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Abstract

Mass spectrometry (MS)-based spatially resolved top-down proteomics (TDP) of tissues
is crucial for understanding the roles played by microenvironmental heterogeneity in the
biological functions of organs and for discovering new proteoform biomarkers of diseases.
There are few published spatially resolved TDP studies. One of the challenges relates to
the limited performance of TDP for the analysis of spatially isolated samples using, for
example, laser capture microdissection (LCM) because those samples are usually mass-
limited. We present the first pilot study of LCM-capillary zone electrophoresis (CZE)-
MS/MS for spatially resolved TDP and used zebrafish brain as the sample. The LCM-
CZE-MS/MS platform employed a non-ionic detergent and a freeze-thaw method for
efficient proteoform extraction from LCM isolated brain sections followed by CZE-MS/MS
without any sample cleanup step, ensuring high sensitivity. Over 400 proteoforms were
identified in a CZE-MS/MS analysis of one LCM brain section via consuming the protein
content of roughly 250 cells. We observed drastic differences in proteoform profiles
between two LCM brain sections isolated from the optic tectum (Teo) and telencephalon
(Tel) regions. Proteoforms of three proteins (npy, penkb, and pyya) having neuropeptide
hormone activity were exclusively identified in the isolated Tel section. Proteoforms of
reticulon, myosin, and troponin were almost exclusively identified in the isolated Teo
section, and those proteins play essential roles in visual and motor activities. The
proteoform profiles accurately reflected the main biological functions of the Teo and Tel
regions of the brain. Additionally, hundreds of post-translationally modified proteoforms

were identified.

Keywords: spatially resolved top-down proteomics; capillary zone electrophoresis-
tandem mass spectrometry; laser capture microdissection; zebrafish brain; proteoform;

high sensitivity; neuropeptide hormone activity; motor activity
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Introduction

Cellular systems, such as the brain, are heterogeneous, producing specific
microenvironments with unique molecular and functional characteristics for carrying out
biological functions'®. To better understand the function of the brain, there is a need for
spatially resolved omics analysis. Since proteins are the primary functional machines in
cells, spatially resolved proteomics is crucial for pursuing a better fundamental

understanding of the brain and brain-related diseases.

Some spatially resolved bottom-up proteomics studies of the brain or other tissues have
been reported.’.346-15 However, these bottom-up studies provided limited information of
spatial distribution of proteoforms across the brain because proteoforms were digested
into peptides for mass spectrometry (MS) and tandem MS (MS/MS) analysis and the
intact pictures of proteoforms were lost during the enzymatic digestion step. Proteoforms
from the same gene could have different biological functions.'® Therefore, it is vital to
characterize proteins in a proteoform-specific manner to understand their functions

accurately.

Antibody-based approaches are commonly used for protein imaging in tissues with high
spatial resolution and have been applied to protein imaging in brains.'”:1® However, those
approaches heavily depend on the availability and quality of antibodies. The number of
proteins that can be measured in one experiment is limited. More importantly, it is still
challenging to produce high-quality antibodies for proteoform-specific measurements.
Top-down proteomics directly analyzes intact proteoforms using MS and MS/MS and
could provide a bird’s eye view of proteoforms in a complex biological sample.'®-2! The
state-of-the-art top-down proteomics workflows have identified thousands of proteoforms
from complex proteomes using reversed-phase liquid chromatography (RPLC)-
electrospray ionization (ESI)-MS/MS.22-25 However, based on our best knowledge, there
are still very few spatially-resolved top-down proteomics studies of the brain using RPLC-
MS/MS. Delcourt et al. employed RPLC-MS/MS for top-down MS characterization of
three different regions in the hippocampus, corpus callosum, and medulla oblongata
(Bregma Index lateral 1.90 mm) of a rat brain, and in total, 123 proteoforms were identified

within a mass range of 1.6-21.9 kDa.2 The data revealed significant differences among
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the three brain regions analyzed regarding proteoform profiling. Park et al. performed
quantitative top-down proteomic measurements of specific regions of female mouse brain
that were isolated from mice trained for cocaine-conditioned place preference.?8 After gel-
eluted liquid fraction entrapment electrophoresis (GELFrEE) pre-fractionation of roughly
140-ug proteins and further RPLC-MS/MS analyses, about 600 proteoforms were
quantified from each brain region studied, revealing significant proteoform-level changes

in female mouse brain after cocaine and estrogen treatments.

Some challenges exist for spatially-resolved top-down proteomics of brain or other tissues
using RPLC-ESI-MS/MS. First, the amount of protein material isolated from the thin tissue
sections is limited and careful sample preparation is required to achieve high sample
recovery for following RPLC-MS/MS analysis. Using a small volume of lysis buffer
compatible with MS for protein extraction and avoiding sample transfer and cleanup
before MS analysis is critical for reducing sample loss due to adsorption to surfaces.
Novel sample preparation methods for top-down proteomics of mass-limited samples are
required. Recently, Zhou et al. employed nanoPOTS (nanodroplet processing in one pot
for trace samples) and RPLC-MS/MS for top-down proteomics of 70 to 770 HelLa cells
with the identification of 170 to 620 proteoforms.?” The nanoPOTS method processed
samples using a sub-microliter volume of lysis buffer containing a nonionic detergent and
urea for top-down proteomics. Second, the sensitivity of RPLC-ESI-MS/MS needs to be
boosted drastically for the analysis of spatially isolated tissue samples. Capillary zone
electrophoresis (CZE)-ESI-MS/MS has been recognized as an alternative to RPLC-
MS/MS for top-down proteomics due to its high efficiency for proteoform separation and
high sensitivity for proteoform detection.28-32 Proteoforms have drastically lower diffusion
coefficients compared to peptides and small molecules. RPLC has difficulties for highly
efficient separations of proteoforms due to severe peak broadening from the resistance
to mass transfer and strong interactions between proteoforms and RPLC beads, leading
to significant loss of sensitivity of RPLC-MS/MS for proteoforms. Typically tens to
hundreds of micrograms of protein materials are required to identify thousands of
proteoforms from mammalian cells or tissues using RPLC-MS/MS.232526 CZE does not
employ a stationary phase for separation and only utilizes an open tubular capillary. It can

produce high separation efficiency for large biomolecules (i.e., proteoforms) because of
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their low diffusion coefficients, resulting in drastically less peak broadening during the
separation than RPLC. CZE-MS/MS has achieved a close to one million theoretical plates
for proteoform separation and thousands of proteoform identifications from hundreds of
nanograms of zebrafish brain proteins.32 Several studies have compared CZE-MS/MS
and RPLC-MS/MS directly regarding their sensitivity for proteoform characterization,
showing that CZE-MS/MS has much better sensitivity than RPLC-MS/MS, most likely due
to its better separation efficiency for proteoforms.2%30 CZE-MS/MS has also been applied
for spatially resolved top-down proteomics and revealed drastic differences between the

whole zebrafish brain cerebellum and optic tectum regarding proteoform profiling.32

Here, we describe a CZE-MS/MS-based workflow for spatially resolved top-down
proteomics of thin tissue sections. First, specific regions (~500 um?) of zebrafish brain
sections (20-uym in thickness) were isolated with laser capture microdissection (LCM).
Second, the isolated brain tissues were lysed in a 5-pL lysis buffer containing a non-ionic
detergent Octyl glucopyranoside (OG) via a repeated freeze-thaw protocol. After that, the
samples were centrifuged, and the supernatants were directly analyzed by CZE-ESI-
MS/MS. The detergent OG has shown great performance for the extraction of proteins
even membrane proteins for proteomics.33 Using the workflow, hundreds of proteoforms
were identified in single CZE-MS/MS runs from the LCM brain samples with consumption
of cell lysate corresponding to roughly 250 cells. Drastic differences between different
regions of the thin brain section [optic tectum (Teo) vs. telencephalon (Tel)] were

observed regarding proteoform profiles.

Experimental
Materials and Reagents

Acrylamide was purchased from Acros Organics (NJ, USA). Standard proteins,
ammonium bicarbonate (NH4HCO3), urea, dithiothreitol (DTT), iodoacetamide (IAA) and
3-(Trimethoxysilyl)propyl methacrylate were purchased from Sigma-Aldrich (St. Louis,
MO). LC/MS grade water, acetonitrile (ACN), methanol, formic acid and HPLC-grade
acetic acid were purchased from Fisher Scientific (Pittsburgh, PA). Aqueous mixtures

were filtered with Nalgene Rapid-Flow Filter units (Thermo Scientific) with 0.2 ym CN
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membrane and 50 mm diameter. Fused silica capillaries (50 ym i.d./360 ym o.d.) were

obtained from Polymicro Technologies (Phoenix, AZ).
Tissue Preparation

Zebrafish brains were collected from two mature female zebrafish (AB/Tuebingen line).
The zebrafish were provided by Professor Jose Cibelli’'s group at the department of
Animal Science at Michigan State University. All the animal related experiments were
performed using a protocol approved by the Institutional Animal Care and Use Committee
of Michigan State University. After extraction, the brains were rinsed with phosphate
buffered saline, placed into a cyrostat block and covered with Optimal Cutting
Temperature Compound (OCT compound) and frozen using dry ice. The brains in the
OCT compound were stored at -80 °C until use. A cryostat was used to cut the zebrafish
brain tissue to a thickness of 20-um and placed onto PEN membrane slides. The brain
tissues were then stained with Cresyl Violet Staining (CEV) to aid in the visualization and
determination of the different brain regions. Briefly, the slide was washed with PBS for 30
seconds, then stained with CEV solution for 30 seconds followed by a 30 second PBS
rinse and DEPC water rinse for 15 seconds. The slide was washed with three consecutive

ethanol rinses and air-dried for 10 minutes.
Laser Capture Microdissection

Zeiss Palm MicroBeam IV laser capture microdissection system was employed to cut
areas of the brain tissue. The PEN membrane slides were placed onto the microscope
slide adaptor and square sections (500 um?) at specific regions of interest on the brain
tissue were cut by the laser. To collect the isolated tissue sections, we used adhesive
caps to stock the tissue sections on the adhesive caps. Ten brain sections (500 um?2 x 20
Mm each) were collected and stored at -80 °C before further sample preparation for CZE-
MS/MS analysis.

Sample Preparation for CZE-MS/MS

Octyl glucopyranoside, OG, detergent was dissolved in 100 mM NH4HCO; (pH 8) for cell
lysis and the OG concentration was 4.5% (w/v). The tissue samples from the LCM were

re-suspended in 5-uL of the lysis buffer by placing the lysis buffer directly onto the
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adhesive cap. The lysis buffer was then pipetted up and down several times, and the
sample in the lysis buffer was transferred from the cap to the bottom of the eppendorf
tube via a quick centrifugation. The samples were further processed by two different
approaches, Figure 1. In one approach, we employed an on-ice sonication for 20 minutes
(Branson Sonifier 250, VWR Scientific, Batavia, IL) for cell lysis and protein extraction.
We prepared three brain sections using the sonication approach. In the other approach,
another four samples originating from the same brain slice as the sonication method went
through a repeated freeze/thaw protocol; the samples were placed into liquid nitrogen
and thawed at 37 °C for 2 minutes for a total of 6 rounds of the freeze/thaw. The seven
samples were marked in Figure 2. All the samples were then spun down. Each sample
was diluted by a factor of two with water to get a sample containing 50 mM NH4HCO; (pH
8) and about 2% OG for CZE-MS/MS analysis.

CZE-ESI-MS/MS

A CESI 8000 CE autosampler (Bruker) was used for automated CE operation. The CE
autosampler was coupled to a Q-Exactive HF mass spectrometer (Thermo Fisher
Scientific) through a commercialized electro-kinetically pumped sheath flow CE-MS
interface (CMP Scientific, Brooklyn, NY).3435 A fused silica capillary (50-um i.d., 360-um
o.d., 75 cm in length) with a linear polyacrylamide (LPA) coating on the inner wall was
used for the CZE separation. The outlet end of the capillary was etched with hydrofluoric
acid to reduce the outer diameter. (Caution: use appropriate safety procedures while
handling hydrofluoric acid solutions.) The CZE background electrolyte (BGE) was 10%
acetic acid (pH ~2.2) and the sheath buffer 0.2% (v/v) formic acid containing 10% (v/v)
methanol. ESI emitters were pulled to an opening of 30-40-um using borosilicate glass
capillaries (1.0 mm o.d., 0.75 mm id.,, and 10 cm length) with a Sutter P-1000
flaming/brown micropipet puller. Each CZE sample vial was first coated with 2 mg/mL
bovine serum albumin (BSA) to reduce sample adsorption to the inner walls during
analysis.3® The procedure is as follows: (1) 10-uL of 2 mg/mL BSA was placed into a
sample vial, (2) the BSA solution was incubated at room temperature for 15 mins, (3) the
BSA solution was removed followed by three consecutive washes with 100-uL of 50 mM
NH4HCO; (pH 8), and (4) dried the vial with nitrogen. A blank run was done before the
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sample to ensure there was no residual BSA left within the sample vial. Sample injection
was carried out by applying 5-psi for 70-s corresponding to ~370-nL of sample material
injected onto the capillary. 30 kV was used for separation and was applied at the injection
end of the capillary, while 2.0-2.2 kV was applied to the sheath buffer for ESI. After each
CZE run, the capillary was taken out of the emitter and then flushed with the BGE by
applying 20-psi pressure for 10 mins to remove OG detergent from capillary and to ensure
OG wasn’t being injected into the mass spectrometer. The capillary was then placed back
into the emitter for the next CZE-MS/MS run.

A Q-Exactive HF mass spectrometer was operated in data-dependent acquisition mode;
the top 5 most intense ions in one MS spectrum were sequentially isolated in the
quadrupole and fragmented using higher-energy collision dissociation (HCD). Only
charge states higher than 3 were selected for HCD fragmentation. MS was set to a mass
resolution of 120,000 (at m/z 200), 3 microscans, 1E6 AGC target value, 50-ms maximum
injection time, and 600-2000 m/z scan range. For the MS/MS, the mass resolution was
60,000, 3 microscans, AGC value of 1E5, 200-ms maximum injection time, 4 m/z isolation
window, and a normalized collision energy (NCE) of 20%. The dynamic exclusion was

set to 30s, and the exclude isotopes function was on.
Data Analysis

All samples were analyzed using Xcalibur software (Thermo Fisher Scientific) to get the
intensity and migration time of proteoforms. The electropherograms were exported from

Xcalibur and were formatted using Adobe lllustrator to report the final figures.

The LCM sample RAW files were analyzed using Top-down mass spectrometry based
proteoform identification and characterization (TopPIC) platform for the proteoform
identification and quantification.3” The RAW files were converted to mzML files using the
MsConvert tool,3 and spectral deconvolution was done using the Top-down mass
spectrometry feature detection (TopFD) to generate msalign files. The msalign files were
used as the input for TopPIC (version 1.4.0) for database searching. UniProt databases
for zebrafish (AUP000000437) were used for the database search. The maximum number
of unexpected modifications was set to 2, and the maximum mass shift of unknown

modification was set to 500 Da, while the precursor and fragment mass error tolerances
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were 15 ppm. The target decoy approach was used for the false discovery rate (FDR),3°40
and a 1% proteoform-spectrum match (PrSM) level FDR and a 5% proteoform level FDR
were used to filter the PrSM and proteoform identifications. Label-free quantification for
top-down proteomics was performed using the TopDiff tool integrated in the TopPIC

platform.32
Results and Discussion

Development of an OG-based sample preparation method for CZE-MS/MS-based

top-down proteomics of mass-limited samples

In our previous work, we have shown that CZE-MS/MS identified hundreds to thousands
of proteoforms in a single run with the consumption of nanograms of complex proteome
samples, indicating its high potential for top-down proteomics of mass-limited samples.3?
However, the sample preparation starting from cells or tissues needs to be improved
substantially regarding sample recovery before CZE-MS/MS analysis. The traditional
sample preparation procedure usually employs detergents for efficient proteoform
extraction from cells or tissues. Because detergents are not compatible with MS
measurement in general, some sample cleanup steps (e.g., buffer exchange and
precipitation) are essential for removing the salts and detergents before MS analysis,
which will lead to serious sample loss for mass-limited samples (e.g., laser capture
microdissected tissue samples). Development of novel sample preparation procedures
that can be coupled with CZE-MS/MS straightforwardly will be useful for advancing the

top-down MS measurement of mass-limited samples.

CZE separates analytes according to their electrophoretic mobilities, which correspond
to their charge-to-size ratios. When a separation capillary with neutral coating on its inner
wall is used for CZE separation, the electro-osmotic flow in the capillary is eliminated.
Under such conditions, the neutral analytes in the sample will not migrate under the
electric field. Therefore, if a neutral detergent in a volatile salt buffer is used as a lysis
buffer for cell lysis and proteoform extraction, the sample can be analyzed directly by
CZE-MS/MS without sample cleanup because the neutral detergent molecules will not
migrate towards the mass spectrometer during the CZE separation. The detergent can
be flushed out of the capillary after each CZE-MS/MS run. This is an advantage of CZE-
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MS/MS over commonly used RPLC-MS/MS, because neutral detergents most likely will
contaminate the RPLC-MS/MS system.

We tested the idea by using OG, a nonionic surfactant, because it has been successfully
used for extraction of proteins even membrane proteins for proteomics.3? As shown in
Figure 1, a zebrafish brain section was isolated by LCM and collected by an adhesive lid
of an Eppendorf tube. A 5-uL aliquot of the lysis buffer containing 4.5% (w/v) OG and 100
mM NH4HCO; (pH 8.0) was added onto the lid to suspend the collected tissue section,
which was then transferred to the bottom of the Eppendorf tube. We then employed
sonication or freeze-thaw methods for complete cell lysis and proteoform extraction as
described in the experimental part. After simple centrifugation, the supernatant was
further diluted by a factor of two with water and analyzed by the dynamic pH junction-
based CZE-MS/MS.4'" About 370 nL of the sample was injected for CZE-MS/MS and the
consumed sample amount was about 5% of the available sample. Each sample was
analyzed in duplicate. To minimize sample loss due to the adsorption on the inner wall of
the insert tube used for CZE-MS, we coated the inner wall with BSA according to our
previous work.36 In total, seven zebrafish brain sections were collected by LCM from optic
tectum (Teo, 5 sections) and telencephalon (Tel, 2 sections) of a 20-um thick brain slice
for the analysis, Figure 2. Three samples (Teo3, Teo4, and Teo5) were prepared by the
sonication method and four samples (Teo1, Teo2, Tel1, and Tel2) were processed by the
freeze-thaw approach. Each LCM brain section had an area of 500-um?, corresponding

to roughly 5,000 cells if we assume that each cell is about 10 ym in size.
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Fewer than 40 proteoforms were identified from the three Teo samples prepared by the
sonication method using CZE-MS/MS, Figure 3A, and hundreds of proteoforms were
identified from the four samples processed by the freeze-thaw procedure, Figure 3B. The
data clearly indicate that the freeze-thaw approach provided much better sample recovery
compared to the sonication method. The low sample recovery from sonication is most
likely due to the protein adsorption onto the inner wall of the Eppendorf tube because of
splashing caused by the vibrations. For the freeze-thaw method, the sample was well
controlled at the bottom of the Eppendorf tube, significantly minimizing the surface area

that the sample could interact with.

Figure 3C shows the total ion current (TIC) electropherograms of the sample Teo2 after
preparation with the freeze-thaw approach and analysis by CZE-MS/MS in duplicate. The
dynamic pH junction-based CZE-MS/MS showed reasonably good reproducibility for the
analyses of the Teo2 sample regarding the separation profile and TIC intensity. 356188
proteoforms were identified from the Teo2 sample and 43-60% of the proteoforms
identified in one run were also identified in the other run, Figure 3D. For the Tel2 sample,
232128 proteoforms were identified and about 50% of the identified proteoforms were
overlapped between the duplicate runs, Figure 3D. The proteoform intensities display
nice linear correlations between the duplicate CZE-MS/MS analyses for the Teo and Tel
samples, Figures 3E and 3F. All the data suggest that the dynamic pH junction-based
CZE-MS/MS system enabled the reproducible characterization of Teo2 and Tel2 samples
even when the samples contained about 2% OG detergent. We also need to point out
that we did not see clear signal of the detergent during the CZE runs because the
detergent is neutral and did not migrate in the capillary. The CZE-MS/MS analyses
achieved clear mass spectra of proteoforms and the insert figure in Figure 3C shows an
example mass spectrum with a clear charge state distribution from +8 to +16, which
corresponds to one proteoform of histone H4 with the first 17 amino acid residues
truncated and a -128 Da mass shift at the lysine residue at the position 32, Figure 3G.
The mass shift most likely corresponded to the deletion of the lysine residue. The
proteoform was identified with 43 matched fragment ions and a 6.23e-22 E-Value. The
data indicate that the detergent OG did not interfere with the detection and high-confident

delineation of proteoforms.
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We need to highlight that our top-down proteomics workflow including the OG and freeze-
thaw-based sample preparation method and dynamic pH junction-based CZE-MS/MS
has extremely high overall sensitivity for proteoform identification from mass-limited
samples. In our experiment, each LCM isolated brain section contained roughly 5,000
cells based on the assumption that each cell is about 10 uym in size. About 5% of the
sample was injected for CZE-MS/MS analysis, corresponding to the protein content of
250 cells. We identified up to 418 proteoforms in a single CZE-MS/MS run from the 250
cells in the Teo2. Based on our knowledge, the data represent one of the two examples
of top-down proteomics of a small number of cells. In another example, Zhou et al. applied
the NanoPOTS sample preparation method and nanoRPLC-MS/MS platform (Orbitrap
Lumos Tribrid mass spectrometer) for top-down proteomics of hundreds of HelLa cells
with the production of 170 to 620 proteoforms from 70 to 770 HelLa cells?’. We expect
that our OG-freeze-thaw-CZE-MS/MS platform will become a useful tool for advancing

top-down proteomics towards large-scale proteoform profiling of mass-limited samples.

Comparison of the proteoform profiles of zebrafish brain LCM sections isolated

from Teo and Tel regions

The zebrafish Tel region is responsible for receiving and processing sensory information
and directing behavior. It relates to the regulation of social behavior, memory, and
emotion.*244 The Teo region organizes the saccadic/microsaccadic eye movements of
zebrafish and modulates the motor functions of prey-catching and avoidance
behaviours.*547 It plays a vital role in transforming visual information to motor activities.
Because the significant functional difference between the Tel and Teo regions, we

speculated that their proteoform profiles have drastic differences.

As shown in Figure 3, we have achieved reasonably reproducible measurement of
proteoforms from the Teo2 and Tel2 samples isolated by LCM using our OG-freeze-thaw-
CZE-MS/MS method, which allowed us to compare their proteoform profiles with high
confidence. The identified proteoforms from the Teo2 and Tel2 samples are listed in the
Supporting Information. The MS raw data of Teo2 and Tel2 samples have been

deposited to the ProteomeXchange Consortium via the PRIDE partner repository*® with
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the data set identifier PXD027741. 309 and 533 proteoforms were identified from the Tel2
and Teo2 samples in duplicate CZE-MS/MS runs (technical replicates). Only 35
proteoforms were identified from both samples and the protein-level overlap was about
22% (60/279), Figure 4A. The Tel2 and Teo2 samples also showed drastic differences
in their electropherograms, Figure 4B. The data clearly demonstrate the drastic proteome

differences between the Teo and Tel regions.

We identified three proteoforms of three genes in neuropeptide signaling pathway in the
Tel2 sample but not in the Teo2 sample. Those three proteins are Pro-neuropeptide Y
(npy), Synenkephalin (penkb), and Peptide YY-A (pyya). They have neuropeptide
hormone activity. The npy stimulates food intake of animals, e.g., decreasing latency or
increasing the motivation to eat.*® Peptide YY also relates to the regulation of food
intake.®® Synenkephalin could modulate the pain responses, anxiety and aggression in
zebrafish based on the mice data.>' We also identified 6 proteoforms of neurogranin a
(nrgna) from the Tel2 sample and did not identify any nrgna proteoforms in the Teo2
sample. It has been demonstrated that neurogranin plays important roles in memory
formation and overall performance.5253 The neuropeptide hormone and nrgna data
(Figure 4C) agree well with the function of Tel that relates to regulation of emotion and

memory.

Synuclein proteins have been well studied for their roles in the neurodegenerative
diseases, e.g., Parkinson’s disease (PD) and Alzheimer’s disease (AD).5+% Patients with
AD and late-stage PD both have difficulties in normal mental functions including memory.
Interestingly, we identified 14 synuclein proteoforms in the Tel2 sample including 3 beta-
synuclein (sncb) proteoforms and 11 gamma-synuclein (sncga and sncgb). We only
identified 2 synuclein proteoforms (sncgb) from the Teo2 sample, Figure 4C. Because
zebrafish does not have the alpha-synuclein®, we did not identify any alpha-synuclein
proteoforms. Our data suggest the heterogenous distribution of synuclein proteoforms in

the zebrafish brain.

The Teo region plays important roles in converting visual information to motor activities.
We identified 4 proteoforms of reticulon exclusively in the Teo2 sample. Reticulon is

crucial for the normal development of retina and Teo and influences the retinotectal
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projection drastically.>” We also identified 48 proteoforms of myosin in the Teo2 sample
and did not identify any myosin proteoforms in the Tel2 sample. Myosin are well known
as motor proteins. Actin filaments interact with myosin, generating many cellular
movements. Nineteen actin proteoforms were only identified in the Teo2 sample. We
detected 31 and 1 troponin proteoforms in the Teo2 and Tel2 sample, respectively.
Troponin are a group of proteins regulate muscular contraction. The proteoform data
mentioned are shown in Figure 4D. The proteoform profile of the Teo2 sample agrees

well with the basic functions of Teo.

As discussed above, our top-down MS data of the Tel2 and Teo2 samples enable the
clear distinction of the Tel and Teo regions because of their drastic differences in
proteoform profiles. Importantly, the proteoform profiles of Tel2 and Teo2 accurately
reflect the basic functions of Tel and Teo of the zebrafish brain. This study represents the

first example of coupling LCM to CZE-MS/MS for spatially resolved top-down proteomics.
Proteoforms with PTMs

In total, we identified 807 proteoforms from the Tel2 and Teo2 samples. 449 proteoforms
have no mass shifts, indicating without any PTMs. 358 proteoforms have mass shifts,
corresponding to some kinds of modifications, e.g., methylation (+14 Da), di-methylation
(+28 Da), tri-methylation (+42 Da), acetylation (+42 Da), oxidation (+16 Da), and
phosphorylation (+80 Da). We tried to match the identified proteoforms to the recently
reported five-level classification system.5® We noted that some truncated proteoforms
identified here could match to multiple protein sequences in the database because those
proteins had similar amino acid sequences, for example, different isoforms of the same
gene. Considering this ambiguity, about 60% of those 449 proteoforms without mass
shifts are well characterized and belong to the Level-1 identifications.®® All other
proteoforms belong to the Level-1 to Level-5 identifications depending on the ambiguity

at the PTM, protein sequence, and gene levels.%®

Figure 5A summaries the identified proteoforms containing N-terminal acetylation,
methylation (mono, di, and tri), oxidation, phosphorylation (phospho), and disulfide bond.
We identified 211 N-terminal acetylated proteoforms, 12 methylated proteoforms, 25

oxidized proteoforms, 3 phosphorylated proteoforms, and 15 proteoforms containing one
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or two disulfide bonds. The unique advantage of top-down proteomics is the capability for
characterizing the combination of PTMs on individual proteoforms. Some example
proteoforms having multiple PTMs are shown in Figures 5B-5D. We identified one
proteoform of Thymosin beta containing both acetylation and accurately localized
phosphorylation, Figure 5B. We also identified one proteoform of Calmodulin containing
N-terminal acetylation and another 42Da mass shift in the region of positions 67-89,
Figure 5D. The 42-Da mass shift corresponds to acetylation or tri-methylation PTM.
Because Thymosin beta and Calmodulin play important roles in the organization of the
cytoskeleton and regulating the control of many enzymes, ion channels, and other
proteins through Ca?*, respectively, delineation of their proteoforms are critical for
understanding their biological functions accurately. In the literature, there are no direct
experimental evidence for the identified proteoforms of Thymosin beta and Calmodulin
with the specific combinations of PTMs in zebrafish according to the information in the
UniProt database. Here we provided confident experimental evidence for those zebrafish
proteoforms for the first time. Additionally, we identified one proteoform of Mitochondrial
import inner membrane translocase subunit Tim10 and the proteoform had both N-
terminal acetylation and two disulfide bonds, Figure 5C. The two disulfide bonds were
determined on the four highlighted cysteine residues according to a -4-Da mass shift. The
proteoform containing both N-terminal acetylation and disulfide bonds was not reported

in the literature for zebrafish according to UniProt.
Conclusions

In this pilot study, we presented the first example of LCM-CZE-MS/MS for spatially
resolved top-down proteomics. The LCM-CZE-MS/MS utilized a non-ionic detergent OG
and a freeze-thaw method for cell lysis and proteoform extraction from LCM isolated
zebrafish brain sections followed by direct measurements by dynamic pH junction-based
CZE-MS/MS. This workflow eliminated sample cleanup before MS and MS/MS analysis
resulting in high overall sensitivity. For example, up to 418 proteoforms were identified in
a single CZE-MS/MS analysis from roughly 250 cells in the zebrafish brain. The
proteoform profiles of two LCM brain sections Teo2 and Tel2 accurately reflected the

basic biological functions of Teo and Tel regions. Overall, the results demonstrate the
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great potential of the LCM-CZE-MS/MS workflow for qualitative and even quantitative top-
down proteomics of mass-limited and spatially resolved protein samples. Coupling the
OG and freeze-thaw-based sample preparation to CZE-MS/MS could also be a useful

tool for top-down proteomics of a small number of cells.

Some further improvements to the LCM-CZE-MS/MS workflow need to be made. First,
the non-ionic detergent and freeze-thaw-based sample preparation can be systematically
optimized to maximize the proteoform extraction from cells. Second, the mass of
proteoforms identified from the zebrafish brain LCM sections (Teo2 and Tel2) ranged from
1-18 kDa and over 80% of the identified proteoforms had masses lower than 10 kDa. The
data demonstrates the challenge of our method for the identification of relatively large
proteoforms from the LCM sections. Third, we noted that the migration time of
proteoforms could have drastic changes across different CZE-MS/MS runs for the same
sample prepared by the OG-freeze-thaw method. The phenomenon is most likely due to
the fact that the detergent OG and the complex sample matrix (DNA, RNA, lipid, etc)
could influence the capillary inner-wall surface, leading to drastic changes of proteoforms’
migration time and even separation profile. Some efficient approaches for regular
capillary inner wall cleanup need to be deployed. We expect that the optimized workflow,
especially with a high-end orbitrap mass spectrometer, will be a powerful tool for spatially
resolved top-down proteomics with high spatial resolution as well as for large-scale top-

down proteomics of a small number of cells.
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Figure 1. Schematic overview of the LCM-CZE-MS/MS workflow.
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Figure 2. (A) An image of one 20-um-thick zebrafish brain slice used in the study. The
collected square regions of the zebrafish brain Optic Tectum (Teo) and Telencephalon
(Tel) are highlighted. Each region has an area of 500 um?2. (B) The microscopic images
of two square regions of Teo and Tel after the microdissection. (C) The corresponding
tissue sections collected in (B) on the caps of eppendorf tubes that were used for
sample collection in the LCM experiment.
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Figure 3. The number of proteoform and protein identifications from the LCM-CZE-
MS/MS experiments using the OG-sonication sample preparation method (A) and OG-
freeze-thaw method (B). The error bars represent the standard deviations of the number
of protein and proteoform identifications from duplicate CZE-MS/MS runs. (C) Total ion
current (TIC) electropherograms of the Teo2 sample prepared by the OG- freeze-thaw
method and analyzed by CZE-MS/MS in duplicate. One example proteoform mass
spectrum is shown in the inserted figure. (D) Overlaps of identified proteoforms between
duplicate CZE-MS/MS analyses of Teo2 and Tel2 samples prepared by the OG- freeze-
thaw method. Correlations of proteoform intensity between duplicate analyses of Teo2
(E) and Tel2 (F) samples. (G) Sequence and fragmentation pattern of one identified
histone H4 proteoform from the Teo2 sample.
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Figure 4. (A) Overlaps of identified proteoforms and proteins from Tel2 and Teo2
samples. The data was from the duplicate CZE-MS/MS analyses (technical replicates).
(B) Base peak electropherograms of the Tel2 and Teo2 samples with the mass spectrum
of the most abundant peak highlighted in the inserted figure. (C) The number of identified
proteoforms of several genes from the Tel2 and Teo2 samples. For those genes, the Tel2
sample had much more proteoforms than the Teo2 sample. (D) The number of identified
proteoforms of several genes from the Tel2 and Teo2 samples. For those genes, the
Teo2 sample had much more proteoforms than the Tel2 sample.
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Figure 5. Data about proteoforms with PTMs. (A) The number of proteoforms with various
PTMs identified from the Tel2 and Teo2 samples. (B)-(D) Sequences and fragmentation
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(B) Thymosin beta; Proteoform mass: 5175.68 Da

# matched fragment ions: 15; E-value: 1.54e-07

Acetyl + Phospho
Acetyl

1 M]S D K PER DT ET 10
11 A R F DIK T K L K|K] 20
21 T E T K E KINIP L]IP 30
3. T K E|JT I E Q@ E R K| 4o

_ 79.9805
41 G D A | P 45
(D) Calmodulin; Proteoform mass: 16779.86

# matched fragment ions: 49

E-value: 3.33e-17

Acetyl + Acetyl/tri-methyl

1 M ﬁcﬁoﬂ Q LT E E @ I1A E 12

13 F K E A F S L F D K D G 24

25 D6 T I T TKETLGTV 36

37 M R S LIGIQIN]P T E'\A’EW_!JB
49 L[ QLD MUIUNLELVID|A|D|G]| 60

42.0555

61 N|G|TLI|D|F|P E F L T M 72
73 M AR KM KD TUD S E E 84

8 E I R E AIF R V F D K D 96

97 G N G Y I S AJA E L R H 1e8
189 VvV M T N L G E K L T D|E 120
121 E V D E M I R E A D|I D| 132
133 6 D|G Q V[N Y|E[E[|F[VLQ[ 144
145 M M T A K 149

patterns of three proteoforms with combinations of various PTMs.
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