and fragmentation patterns of intact proteins obtained using MS/MS.%0
MS analysis of intact proteins preserves post-translational modifications (PTM) and there by
enables the identification of individual proteoforms, which provide insights into the state of
cells of the same type in different parts of the biological system.51-54 Recent developments
in MSI techniques that utilize ambient ionization based on liquid extraction have enabled
imaging of intact proteins in biological samples. These techniques generate higher

charge states of protein ions, which is particularly advantageous for their identification
using on-tissue top-down proteomics. Desorption electrospray ionization (DESI) and

liquid extraction surface analysis (LESA) have been used for detecting intact proteins

in tissues®® with a spatial resolution of 150-200 pm®>6:57 and 1 mm, 859 respectively.
Nanospray desorption electrospray ionization (nano-DESI) is a liquid extraction-based
ambient ionization technique that has been used for imaging of intact proteins and protein
complexes in tissues with high sensitivity.59-85 Protein identification is performed using
on-tissue MS/MS combined with database searching.6? Although the spatial resolution of 43
um has been achieved in one study®2, most nano-DESI MSI of proteins has been performed
with a spatial resolution of 80-200 um.60.61.63.64 Meanwhile, a spatial resolution of better
than 10 um has been achieved in nano-DESI MSI of lipids and metabolites by finely pulling
the capillaries comprising the nano-DESI probe and introducing a shear force probe that
enables constant distance mode scanning.56-68 Herein, we adapt this approach to imaging
of proteoforms in tissues. Using mouse brain tissue as a model system, we demonstrate
mapping of proteoforms with a spatial resolution down to 7 pm.

MATERIALS AND METHODS

Chemicals and Materials.

HPLC grade water was obtained from MilliporeSigma (Burlington, MA). HPLC grade
acetonitrile (ACN) was obtained from Fisher chemical (Hampton, NH). Ethanol 200
proof was purchased from Decon Laboratories, INC (King of Prussia, PA). 99.8+%
chloroform was purchased from Alfa Aesar (Tewksbury, MA). Optima™ LC/MS Grade
formic acid (FA) was purchased from Fisher Scientific (Hampton, NH). 99*% 19:0
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lysophosphatidylcholine, LPC(19:0), was purchased from Avanti Polar Lipids (Birmingham,
AL) and used for optimization of the nano-DESI probe. Polymicro Flexible Fused Silica
Capillary Tubing (OD 150um, ID 50 pm; OD 360um, ID 100 pm; and OD 800um,

ID 200um) were from Molex (Thief River Falls, MN). PathScan Enabler IV (Meyer
Instruments, Inc) was used to acquire the optical images of the tissue sections before and
after washing.

Animal Tissues.

Brain tissues of C57BL/6 mice were used in this study under the approval of IRB. Adult
(3-6-month-old) mice were euthanized by CO5 inhalation followed by cervical dislocation,
after which their brains were collected, snap frozen in isopentane kept over dry ice, and
stored at —80 °C.59.70 Tissues were sectioned sagittally at —21 °C using a CM1850 Cryostat
(Leica Microsystems, Wetzlar, Germany). Two adjacent 12 um-thick and 25 pm-thick
sections were thaw mounted side-by-side onto each glass microscope slide (IMEB, Inc
Tek-Select Gold Series Microscope Slides, Clear Glass, Positive Charged). The sections
were stored in a =80 °C freezer. For nano-DESI MSI analysis, tissue sections were allowed
to thaw at room temperature and then immersed into serial ethanol solutions (70%, 90%
and 100%) for 20 s each to precipitate proteins. Lipids were washed off by immersing the
sample into 99.8% chloroform for 25 s right before nano-DESI MSI analysis.>6:7

Nano-DESI MSI.

Imaging experiments were performed on an Agilent 6560 ion mobility (IM) quadrupole
time-of-flight (Q-TOF) instrument equipped with a custom-designed nano-DESI source.
Details of the nano-DESI source can be found in our previous publication.®8:67 Briefly, the
nano-DESI probe was assembled using two fused silica capillaries with the tip pulled to ~10
um in diameter, positioned at a ~90-120-degree angle. In this study, we flame-pulled both
sides of the nanospray capillary to ~10 um. Pulling the side of the capillary that faces the
mass spectrometer makes it easier to achieve a stable signal of proteins. ACN/H,O/FA
(80/20/0.1, v/viv) containing 100 nM LPC(19:0) internal standard (IS) was used as
extraction solvent. The solvent flow rate was kept at 0.2 pL/min. Tissue samples were
placed on a motorized XYZ stage controlled by a custom-designed LabVIEW program.6
Nano-DESI MSI experiments were performed by scanning the sample under the nano-DESI
probe at a scan rate of 12 pm/s. The step between the lines was set to 15 um and 7 um in the
experiments performed without and with oversampling, respectively.

All imaging experiments were performed in positive ionization QTOF-only mode with

the standard mass range of the high mass resolution and extended dynamic range mode.
The instrument was calibrated using Agilent ESI-L Low concentration tuning mix/0.1 mM
HP-0321/ACN/H,0 (10 mL/3 pL/85.5 mL/4.5 mL). The gas temperature was set to 300
°C. The capillary voltage was 4000 V. The Quad AMU was set to 200 amu to improve
transmission of large protein ions. High pressure funnel RF, trap funnel RF and rear funnel
RF were set to 180 V, 200 V and 180 V, respectively. The acquisition rate was 1 Hz.
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Data Analysis.

Endogenous protein species observed in MSI experiments were identified using on-tissue
top-down proteomics analysis described in our previous study.50 Briefly, targeted MS/MS
analysis of proteins of interest was performed on a tissue section adjacent to the imaged
section by scanning the nano-DESI probe over the regions of interest where the proteins
are localized. Proteins were then identified by matching their intact masses and MS/MS
fragmentation patterns against the UniProt database.’2~75

lon images were generated from .d files using a previously described workflow.’® In this
workflow, Skyline software is used to extract signal intensities of the most abundant isotopic
peaks of each charge state of proteins of interest in each pixel into a .txt file. lon images

are generated from the .txt file using a custom Python script developed by our group
(https://github.com/hanghu1024/RAW-MSI-generator). lon images reported in this study
were normalized to the total ion current (TIC). lon chronograms across selected tissue
features were extracted to estimate the spatial resolution.

RESULTS AND DISCUSSION

High-spatial-resolution nano-DESI MSI of proteins

The experimental workflow for protein imaging using nano-DESI MSI is shown in Figure
1. It involves tissue sectioning and washing to precipitate proteins and remove lipids that
otherwise suppress protein signals. Protein imaging is performed using a high-resolution
nano-DESI MSI probe comprised of two finely pulled capillaries and a shear force probe.
Additional photos of the customized ion source and the assembled probes are shown in
Figure S1. Unlike nano-DESI MSI of lipids, in which comparable signals are observed using
moderate- and high-resolution nano-DESI probe, signals of proteins decrease substantially
in high-resolution experiments (Figure S2). The reason for the difference in the effect of
the spatial resolution of lipid and protein signals in nano-DESI MSI is not fully understood.
It may be attributed either to differences in concentrations of lipids and proteins in tissue
sections or to differences in the physical properties of the sections before and after washing
for protein imaging. In order to improve the sensitivity and signal stability, we optimized
the design of the high-resolution nano-DESI probe described in our previous study®5® by
pulling the side of the nanospray capillary facing the MS inlet (Figure S1c). We found

that, in this configuration, protein signals are less sensitive to the precise positioning of

the nanospray capillary at the MS inlet, which makes it easier to obtain a stable signal of
imaging experiments. Because the extent of protein signal suppression in MSI is unknown,
we did not attempt the normalization to the signal of the internal standard. Future studies
will examine matrix effects in protein imaging in order to establish a robust normalization
strategy. TIC-normalized ion images are generated to visualize the spatial distribution

of endogenous proteoforms, and the identification is performed using on-tissue MS/MS
combined with database searching as described in our previous work.50

High-resolution nano-DESI MSI of proteins was performed using the cerebellum region of
a mouse brain tissue as a model system. The results obtained by imaging a 25 um-thick
tissue section are shown in Figure 2. Additional ion images of the observed proteoforms are
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provided in Figure S4. The effect of the thickness of the tissue section will be discussed later
in the text.

An optical image of the analyzed mouse brain tissue section is shown in Figure 2a. lon
images of several abundant proteoforms are shown in Figures 2b—i. The spatial distribution
of the N-terminal acetylated 14.1 kDa myelin basic protein (MBP) shown in Figure 2b
indicates that this protein is localized to the white matter region of the cerebellum, which

is consistent with its role in brain. Specifically, MBP is the major component of myelin
sheath expressed by oligodendrocytes which are aligned in rows between the nerve fibers

of the white matter.”7:78 Meanwhile as expected, hemoglobin subunit alpha is observed

in high abundance in blood vessel regions (Figure 2c). lon images of other representative
proteins including ubiquitin, N-terminal acetylated thymosin p—4, acyl-CoA binding protein,
cytochrome ¢ oxidase subunit 6B1, and dynein lightchain 2 (Figure 2d, S4e-i), show a fairly
uniform distribution of these species in the tissue with slightly higher signals observed in the
cerebellar cortex and somewhat lower signals in the white matter region.

Thicker tissue sections yield better signals of endogenous proteins.

A substantial decrease in protein signals in high-resolution nano-DESI MSI experiments
may be attributed to the small amount of material extracted from a smaller area sampled by
the high-resolution nano-DESI probe. We hypothesized that higher signals may be obtained
by analyzing a thicker tissue section. We note that 10-12 um-thick tissue sections are
typically used in nano-DESI MSI experiments. Meanwhile, protein imaging data shown

in Figure 2 were acquired using 25 um-thick sections. To investigate the effect of tissue
thickness on signal intensity of endogenous proteins, we acquired line scans from similar
locations of the adjacent 12 pm- and 25 pm-thick tissue sections placed on the same glass
slide. The results obtained for two representative proteins, MBP and ubiquitin, in two
different regions of a mouse brain tissue are shown in Figure 3.

Mass spectra shown in Figures 3a and 3b were averaged over small regions of the white
matter and cerebellar cortex, respectively, labeled in the optical images. Larger optical
images are provided in Figure S3. Different charge states of MBP (yellow circles in Figure
3a) and ubiquitin (green circles in Figure 3b), the most abundant proteoforms observed in
the white matter and cerebellar cortex regions, respectively, are labeled in mass spectra. All
charge states of both proteoforms show an increase in signal intensity with increase in the
thickness of a tissue section. We used the most abundant isotopic peak of the most abundant
charge state of each proteoform to estimate the fold change of the signal intensity by taking
the ratio of the intensities observed by analyzing the 25 pm- and 12 pm-thick sections.
Signals obtained for the most abundant 23+ charge state of MBP, MBP23*, are compared in
Figure 3c and the corresponding signal intensities are indicated in the figure. We observe

an estimated 2-fold increase in the signal intensity of MBPZ3* from 1.3x10* for the thinner
section to 2.4x10% for the thicker section. Similar analysis was performed for the most
abundant 11+ charge state of ubiquitin, ubiquitin11*, as shown in Figure 3d. For this protein,
we observe a 1.5-fold signal increase from 4.4x103 to 6.6x10° with an increase in tissue
thickness from 12 um to 25 um. Comparison of signal intensities obtained for 12 pm to 25
pum-thick tissue sections and the fold changes obtained in replicate experiments are shown
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in Table S1-S2. The regions from where the average signals were obtained are labeled in
the optical images of the tissue sections shown in Figure S3. Although the fold changes
may vary depending on the experimental conditions, our results demonstrate that higher
signals of endogenous proteoforms are obtained using thicker tissue sections. Subsequently,
nano-DESI MSI experiments were performed using 25 um-thick tissue sections.

Oversampling improves the spatial resolution.

As indicated earlier, nano-DESI MSI experiments are performed by scanning the sample
under the probe at a constant rate in lines and using a fixed step between the lines. The
spatial resolution in nano-DESI MSI is primarily determined by the size of the liquid bridge.
Meanwhile, the scan rate of the sample stage, step size between the lines, and acquisition
rate of a mass spectrometer may limit the experimentally observed spatial resolution.”®
The influence of these parameters over the size of the liquid bridge becomes particularly
important in high-resolution and high-throughput imaging experiments.&0 In this study, the
acquisition rate was 1 Hz with the scan rate of 12 um/s resulting in the pixel size of 12

um in the scanning direction. The size of the liquid bridge is ~10 um. Based on these
considerations, we estimate that the sampled area that contributes to the signal in a single
pixel (sampled area/pixel) in experiments performed in a regular sampling mode (Figure

2) is ~12 x 10 um?2. In this mode, we used a 15 pm step between the lines to avoid
oversampling. Thus, the pixel size in the ion images is 12 x 15 pm?2. Oversampling is an
approach, in which the step between the lines is smaller than the size of the liquid bridge.”®

Previous work by Lanekoff et al. has demonstrated that oversampling effectively increases
the spatial resolution of nano-DESI MSI of lipids without causing a redistribution of the
lipid analytes.”® In particular, in that study, oversampling was used to enhance the spatial
resolution by reducing the pixel size from 200 pm x 20 um to 50 pm x 20 um. The

increase in the spatial resolution was attributed to a substantial decrease in the amount

of extractable material after the first sampling, which ensures that the contribution of the
previously sampled area on the tissue to the signal observed in the next line is quite small.
Repeated line scans acquired over the same area have demonstrated a ~25-50% depletion of
lipid signals after the first sampling.’®

We examine the effect of oversampling on the spatial resolution of protein imaging by
decreasing the step between the lines from 15 um to 7 um. lon images obtained for a 25
um-thick tissue section in the oversampling mode are shown in Figure 4. Additional ion
images of the observed proteoforms are provided in Figure S5. Figure 4a shows an optical
image of the analyzed brain tissue section. Figures 4b—d show the TIC-normalized ion
images of the same proteoforms as those shown in Figure 2.

Next, we compare the spatial resolution obtained with and without oversampling. We note
that the spatial resolution of MSI experiments does not equal the pixel size. Instead, the
experimental resolution is a measure of the capacity of the imaging technique to resolve
adjacent features. In our studies, we estimate the spatial resolution by measuring the distance
over which the steepest chemical gradients in the sample are observed. In particular, we

use extracted ion chronograms (EIC) for a selected //zto measure the distance over which
the signal intensity increases from 20% to 80% of its maximum value.81:82 The results of
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this analysis are summarized in Figure 5. We used EIC of MBP23* that show a substantial
variation in the signal across the tissue to compare the spatial resolution obtained without
(Figure 5a) and with (Figure 5b) oversampling. White lines in the insets in Figures 5a and
5b indicate the direction of the extracted line scan shown in the corresponding figures. The
sharpest features highlighted with yellow circles in the inset in Figures 5a and 5b were used
to estimate the spatial resolution. Additional results demonstrating the robustness of this
estimation by analyzing a different region of the tissue are shown in Figure S6. We estimate
that, without oversampling, we achieved the spatial resolution down to 15 pm. Meanwhile,
the spatial resolution down to 7 pm was achieved with oversampling. Differences in the
spatial resolution achieved without and with oversampling are highlighted in Figure 5

by overlaying the optical image and ion image of MBP23* in a small region of interest.
Details of this comparison are provided in Figure S7. The signal of MBP is more tightly
localized in the white matter region in the ion image acquired with oversampling (Figure
5b, S7b), whereas MBP signal is somewhat spread outside of the white matter region in

the ion image acquired without oversampling (Figure 5a, S7a). Although in order to resolve
closely separated features that are 7 um apart, the distance between each pixel must be
smaller than 3.5 pm per the Nyquist criterion83, we still observe the broadening of the step
function by examining the edges of features in the spatial distributions. We obtain a much
better definition of the sharp features at higher spatial resolution even when the sampling
frequency is smaller than described by the Nyquist criterion. We note that because our
approach assumes that chemical gradient is a step function, it provides the upper limit of
the spatial resolution. The spatial resolution may be further improved by decreasing the scan
rate of the sample stage, which will reduce the pixel size in the scanning direction below 12
pm.

To examine if the improvement in the spatial resolution obtained using oversampling is
attributed to the significant depletion of protein analytes after the first line scan, we acquired
four repeated line scans from the same locations across mouse brain cerebellum regions on
both the 12 pym- and 25 pm-thick tissue sections. The depletion curves showing the decrease
in the observed signals of ubiquitin11* and MBP23* with the number of repeated analyses
are shown in Figures 6a and 6b, respectively. Additional results obtained from one of the
replicate experiments are provided in Figures S8-9 and S10-11 for the 12 um- and 25
um-thick tissue sections, respectively.

Regardless of the tissue thickness, we observe a substantially higher abundance of
endogenous proteins in the first line scan (Figure S8b, S9h, S10b, S11b), in comparison
with the following line scans (Figure S8c—e, S9c—e, S10c—e, S11c—e). By examining

the averaged mass spectra (Figure S8e, S9e, S10e, S11e), we concluded that almost no
proteins were observed in line 4, which contains only background signals. Therefore, when
generating the depletion curves, the averaged mass spectra from the fourth line scans were
subtracted from each averaged mass spectrum from the same locations in lines 1-3 to
remove the background signal contribution to the protein signals. The protein signals were
then normalized to the highest signal intensity among the four repeated line scans. The
depletion curves shown in Figure 6 indicate that ~77% of ubiquitinl1* was depleted after
the first line scan across the 25 um-thick section with ~10-13% depletion in the following
line scans. Meanwhile, ~38% of MBP23* is depleted after the first scan across the 25
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um-thick section followed by a ~47% reduction after the second scan and ~15% depletion
after the third scan. We observed a faster protein depletion in repeated scans across the 12
um section (Figure 6). Specifically, ~85% depletion of ubiquitinl1* and ~72% depletion of
MBP23+ was observed after the first line scan. This result provides additional support for the
observed improvement of the spatial resolution using oversampling and is consistent with
the observation that 25 pm tissue sections yield better protein signals than 12 um tissue
sections due to the higher amount of endogenous proteoforms in the thicker tissue section.
Although oversampling should be particularly beneficial for thin tissue sections, for which
there is little or no contribution to the measured signal from previously sampled areas,

the significantly lower signal of the endogenous proteoforms obtained using thin sections
reduces the overall quality and contrast of ion images.

We note that the depletion rate may be dependent on the tissue type and experimental
conditions.”® In our repeated sampling experiments, we observe a 40%-80% depletion

of protein signals after the first scan. It follows that protein signals observed in MSI
experiments with oversampling are dominated by proteins extracted from the unsampled
tissue, which ensures that oversampling efficiently reduces the extraction area and
thereby improves the experimental spatial resolution. We also performed an oversampling
experiment using a moderate-resolution probe that generates a larger liquid bridge on a
surface. We found that oversampling using a larger volume of the liquid bridge results in
dilution of the extracted proteins, which decreases the sensitivity. It follows that there is a
tradeoff between the size of the liquid bridge and extent of oversampling that generates good
protein signals in imaging experiments.

CONCLUSIONS

We demonstrate imaging of proteoforms with a spatial resolution down to 7 um using nano-
DESI MSI of mouse brain tissue as a model system. The optimization of the nano-DESI
probe by finely pulling both sides of the nanospray capillary improves both the sensitivity
and stability of protein signals. We demonstrate that thicker tissue sections may be used

to further improve signal intensities of endogenous proteoforms. Meanwhile, oversampling
is a promising strategy for improving the spatial resolution. This improvement is attributed
to the significant depletion of protein signals after the first sampling. Our results show

that nano-DESI MSI enables label-free imaging of individual proteoforms with cellular
resolution. This development will facilitate spatially-resolved cell typing based on the
observed proteoforms, which, in combination with imaging of lipids and metabolites,84:85
will advance our understanding of biochemical pathways in biological systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The experimental workflow for nano-DESI MSI of proteins in tissue sections. The
individual steps are described in detail in the experimental section.
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Figure2.
High-resolution imaging of proteins in the cerebellum region of a sagittal mouse brain tissue

section acquired using a 15 um step between the lines. (a) An optical image of the tissue
section. lon images of proteoforms normalized to TIC: (b) 7/z614.96623*, 14,121 Da,
myelin basic protein, N-terminal acetylation, zoomed-in images of the regions labeled with
white square are shown above; (c) m/z882.22117*, 14,981 Da, hemoglobin subunit alpha,
modification unknown; (d) m/z 779.61211*, 8,565 Da, ubiquitin, unmodified. Scale bar: 250
pm.
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Page 17

Mass spectra averaged over 6 pixels of the circled region in the optical images, showing
protein signals in the (a) white matter region and (b) cerebellar cortex region of a 25
pum-thick (black) and 12 um-thick (red) tissue section. Different charge states of the most
abundant protein in (a, b) are labeled with orange dots (MBP) and green dots (ubiquitin).
Zoomed-in mass spectra from (a, b) show the signals of the most abundant charge states

of the (c) 14.1 kDa MBP, MBP23* and (d) 8.5 kDa ubiquitin, ubquitin11* with the signal

intensity of the most abundant isotopic peak labeled in the panels.
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Figure 4.
7 um step: (a) An optical image of a sagittal mouse brain tissue section. lon images of

the proteoforms normalized to TIC: (b) m/z614.91023*, 14,120 Da, myelin basic protein, N-
terminal acetylation, zoomed-in images of the regions labeled with white square are shown
above; (c) m/z882.12517*, 14,979 Da, hemoglobin subunit alpha, modification unknown;
(d) m/z779.53911*, 8,564 Da, ubiquitin, unmodified. Scale bar: 250 um.
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Extracted ion chronograms (EIC) along the white line for spatial resolution calculations: (a)
15 um step, (b) 7 um step. Signals are normalized to the maximum signal of a selected m/z
along the line. An overlay of the optical image and the ion image of MBP23* in a small
region of interest for both datasets are shown besides each figure.
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Figure 6.

1 0.0

Line number

Depletion curves for the four repeated line scans on (a) cerebellar cortex region for the
most abundant isotopic peak of 11+ charge state ubiquitin, and (b) white matter region for
the most abundant isotopic peak of 23+ charge state MBP of 25 pm (black) and 12 pm
(red) tissue sections (N=3). The background signal was obtained from the fourth scan and
subtracted from the signals observed in the first three scans; background subtraction was
followed by normalization to the highest intensity.
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