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Abstract

Imaging of proteoforms in human tissues is hindered by low molecular specificity and
limited proteome coverage. Here, we introduce proteoform imaging mass spectrometry (PiMS),
which increases the size limit for proteoform detection and identification by 4-fold compared to
reported methods, and reveals tissue localization of proteoforms at <80 um spatial resolution.
PiMS advances proteoform imaging by combining liquid sampling (nanospray desorption
electrospray ionization, nano-DESI) with ion detection using individual ion mass spectrometry
(1’MS). We demonstrate the first proteoform imaging of human kidney, identifying 169 of 400
proteoforms <70 kDa using top-down mass spectrometry and database lookup from the human
proteoform atlas, including dozens of key enzymes in primary metabolism. Moreover, PIMS
images visualize kidney anatomical structures and cellular neighborhoods in the vasculature
versus the medulla or the cortex. The benefits of PIMS are poised to increase proteome coverage

for label-free protein imaging of intact tissues.

Teaser
Nano-DESI combined with individual ion mass spectrometry generates images of proteoforms up

to 70 kDa.
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Introduction

Proteoforms are the protein-level products of gene expression and post-translational
modifications functioning as key effectors in human health and disease (1, 2). In addition to
understanding of their molecular compositions, interactions, and biological function,
comprehensive characterization of the human proteoform landscape also requires mapping of
their spatial distributions in human tissues and organs (3). Protein-level imaging using antibody-
based optical microscopy has revealed distinct cell types, functional tissue units, and subcellular
structures (4). These techniques employ enzymes and fluorophores as reporters to obtain high-
resolution maps of protein targets in tissues (5). In recent years, highly multiplexed antibody-
based imaging assays such as CODEX (6, 7), IBEX (8), and Cell-DIVE (9) has drastically
increased the number of protein targets that can be probed in a single experiment. Alternatively,
mass spectrometry (MS)-based imaging assays, including imaging mass cytometry (IMC) and
multiplexed ion beam imaging (MIBI), utilize antibodies labeled with rare earth metals to detect
protein localization for up to ~60 protein targets at once (10, 11). Despite the significant advances
in spatial resolution and sensitivity, antibody-based approaches require prior knowledge of the
protein targets and lack full molecular specificity like that provided by proteoform-level
information (12, 13).

MS-based top-down proteomics (14, 15) has been widely used for proteoform
characterizations (16). Modern MS instrumentation has reached the sensitivity for spatially-
resolved top-down proteomics suitable for imaging experiments (17, 18). Matrix-assisted laser
desorption/ionization (MALDI) is widely used for protein imaging (19, 20) due to the broad mass
range to the sampling of the proteome (21-23). However, MALDI predominantly generates
singly-charged ions, which gives limited fragment information for direct top-down identification
of intact proteins (24). This challenge may be addressed using matrix-assisted laser desorption

electrospray ionization (MALDESI), which combines MALDI with extractive ESI to generate
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multiply-charged ions of peptides and proteins extracted from tissues (25). Alternatively,
multiply-charged protein ions may be generated using liquid extraction-based ambient ionization
methods (26) including desorption electrospray ionization (DESI) (27), liquid extraction surface
analysis (LESA) (28), and nanospray desorption electrospray ionization (nano-DESI) (29). These
techniques are particularly advantageous in top-down analysis of intact proteoforms in the
imaging mode. Among these techniques, nano-DESI that utilizes a sub-nanoliter dynamic liquid
bridge as a sampling probe enables imaging of biomolecules in tissues with a spatial resolution
down to 10 um (30, 31).

One major challenge in proteoform imaging using liquid extraction-based techniques is
the detection of low-abundance, high mass proteoforms in the congested MS spectra produced by
ionizing complex mixtures of biomolecules extracted from the sample. Until now, imaging and
identification of intact proteoforms directly from tissue has been limited to <20 kDa species (27,
28, 32), with one report leading to the identification of subunits from a 43 kDa trimeric protein
complex (33). Here, we address this challenge using individual ion mass spectrometry (I’MS).
I°’MS is a new, orbitrap-based charge detection technique (34-36) for single ion detection and
results in a 500-fold improved sensitivity with a 10-fold higher resolving power with a high
dynamic range (37). In particular, we combine nano-DESI ionization with I’MS (37) to create
proteoform imaging mass spectrometry (PiMS) for tissue imaging and direct identification of
proteoforms up to ~70 kDa. We show isotopically-resolved proteoform assignment from human
kidney and confidently identify proteoforms up to 53 kDa, illuminating differences in kidney
architecture from the medulla, cortex, and vasculature. Incorporating 1°MS, PiMS yielded 169
proteoform assignments/identifications at 80 um spatial resolution and demonstrates the potential

to illuminate the proteinaceous structures comprising our tissues.
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94  Results

95  Overview of PiMSworkflow

96 Proteoform imaging mass spectrometry (PiMS) illustrated in Fig. 1 combines nanospray
97  desorption electrospray ionization (nano-DESI) imaging with data acquisition and processing for
98 individual ions. Specifically, we perform nano-DESI line scans on tissue, during which
99  proteoforms were sampled as multiply-charged ions distributed across multiple charge states (Fig.
100 1, top left). Instead of unresolved protein signals typically observed for ensembles of ions, we
101  obtain charge-assigned individual protein ions from each pixel on the tissue section to allow for
102  detection of proteoforms with resolution of their **C isotopic peaks (Fig. S1). This allows for
103  confident assignment of proteoform mass to <2 parts-per-million at one sigma in each pixel of the
104 imaging data (Fig. 1, middle left). Beyond proteoform-specific images (Fig. 1, bottom left),
105 molecular identification is achieved using either direct top-down MS off the tissue (Fig. 1, top
106  right) or database searching from known proteoforms at the intact masses (Fig. 1, bottom right).
107

108  Human Kidney Proteoforms Detected by PIMS

109 We used PiMS to examine the proteoforms and their localizations in a 10 pm-thick human
110  kidney tissue section. Encouragingly, we immediately expanded the mass detection range for
111 proteoform imaging to >70 kDa. Fig. 2A shows the full PiMS spectrum from 5-72 kDa from a
112 sum of 16500 MS scans (~8 million single ions). This spectrum contains ~400 proteoform masses
113 above 0.1% relative abundance that are isotopically resolved. A complex group of proteoforms in
114  the 68-80 kDa range were observed and not individually resolved (fig. S2). Spectral attributes
115  include a dynamic range of ~200 (using S/N 3 as the limit of detection) and a mass resolution
116  (m/4m) of ~100,000. PiMS images can be constructed for any of the 242 proteoform masses with

117 relative abundance above 1% in the full PiMS spectrum of Fig. 2A.
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118 To identify these proteoforms, we manually annotated the full PIMS spectrum shown in
119  Fig. 2A based off of the results from an intact mass tag (IMT) search against a custom database.
120 In this approach, we compared the shape and mass accuracy of the isotopic distributions of the
121 proteoforms in the PiMS spectrum with the theoretical proteoforms in the database. The database
122 was constructed from the top 500 most abundant proteins identified in a bottom-up proteomics
123 study of human kidney tissues (38). To maximize the number of proteoform identification, we
124  combined additional matches from top-down identification (details discussed in the next section)
125 and manually inspected post-translational modifications (PTMs) recorded in the Swiss-Prot
126  database (38). As a result, we manually annotated 169 proteoforms in the entire mass range using
127 a +5 ppm mass tolerance (list of proteoforms shown in table S1). Fig. 2D and 2E show two
128  zoomed regions of the full PIMS spectrum with theoretical proteoform matches highlighted in
129  color. Fig. 2D shows various unmodified proteoforms in the mass range of 22.2-22.7 kDa
130  captured by the custom database, demonstrating that the search included a variety of proteins in
131  the kidney proteome. The mass range of 41.4-42.1 kDa shown in Fig. 2E contains proteoforms of
132 actin, cytoplasmic 2 (highlighted in pink) and 3-ketoacyl-CoA thiolase (highlighted in blue) with
133 a few types of PTMs and their combinations. Aside from the monoacetylated + dimethylated
134  proteoform of actin, cytoplasmic 2 identified by top-down MS, other modified proteoforms in the
135  displayed mass range were manually annotated. Clearly, further investigation is needed to
136 estimate the false discovery rate for automated identification in PiMS, including the use of
137 Bayesian priors.

138 We annotated the most abundant proteins in Fig. 2A and Fig. 2B to demonstrate the
139 portion of the human kidney proteome captured by PiMS. Not surprisingly, blood proteins
140  (hemoglobin subunits, apolipoprotein A-1, and albumin, Fig. 2A) were found at highest
141  abundance due to the highly vascularized nature of the kidney. Meanwhile, we captured many

142 proteins prevalent in cellular pathways that are naturally abundant in human cells. In Fig. 2B, we
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143 labeled the most abundant proteins to give a brief overview of the molecular functions and
144  biological pathways observed in PiMS. From low to high mass range shown in Fig. 2B, we found
145  molecular chaperone (alpha-crystallin B chain, CRYAB), signaling modulator
146 (phosphatidylethanolamine-binding protein 1, PEBP1), proteins for cellular detoxification
147 (superoxide dismutase [Mn], mitochondrial, SOD2, glutathione S-transferase Al&A2,
148 GSTA1&GSTAZ2) and homeostasis (carbonic anhydrase 1&2), and structural proteins (actins,
149  vimentin). Moreover, proteins participating in central metabolic pathways are dominant. In
150  particular, we found key enzymes in Krebs cycle (malate dehydrogenase, MDH) and
151 gluconeogenesis (fructose-1,6-bisphosphatase 1, FBP1), and 27 subunits of protein complexes in
152 the electron transport chain of oxidative phosphorylation (blue asterisks for 6 subunits in 18-56
153  kDa mass range, others recorded in table S1). More intriguingly, four key enzymes in glycolysis
154  (triosephosphate isomerase, TPI, glyceraldehyde-3-phosphate dehydrogenase, GAPDH,
155  phosphoglycerate kinase, PGK, and alpha-enolase, ENO) were captured (Fig. 2C, red asterisks in
156  Fig. 2A and 2B). PiMS images of the four detected glycolytic enzymes were shown in Fig. 2C
157 with largely even distributions across the entire tissue section spanning from the kidney medulla
158  to the cortex, confirming the presence of glycolysis in nearly all kidney cell types. A more
159  complete investigation of the biological pathways found in the 169 identified proteoforms were
160  demonstrated by a Gene Ontology (GO) analysis shown in Fig. 2F, showing cellular metabolic
161  processes as the predominant biological pathway observed in the PIMS experiment.

162

163  Top-Down Characterizations of Kidney Proteoformsin PIMS

164 Human kidney proteoforms were further identified and characterized using tandem MS
165 (MS/MS). Direct fragmentation of protein ions >20 kDa is challenging due to the low abundance
166  of their fragment ions, particularly larger ones (>15 kDa) that result from cleavage in the middle

167  of the protein sequence (39). To overcome this limitation, we employed 1°MS for the readout of
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168  top-down fragmentation spectra to capture those large fragment ions typically buried under the
169  noise level in ensemble MS/MS experiments (39). In particular, we selected 20-50 kDa
170  proteoforms observed at >4% relative abundance for on-tissue MS/MS aiming for where they are
171 in highest abundance on the tissue section. For each target proteoform, we selected a <0.8 m/z
172 wide isolation window corresponding to the most abundant charge state of the proteoform
173 obtained from PiMS data at MS*-level (Fig. 1, right and Materials and Methods section). By
174 matching the originally observed intact mass with the subsequent fragmentation data, we
175 confidently identified 21 proteoforms >20 kDa with E-values ranging from 10 to 10"%° (Table 1
176 and fig. S7a-u).

177 In Fig. 3, we highlight two representative >20 kDa proteoforms confidently identified by
178  MS/MS () The 11-14.5 kDa region of the fragmentation spectrum of monoacetylated glutathione
179  S-transferase Al (GSTA1, 25,542 Da, Fig. 3A) contains abundant complementary fragments of a
180  l4-amino-acid-long sequence tag (B95-B108, Y113-Y126), contributing to the confident
181  identification of this proteoform (Graphical Fragment Map, GFM, shown in Fig. 3A). PiIMS
182 image of GSTAL1 proteoform in Fig. 3A show localization of this proteoform to the kidney cortex
183  region. On the higher mass end, vimentin (53,530 Da) was also identified (fragment spectrum and
184  GFM shown in Fig. 3B), with 63 isotopically-resolved >15 kDa fragment ions above 1% relative
185  abundance matching sequence fragments of vimentin (a few representative ones shown in Fig.
186  3B). PIMS image of vimentin (Fig. 3B) with localizations to the vasculature also confirms the
187  identity of the proteoform.

188 At larger masses, identification of the proteoform by MS/MS is increasingly challenging.
189  We obtained 3% sequence coverage for a proteoform of ~66.4 kDa, putatively identified as
190 albumin (fig. S7t). Poor sequence coverage is likely due to presence of 17 disulfide linkages
191  known to occur in albumin, thereby making PTM localization challenging. In one attempt to

192  identify a proteoform centered at 70,900 Da, we found that the precursor proteoform with the best
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193  database retrieval score was mesothelin isoform 2 (fig. S7u). The deviation in precursor mass
194 (67,938 Da compared to 70,900 Da) may be attributed to modifications and/or isoform
195  expression. Nevertheless, using top-down MS in PiMS, we were able to readily identify 21 human
196  proteoforms ranging from 20 to 70 kDa in molecular mass.

197

198  Creation of a Kidney Proteoform Map

199 PiMS images allow for direct visualization of sub-mm anatomical structures and
200  functional tissue units of human kidney sections with proteoform-level precision. PiMS of kidney
201 tissue containing cortex, medulla, and vasculature regions shows distinct differences in the
202 distribution of proteoforms across these vastly different anatomical regions (Fig. 4, optical image
203 shown in Fig. 4A). The identification of kidney internal structures was supported by
204 autofluorescence microscopy (Fig. 4B) (40) and periodic acid-Schiff (PAS) staining histology
205 (Fig. 4C).

206 PiMS images of proteoforms in the kidney show distinct localizations (Fig. 4D-J).
207 apolipoprotein A-1 (Fig. 4D) and GSTA2 (Fig. 4E) were found to be medulla-enriched and
208  cortex-enriched proteoforms, respectively. Blood-abundant albumin (Fig. 4F) and alpha-crystallin
209 B chain (Fig. 4G), a small heat shock protein, were ubiquitously expressed in most of the regions
210 of the kidney, albeit at different relative abundances. Additionally, transgelin-2 (Fig. 4H) and

211 vimentin (Fig. 4J) were found only abundant in highly-focused regions near the artery.

213 Assessing Proteoform Biology: Differences in Space and Molecular Composition

214 Next, we created composite PiMS proteoform images to enable more efficient readout of
215 anatomical regions and functional tissue units in the kidney. Using the abovementioned single
216 PiMS images, we created a series of tricolor composite PiMS images (Fig. 4K-M). By combining

217 images of apolipoprotein A-1 (Fig. 4D, blue), GSTA2 (Fig. 4E, red) and albumin (Fig. 4F, green),
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218 we highlighted vascular regions within the kidney (Fig. 4K, labeled as bulk vasculature). This
219 confirms the highly vascularized inner medulla, along with distinct points of vascularization in
220 the cortex aligning with glomeruli. Fig. 4L is a composite PiMS image of transgelin-2 (Fig. 4H),
221 GSTAZ (Fig. 4E, blue) and alpha-crystallin B chain (Fig. 4G, red). Using this image, we highlight
222 the large artery via the specific localization of transgelin-2 (Fig. 4L, green). Previous studies have
223 shown the specific localization of transgelin-2 to the smooth muscle cells (SMCs). This
224 observation is consistent with the abundance of SMC in arteries whereas veins are mainly
225 comprised of stromal cells (41). Finally, the localization of vimentin (Fig. 4J, green) shows a
226 more refined vasculature (Fig. 4M) when combined with GSTA2 (Fig. 4E, blue) and alpha-
227 crystallin B chain (Fig. 4G, red). Vimentin is a filament protein found in most of the blood vessels
228 and connective tissues. The localization of vimentin to the bulk blood vessel regions by PiMS
229 confirms this. A majority of the scattered vimentin spots in the cortex fit well into the dark spots
230 corresponding to glomeruli. Moreover, vimentin is found in many scattered locations in the inner
231 medulla region. These illuminated spots correspond to the spatially-dispersed peritubular
232 capillaries, which form a complex three-dimensional network in the medulla and become
233 dispersed when the tissue is cross-sectioned.

234 Another major advantage of PiMS over antibody-based imaging approaches lies in the
235  ability to determine the molecular composition of proteoforms in an untargeted fashion.
236 Antibody-based imaging approaches do not distinguish different proteoforms of a single protein,
237 whereas PiMS can capture sequence differences and modifications. Subtle differences of protein
238 sequences and modifications become especially challenging to detect for high-mass proteins.
239 Direct top-down identification of >20 kDa proteoforms from tissue enabled by PiMS allows for
240  the characterization of highly similar kidney protein isoforms that originate from allelic coding

241 single nucleotide polymorphisms (CSNPs).
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242 Three major proteoforms of N-terminal acetylated GST subunits, GSTAL and GSTA2,
243 were observed in kidney tissue with localizations to the cortex region (Fig. 5B, 5D, and 5E). Fig.
244 5C shows the mass domain spectrum of GSTAL and GSTA2 proteoforms. A single proteoform
245  was detected from GSTAL (25,542 Da), showing two alleles with the same sequence. In contrast,
246 we identified two GSTA2 proteoforms, the canonical form at 25,573 Da, and another form at
247 25,587 Da representing a 14 Da mass shift. Both proteoforms were observed at similar
248 abundances with highly similar tissue localization, which is characteristic of non-specific biallelic
249 tissue expression resulting from a cSNP (Fig. 5D and 5E). Fragmentation data was able to localize
250  this mass shift to the region between 110 and 113 from the N-terminus (regions highlighted in
251 red, Fig. 5D and 5E and fig. S7d). A UniProt search shows a Serl111->Thr natural variant of
252 GSTAZ2 (highlighted in blue), confirming that the 14 Da mass shift corresponds to a proteoform
253 resulting from a common cSNP (allele frequency >40% according to dbSNP entry No.
254 rs2180314). This exemplifies the power of PIMS to the probing of gene expression in tissues
255  directly at the proteoform level, which is in necessity and complementary to genomic and

256 transcriptomic predictions.

258  Discussion

259 Imaging methods have boomed in recent years. Highly multiplexed affinity reagent-based
260  methods allow for the detection of more than 50 protein targets in a single assay (6). The
261 increased throughput of these approaches has provided an opportunity to develop comprehensive
262 maps of human tissues at a rapid pace. However, antibody-based imaging approaches do not
263 distinguish different proteoforms of a single protein, whereas PiMS can capture kidney protein
264 isoforms from different gene family members or allelic cSNPs. With the concept that proteoforms
265  define cell types better than proteins (42), driving the spatial resolution of PiMS down to <10 uM

266 is a major goal to.
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Moreover, PiIMS presents low-bias to the protein masses compared to multiplex imaging
assays, with the ability of capturing a majority of the abundant cytosolic proteins in cells. In fact,
while performing IMT search of PiIMS data against a database containing 100 most abundant
proteins from bottom-up proteomics of human kidney tissue, 70 protein candidates were detected
by PiMS. This provides an exceptional opportunity of using PiMS to delve into the abundant
biological pathways in tissue in a spatially-resolved manner. In the Gene Ontology (GO) analysis
result shown in Fig. 2F, a variety of central cellular metabolic pathways were found enriched in
PiMS. Notably, we were able to detect and image four key enzymes in glycolysis and 27 subunits
of the complexes in the respiratory electron transport chain, which are critical component of ATP
metabolic process, the highest enriched pathway.

Another advantage of whole proteoform measurement is the robust detection of diverse
types of post-translational modifications with low bias and knowledge of their stoichiometry. For
example, two proteoforms of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
identified in the kidney dataset, both missing the start methionine and one containing a
dimethylation site at Lys65. While both of these post-translational modifications are known (43,
44), the dimethylation of Lys65 was shown to be very low in abundance and inconsistently
observed (44). Our data indicates that the dimethylated proteoform is about ~5% of total GAPDH
in human kidney. The function of the dimethylation is unknown, but its colocalization with the
unmethylated proteoform suggests a possible role for the modification in the GAPDH
dimerization or catalytic rate (45).

In conclusion, we present the PiMS approach that combines nano-DESI with I°MS
technology, which enables the direct imaging and molecular identification of human kidney
proteoforms up to ~70 kDa. This approach increases observable masses by nearly 4-fold and
resolving power by 10-fold compared to prior work (37). PIMS as a disseminatable imaging

approach opens up exciting opportunities to infuse proteoform knowledge into the multi-omic
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292 approaches being evaluated for inclusion into the Human Reference Atlas (46). By providing
293 spatial localization of proteoforms to anatomical regions, cell types, and functional tissue units,
294 PIMS promises applications molecular tissue mapping, biomarker discovery, and disease

295  diagnostics.

297 Materialsand Methods

298 Tissue Preparation

299 Human kidney tissue sections were prepared according to published protocols (47). Mouse
300 brain tissue sections were sectioned at —21°C to a 12 pum thickness using a CM1850 Cryostat
301 (Leica Microsystems, Wetzlar, Germany). Tissue sections were thaw mounted onto glass
302 microscope slides (IMEB, Inc Tek-Select Gold Series Microscope Slides, Clear Glass, Positive

303  Charged) and stored at —80 °C before mass spectrometry imaging analysis.

304 Human kidney tissue sections were thawed under slight vacuum at room temperature, fixed
305 and desalted via successive immersion in 70%/30%, 90%/10%, and 100%/0% ethanol/H,O
306 solutions for 20 s each, delipidated by 99.8% chloroform for 60s, and dried under slight vacuum
307 right before nano-DESI imaging experiments. These sample preparation steps allow for the in situ
308 precipitation of proteins and removal of lipids avoiding suppression of protein signals upon

309 ionization into the mass spectrometer (19, 48).
310  Nano-DES lon Source

311 A custom-designed nano-DESI source was used for all data acquisition. The experimental
312 details of nano-DESI MSI have been described elsewhere (30, 31). Briefly, the nano-DESI probe
313 is comprised of a primary (OD 150 um, ID 20 um) and a nanospray capillary (OD 150 um, ID 40
314  um) with the spray side of the nanospray capillary positioned close to the MS inlet. The probe
315 was fabricated using fused silica capillary tubings (Molex, Thief River Falls, MN). A liquid

316  bridge formed at the location where the two capillaries meet is brought into contact with the tissue
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317  section for analyte extraction. The liquid bridge is dynamically maintained by solvent propulsion
318  from the primary capillary and instantaneous vacuum aspiration through the nanospray capillary.
319  The extracted analytes are continuously transferred to a mass spectrometer inlet and ionized by
320  ESI. Imaging experiments are performed by moving the sample under the nano-DESI probe in
321 lines. The optimal scan rate is discussed in the next section. The strip step between the line scans
322 was set to 150 pm to avoid overlap between the adjacent line scans. To ensure the stability of the
323 nano-DESI probe during the imaging experiment, we applied a surface tilt angle correction to the
324 tissue sample by defining a three-point plane prior to the imaging experiment (49). All samples
325  were electrosprayed under denaturing conditions in a 60%/39.4% acetonitrile/water and 0.6%
326 acetic acid solution compatible with both protein extraction and ionization. All the experiments
327 were performed in positive ionization mode. The source conditions on the mass spectrometer
328 were set as follows: ESI voltage: 3 kV; in-source CID: 15 eV; S-lens RF level: 70%; capillary

329  temperature: 325 °C.
330 PiMSConditions and Data Acquisition

331 PiMS data acquisition was performed in the individual ion mass spectrometry (I’MS) mode
332 which has been described previously on a Q-Exactive Plus Orbitrap mass spectrometer (Thermo
333 Fisher Scientific, Bremen, Germany, fig. S1) (37). In particular, rather than collecting typical
334 ensemble ion MS spectra, ion signals were attenuated down to the individual ion regime by
335 limiting the ion collection time in the C-trap before injection into the Orbitrap analyzer. The MS
336 acquisition rate was set at 1 scan every 2 s. During PIMS data acquisition, proteoforms were
337 sampled by a nano-DESI probe producing multiply-charged ions distributed across multiple
338 charge states. To enable downstream 1°MS analysis, the majority of ions in one detection period
339 was collected in the individual ion regime, corresponding to a singular ion signal at a defined m/z
340  (or frequency) value. In particular, rastering line scans on tissue were performed at a reduced rate

341 of 2.5-4 um/s, which corresponds to a 5-8 um sampling distance between adjacent pixels. The
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342 nano-DESI solvent flow rate was kept at 600 nL/s to allow for efficient extraction and dilution of
343 the proteins. The injection time for a specific set of tissue sections is typically optimized by
344 acquiring line scans on an adjacent section prior to an imaging experiment, and it may vary from
345 100 to 500 ms. For 10 um thin sections of human kidney tissue presented in this study, a 300 ms
346 injection time was employed for all the sections from the same subject. We note that for
347 extremely dominant proteoforms (e.g., hemoglobin subunits in this study), “multiple ion events”
348 were commonly observed. The strip step between the line scans was set to 150 um to avoid

349 overlap between the adjacent line scans.

350 Additional MS instrument conditions in the PiIMS experiment are mentioned here: the
351 Orbitrap central electrode voltage was adjusted to -1 kV to improve the ion survival rate under
352 denatured conditions. HCD pressure level was kept at 0.2 (UHV pressure < 2 x 10™** Torr) to
353 reduce collision-induced ion decay within the Orbitrap analyzer without completely losing the ion
354  signal. Additional relevant data acquisition parameters were adjusted as follows: mass range: 400-
355 2500 m'z; AGC mode was disabled and the maximum injection time was held constant at 300 ms;
356 enhanced Fourier transform: off; averaging: O; microscans: 1. Time-domain data files were
357 acquired at detected ion frequencies and recorded as Selective Temporal Overview of Resonant

358 lons (STORI) files (50). STORI enabled: Enabled.
359  PiMSData Analysis & Image Generation

360 lon images were generated using a MATLAB script developed in-house. Mass-domain
361  spectra were constructed by co-adding all individual ions obtained from the entire tissue section.
362 In specific cases where computation power was limited, charge assignment and image
363 construction were performed in sections with an upper limit of 50 million ions per portion. In the
364  first step, all ion signals were subjected to STORI analysis to filter out decayed and multiple ion

365  events. The neutral masses of the protein ions were calculated by:
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m
Mass = (; X z) — (2 X Myyot0n)

366  Charge state (2) is obtained from the slope of induced image current determined by the STORI
367 analysis (50). Accurate charge assignment of each ion was statistically evaluated by comparing
368  the slopes of its isotopologues across different charge states from the entire tissue section. In
369  particular, an iterative voting methodology was employed for filtering out ions with a lower
370 probability score in the process, which allows for the construction of mass-domain isotopic
371 distribution of a proteoform with statistical confidence. In this step, we utilized a Kernel Density
372 Estimation (KDE) approach to convert centroid masses of individual ions to uniform
373 distributions. Accurate masses of the isotopes were obtained from the center of the summed

374 individual ion profiles.

375 For image generation, ions composing the mass-domain isotopic envelope of a protein were
376 registered back to their spatial origins on the tissue section for PIMS image generation. A +10
377 ppm isotopic mass tolerance was used to select individual ions for image generation. A raw image
378  was first generated using absolute ion counts at different x-y locations. In the kidney PiMS
379  images presented in this study, each pixel was constructed from three adjacent MS scans
380  corresponding to ~10 um x 150 um area. The raw image was normalized using a total ion count

381 matrix, which accounts for the fluctuation of sampling conditions at different locations.
382 Intact Mass Tag (IMT) Search & Gene Ontology (GO) analysis

383 The summed mass-domain PiMS spectrum was converted to .mzML format and processed
384 using a custom version of TD Validator (Proteinaceous, Evanston, IL) implemented with an MS*
385 IMT search function. The PiMS spectrum was shifted by +4 ppm according to the accurate
386 masses of six MS/MS identified proteoforms in the 20-50 kDa mass range. A human protein
387  database constructed from top 500 most abundant proteins in a bottom-up proteomics study of

388 human kidney tissues was used for the search (Table S2). Methionine on/off and monoacetylation
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389 were considered as possible proteoform modifications in the database. IMT search was performed
390 with a £5 ppm mass tolerance. Additional proteoform matches were curated by spectrum
391 inspection and manual annotation of putative modifications recorded in Swiss-Prot human
392  proteome database. The final 169 proteoform matches include MS/MS-identified proteoforms and

393 all IMT-identified proteoforms discussed above.

394 Gene Ontology (GO) analysis was performed using Metascape (https://metascape.org/)
3905 (51). Specifically, a list of Entrez Gene ID was retrieved for the 169 identified proteoforms on
396  Uniprot and submitted to Metascape for GO analysis. The result contains the top-level GO

397 biological processes.
398  On-tissue top-down proteomics data analysis

399 Targeted MS/MS experiments were performed on a tissue section adjacent to the imaged
400  section using higher-energy collisional dissociation (HCD). In the first step, a target proteoform
401 was selected in the mass-domain spectrum. We utilized the PiMS image of the target proteoform
402 to select a target area on the section where the proteoform abundance is enhanced. For the
403  selected area, the mass-domain PiMS spectrum was convoluted back to myzdomain, from which a
104  proper isolation window that contains predominantly the target proteoform was selected. A 0.8
405 m/zisolation window was typically employed for most of the targets; in special cases, 0.5-0.6 nvz
406 window was used to avoid overlapping signal. MS/MS experiments were performed by scanning
407 the nano-DESI probe over the selected region with the selected isolation window at 2.5-4 pm/s
108  scan rate. MS/MS data acquisition was conducted in the I’MS mode with an Orbitrap detection
409  period of 2 s (HCD pressure setting = 0.5) (39). HCD collision energy and injection time was
410  optimized to maximize the population of individual ion fragments. Typical ranges of collision
411 energy and injection time used in this study were 7-14 eV and 200-1500 ms, respectively. Total

412 data acquisition time for each target varied from 1-5 hours.
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MS/MS data was first subjected to 1°MS processing for fragment ion charge assignment
and mass-domain spectrum construction following the same procedure as described above. Mass-
domain spectrum was converted to .mzML format subjected to MS? search function implemented
in ProSight Native (Proteinaceous, Evanston, IL) to look for possible candidates from the entire
human protein database. For each search, the top 1-5 candidates were manually validated using a
custom version of TDValidator (Proteinaceous, Evanston, IL) to identify the best matching

proteoform. Proteoform E-values were obtained from ProSight Native and TD Validator reports.
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Fig. 1. Illustration of the PiM Sworkflow for proteoform imaging and identification. The left
panel shows the scanning approach (top), detection of proteoforms in the mass domain (middle)
and image reconstruction (bottom). The right panel depicts the two approaches to identify
proteoforms using either direct fragmentation of proteoform ions and spectral readout by

individual ion MS/MS (top) or database lookup of accurate mass values (IMT, bottom).
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460  Fig. 2. Sum of mass domain spectrum obtained from PiM S of human kidney. (a) Full scale

461  PIMS spectrum in 5-72 kDa summed from 16700 MS scans; regions occupied by abundant blood
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162 proteins (hemoglobin subunits, albumin) are labeled in the spectrum; red asterisks denote the key
463 glycolytic enzymes found in the spectrum. (b) PiMS full spectrum in the 18-56 kDa range
164  zoomed in from (a); major proteins identified using a variety of approaches are labeled in the
465  spectrum; aside from glycolytic enzymes (red asterisks), enzymes involved in a few other major
466  metabolic pathways (Krebs cycle, gluconeogenesis, oxidative phosphorylation) found in PiMS are
467 labeled in the spectrum. (c) Theoretical (red triangles) and experimentally-observed (black trace)
468  isotopic distributions of the four glycolytic enzymes (labeled with red asterisks in (a) and (b))
469  together with their PIMS images depicted in a schematic diagram of the glycolysis metabolic
470  pathway. The cortex and the medulla of the kidney section imaged are labeled in the
471 autofluorescence image at top. Scale bar: 1 mm. Selected mass range of 22.2-22.7 kDa (d) and
472 41.4-42.1 kDa (e) showing identified proteoforms (spectrum in black, theoretical isotopic
473 distributions in color). (f) GO analysis of biological pathways found enriched in the 169 identified
474 proteoforms from the PiMS experiment shown in the -log(10)P scale.

475

476

Manuscript Template Page 22 of 33


https://doi.org/10.1101/2021.12.07.471638

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.07.471638; this version posted December 7, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

177

(a)
Monolsotople Mass: 25525.6 Da
Accession: P0B263-1
E-value: 2.5E-75

B854

Glutathione S-transferase A1

uﬂlﬂ”]

(T

12

16

20
Mass, kDa

PAackPKLMYFNARGRMES TRWLLAAA
GYEFEEKFIKSAEDLDKLENDGYLM
FAQalVlPMYE IDGMEKLVYOTRIAILNY 1A
SEYNLYGKDIIKERALIDMY IlEls 1Al
TUGEMUILILILIP VC P PEEKDAKILAL | KE
KIKNRYFPAFEKIVLIKSHGQDYLVGN
KLUISRADIIHLVELLYYVIEE LlIps slLlils

178 Mass, kDa

Vimentin

Monolsotoplc Mass: 53530.1 Da
Aocession: POSS70
E-value: 4.8E-106

Yaz1

y283

SFPLLKALKTIRISNLPTVEKIFLOPG
SPRKIPPMDEKSLEEARKI FRF

25

30

Y220
Y218

25.3 254

B243

279

280
Mass, kDa

179

25.5

35
Mass, kDa

BsTrRsvssSSYRAMFGIGIPGTALSRPSS
ISRSYVTTSTRTY[SLGSALRPSTSRLS
LYASSIPGGYYALTRSISAVRLRSSVIPG
WRLLAlP S VIDFISILADAIITNTEFENTRT
MEKIVELQEILNDRFAINYIITDKVYRFLE®
QNKLI LLABELEQLKGQGEKSIRLGDILYH
EEMRE LRIRQVDIQLTNDKA|IRVEVERD
MLAEDI MRLREKLGEEMLOQREEJAJEN
1Mo S FIRADYIDNASLARLDILERKIVES
IlLoEEIAFLKIKLHEEE Il@aFILlclaqliaE
aHvalplViplvislk PlBLTAALRIEYRGIQY
ESVAAKNLOEAIEEWYKRSKFADLSEA
ANRNNDALRQAKQEISTEYRRl@aVESsL
TCIEVDALKGTHEISLERQMREMEIE NIF
TAIVEAANYQDTIGRLQPE IQNMKEEM
ARMLREYQGODILLNVKMAILD I E]I ATYR
KLLEGEESR|SLPLPMNFSISLNLRET
NLDS|LIPLYD|THISKRTLLIKTYETRD
GOVINETSQHHBDLE

40

Y221

2841

Manuscript Template Page 23 of 33


https://doi.org/10.1101/2021.12.07.471638

180

181

182

183

184

485

186

187

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.07.471638; this version posted December 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fig. 3. On-tissue identification of proteoforms by MS/MS. Two representative human kidney
proteoforms, glutathione S-transferase Al (a) and vimentin (b). The PiMS images of the two
proteoforms are shown on the top right of each panel along with an autofluorescence image of an
adjacent section as a reference. On the bottom left of each panel, expanded regions of the
fragment spectrum are displayed with the major matching fragment ions annotated. GFMs are

shown on the bottom right of each panel. Scale bar: 1 mm.
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190  Fig. 4. Kidney Proteoform Maps. Optical (a) and autofluorescence (b) images of adjacent
491 human kidney sections containing the cortex, medulla, and vasculature regions; (c) PAS staining
492 of an adjacent section from the same kidney; (d)-(j) PIMS images of individual proteoforms that
493 selectively illuminate different anatomical regions and cellular neighborhoods, the name and
494 UniProt accession of the proteoforms are depicted next to the images with their color scale.
495 Composite image of (k) apolipoprotein A-1 (blue), glutathione S-transferase A2 (red), and
196 albumin (green); (l) glutathione S-transferase A2 (blue), alpha-crystallin B chain (red), and
497 Transgelin-2 (green); and (m) glutathione S-transferase A2 (blue), alpha-crystallin B chain (red),
498 and vimentin (green). Scale bar: 1 mm.
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Fig. 5. Mass spectrometric detection of gene differences. (a) Autofluorescence and PiMS
images of alpha GST enzymes of the human kidney section (b, d, and e). Mass domain PiMS
spectra of ~25.6 kDa range (c) shows GSTAL & GSTA2 enzyme proteoforms. The GFMs of the
two proteoforms of GSTA2 from a known biallelic cSNP are shown in (d) and (e) below the
PiMS images. The sequence variation of the two cSNP GSTAZ2 proteoforms are highlighted in the

GFMs in blue.
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Table 1. Proteoformsidentified by on-tissue MSMS.

09

Protein description Gene Accesson | PFR Observed mass
Alpha-crystallin B chain CRYAB | P02511 PFR00000325920 20200.47
Superoxide dismutase [Mn], mitochondrial SOD2 P04179-1 | PFR00000001332 22204.25
Membrane-spanning 4-domains subfamily A member 4A | M4AA4A | Q96JQ5 N/A 25431.57
Glutathione S-transferase Al GSTA1l | P08263-1 | N/A 25540.66
Glutathione S-transferase A2 GSTA2 | P09210 PFR00000432952 25573.626
Glutathione S-transferase A2 GSTA2 | P09210 N/A 25587.64
V-type proton ATPase subunit E 1 VATE1 | P36543-1 | PFR00000053332 26055.743
Apolipoprotein A-1 APOALl | P02647 N/A 28078.5
Adaptin ear-binding coat-associated protein 1 NECAP1 | Q8NC96-1 | N/A 29764.03
N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 | DDAH1 | 094760 PFR00000058601 31031.95
Malate dehydrogenase, mitochondrial MDHM | P40926-1 | PFR0O0000002776 32999.46
Glyceraldehyde-3-phosphate dehydrogenase GAPDH | P04406-1 | PFR00000001134 35921.4
Glyceraldehyde-3-phosphate dehydrogenase GAPDH | P04406-1 PFR00000001124 35950.39
Fructose-1,6-bisphosphatase 1 FBP1 P09467 PFR00006225388 36724.76
Actin, cytoplasmic 2 ACTG1 | P63261 PFR00000001511 41660.74
Actin, cytoplasmic 1 ACTB P60709 N/A 41660.74
Actin, cytoplasmic 2 ACTG1 | P63261 N/A 41716.67
Alpha-enolase ENOA P06733 PFR00000001065 47078.34
Vimentin VIME P08670 PFR00000001800 53561.13
Albumin ALBU P02768 N/A 66438.68
Mesothelin MSLN Q13421-3 | N/A 70900.52
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Theoretical mass | Mass accuracy, ppm | Sequence coverage | E-value M odifications

20200.46 0.50 35% 1.06E-131 | Acetyl@N

22204.27 0.90 16% 2.08E-58 truncation 1-24

25431.5 2.75 4% 2.66E-12 Met-off, acetyl@N, phosphoryl@S
25540.67 0.39 15% 2.50E-75 Met-off, acetyl@N

25573.63 0.16 17% 1.38E-57 Met-off, acetyl@N

25587.64 0.00 20% 8.64E-87 Met-off, acetyl@N, 114 Sto T
26055.77 1.04 14% 4.16E-54 2-225, alpha-amino acetylated residue@N
28078.53 1.07 17% 1.70E-65 Truncation 24-266

29764.21 6.05 18% 3.52E-75 Omega-N-methyl@R180, methyl@N
31031.95 0.00 16% 1.28E-74 Met-off, acetyl@N

32999.49 0.91 18% 6.08E-94 Truncation 1-24

35921.41 0.28 14% 4.48E-76 Met-off

35950.07 8.90 14% 8.64E-63 Met-off, dimethyl@K65

36724.82 1.63 22% 1.12E-121 | Met-off, acetyl@N, 217 Rto K
41660.82 1.92 24% 1.12E-154 Met-off

41660.78 0.96 24% 3.84E-160 | Met-off, acetyl@N, methyl@H72
41716.84 4.08 20% 1.73E-115 Met-off, acetyl@N, methyl@H72/K83
47078.36 0.42 12% 1.60E-74 Met-off, acetyl@N

53561.13 0.00 16% 4.80E-106 | Met-off, acetyl@N

66438.78 1.51 3% 8.32E-22 Truncation 1-24, disulfide bonds all Cys,
67980.42 N/A 7% 1.60E-45 Met-off, acetyl@N

510
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