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Chapterl:l nt roducti on

(Parts of this chapter are reproduced and reused with permission from Pade, L. R., Stepler, K.

E., Portero, E. P., DeLaney, K., & Nemes, P. (2024). Biological mass spectrometry enables
spati otempor al 6omi cs: From tomets Reviswst48(l),c el | s
106-138.)

Contribution:L.R.P.reviewed the literature, drafted the manuscript, and revised the contents.

Interdisciplinary efforts sculpted mass spectrometry (MS) into an indispensable tool in the
molecular study of life processes. Virtually all levels of the molecular architécftoen genes

to transcripts to proteins to peptides to metabdlitesn now be masured using this technology,
some in exquisite detail. MS detection and quantification of proteomes, peptidomes, and

met abol omes (6omes) expanded the analytical
generate and test new hypotheseshis work,we harnessed the capabilities\ to study

critical processes during vertebrate embryonic development. The ability tottietesands of
proteins and metabolites from biological specimamwidesa unique opportunity texplore the

expression of molecules thgivern cellulasignalingand drive embryogenesis.
1.1Biological question and research motivation

The overarching goal of this work is to uncover heterogeneity in proteomic expression within the
embryo that regulates tissue induction and cell differentiaionan embryo to develop

normally, cells need to constantly communicate with each other to divide and form different
types of tissues and orgammuring gastrulation, such signaling is steered by a group of cells
called the organizer within the embryo.Xenopusthe SpemaniMangold Organizer (SMO) is

an important signaling center establishedmiyearly development, it guides neighboring cells

to form the neural tissue and it is responsible for dorsoanterior patterning during embryonic

t



developmentRig. 1.1A).! Identifying proteingproduced in the SM@ill provide insightsinto

how embryonic cells are instructed to form neural tisSodurther understand tissue
differentiation at later stages after the formation of three germ layers (endoderm, mesoderm,
ectoderm), i.e., post gastrulation, we aim to study a subset of neural crest cells called cranial
neural crest cells (CNCs)h€& neural crestellsare sometimes referred tothg fourth germ

layer because dheirimportanceThis group of multipotent progenit cells is derived from the
ectoderm and maintains their stemness at later stages. These cells migrate and differentiate into a
variety of cell types and tissues such as osteocytes, pigment cells, connective tissue, sensory
ganglia, glial cells, and smdotmuscle tissueHig. 1.1B). CNCs specifically give rise to neural

and nonneural tissues in the head and jaw regionesfebratesAlterations during CNC
development are known to cause severe congenital détdetstifying proteins during normal
CNC development can help uncover mechanisms involved in the differentiation of stem cells

into various tissue typ€s.
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Figure 1.1. Key processes during embryonic developm@it SMO establishing central
nervous system (CNS) and ventral mesoderm in an-statye embryqB) CNCsdifferentiate
into different tissue types. Reproduced from referetfces

1.2 Xenopusasa biological model

Our group uses the South African clawed friggr{opus laev)s a vertebrate biological model, to
study molecular processes during normal and impaired developiable A1 highlights select
publicationghatdemonstrat¢he study of neurodevelopmental questigiasproteomicaising
Xenopusacross different scal¢see Append)xXenopuoffers several advantages that make it a

valuable model to study embryonic development. It is an established tool to model human
3



diseases as it shares a close evolutionary history with and is genetically similar to humans. Over
~90% of human disease genes have homolojsmopuspeciesFemalescan be stimulated

with gonadotropin hormone to lay eggs (80@D0) all year round. Embryos fertilize and develop
externally, allowing close observation of early embryonic development. Furthermore, eggs are
large (1.2 mm diameter) and have large embryaoglis ¢~250um). The large size of the

embryonic cells with stereotypical pigmentatiordaleavages permits easy identification and
experimental manipulation such as injection of dy@dmorpholinos. Another experimental
advantage of th¥enopusnodel is the known cell fate of early embryonic céleproducible

fate maps are available for embryoshat 16 and 32cell stage!! These maps can be used to

trace different tissue lineages during development. Embryonic development is fast and
temperature dependéfivhich allows the study of important biological events during
embryogenesis such as nbthstula transition, gastrulation, neurulation, and organogenesis in a
short time frame. As my research aims involved studying tissue differentiation during early
embryonic development, the amphibian spec¢iesopugproved to be an invaluable model as it
enabled high throughput collection of tissues from important developmental stages and allowed

timing proteomics experiments to developmental milestones
1.3MS Meets Research Needs

Life processes respond to intrinsic and extrinsic events with complex and dynamic molecular
changes across broad spatial and temporal dimensions, and measuring these perturbations is key
to their understanding. Systems biology promotes holistic undenstgamalipart, by

characterizing all types of molecules and their potential interactions from organismal to
subcellular scales. Vast signal amplification via polymerase chain reaction (PCR) facilitated

nextgeneration sequencing of minute amounts of trapiscand genes, thus leading singé
4



sequencing to become quasutine. Subcellular RNAeq, for example, recently uncovered
transcriptomic differences between the cell body (soma) and dendrites in individual GABAergic
and glutaminergic neurons during biological functiSnsaising the question of subcellular
heterogeneity for functional molecules downstream of transcription. Without technologies
capable of amplifying whole proteomes to metabolomes, information from sequencing is often

used as a proxy for the proteome.

However, the relationship between mRNA expression, protein production, and metabolism is
complex in dynamic systerfs Positranscriptional anetranslational regulation as well as

protein turnover rates contributedovidely variable correlation between transcription and
translation. This relationship is further complicated by processes occurring heterogeneously in
space and time, as was recently found during cell cultt¥risiginal transduction between cells

and neurons, differentiation of stem cells and developing orgaifisinsancer invasion and
metastasi$, and responses to drug treatm&tSimilarly, bioactive peptides and metabolites,
which also carry out important physiological functions, are the results of interconnected
molecular pathways, complicating their predictions from information upstream. Elucidating
these molecular relationgis over spacéme is important for understanding states of health and

disease, but this goal requires direct detection of proteins, peptides, and metabolites.

MS, especially highresolution MS (HRMS), emerged as the technology of choice to bridge this
knowledge gap. It integrates exceptional molecular specificity with a capability for
quantification, typically without the need for functional probes. Readerggtésl in the
fundamentals of MS and HRMS, ranging from ion generation to mass analysis, are referred to
recent review®. From tissues and cell cultures, hundreds to tens of thousands of biomolecules

are routinely assessed in discovery studies with temporal resolution, witbameplete
5



coverage of proteom&%?, For example, HRMS on tw@¢2-D) and threedimensional (D)

tissue cultures of human embryonic stem cells (hESCs) and induced pluripotent stem cells
helped delineate molecular pathways critical for cell differentiation, cellular repair, and
degeneratioft?°. Quantitative HRMS on proliferating neuronal stem cells revealed proteomic
alterations between cellular and secreted proteomes in response to the microenvironment that
would be complicated to predict from the transcriptéintdRMS quantified ~2,800 proteins and
their temporal expression profiles at progressive stages of differentiation, offering a glimpse into
molecular mechanisms toward developing fgeterational celbased therapies such as cell
grafting?®. Similarly, metabolic profiling of naive and primed hESCs revealed alterations

epigenetic dynamics underpinning cell fate determin&tion

The adventofhigls ensi ti ve HRMS propelled 6éomics to dy
systems. This group of technologies integrated existing approaches and invented new ones to
accomplish tracéevel sensitivity, sufficient to probe molecules at phymiadal concentrations.

In doing so, they also allowed for scaling the spatial and temporal resolution of analysis to the
specific biological systems and questions at foEigure 1.2 conceptualizes broad
spatiotemporatiomains that contemporary HRMS ideato address. With sample collection
capable of spatiotemporal scalability, higgnsitivity HRMS opened even more investigative
possibilities. Rapid sampling enabled HRMS to assist studies on fast biochemical processes,
including those underpinning celdu processes. For example, methods of sampling with duty
cycles lasting minute® seconds can collect cellular materials even within d 435nin cell

cycle in cleavagstage embryos, as shown from the South African clawed Xegaopudaevig

in Figure 1.2. Sampling over minutes to hours brought molecular studies to important

physiological processes, including the maintenance of circadian cycles, feeding, and response to

6



stress (see examples later). Additionally, scalability in physical dimensions raised the possibility
of capturing spatial information on the distribution of molecules in specimens on the order of
millimetersto microns. Mass spectrometry imaging (MSI) played an important role by enabling
the mapping of proteins, peptides, and metabolites across biological tissues, supporting studies
on exploring their functional roleand aiding drug discovery. Profiling and imaging HRMS

were recently adapted to subcellséructures. Chemical labeling enhanced spatial resolution to
the domain of interacting molecules, thus vastly enhancing knowledge of the biochemistry

underlying biology, such as signaling between neurons in the brain.

These various advancements expanded spatiotemporal HRMS to further support basic and
translational studies. Nexgjeneration separations, enhanced analyzers, and intelligent data

acquisition strategies facilitated molecular identifications and quantificition minute

amounts of materials. Thousands of proteins and metabolites can now be measured, even from
single cells. For targeted proteins, heagment tagged antibodies extended HRMS to MSI and
singlecell resolution. Novel mathematical algorithmsgeslprocessomplex primary data in

depth. Usefriendly software packages and communitigle efforts to freely share them aided
adoptability across | aboratories needing sens
applicationsn basic biological and translational studies. Molecular information from these
measurements holds answers to existing questionsugbrtsnew questions and hypotheses,

which in turn require further advances in all aspects of technology and method development.
Effortsinpu suit of sensitivity, scalability, and 0

technological toolbox, thus accelerating the scientific cycle of exploration and discovery.

Over the last decades, technological advances broke down classical limitations in detection limits

(sensitivity), speed, and scalability to enableanalysis of limited amounts of materials. This
7



chapteroffers examples of innovations that extended8 s e d

spatiotemporal organization of diverse biological systems at the realms of the organism, organ,

6omics to

tissue, cell, and organelllnovations across all stages of the MS workf(g@ample collection,

study

preparation, detection, and data analysis), as highlighted here, have contributed to expanding the

development of newer approaches tailored to address specific challenges faced in this work.
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Figure 1.2. Understanding biological processes hinges on the analysis of molecular
heterogeneity that they orchestrate over broad spatial and temporal ddReaierst
technological innovations and the development of specialized methodologies in sample
collection and preparation, chemical separation, and HRMS analysis and detection provide
sufficient sensitivity and spatiotemporal resolution for studying molecular mexes the levels

of transcri

pt omes,

prot eomes,

p-deppenind o me s ,

information content. Information from these studigslsbasic and translational research
forward. Representative examples are highlighted frérolevorganismal to subcellular studies.
Adapted with permission frof#?’.
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1.4 General Workflowof MS-based 6 Omi cs

For spatiotemporal analysi$iet interconnected steps of the analytical pipeline are presented in
Figure 1.3. During sampling, specimens, such as tissues and cells, are collected and lysed to
release their contents by a variety of methods and technologies, with each tailoring to specific
benefits. The lysate is typically enriched for the biomolecules of integst as proteins or
metabolitesandthen subjected to various sample clegpurification steps to render

compatibility for instrumental analysiVarious technologies are used for separation in solution,
such as liquid chromatography (LC) and capillary electrophoresis (CE) or the gas phase, such as
ion mobility spectrometry (IMS). The biomolecules are next ionized, detected, identified, and
guantfied by HRMS. An array of fragmentation (tandem/multistage MS) and anatigtector

systems provide complementary speed and spectral resolution, ranging from quadrupoles to
time-of-flight (TOF), orbitrap, and Fouridransform ion cyclotron resonance (ER). The

primary data from these measurements are processed and analyzed, usually with specialized MS
bioinformatics software packages supporting identifications of proteins, peptides, metabolites,
and their posttranslational modifications as well as relativésolate quantification. Statistical

and multivariate models from chemometrics allow for systematic evaluations of the observed
effects between different experimental conditions under study. The results are interpreted in
relation to canonical knoedge and the biological context. In successful investigations, the
specifics of each step of the workflow are matched to the goals of the study, usually according to
the following considerations (rec&llg. 1.3). The following sections focus on technologies that

advanced spatiotemporal analysis in different biological specimens.
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Figure 1.3. General experimental workflow and representative technologies enabling
spatiotemporal MSScalable sample collection and processing allows for probing biological
specimens across broad dimensions in space and time. Separation in the liquid and/or gas phase
reduces spectral complexity. Higlesolution mass analyzers, tandem/multistage fragmentation,

and efficient detector systems support molecular identificationgmspecificity and

guantification in high sensitivity. Development of advanced tools from bioinformatics and
chemometric$acilitatesthe analysis and interpretation of MS data wsplatiotemporal insights.
Technological abbreviations are in the text.

A. Sample Collection

The type of question and biological system at hand de facto determines the method of sampling.
In tissues displaying heterogeneous biochemistry, such as braikilaegs local sampling

with accuracy ensures contaminativee analysis from neighboring cell populations, thus aiding
the interpretation of results. Likewise, sample collection with singleresolution unmasks
differences between single cells (cell hetermgty) within the same tissue, which are otherwise

obscured due to signal averagingidg cell pooling. As exemplified iRigure 1.4, various
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strategies were developed to collect and purify tissue biopsies, small populations of cells, single

cells, or subcellular fractions of interest with different speeds and operational conditions.

Dissection
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' Laser A wm»f;o. MsCeII I)(s?t:: | ;f‘
— \ - ". OU.TO\JL(’U 805
7\ %L‘, Single |° p
0000 30 @ : ! )
U 0000 3 cells 1 MetRS tRNAMet Peptides
FACS T-probe BONCAT
Electro-
u/u/physiology
CE-MS?
32-cell 64-cell il L_L |-'-L
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Tissue
Microdialysis = MasSpec Pen Microsampling Patch-Clamp

Figure 1.4. Representative strategies enabling scalable spatiotemporal sarbplierge
technol ogies enabled HRMS with scal able opera

systems andhvestigative contexts, ranging from ex vivo to in situ to in vivo analyses from small
populations of cells to single cells to subcellular organelles. Technological abbreviations are in

the text. Adapted with permission fré#i’.

i. From Biopsies to Single Cells

Manual dssectionis simple and can have high accuraayrgial tools ranging fromsharp

forcepsto tungsten needles to eyebrow knives, are readilytallapo excisingdistinct regions
11



of tissues. Dissection techniques, for example, enablexsolation of spatially distinct colon
tumor biopsies from humat¥sbrain tissues from the moigdarge single celf$*! and small

cell population® from developingX. laevisembryos, neurons from. californica®®, and distinct
regions of nervous tissue fro@allinectes sapiddé. Labeling with dyes or fluorescent reporters
enhances the accuracy of dissections under a microdeéigpee 1.4 demonstrates one such
example, where identified cholinergic neurons frAntalifornicawere dissected, permitting

transcriptomic analysis to study agifg

Spatially resolved sampling reveals information on the whereabouts of the biomolecules. With
narrow focusing and adjtablepower (fluence), lasers naturally became a method of choice in
this research field. As illustrated Higure 1.4, laser capture microdissection (LCM)
concentratesfrared or ultravioletight to lift off small tissue areas groups of cellso single

cells €.9.,3i 5 um in size)with a capability for resolutions down to micrometérsCM-based
HRMS facilitated biological studies on genes, proteins, and metabolites in broad contexts
including cancer biopsiésand recently singkeell proteomic®. For smaller cell populations or
dispersed cells, alternative strategies enhance the fidelity of sanfbmgcytometrybased
techniquessuch as fluorescenaetivated cell sorting (FACS)vereemployed in several studies

to puiify heterogeneousell population$™°. As illustrated inFigure 1.4, FACS enables accurate
and highthroughput purification of cell populations to single cells based on fluorescent markers.
Although specialized cytometease able tsort particles ranging from 0.2 [irh50 pm in
diameteycommercial FACS instrumentsually have a lovpass limitof ~20 um cell

diametet®.

ii. Subcellular Organization

12



For targeted subcellular analysis, distinct organelles may be isolated using various approaches.
Sequential lysis of cellular compartments aedsitybased centrifugatioare weltestablished

for cells and cell types from multiple biological modélsganelles such as nuclei, mitochondria,
peroxisomes, lysosomes, and the Golgi apparatus can be separated based on $haipsaed
surface chargés Biochemical approaches and bioinformatics provide alternatives for
subcellular analysessatope tagging (LOPIT) and hyperLOPIT preclddige need foabsolute
organellepurification by taking a multipronged approach, in which organelles were partially
separated into multiple fractions using multistep density centrifugation for multiplexed
guantification via LEHRMS, followed by deep machine learning to extract infornmadio the
subcellular localization of detected proté€i#SI| techniques such as mierand naneprobe
HRMS with bioinformatics emerged for precision organelle analysis, precluding the need for
physically isolating microscopic organell&@patial single nuclear metabolomics (SEAM)
integratedTOFSIMS with novel computational data analysis modufeg.(L.4) to identify and

localize single nuclei with variable metabolic patterns in healthy and fibrotic liver¥issue
iii. In Situ/Vivo

In situsampling can take a molecular snapshot of the tissues or cells under innate conditions with
minimal external perturbations during collection. As illustrateBigure 1.4, thefast

photochemical oxidation of proteins (FPOP) method utilizes-iaseiced photolysis of

hydrogen peroxide to irreversibly label proteins in their native state within a cell, thus enabling
studies on protein structure and folding and prepeoatein ineractiond?. Chemical labeling
enablegheisolation of molecular partners in interactiongoddthogonal reactiongor example,

usea wide array otlick chemistry tcanchorspecific biomolecules without disturbing the

intracellular native environmerioorthogonal noncanonical amino acid tagging (BONCAT),
13



Figure 1.4, enabledhetracing of newly synthesized proteins by incorporating bitztgged
noncanonical amino acids in the nascent proteins with falipwaffinity purification or imaging
by fluorescence microscopy The approach recently allowed for tracing tumor cell proteome in

ductal adenocarcinoma in the motise

Samplinginvivoe xt ends HRMS 6 o mi ¢ sdyhamicamsleslygngs t he mol e
physiological stateszigure 1.4 shows examples af vivo probes capable of minimally invasive
sampling. Microdialysis was used to access molecular information on physiologically relevant
timescales (e.g., from minutes to hours) in functional, behavioral, and clinical studies.
Representative examples helped dier the roles and spatiotemporal dynamics of
neuropeptides and their role in feeding using SfaBsdecisioamaking and drug response in
rats®, and the tumepromoting impact of radiation in glioblastoma using human xenografts in
mice’’, as well as clinically for cerebral metabolic analysis of human patients with aneurysmal
subarachnoid hemorrhage among otffeta theclinical setting, desorption electrospray
ionization (DESI) andMasSpec Pe(Fig. 1.4) gained recognition faheir ability to downscale
microextraction inte< 10 pL of water droplebntissue regions of interest, even in
morphologically complex sampf&s®®

Microsamplingconfined to capillaries and nanochannels downscales sampling to the realm of
cells and organelles. Whole cells, portions of a cell, or subcellular contents may be aspirated
using precisiorfabricated capillaries, usually with assistance ftoamslationstages and
microscopy. Early on, for single cells, livédeo MS with direct ESI detected metabolites from
single adherergmbryonic fibroblastmousg and plant cel&®%, T-probe Fig. 1.4) profiled
metabolic perturbations in HeLa cells on anticancer treaffyamid laser ablation electrospray

ionization (LAESI) surveyed secondary metaboliteAlium cepacells under guidance by

14



optical microscop$?. To detect deeper into singtee | | 6 0o me s, camliecambised mp | i n g
with high-efficiency separations prior to situivo HRMS. By aspirating <5% of the total cell
volume using a pulled borosilicate capillary, proteomic and metabolomic cell heterogeneity was

found in embryos oK. laevisand zebrafist: 6465,
B. Sample Preparation

Sample preparation can make or break studies requiring trace detection, and those addressing
spatiotemporal processes are no exception. Specimens encompassialist singlecells, or
subcellularorganelles providenly micro- to picogram quantities aftartingmateria$®’8,

Processing such limited amoumisses nontrivial challenges randlingminusculevolumes

without solvent evaporation and with minirrtatno losses for proteins, peptides, and

metabolites due tsurface adsorptidf The following sectiorhighlights developmentshat

ushereHRMS t o spatiotempor al 0 downtothe singleellands mal |t

subcellular leveWwith a special focus on proteomics.
i. Proteomics

HRMS provides critical information on proteomes during statéeealth and diseasklethods

and technologies enablingtiom-up, middledown, and toglown proteomicsre able to

identify and quantify broad types pfoteirs, assess thestructure gauge theiinteractions, and
determinamodificationsduring biological processes in space and tiDeep proteome coverage

is an enabling feature of botteap proteomics, which is the most widely used of the three
workflows. Figure 1.5 shows thedetailed workflow of bottorup proteomicsltn this approach,
proteins are enzymatically digestetb peptides, which can be efficiently ionized and sequenced

to pinpoint their source proteins using advanced bioinformdttocsusands oflifferentproteirs
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can be identified at once using this approach, even from limited sample amounts. Complex
spatiotemporal processes were studied using this appab#tod organismal to subcellular levels
in developmeri?L, neurosciencé’3, and various disease stdf&/S. The information fromhese

measurementgrovides the foundation for hypothesdriven and functional studies.
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Figure 1.5. General steps of HRMBased proteomics K. laevisembryos and tissueBroteins
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peptide demonstrated is from protein Cop9. Discovery and targeted approaches enable high
throughput screening and biomarker discovery. Key: FC, fold changetigticihpvalue
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HRMS-based proteomics executes multiple analytical steps with each able to affect sensitivity.
Lysis, extraction, reduction, alkylation (of disulfide bonds), enzymatic digestion, and desalting
are routine stages of sample processing requiring care feedirsampled-or singlecell
measurements$or instanceMS-compatible detergentsxdmechanicalysis methods (i.e.,
freezing/thawing or laser pulsem)dexclusion ofreductionandalkylationeliminated the need

for downstreantlearrup, reducedhonspeciic adsorptive losses, and dilutfdn’® Select

strategies enabling higfidelity proteomics are presentedkigure 1.6 and discussed further.

fiOnep ot 0 s tonfiadd ehg anaysicaltepsto a single location. For amoulimnited
samplesimmobilization of molecular processing aretudion oreliminaion of sample

transfes proved particularly beneficial. For exampelaided sample preparation (GASP)
suspension trapping filter {Brap)’®, andfilter-aided sample preparation (FASR)sal gelsand
filter membranesrespectively, to reduce sample transfer steps and improve coverage from
hundreds of micrograms of proteBy miniaturizing and confining sample processing using a
multi-well plate, nmicro-FASPwas able tadentify ~3,400 proteins from ~200 ng tifeyolk-free
proteome fromisgle blastomeres that were isolated from eatiggeX. laevisembryo&. As
illustrated inFigure 1.6, single-cell proteomics byMS (SCoPEMS) limited sample processing

to one pot, allowing for multiplexed proteguantification among single célls

Capillary-based systems may serve as alternative substrates forctiglampling and
processing. As shown iigure 1.6, The ntegrated proteome analysis device (iPAD) directly
supplieda suspension diving cells (iPAD-100) foronlinecell lysis, protein digestion, and
peptidedesalting and trapping al0-port valvebasedsystem on a commercial nanoLC,
identifying ~600650 proteins from a single injection of 100 cells (~10 ng protesimg

nanoLGHRMS?®2. In pursuit of celheterogeneity, iPAEL (Fig. 1.6) used an ultranarrolore
17



analytical column to identify ~270 proteins from a single HelLa cell (220 pg proteome) in 1 h of
analysis with nanoL@HRMSE. Microfabricated devices present a natural settingiforp e t 0
workflows toward sensitivity and advanced measurement throughputugtsatedin Figure

1.6, nanodroplet processing in one pot for trace samples (nanoRMi&)jurized the processing

of 100 cells to a single mammalian cell onto narmedls onmicrofabricated glass chspsing

nanolites of reagents for degproteomic&*3°. NanoPOTS also enabled proteomics on single
sensory hair cedl measuring-0.631 pL in volume, facilitating the study of cell differentiation
chicken embryd¥. Nested nanoPOTS (N2yrayed multiple wells tenhance measurement
throughout for multiplexed quantification using naneHEMS?’. Recent efforts sought to

further refineonepot sample preparation strategies to make the seagp effective and allow
scalable sample preparatjas was recently reviewedfhAutomated preparation in one pot for
trace samples (autoPOTS), the latest upgrade of nanoPOTS, now allows automated processing of
1i 500 cells using only commercially available instrumentation for sample processing, making it
widely adgtablé®®. Similar strategiealso emergetbr top-down proteomicsDetection of intact
proteins provides insights infwoteoforms and PTM$ Freezethaw lysisandnon-ionic
surfactanbased extractiofrom ~200brain cellsenabledspatial topdown proteomics$or ~400
proteoformsbetween th@ptic tectum and telencephalon regionshefzebrafish braitf. Further
advancements technology raise exciting potentials to leverage proteoforms as biomarkers of

disease®.
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il. Peptidomics and Metabolomics

While analyzing enzymatically digested peptides (i.e., botiprproteomics) provides
information about the proteomic content of a cell or biological sample, endogenous peptides
such as neuropeptidean provide additional insight into key biological processes, particularly
related to the nervous and neuroendocrine systEnese peptides are synthesized from larger
proteinsvia enzymaticcleavageand their biological activity is often distinct from the
preprohormone or precursoelated peptidéd Peptidomics consists of peptidgtraction

filtration, via molecular weight cutoff filtration, and desalting prior to MS analysis. A critical
19



aspect of this processtise deactivation of proteolytic enzymes to prevent peptide degradation
and achieve highly sensitive peptidomics analyses, which caccoeplishedby flashfreezing
the tissue immediately after dissection, heat stabilization, or acidification. Acidification is
particularly effective for deactivating proteases when the acid is in an organic solvent (e.g.,
acidified methanol or acidified acetonitril@s while proteases are deactivated by the low pH,
large proteins are precipitatéom the solution. For examplegidified methanol was recently
used to successfully extract neuropeptides from single mollusk nearaiing sequencing of
peptides in the cytoplasm and nucleus of the neurons and identification of differences in peptide
abundances based on subcellular loc&8tigxternatively, MSI strategies are popular for direct
measurement and spatial localization of bioactive peptides, particularly in limited samples
sampling with a focused laser beasquires minimal sample preparatigret yields asufficient
amount of analytes for ionizati@nd detectionDevelopment of validated protocols made

sample preparation for MSI straightforwaadd robusf1°%,

High-sensitivity MSbased metabolomics can be streamlined to deliver high reproducibility
facilitating both absolute and relative quantification of metabolites. Common sample preparation
protocols in metabolomics include quenchafgnzymatic activityanalyteextraction,

purification, desalting, and/or chemical derivatization prior to separafiosodeepen

metabolite coveragéhe detection sensitivity can be improved by tailoring the chemical
composition, pH, and temperature of the extraction soheematch the chemical properties of

the compound classes of interest (e.g., amino acids, lipids, nucledtidesxample, a
discoverystudyin E. coliculturereported that polar solvents (e.g., water, ethanol) in

combination with high temperature effectively extracted hydrophobic and hydrophilic

metabolites as compared to less polar solv@nts,acetong®2 Several advancder cellular
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and subcellulasample preparatiowere developedncludingoptimized extraction solvent

mixtures$®, on-column preconcentration or sample stackiitf®, and microfluidic device$®.
C. Separation

To facilitate molecular detection in the collected specimens, chemical separation usually

precedes HRMS measurement. Separation provides another layer of cordppandent

information, the time of separation, to aid molecular identifications. It alss h&lpmize or

eliminate chemical interferences during ionization and detection, thus improving sensitivity and

the confidence of molecular identifications. Further, by spreading the chemical complexity of the
sample over time, separation enhances theefity of duty cycle utilization during tandem and
multi-stage MS, which in turn deepens ttede¢ableand quant i fi abl e porti on
section highlightapproachesshown inFigure 1.7, that facilitate spatiotemporal studies on

limited specimens, ranging from cell populations to single cells to organetieg some form

of separation.
i. Liquid Chromatography

As a result of extensive research in stationary phase chemistries and engineered systems capable
of withstanding high pressures, automation, and commercialization, LC becamaitisgeam
separation technology for HRMS. Virtually all types of proteins, peptides, metabolites, lipids,

and drug molecules can be separated usingegtormance LC, or HPL¥"1% Reversed

phase liquid chromatography (RPLC) employing paelied stationary phases withs

chemistriesig. 1.7) is efficient in resolving peptides and hydrophobic metabolites including

lipids, whereas Cor Cs chemistries were found to work well for intact proté&nhe
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development of hydrophilimteraction LC (HILIC) extended analyses to small and polar

molecules, including neuropeptides, amino acids, and giffaltd

Combining orthogonal mechanisms of separation enhancesserastive analyses. Higher
theoretical plate numbers resulting from the hyphenation of multiple dimensions of separation
deeperthe molecular depth of detection. The multidimensional protein identification technology
(MudPIT) recognized these fundamental advantages for batpoproteomics early on by
supplementing strongationexchange (SCXyith reverseegphase chromatograpHy. To reduce
thesalt load from SCX, a modification of the approach used RPLC chemistries in both
dimensions, first to fractionate at high pH (e.g., pH®, then to separate each fraction at the
conventional low pH (e.g., pH 3). High pH fractionation doubled the overall depth of the
detetablephosphoproteome from mouse cell lines compared to SCX, identifying over 30,000
phosphopeptidés. For limited cell populations, for example, this approach recently yiglded
70% improvement in the coverage of the measurable proteome, allowing for the molecular

characterization of the developing neural ectoderm during embryod®nesis

Recent advances in high performance LC (HPLC) extended HRMS tdewerasing amounts

of materials Fig. 1.7). To reduce analytical requirementsatfew micrograms to nanograms of
proteomes, newgenerational columns enhanced the peak capacity of partition chromatography
by packing narrowbore columns (inner diameters <5®) with small silica particles (< gm).
These columns operate at nanoflow rates (< 50 nL/min), thus concurrently reducing sample
dilution and increasing ionization efficiency towardisasensitive detection. Recently, 36874
protein groupdecame identifiable from a single HelLa cell (< 150 pg) using flow rates of ~20
nL/min through anishousep acked nanoLC col umn WithiG 20 & m

100-fold improvement in sensitivity over narrelwore packed columns (~150 pm inner
22



diameter), these continuous developments in HPLC were recently adopted to microfluidic
systems capable of automating lossless sample preparation, such as nahoRC8ress the

challenge of protein loss

New-generation LC columns overcame challenges associated with packing narrow columns with
robust performancds illustrated inFigure 1.7, open tubularmonolithic,andmicropillar array
columns (UPACYeduced band broadening and increased peak capacities using flow rates
decreased to nanolitaio sub nanoliterper minuté!®. The resulting enhancements in separation
improved sensitivity and reproducibility for tratevel proteomis and peptidomis'®”1%8 11535

well as metabolomid&>18, Capillary monolithic columns with 12 nL/min flow rate enabled
theidentification of over 2,300 proteins from 1 ng of HeLa ditf@sElows on the order of

picoliters per minute throughmarrowopen tubulacolumnswith ~2 um inner diameter recently
elevated identifications te1,000 proteins from 75 pg &hewanellaneidensigdryptic digest

which was equivalent to half the amount obtained from a single Hel!4cell

Improvements in LEESI interfaces played an equally important role in advancing the sensitivity
of analyses. In the conventional ESI interfaces, the LC eluent is fed through a metal emitter or
pulled glass capillary, and sufficient potential differencesisiblished between the spray tip and
the mass spectrometer to formtaldeelectrosprayFigure 1.7 shows the impact the onset of
different spraying regimes has on spray dynamic and MS ion signal when the ESI potential was
adjusted. The relative ion sigls, stability, and chemical composition of the electrospray are all
impacted by alterations in the spraying regime. As illustrated, thejebregime generates

small droplets continuously, thus maximizing ionization efficiéficyhe interface called

UniSpray Fig. 1.6) places an impactor rod of high voltage between the grounded capillary tip

and inlet of the MS to facilitate electrospray ionization of the primary electrosprayed droplets,
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thus boosting S/N for neuropeptid&sFollowing the scaling laws of ESI, emitter tips with
submicrondiameters (e.g., ~0.6 um) were recently demonstrated to improve protein and

oligonucleotide sensitivity by efficiently reducing their formation of clusters and adéfucts
ii. Capillary Electrophoresis

While LC is a powerful separation method for complex biological samples, separation with CE
can offer distinct advantages. Unlike HPLC, CE separates charged compounds in solution based
on differences in their electrophoretic mobilities. With typical sarapfesumption on the order

of a few nanoliters, this technology is a natural fit for voluared masdimited samples. Several
methods allow for efficient preoncentration of analytes via-aolumn sample stackiff. With
largevolume sample stacking (LVSS) using a dynamic pH junction;@ltilenhancement in
sensitivity Fig. 1.7) enabled the detection of 5,700 proteoforms inBbeherichia coli

proteomé® and peptides from the rerangiotensin system in the paraventricular nucleus of the
mouse central nervous systéfmUItrasensitive measurements also benefited from the
innovation of specialized CE ion sources for HRMS. The development of low gloeatind
sheathless interfaces supported the coupling of CE with electrospray ionization (ESI) HRMS,
reviewed elsewhet& 128 Figure 1.7 highlights representative GESI interfaces that enabled
stableand sensitive CEESI operation using blustip and taperedip metal as well as
microfabricated borosilicate and fused silica emitters. These cdstdhCE-HRMS instruments
extended these measurements to attomole to zeptomole to yoctomole leveldbofitesi@nd
peptides from limited samples and broad types of biological m@eiéf8*** Integration of CE

with orthogonal HRMS technologies opened exciting new directions in basic research. CE

HRMS with CE modées®and LCfractionatio*® deepenethedetection of proteomes.
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iii. lon Mobility Spectrometry

Gasphase ion separation provides speed and added resolution to aid molecular detection. With
ion mobility separations taking less than 100 milliseconds, ion mobility can be nested into most
liquid-phase separations prior to HRMS detection. Most IMS teciesi yield information to

enable the calculation of collision cross sections (CCS), which serves as a cordppendent
information to aid molecular identifications. This approach enabled the elucidation of compound
classes with large molecular diversitygluding D- and L-amino acid containing peptidééand
neuropeptides of the renangiotensin system in the paraventricular nucleus of the mouse central
nervous systei®. IMS techniques combined with other separation techniques, such as HPLC, to
help distinguishsomers, isobars, and conforme#s a dual separation device and chestge

filter, field asymmetric waveform IM8FAIMS) increased unique peptide identifications by

~30% and doubled the number of quantifiable peptides overviSrexperiment frortHEK293

cells due to a Hibld enhancement in ion signal abundance and improved utilization of MS/MS

duty cycles®.
D. Mass Analysis and Detection

Spati al HRMS 0 o mi-exganding aordy ioftteshndlogicalrmnavatiens. i | |
Development of specialized ion optics enabling efficient ion collection and transfer (e.g., ion

funnel) as well as systems integrating rgeneration mass analyzers,itiigprs, and ion

detectors (e.g., TOF, orbitrap, FTICR, SIMS) ushered in a new era of sensitivity (detection

limit), speed, and spectral resolution for limited speciméns.at i ot empor al O0omi cs
benefited from advances in tandem MS with increasingughput, sensitivity, and specificity.

An intelligentdata dependent acquisitioR[PA) method monitored the elution order of peptides
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based on prior discovery measurements to target tandem MS events, resulting in 80% more
protein identifications than the stand&fdin parallel, instruments with multiple fragmentation
cellsopened the door to using structurally diagnostic fragment ions to trigger sequential or
multiplexed dissociation toward deeper sequence coverage. The advatainfidpendent
acquisition (DIA)remedied limited tandem MS duty cycles during DRAproximately

doubing the number of neuropeptideslimited neural tissugH.

Spatial HRMS provides several strategies for quantification (rEizalll.3). Both labelfree
guantification (LFQ) and labddased quantificatiowere adapted to limited specimens in the
context of spatiotemporal biologyFQ usesspectral counts, peak intensities, or peak aeas
estimate the abundance gbfeins, peptides, and metaboliteishout barcoding*142 A

reduction in sample processistgps aids analytics on trace amounts of samples, as was
reviewed recenth3. To enhance throughput, labehsed quantification may integratable
isotopes during sample preparatiorvivo (metabolic labeling) om vitro (chemical labelingjo
enablemultiplexing as was reviewed elsewh&feLabelbased quantification became quasi
routine for highthroughput quantification across broad spatial and temporal processes, lately
even for single cellsThe carrier approach pioneered the usanfiémmasstags (Thermo Fisher
Scientific)in abundance to boost tandem MS on isobarically tagged protein digests from single
cell® while theusage of a sacrificial protein helpestiucenonspecifiproteinlossesduring

sample preparatiofy.
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Figure 1.7. Advances in separation and ionization aided the chemical analysis of limited
amounts omaterials Reducingthe size of packing materiathe diameter of LC columnsnd
newer generation columns minimittes dispersion of molecules for high sensitivity during
chromatography. Diverse stacking methods boost sensitivity during capillary electrophoresis.
Specialized technologies and methods improve ion yields during electrospray ionization by
controlling the sprang regime, charging of droplets, and reducing analyte dilution.
Technological abbreviations are in the text. Key: OR, orifice of mass spectrpietéaylor

cone; FASS, LVS abbreviations are in the text. Adapted with permissiofftémmt223, 126, 129,

131, 145146
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E. Data Analysis

Bioinformatics plays a critical and enabling ralespatiotemporal HRMS. This field of HRMS
yieldschallengingdata, not only in terms @omplexity and sizéut also metadat® assess

relation to space and time. General steps for aladitysis include raw data process(fenture
extraction or identification)data preprocessing, statistical analysis (quantitative information
and gene ontologfGO) annotations (qualitative information). Data from imaging microscopy
(optical to electron) and functional tests, including electrophysiology and behavioral assays,
complementhemicald at a f omigawitMiSformation on the biological phenotype.
Chemometrics is pivotal for the interpretation of metadata from spatiotemporal HRMS (recall
Fig. 1.3). This field of research offers various solutions for statistical and multivariate analyses.
For exampleyolcano plots are widely used to exammeleculardifferencesdetween spatially

or temporally distinckample types. Unsupervised and supervised dimensionality reduction and
clustering algorithms such as principal component analysis (PCA), linear discriminant analysis
(LDA), t-distributedstochasticneighborembedding(t-SNE), hierarchical cluster analysis

(HCA), heatmaps, kand fuzzymeanclugeringare broadly addpbleto exploring systematic
molecular differences between samples, such as types of tissues @afeMare packages like
MetaboAnalyst*’, Perseu¥® (Tyanova et al., 208), Orangé*® andlOAT° provide user

friendly platforms for performing such analyses. These and sthgsticaland data
visualizationpipelines help generate and test new hypotheses laividle of proteomes,

peptidomes, and metabolomes in biological processes occurring in space and time.
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F. Summary

|l nterdisciplinary efforts maoladvande basRdM8 O o mi c s
translational research and also understandirmological processes occurring in space and time.
These developments are the result of still rapidly progressing interdisciplinary and collaborative
efforts innovating essentially all steps of biological HRMS. Inventions of specialized strategies,
equipmet, and miniaturization to collect and process samples with speed and high fidelity is
pivotal for studies on limited ardi/namic biological systems. Advances in chemical separations,
ionization, ion transfer and accumulation, and HRMS detection increase detection sensitivity and
measur ement t hr oug h p intreasinglyiinersspatiabancetemiporalj 6 o mi ¢ s
resolutiors. Continued developments in data acquisition andfusedly software packages to

handle the resulting complex data promise to further deepen the detectable and quantifiable
portion of proteomes, peptidomes, and metabolomes from trace amounts wiesiecsrand

challenges in the acquisition, integration, and distribution of complex data from spatiotemporal
mult-o omi ¢cs pose grant challenges and exciting o

holistic understanding of life processes.
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Chapter2:Di | ut e forEDeieplker Pr éOtegd mitced:
Carrier for Limited Populations of

(Thischapteris reproduced and reused with permission from Pade, LLdtpardBanek, C.,
Li, J., & Nemes, P. (2024pilute to Enrich for Deeper Proteomics: A Ydllepleted Carrier for
Limited Populations of Embryonic (Frog) Celllournal of Proteome Researcli(2), 692-703)

Contribution:L.R.P.collected and prepared the samples for proteomic analysis, analyzed the
samples via LAVIS, performed data analysis, interpreted the results, drafted the manuscript, and
revised the contents.

2.1 Abstract

Abundant proteins challenge deep mass spectrometry (MS) analysis of the proteome. Yolk, the
source of food in many developing vertebrate embryasiplicates chemical separation and
interferes with detection. We report here a strategy that enhances-ogtiomoteomics in yolk

laden specimens by diluting the interferences using adeiketed carrier (YODEC) proteome

via isobaric multiplexing quaification. This method was tested on embryos of the South

African Clawed FrogXenopus laevjs where a >90% yolk proteome content challenges deep
proteomics. As a proof of concept, we isolated neural and epidermal fated cell clones from the
embryo by dissction or fluoresceneactivated cell sorting. Compared with the standard
multiplexing carrier approach, YODEC more than doubled the @dtiec. laevisproteome,
identifying 5,218 proteins from D11 cell clones dissected from the embry@80&o of the

proteins were quantified without dropouts in any of the analytical channels. YQREGigh

pH fractionationquantified 3,133 proteins from8,000 V11 cells that were sorted from ca. 2
embryos (1.5 ¢ g-freeqprtotadme), mankingh &80d imprgvementlink

proteome coverage vs the standard proteomics approach. About 60% of these proteins were only
guantifiable by YODEC, including molecular adaptors, transporters, translation, and

transcription factors. While this study was tailored to limpegulations oXenopusells, we
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anticipate the approach of Adil ute ttabletenr i cho

other biological models in which abundant proteins challenge deep MS proteomics.

2.2 Introduction

Abundant proteins are a major challenge to the deep characterizatiorpoftdmme In MS, the
modern technology of choice for proteomics, hagimcentration proteins interfere with
essentially all steps of the analytical workflow. During the bottgpymost common approach,
peptides that result from the digestion of abundant proteanease the chemical complexity of
the sample, limit the efficacy of molecular separation, and suppress the ionization of low
abundance signals! Concurrently, the resulting increase in the dynamic concentration range
weakens the coll¢ablesignal due to dilution and promotes the exclusion ofilo&nsity ions

from sequencing in favor of those of high concentration duringddgdandent acquisition

(DDA). Abundant ion signals can also be redundantly fragmented, further burdening the duty
cycl e o'tscansSSewt @l strategies have been developed to remedy these challenges. For
example, multidimensional separation seeks to spread sample complexity over time to better
utilize the bandwidth of tandem M, Specialized datacquisition methods can also help
reduce detection biases through the use of exclusior fstgsted DDA laddéradvanced

precursor ion selectiohDIA acquistion,® or widewindow DDA’

Challenges in protein detection due to abundant molecules transcend across the taxa. Ca. 75% of
the mammalian proteome is comprised@ 300 housekeeping proteins of high abundance,
including but not limited to albumins, immunoglobulins, haptoglobins, and transferrin in tissues
and plasma>3In the popular embryonic models of cell and developmental biology and

neuroscience, such as the fddgnopusspecie®”, zebrafish®®, and chick®®, the interfering
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proteome is generally molecularly less diverse, nonetheless more severe than their mammalian
counterparts. For example, yolk proteins make up >90% of the total proteome by concentration
at the early stages of developmenXinaevist®“**° The measurable depth of proteome coverage
consequently suffers in many ways, primarily driven by interferences during chemical
separation, ionization, and detectiéf!®® Despite significant efforts in developing methods and
technologies, interference from abundant proteins has remained a bottleneck for deep MS

proteomics.

Protein depletion has long offered a successful means of mitigating such interferences. Various
techniques have been introduced to remove abundant proteins for discasedyor targeted

MS, especially in serum and plasma. The method of Digestion andtDepbf Abundant

Proteins (DigDeAPr) leveraged abundawependent digestion kinetics to reduce abundant

proteins in plasm&*1%2The popular dye Cibacron Blue binds to albumin, helping to remove

D40T 50% of this protein in serum or plasma. Nc
reported, for example, causing losses to the signaling proteins such as junction plakoglobin and
complement component C7 and &3Alternatively, perchloric acid is commonly used to

precipitate plasma proteins with simplicity and high througffiifo enhance the molecular
specificity, i mmunoaffinity reagents may | eve
capture on a stationary pha&§e'%® Likewise, the M13 phage library has been conjugated to

magnetic microspheres to enrich the plasma protédhhmmunoaffinity liquid chromatography

(LC) columns may integrate multiple antibodie
improving LGMS protein identifications by 25% relative to the crude human plad&sain

columns employing similar biochemistry provide a convenient platform for removing 14 targeted
proteins as part of the modern proteomics workflB¥Dffering nonspecific fractionation,
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columns integrating strong cation exchange and revgrisasig RP) chemistries have also been

introducedt’®

Approaches based on the isolation of subcellular organelles can also simplify the proteome.
Several membranous organelles and nonmembranous assemblies compartmentalize in eukaryotic
cells. Such components can be fractionated or enriched using ultracetioifuor gradient
centrifugationt’ For exampletheisolation of nuclear, cytoplasmic, and cell membrane

fractions has enabled spatial mapping of proteirsssieady state and activated human T ¢éfis.
Mitochondrial enrichment from rodent heart and muscle cells has perthigteldaracterization

of the local mitochondrial proteome due to respiratory insufficiéhtgimilarly, in the yolk

laden amphibian, fish, and chick models, analytical workflows may exploit the innate biology of
protein storage to deplete abundant proteins. For example, zebrafish and chick embryos can be
readily dissected away from the yolk shcthe Xenopusspecies, yolk makes up >90% of the

total proteome in every cell of the embryo to fuel early development, where it is segregated into
pl at el e tnssize disparseditiroughout each E&8Physical methods, such as sucrose

based centrifugatiomaveenabled the purification of the yolk storad&1’*This approach,
commonly referred to as fiyol k dB30%,bédostign, 0 has
identifications from 679 to 1,727 proteins in cell lineages in the develdpitapvisembryo!*

However, organelle isolation, including yolk depletion, does not scale well to small amounts of

specimens.

A fastgrowing number of investigations seek to measure limited proteomes #*High
ultrahigh sensitivity, (partially reviewed in the literattité’) for example, from tissue biopsies,
small cell populations, single cells, and even subcellular domains. Consequently, various

strategies have been developed to advance sample preparation and MS detection to increasingly
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smaller amounts of starting materials. Gy and microfluidic techniques such as nanodroplet
processing in one pot for trace samples (NanoP8%3) limit adsorptive losses, sample

transfer, and processing volumes. Recently, microPOTS has identified over 1,500 proteins from
200 esophageal cells, delineating stiessiced proteomic changé$.Similarly, filter aided

sample preparation (FASP) confined the steps of sample processing and cleanup onto a filter
membrane, detectiri4,000 membrane proteins from a single mouse hippocahihiusthe

method Single Cell Proteomics (SCoP#)multiplexing barcoding has been utilized with a
Acarriero pr ot e ob3d00rotains aneohl,#00 single macrophdges and
monocytes?! Although these strategies have improved sample preparation and data acquisition
toward evetlower sample amounts, their designs do not address interferences from abundant

proteins.

Our goal in this study was to deepen detection and quantification towaablavdance proteins
from limited cell populations in th€enopusspecies, where a dominant subcellular yolk
proteome has historically hampered MS proteomics. We sel¥ctadvisas the biological
model due to its important implications for health studies (reviewed in the liter&tii)e
including but not limited to normal and diseased developthantl emerging prominence in cell
differentiation?® tissue inductiort! regenertion,*? and neuredevelopment? Our previous
depletion of yolk platelets reduced more tiE0% of yolk content td>30% and improved
proteome detectiotf. Through mathematical modeling, we predicted that spiking of the
endogenous proteome with an isobarically tagged-gefieted (YD) proteome dilutes yolk
peptides faster than nonyolk peptides. We reasoned that this approach, which we termed yolk
depleteccarrier(YODEC), would therefore enhance detection and quantification for nonyolk

and lowconcentration proteins from limited popudats of cells, where mechanical depletion
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becomes too difficult to scale. We developed and validated the analytical framework of YODEC
using the commercial Hell@roteome as the benchmark. The methodologydeasonstratedn
embryonic cells (blastomeres) that are contained in neural and epidermal tissue fated cell

populations we dissected or isolated by fluoreseetivated cell sorting (FACS). Our results

1]

from this study suggest t hY©DECtcande genenalizesl pnd o f
applicable also in studies where limited amounts of specimens with interference from abundant

proteins challenge the measurapteteome coverage.
2.3 Experimental Section

Materials and ReagentsLC-MS-grade solvents and reagegrade chemicals were purchased
from Fisher Scientific (Pittsburgh, PA) or MilliporeSigma (St. Louis, MO). Trypsin protease
(MS- -gradg, HelLa protein digest standard (Pierce), TMT10m&baric labeling reagent set,

and green fluorescent dextran (FD, Alexa Fluor 488) were purchased from Fisher Scientific.

SolutonsFor embryo cultures and dissections, 1009
were prepared according to established protdédBor FACS, embryos were dissociated in the
Modified Newport 2.0 bufféf’and suspended in 374 mL of 11 ph
containing 2% (w/v) bovine serum albumin (BSA). The yolk depletion buffer was prepared

following previous publication®® 83The conventionaproteome lysis buffer contained 1%

(v/v) sodium dodecyl sulfate, 150 mM NaCl, 5 mM EDTA, 20 mM Tris hydrochloride, and a

protease inhibitor cocktail (Halt, Thermo) at 1x final concentration in the buffer.

Animal Care and Embryology. A breeding colony of sexually mature adult male and ferdale
laevisfrogs (Nasco, Fort Atkinson, WI) was maintained and handled humanely following

protocols approved by the Institutional Animal Care and Use Committee of the University of
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Maryland (approvals ®OEC-17-57 and RFEB- 21-07). Embryos were obtained via
gonadotropirinduced natural mating and dejellied as reported elsevfferaio-cell embryos

with stereotypical pigmentation were chosen and cultured to Hoelllétage (Nieuwkoop and
Faber stage 5¥*in 100% SS. The neursissuefated animaldorsal midline (called D11) and
epidermally destined animakentral midline (called V11) cells were identified based on
pigmentation, size, and location in the embryo in reference to established and repraeiicible
fate maps in this modé&Their descendent lineages were fluorescently traced via injection of the
Alexa Fluor 488 dye following our previous wofkR.The embryos were cultured in 50% SS and
monitored under a stereomicroscope using epifluorescence (model SMZ18 with B GFP

filter, Nikon Instruments Inc., Melville, NY).

Cell Collection and Proteome Preparation We tailored the methods of cell isolation to the

goal of each experiment in this study. YODEC was developed and refined using the D11 cell
clone, which we were able to dissect reproducibly from si@g@eurula) embryos under a
fluorescence stereomicrogm The YODEC approach was scaled to the fluorescently labeled
V11 lineage that required isolation using FACS, yieldd29% starting proteome material
compared to the D11 tissue biopsy. For FACS, the embryosdigs@ciated in the Modified
Newport 2.0 buffer and the resulting cell suspension was transferred to LoBind tubes
(Eppendorf) for pelleting at 4@Gat 4 °C for 5 minbefore suspension in 1x PBS containing 2%
BSA (to prevent aggregation or cell adsorption on vial surfaces). The fluorescently labeled cells
were sorted into glass vials containing 1x PBS with 2% BSA. The cells were pelletg&{(400

°C for 5 min) and rinsed with 1x PBS three times to remove excess BSA. The remaining PBS

solutonwasremovedyp pi petti ng, and the resulting cel

until further processing. Whole embryos at the same developmental stage (stage 13) were used to
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prepare the fAcarriero proteome. The yol k pl at
centrifugation in a sucrose buffer following previous proto&s®The dissected tissues,

sorted cells, and carrier proteome were processed conventionally for tugtprateomics. The

peptide mixtures resulting from trypsin digestion were barcoded with TMTs following the
experimental conditions provided Trable 2.1 Optionally, the chemical complexity of the

sample was reduced via highl RPfractionation in a spin column following a protocol

established by the vendor (Pierce kit no. 84868, Thermo Fisher Scientific).
Table 2.1. Design of multiplexing barcoding experiments using tandem mass tags (TMTs,
Fisher).

Isobaric barcoding for the HeLa proteome digest and D11 lineage dissected from X. laevis (stage
13):

) X. laevis D11 or HeLa Carrier/Analyte

Experiment .
Analyte Proteomes Proteome Ratio

T™MT 126 127N 128C 129N 130C
channel
No carrier 1.5 1 1 1.5 No
1x carrier 1.5 1 1 1.5 1x
2x carrier 1.5 1 1 1.5 2%
4x carrier 15 1 1 1.5 4x

Isobaricbarcoding for the V11 lineage that was sorted from X. laevis (stage 13) by FACS:

) X. laevis V11 Carrier/Analyte

Experiment .
Proteome Proteome Ratio

TMT channel 126 127N 128C 130C
No carrier 1 1.5 1 No
Carru_ar: Ng 1 15 1 Ax
Fractionation
Carrlgr: Wlth 1 15 1 ax
Fractionation
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Mass Spectrometry About 1eg of total TMT-tagged peptides was separated on a nanoflow
liquid chromatograph (Dionex Ultimate 3000 RSLC, Theymite peptides were loaded onto a
C18 trapping column (106m inner diameter, Bm particle size with 100 A pores, 2 cm length,
Acclaim PepMap 100, Thermo) in Buffer A (EKS grade water, 0.1% formic acid) at a rate of
10 eL/min for 10 min.RP separation was conducted on a C18 columre(@nner diameter, 3

em particle size with 100 A pores, 25 cm length, Acclaim PepMap 100, Thermo) using a 150
min stepped gradient ramping Buffer B (IMS grade ACN, 0.1% formic acid) at 300 nL/min as
foll ows: %0 10% in 10Gnin5to 26.5% in 135 min, to 80% in 2 min, held at 80%

for 3 min, then ramped to 5% in 5 min, and equilibrated at 5% for 15 min.

The peptides were electrospriayized and detected on a quadrupgiole trapOrbitrap tribrid
ultrahighresolution mass spectrometer (Orbitrap Fusion Lumos, Thermo). Theflvano
electrospray ionization (ESI) source was prepared from a tapprsihinkesssteel emitter
(150/30em outer/inner diameter, Part no. ES542, Thermo). We adopted a multinotch MS
method?® to identify proteins based on M8agmentatiorand quantify them based on MS
measuring the reporter ions. The survey {M$ans were perfored at 120,000 FWMH

resolution in the Orbitrap analyzer (Max IT, 120 ms; AGC target, 4£xdints; microscans, 1;
dynamic exclusion, 30 s). Using DDA, the precursor ions were isolated with a 1.2 Da window
(x0.6 Da) and fragmented in the collisiorduced dissociation (CID) cell in helium gas at 35%
normalized collision energy (NCE). The tanderass spectra were acquired in the ion trap
(AGC target, 1 x 1Bcounts; max IT, set to auto mode; microscans, 1). The top 20 MS
fragments were isolated via synchoois precursor selection and dissociated further with higher

energy collisional dissociation (HCD) in nitrogen at 65% NCE. The generatédpd&tra were
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acquired at 15,000 FWMH in the Orbitrap analyzer (AGC target, 5 gdits; max IT, auto

mode; microscans, 1).

Data AnalysisTh e pr i ma"rdata wdr8 prdd&ssed in Proteome Discoverer version 2.2,
Thermo Scientific) with SEQUEST searching againsi@bropus laeviproteome version 9.2
containing 46,000 entries downloaded from Xenbzmed the mRNAderived PHROG

databas¥® The search parameters were as follows: enzyme, trytpsingmber of missed
cleavages, maximum 2; fixed modification, cystetaebamidomethylatigrand TMT label,

variable modification, methionine oxidation; minimum number of unique peptides, 1; mass
tolerance for precursor masses, 10 ppm; and mass tolerance#&nalyi8ent masses, 0.6 Da.
Peptide and protein matches were filtered to <1% false discovery rate (FDR), computed against a
reverseesequence decoy database. Common protein contaminants waralljneemoved.

Unique and razor peptides were used for quantification. Proteins were quantified based on their
MS? reporter ion abundances. The resolution of chromatographic peaks was measured in full
width at half maximum (fwhm) using MZmine version 3.024with the Automated Data

Analysis Pipeline for the chromatogram build8© annotation waperformed in the

PANTHER classification system version 16%0.

Safety. Chemicals and biological samples were handled with care following standard safety
protocols. Personal protective equipment was used to handle chemicals and sharp items. Forceps,
needles, and nanoflow electrospray ionization emitters, which pose a nekdiagard, were

handled with care.

Scientific Rigor. We combined mathematical modeling and experimental validation to select

protein ratios between the sample and YD carrier channels (see Results and Discussion). To
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support YODEC development and validation, we eliminated biological variability (between
embryos) by pooling tissue biopsies and embryos. In each part of the study, the proteomes were
processed at the same time and by the same person to minimize varratiktysample

preparation. YODEC was validated against a sample prepared using a nondepleted carrier
(Contral), the closest reference approach for this study. The k#dl8ed V11 cells were used

to demonstrate proaif- principle for different proteomamounts and conditions of sample
collection. All experiments were conducted in 3 replicate measurements to aid statistical data
interpretation. Precursor protein abundances wetie-tcagnsformed and mediarormalized

between theXenopusand Hel a digests. The TMT reporter ion intensities in the analytical
channels were lag-transformed and meamrmalized for comparison between the control and

carrier experiments.

Data Repository. The MS data were deposited to the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange).aig the PRIDE partner repositd®with the data

set identifier PXD044787 and 10.6019/PXD044787.
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2.4 Results andDiscussion

The Rationalefori Di | ut e O0OtAs ouEpiot axpefiments revealdtatclassical yolk
platelet isolation is difficult to downscale, we propo¥&€DEC to be abléo improve detection
from limited proteomes by diluting the abundaotk interferencesThe yolk platelet pellet
obtained from a limited cell populatiavastoo smallfor usto aspirate th&D supernatant with

high recoveryand reproducibilitywithout disturbing the@ellet Figure 2.1).

Macro

Bulk Tissues

Limited Cell Population

Yolk
Pellet

Figure 2.1. Yolk plateletswerepelleted by centrifugatiofCompared to tissue biopsies (macro
image, left), limited cell populations (micro image, right) yielded yolk pellets that are difficult to
identify for accurate isolation of the deyolked supernatant.

In our YODEC approach, illustrated igure 2.2, the sample proteome digest containing the
abundant interferences is spiked with the same proteome depleted of the interferences, using
isobaric tagging to encodlee sample identity. Multiplexing barcoding also permitted relative
guantification across multiple analyte channels (e-gleging shown). Building on the recent
improvements from the use of a carrier protedfvee adopt t he terminol ogy
channel to mark interferendeee/reduced proteome, albeit with use in a notably different
context.Building on theprevious applications, where the analyte and carrier proteomes were
identical, our approach uses a carrier proteome that is intentionally diffienerthat of the

analyte; the carrier is depleted of abundant yolk platelets in YODEC. Because the depleted

carrier proteome can be prepared by pooling and scaled for addition to the sample proteome, we
41



envision this Adilute to enricho strategy t

amounts and specimens.
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Figure22.0ur experi ment al str at e gyepletéd (YDidarlien t e t
(YODEC). The example shows the fluorescent dextran (FD) labeling of identified +imsgse
fated D11 and epidermal precursor V11 cell lineages in the X. laevis embryo (stage 13). The
tight cluster of FDlabeled D11 cell lineage was dissected. Thel&igled V11 clone, which
scatters the embryo surface, was isolated through fluores@in@atel cell sorting (FACS).

The collected proteomes were processed and-Tagged, then mixed with an isobarically
tagged proteome digest prepared from a YD proteome. Theemampie analyzed using
nanoLGHRMS employing multinotch precursor isolation and M&&el quantification. Scale
bars, 250 em (gray); 2 mm (bl ack).

The X. laevisproteome served as an ideal model to develop and validate the approach for limited
amounts of proteomes, where the yolk is an omnipotent source of food for development and
troublefor MS proteomicsFigure 2.2 demonstrates YODEC on the dorsaimal midline

(called D11) cell, which normally develops into neural tissues and the epidermally fated V11
cell. These cells were identified based on pigmentation, morphology, and establisfeeé cell

maps in the 1&ell (stage 5) embry@Experimental SectignThesecells were microinjected

with fluorescent dextran to label their descendent cell clone through gastrulation at stage 13

(Experimental SectignThe offspring cells of the left and right D11 blastomere formed a tight
42
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cluster, which could be isolated by manual dissection (as desefimghert). In contrast,

cells of the left and right V11 lineages scattered the embryo too broadly and required
fluorescenceactivated cell sortingA populationof D80,000 cells wereollected fromD20
embryosin which both the left and right cells were labeled, and these cell populations were
diluted toD8,000 cells to tesinalyticalperformancedor limited proteomes that would typically
be available in a biologicatudy. The YODEC cmnel was prepared from YD embry@sl00

eg of YD protein amount fronD5 pooled embryos), barcoded differentially, and mixed with the
analytical channels (dissected D11 or sorted V11 ceélBgd total proteomgsee design in

Table 2.1, Method3. The resulting samples were measured by narElSCexecuting

multinotchedViS3-level quantificationExperimentalSectior).

Severe Interferences within theX. laevisProteome To assess the performance of YODE@ w
began by defining the analytical challenges that have so far hindered deep proteomics<in early
laevisdevelopment. We chose to benchmark proteomics in thelggdnXenopus laeviagainst

a commercial HeLa proteome, as this reference protéonwknown tosuffer fromas severe
interferencesThe Xenopugligest was prepared from neursi@ge embryos via standard

bottomup proteomics. The HeLa adanopugproteomedigests were mixed at equal amounts
based on a total peptide assay. The HeLa proteome (alone) and th&étepusnixture

proteome were each analyzed to assess the effect of major yolk background on HelLa proteome

detection.

The two detected proteomes were compdfreglire 2.3A maps the linear dynamic range of the
detected proteomes based on ldbet quantification (LFQ). The sample yielded 2,X2Taevis

proteins compared to 5,313 from HelLa. The amphibian proteome spah@@diaeswider
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guantitative dynamic range based on the calculated LFQ indices. Vitellogenin (Vtg) proteins, the
food source of the earljeveloping embryd® encompassed 80% of the total proteome based on

LFQ, with Vtga2.L and Vtgb1.L ruling the majorifip50% of thetotal proteome).

=y
(4,
1

x1 011 X. laevis MRGIILALLLAIAG SERTQIEPVFSESKTSWYNY EAVILNGFPESGLSRAGIKINCKVEISAYAQRSY
FLKIQSPELKEYNGVWPKDPFTRSSKLTQALAEQLTKPARFQY SNGRVGDIFVSDDVSDTVLNIY

Ovtg a H e La JRGILNLLQVTIKKSQNVY DLOEPSIGGICHTRYVLOEDSRGDRISIKATDFNNCHEKVFKGIGFEL|

A [TESCESCKQFHRNIRGTATY TYKLKGRDQGSVIMEVTARQVLQFTPFAERNGAATMESRQILVW]

230 P rote lns [TGSKSGPIHPPQIQLKNRGNLHY QFASELHQMPFHLMKTKSPEAQAVEVLQHLMKDTQQQIRE
IDTPVKFLALIQLLRSSDFEDLQALWKQFAQRTQYRRWLLDAIPMAGTVDCLKFVKQLIHNEELN
PYEAAVTITLALRSARPSQRAFQISTDFVQDSKVQKY STVHKAAILAY GTMVKKYCDQLSSCPE
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Figure 2.3. Interferences from abundant protei(®) Cumulative protein abundances in X.

laevis embryos and the reference standard HelLa, revealing vast quantitative differences in the
proteome distribution. Compared to HelLa, the dynamic concentration range of the X. laevis
proteome was 100 times wider based on LFQ and was dominated by enell¢ytg) yolk
proteins.(B) Example of Vtga2 yolk protein detection based on the sequencing of 101
experimentally identified proteotypic peptides (yello¢g@) Example of yolk peptides eluting

over the entire chroatographic separation. The size of each circle indicates the relative signal
abundance among the peptide iqiy. Comparison of the dynamic range of quantification
between HelLa and Xenopspiked HelLa proteomes following median normalization.
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Evenlong after yolk consumptiohad commencetb feedembryonicdevelopment, th&arval
proteome was still dominated @70% by these few yolk proteins based on our experiments in
this study. For comparison, the same 80% of the most abundant portion of the proteome was

contained byD230proteins in HeLgFigure 2.3A). As this tweproteome model recapitulated
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vast differences in protein concentration distribution between the species, it offered a reliable

reference to develognd validatey ODEC.

These copious Vtgerived peptides were anticipated to challenge MS proteomics in many ways.
Tryptic digestionin silico (PeptideMass, ¥pasy predictedhateach isoform of Vtgvould
produceD100 peptides on average. Experimentally,data setdentified D450 peptidesrom

four isoforms of Vtg. For example, 101 detected peptides were mapped to Vtgaz2, thus explaining
thehigh 60% sequence coverage for this profEigure 2.3B). As traced irFigure 2.3C, the

yolk peptides formed abundant signals over practically the entire range of the chromatographic
gradient. We tested whether this large peptide background afteeteeparation performance.

The distribution of chromatographic peak widttess D3-fold wider in the controthanin the

YD proteomedigeston the same LEHRMS instrumentAlthough theXenopusspiked HelLa

yielded a comparable number of HelLa proteins to the Helyacontrol(5,313vs 5,474
proteinsrespectively)there were quantifiable diffences in analytical performance. Up to

D15% of all peptide spectral matches (PSMs¥@mopuscontaining HeLa were from Vtg.

Spiking of the HelLa proteome wiXenopused to 30% fewer PSM#s shownn Figure 2.3D,

the detetableproteomes were normally distributed, with less proteome diversity quantified
across theomparable lineadynamicrange ofguantification inXenopusThese results illustrate

that the abundant yolk proteormepededdentificationand quantification.

Classical yolk depletiors prohibitively difficult to scale to limited cell populations. From whole
embryos centrifugationof the platelet$*® allowed 2,836 proteins to be profiled vs 1,453
proteins without. These results aligned with our previous doubling of proteins that were

detec¢ablein the developing neural ectoderm tissue at stage 10 using yolk depletion. Yolk
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depletion, however, is not exhaustié=rom whole embryos, we found the approach to still
preserve yolk proteins amounting@@5% of the total proteome by LFQ. This result fairs well

with our previous finding oD30% yolk remaining after depletion of the yolk platefétas

discussed earlier, these abundant yolk contaminants hamper proteome coverage. Another
difficulty with the approach of physical depletion is due to the manual finesse that is necessary to
scale to limited proteomes, suchdeveloping single cells and cell lineagexinaevis(partially
reviewed inthe literaturé®). For a tissue equivalent @6% of the embryowhich estimateso

the D11 and V11 lineage we target in this stuldg,yolkplatelet was barely visiblafter sucrose

centrifugation(Figure 2.1), astepnecessary for yolk depletian high fidelity.

YODEC Is Convenientand Scalable With only a single depletion step needed to prepare the
depleted carrier proteome, YODEC simplified experimentation and improved scalability toward
lower amounts of starting proteomes; once prepared, the YD carrier proteome could be spiked
into any amounof thelimited proteome. We set out to define the practical boundaries of the
method based on mathematical modeling of dilution as the analyte proteome is mixed with the
YD carrier proteome. Taking the LFQ abundances foomprevious study to initiate the

model** Figure 2.4A simulates the fractional composition of the proteome that would result
upon spiking the embryonic proteome witho 20 timesequivalent YD carrierin the case of
multiplexing quantification, thisatio was calculated by dividing tlaenount of proteome

contained in the carri@mhannel by théotal proteomeesulting fromall theanalyte channel§he
experimental design is presentedable 2.1 (Method3. As predicted, the addition of the YD
carrier helped dilute yolk interferencégga2 and Vtgb}, while enhancing signal abundance for
analytes noassociateavith the platelets (e.g., Stt3b, Rpl9, Nfsl). The calculation forecasts a

plateauing in these respective improvements starting with carrier lo8dstwhes the analytical
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channels. We considered this ratio as the boundary condition for experimentalitestiag

study.
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Figure 2.4. YODEC improves proteome coverage and quantifica{i@hFractional

composition of the X. laevis proteome upon progressive dilution with thedggleted

proteome from in silico modeling (black) vs experimental testing (red). For a proteome mixture
containing TMTF barcoded X. laevis proteome at a 1.5:1:1:1.5 analytitial iacreasing carrier
proteomes (B) reduced PSMs on yolk peptides and (C) improved the number of quantifiable
proteins. (D) Comparison @O assessment of molecular function for proteins that were
guantified without (Control, inner cirdend with YODEC using a-tbld carrier load
(Experimental, outer circle). Closg inFigureS2. Identical GO categories are coded in the
same color between the control (inner circle) and experimental (outer circle) cases

We studied the model with multiplexing barcoding quantification. For this portion of the study,

the D11 lineage was selected, because its descendent cells form tight clusters in the embryo that
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can be accurately dissected following our established prottfdeéilgure 2.2 presents the
fluorescent labeling of the clone in the neurula (stage 13) embryo. The YODEC carrier was
prepared from a pool of whole embryos at the same developmental stage. To facilitate method
testing, we removed biological variability in this portidrtlee study by analyzing in technical
replicates 1§ = 3) a shared reference proteome digest (yielBitigh £g per experiment). To
establish quantitative performance, the control sample proteomessoleseicallybarcoded and
mixed at a 1.5:1:1:1.5 ratiaging theTMT channels 126, 127, 128, D2¢hen spiked with a
differentially TMT-tagged YD carrier proteome dige$MT channel 130atanequivalent,

double, or quadruple amount of the net proteome amorantigte channsl Results from the
experimental datéFigure 2.4A) confirmedthedilution of the total yolk to #40% fraction of

the total proteome while enhancing the signal for other peptides, such as Stt3b, Rpl9, and Nfsl
whichwe randomly selected as examples. As tracétguare 2.4A, the expamental protein
concentrations agreed with our theoretical predictions. Dilution witNEhearrierimprovedthe
economy of PSMs for sequencingnyolk peptides. Based on these results, we ascribed the

basic working principle of YODEC to concentration dilution.

Protein identification and quantification improved with YODEC. Between the technical
replicates, the cumulative identifications improved from 2,053 (Control, without YODEC) to
4,285 proteins using YODEC with afdld carrier loadFigure 2.4C shows the number of

proteins that had quantifiable values in all analyte channels with increasing amounts of the YD

carrier.

As shown inFigure 2.4D, the proteins carried out a broad range of molecular processes and
biological functiongseeAppendixfor closeup images They participate in pathways

controlling thecell cycle, cell division, RNA processing and splicing, mitochondrion
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organizationrespiratorychain complex I, microtububased processes, actin polymerization

and nucleocytoplasmic transpddome of these proteins were only deabtdusing YODEC
(compare inner vs outer circle§ntology (GO) annotation found no det&otedifferences in

the subcellular distribution of proteins that were quantified in the control vs YODEC (4x carrier)

experimen{seeAppendixfor closeup image.

Figure 2.5 visualizes the overlaps between the control and experimental conditi@hauidl 4x
carrier). YODEC using a-fold carrier load provided the best overall performance. The
percentage of proteins that were quantified without missing values in any of the analytical

channels remainebnsistentat D80% between all the experiments.

2%

Figure 2.5. Overlap of proteins quantified by YODEC at different carrier amofntdyte
channels were mixed with the carrier tagged proteome at 1x, 2x, and 4x the different
carrier/analyte ratios. Nearrier (NC) served as the reference.-Foldl carrier helped quantify
749 proteins uniquely.

These data suggested improved quantification for Edwndance proteins. YODEC allowed us

to quantify several proteins that had significantly lower abundance than the distribution mean
based on the calculated, loegnormalized, and meatentered datéFigure 2.6). Furthermore,
increasing YODEC carrier loads maintained good analytical reproducibility, with the accuracy of

relative quantification averaging 12.5% error for 1:1 and 1:1.5 proteome mixtyf@gure
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2.7). These results demonstrated deepened quantitative proteome coverage with good

guantitative robustnessy YODEC.

*
180- m -
I\ o Quantified Only
. 1\ in the 4% Carrier
R g |
S A Control
8 riilifity/
45/
0

5 6
Log,(RI Int.)

Figure 2.6. Protein quantification by the control vs. YODEIhe reporter ion signal abundances
were logl6normalized. The control and the YODEC data were medamalized. Using a-4

times deyolked carrier proteome, YODEC was able to quantify proteins that were undetected in
the control. These newly quantifiable proteins populated the lower comttemtrange of the
proteome.
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Figure 2.7. Accuracy of quantification in YODEChe % error of quantification was computed

as the ratio between observed (measured, experimental) and expected (mixed, control) proteome
mixtures. The TMT ratios were tested for analyte channels containing (A) an equal amount and
(B) 1.5fold different. The DY carrier proteome was spiked into tisaseples at varying (1%,

2%, 4x) ratios to the total proteome over the analyte channels.

51



YODEC Dilutesto Enrich. The mechani sm under | yinogpblendi | ut e t
differences from the carrier proteormpproach of SCoPE M3aking YODEC as an example,

we rationalized that mixing th. laevisproteome with its YD proteome would systematically
improve the detection/quantification wbnyolk proteins, while diluting proteins contained in

yolk platelets, including yolk. In contrast, dilution of tHeLaproteome digest with itself

(without depletion of any proteingjould not alter the respective makeup of the proteome as a
result of the carrier approach. Multivariate data analysis dfad8ndances of protein¥g¢nopus

or HeLa) between the control and experimental conditions h&dpsgjectively assess these
scenariosFigure 2.8 presents the hierarchicgllister andheat map analysis of ti#50 proteins
that were statistically most significantly changed in abundance with dilution of the embryo
proteome by th&'D carrier in YODEC(Figure 2.8A) or the HeLa proteome in tloarrier
proteome approadffrigure 2.8B). Closeups of theséigures are available ithe Appendix The
technical triplicates formed data with tight clustering for each different dilution, assuring us of

sufficient reproducibility to facilitatéhe results interpretation.
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HelLa proteomeddeatmap and unsupervised cluster analyses on the 50 statistically most

significantly differential proteins between the control (C) and experimental conditions using

carrier proteomes in-12-, and 4times excess (samples labeled 1x, 2%, and 4x, respectively).

Each sample was analyzed in three technical replicates (samplelsb appended wi t h i
T3). These me a fA)differendahpgroseonte @rviechmenteddrivDEC, where

the X. laevis proteome was mixed with its yol&pleted proteomeyiglding Groups #1 and #2),

(B) but not in the carrier proteome (SCoPE) strategy on HelLa, where protein amounts were

uniformly increased. Closeps of these plots are availablesgeAppendix Key to color code:

blue, signal loss; red, signal enrichment. Sample labels specify the experiment (control vs

YODEC carrier) and the number of technical replisate

The proteomes responded strikingly differently to isobaric addition. YODEC led to a differential
proteome enrichment K. laevis(Fig. 2.8A). The responses of the proteomes were strikingly
different to the isobaric addition. YODEC led to a differential proteome enrichm&ntaevis
(Figure 2.8A), whereas the proteome carrier approach indiscriminately enriched all proteins in
HeLa using the carrier proteome approéeigure 2.8B). Closeupsof these plots are available

with gene labels il\ppendix Cluster analysis of the data found Xenopugproteome to have
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responded to spiking in two main wajarming protein Groups labeled #1 and #&h smaller
subgroups withireach(labeled inFigure 2.8A, closeup in Appendix). Proteins in Group #1
decreased in concentration upon isobaric addiRapresentativenembers wereitellogenirs
(Vtgal, Vtga2, Vtgbl, and Vtgh2the main content of yolk plateletsand other proteins known
to associate with yolk platelets in this specéidacluding Atp5al, Eeflg, HadhbHsp90b1,

HspA8, Hspdl, Myh9Rdia3, RhepRhoaVdac2,and Ywhaz. In contrast, proteins in Group #2
underwent progressivanrichmentwith increasingcarrier loads. These proteins, most occupying
the lower domain ofite concentration range, are knotranscription factorsr components of
signaling pathwaysf neural tissue genesis, includiAgtr2, Csnk2h Ctnnb1, Enolitgb1l,

Mapkl, OclnPgml,Psmd4, SbdsSerpinb6Sf1l,and Smarcab. In stark contrast, experiments
on the HelLa proteome revealed no improvement in proteome coverage, except for monotonously
increasing concentrations for nearly all proteins with the addition of the carrier ckiaigueé
2.8B, closeup in Appendi}. Combined, these results agreed witbtgin dilution resulting from

platelet isolationn YODEC and demonstrated mechanistic differences from the SCoPE catrrier.

We furtherbenchmarked YODE@gainst the standard carrier approach<i®enopugroteomics.
We compared the number foteins that were reproducibdyantifiableacross analyte channels
in amultiplexedquantitative study. We differentiallyarcodedand mixedhe D11proteome at a
ratio of 1.5:1:1:1.5 following our earlier desi(geeMethods Table 2.1) that validated
guantitative accuracyr(gure 2.7). The standard shotgun workflo&@ntro) was evaluated
against YODEC applying 4 timése YD carrier load than the analytical channels combined. As
a reference for the conventional proteome eaapproachirom SCoPE® the TMT-multi-
plexedsample was measur@dthe presence ¢f timesthe amount oits barcoded self as the

carrier proteome (without yolk depletion). The results of this studglwarenarized irmable 2.2.
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Table 2.2. Benchmarking of YODEC for protein quantification without missing values on a
limited amount of theX. laevisproteome

Carrier Analytical Yolk Proteins  Proteins
Method Content (%) Identified Quantified
None Control 73 4,772 4,305
Embryo as Carrier SCoPE 76 3,827 3,334
Yolk-Depleted Carrier YODEC 40 5,867 5,218

YODEC was able to quantify 5,218 proteins consistently among the replicatestabke
improvement from the reference methods. A comparably high (>70%) measured yolk content
gave rise td23% andD28% of the PSMs to be acquired on yolk peptides in the control and
SCOoPE carrier approach, respectively. In comparison, a reddd6e yolk content in YODEC
halved the numbesf PSMS on yolk peptides ©10%, thus freeing up valuable bandwidth to
sequence (M&stage) and quantify (MStage) noryolk proteins. The reference carrier

approach (SCoPHhpaintained high yolk content and disadvantaged protein quantification like
the Control whereasr ODEC leveragedhe YD carrierto effectivelydilute yolk for improved

protein quantification

YODEC Scaled Well toLimited Proteomes To test the utility of the approach, we applied
YODEC on a limited population of embryonic cells. For this part of the investigation, we chose
the epidermally fated lineage that the V11 cell forms from theelleembryo. Unlike the

previously analyzed thg clusters of the neurtissuefated D11 lineage, which could be readily
dissected as a tissue, these cells scatter the surface of the embryo too brdwaihsyoAs

earlier with the D11 clone, wikuorescentlylabeledvia microinjectionthe V11 clondrom the
cleavestage embryto theneurula (stage 1Figure 2.2) beforegentlydissociatinghe embryo

into a cell suspension containing BSA to reduce cell adhesion and employed FACS to isolate

D8,000 cells, containin®1.5¢g of total proteome (including yolk and BSA contaminant).
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Whole embryos at the same developmental stage weralgplkted to prepare the YODEC

carrier.

The depth and robustness of proteome quantification were established. To test quantitative
accuracy, the V11 proteomeasdividedand barcoded to prepare a mixture containing the
proteome digest atl1.5:1(known) ratio. This analyte was measured using the standard
shotgunproteomics or mixed with #mes the amount of a YD carriesge design ifable 2.1,
Method$. Optionally, the YODEC samplesgere fractionatedt high pH before lovpH

analytical HPLC in an effort to improve the coveragmteinquantfication iscompared

between these methodskigure 2.9A.

While the standard method identified 252 proteins (207 quantiff€dDEC was able toeport
on1,427proteins (1,117 quantifigdEight-step high pH fractionation expandddentifications
to 3,818 proteins (3,133 quantifledf which 2,175 proteins were onfjantifiableusing this
strategy. Notably, these YODEGfforded 5 15-fold improvements irthe depth of the
quantifiable proteomerere achieved simply on the principle of mixing analytes rather than

laborious or specialized sample preparation or instruments.
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Figure 2.9. Application of YODEC to limited amounts of proteomes available fl28y000

sorted cellspl . 5

e g D156 ngandryolk prateome)(A) Improvement of protein
guantification from the standard approach (Control) through the integration of YODEC with

fractionation (Fxn)(B) Representative signaling pathways enriched by proteins that were

guantifiable only by YODEC with fractionation. Key: Cad, cadherin signaling; Cyto,
cytoskeletal regulation by Rho GTPase; De novo, de novo purine and pyrimidine synthesis;

EGF, epidermal gneth factor signaling; FAS, Fas signaling; FGF, fibroblast growth factor
signaling; Gproteins, Heterotrimeric {rotein signal ing pathwayGi alpha and Gs alpha
mediated pathway; Hedge, hedgehog signaling; IGF, insulin like growth factor signaling; Integ,

integrin signaling; Notch, notch signaling; p38 MAPK, p38 MAP kinase pathway; p53, p53
signaling pathway; PDGF, gitlelet derived growth factor signaling; Ser, serotonin mediated
transformibngigmawt mgf advnaor

signaling; TGFb

We explored the canonical functional roles of the proteins thataetegableonly using

YODEC. As shown irFigure 2.9B, the 2,175 proteins that were only quantifiable by YODEC

Wn t

Signe

with fractionation were enriched in signaling pathways related to embryonic cell differentiation

and tissue induction. For example, Wnt signaling plays a criticairrgeiding cell fates and

57



axis formation within the embryo. Integrin, hedgehog, notch, and EGF pathways are important
for the proliferation and cell differentiation of embryonic cells, whereas cytoskeletal regulation
by Rho GTPase and cadherin signaimgnown to control cell migration and movement during
embryonic development. Without YODEC, these signaling pathways would have been
undetected using the classical approach of battprmroteomics, sucrosentrifugationbased

yolk depletion, or the protecarcarrier approach (SCoPHhe ability to detect these proteins in
such pathways opetise potential to better understand cell differentiation, engludion of the

ectoderm intaeural tissue.
2.5 Conclusions

Il n this study, we introduced the i dea of a did
coverage fronalimited amountof proteome Although continual analytical advances improved
sample collection, preparation, analysis, and detection strategies, abundant proteins still present a
fundamental limitation to sensitivity due ittterferenceat nearly every step of the analytical

workflow. We designed YODEC to address this challenge in thelgddnX. laevisembryo by

spiking the endogenous proteome with@ proteome carrier. This carrier was preparedhay
macroscopidepletion of yolk platelets from the cells. Although YODEC uses isobaric signal
boosting like the SCoPE carriproteomé® to improve peptide detection sensitivity, we found

that the mechanism of signal improvement by YODEC is fundamentally diffaf@meC

employs differential concentrahalilution to remove abundant protein interferences, while
concurrently also enhancing sensitivity via the mechanism of isobaric signal enhancement as
pioneered in the SCoOPE carrier approaésing the HelLa reference pemme, we validated that
YODEC works by diluting interferences from yolk signal faster than less abundant proteins

while enhancing or preserving quantitative performance.
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Technical simplicity secured experimental scalability for deeper proteafiicsited

populations of cells. In th¥. laevisneurula, YODEC reduced a massiy@é0i 90% yolk

proteome content toa0240% based on LFQ in a dissected netissluefated D11 lineage. In
combination with higkpH fractionation, the approach enhanced the number of identifiable
proteins by 15old, permitting the quantification &,133 proteins in the epidermally fated V11

cells from FACS isolation. A collection of 2,175 proteins thate only detected by this

approach were enriched in signaling pathways of critical importance to cell differentiation, tissue

induction, and patterning of the embryonic body plan.

While we demonstrated the utility of YODEC in stat@X. laevistissues, the approach can be
tailored and extended to other proteomes whence abundant proteins can be isolated through
physical (e.g., manual methods) or chemical (e.g., anttbodys e d depl et i on) mean
enricho Of course, different proteome backgrounds ideally call for optimization afepletion
approach andepleted carrier load f@id quantitative sensitivityrurther, in developing

organisms, like theX laevig embryos sidied here, active proteome reorganization presents an
opportunity to specifically tailor the depleted carrier proteome to the specimen with
spatiotemporal resolutio Pooling of tissues over multiple developmental stages to prepare the
depleted carrier providessimple solution to help adjust the YODEC carrier protednadso

holds the potential to advance the studpasdt translationamodifications from limited samples

by permittingenrichmenfor targeted modifications in the carrier proteome. YODEC explores a
conceptual strategyatwe anticipate being broadly adapleto deepen the measurable

proteome across the realms of the aigm, organ, tissue, and cell.

Acknowledgments Parts of this work were funded by the National Institute of General Medical

Sciences (award 1R35GM124755 to P.N.), the University of MaryNattbnal Cancer Institute
59



PartnershigProgram (seed award to P.N.), and the COSMOS Club Foundation (fellowship award
to L.R.P.) We thank Ken Class for assistance with FACS at the MPRI Flow Cytometry and Cell
Sorting Facility. The content of the work reported here is the sole responsibitity afithors

and does not necessarily represent the official views of the funding sources.

60



Chapter3:Mi croscale Sampl e RXreoogeusi ng
Embryonic Tissues

This chapter is based on tRade, L.R. and Nemes, P. (2024gnuscript draft irpreparation.

Contribution:L.R. P.collected and prepared the samples for proteomic analysis, analyzed the
samples via LAVIS, performed data analysis, interpreted the results, drafted the manuscript, and
revised the contents.

3.1 Abstract

Advancements in MS over the years have liganialto the field of proteomigsmproving our
knowledge & mechanismsinderlying various biological processefiuencing health and
diseased\everthelessachievingcoverage comparable to genomic and transcriptomic studies
remains a challenge for proteomics, primarily dutheunfeasibilityof proteome amplification

like their genomic counterparts. Sample losses due to multistep sample processing further
challengesletectionsensitivityespeciallyffrom patcicellular sampledn Xenopusmbryonic
tissuegheir limited sizeand presence of abundant yolk protesaserely impact global proteome
analysis.To improvethedetection sensitivity, we developed a microscale yolk depletion device
capable of i1isolating yolk platelets from | ow
minimizing protein losses during processing and precluding the need for pooling large tissue
amaunts. In parallel, we developed BC-MS approach to measure the proteome in a discovery
seting. We maximized protein identifications by employing a sgmmeration micrgillar array
column (LPAC), tailored in performance for the separation rate, solvent gradient, and column
temperature. Next, we combined our microscale yolk depletion devicéigitipH

fractionation, followed by lowpH pPAC LC to process and analyze the embryonic tissues. This

integrated approach enabled ~8,000 protein identificationsdnogte dissections ofenops
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tissues, providing-old deeper coverage compared to our previous stodiésilk or pooled

tissues
3.2 Introduction

Gene products like proteins and metabolites are produced downstream of genes and transcripts
and are known as effector molecules as they catalyze all reactions and drive signaling. With the
advent of MS, analyzing these molecules with high sensitivitysaa spatial and temporal
domains is now feasibfé® Several studies have highlighted the importance of directly

measuring gene products as their expression does not always correlate with their genes or
transcripts counterpart®’ Especially, in dynamic systems such as the developing embryos
uncovering the active state of the cells is criticafrtiprovingour knowledge of how morphogen
gradients drive tissue induction and differentiation. A recent quantitative proteomic study in
developing embryos comparing the proteomic profiles of two spEoes andXenopus

dispelled an old model of conservation in species at early embryonic stagesdialexh the
genomic dataln contrasttheir analysis revealed maximal proteomic differes early on

especially during gastrulation and neurulatith.

The field of proteomics faces considerable challenges due to the lack of amplification
technology available for genomics. Challenges in sensitively detecting proteingvieom

decreasing cell populatioms turn spurred the development of innovative strategies to advance
MS based analyse#. few of the challenges include sample loss during processing, protein
digest complexity, and a large concentration range of different proteins in the s@miptes.
Innovations pertaining to all aspects of the proteomic work8oaompassingample collection

and processing, digestion, separationjzation,and detection proved useful in tailoring

methods to specific biological questions at hawthile approaches such as multipleXitiy
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wide window data dependent acquisifisnDIA acquisitiod®, single cell proteomics
(SCoPE)® andyolk-depleted carriéf® (YODEC) use innovative ways to maximize MS duty
cycle, improve detection sensitivity, sevesttierstrategies focus on reducing protein losses
during processingnd reducing sample complexity

Strategies to confine processing volumes and limit sample tramgfieras micro and
nanodroplet processing platforms (microPOTS, nanoPB¥ &Y filter-aided sample
preparation (microFASPY, oil-air-droplet chip$®® permitedthe processing af smalll
population of cell®r single cellst®® Reducing harsh detergents furtieéiminated the need for
sample cleatup reducing the number of sample processing steps. For exaorfdetant
assisted onpot sample preparation coupled witts (SORMS) leverages another MS
compatible surfactant, DDM, forther scale down this process to differentiate proteomic

profiles of single cells from cancer tumors and primary metastases in a mousg%hodel

In thisstudy, we developed a sample processing strafegymited amountsandvolumelimited

cell populationgo enable thestudyof spatial heterogeneity imesedevelopingcell populations

as embryogenesis progress&houghXenopuss extensively used to understand processes
involved in early embryonic development, regeneration, and diseases, proteomic studies in this
model are largely limited due to abundant yolk proteins. Macroscale yolk depletion methods
have limited the studiesud to the neetbr pooling large tissue amourtfS.To downscale the
processing volumes affidcilitate deep proteome coverage in a small population of cells we
developed a microscale yolk depletion approgdJDE) to preclude sample pooling and

reduce sample loss. Combinipy ODE with micropillar array separatido reduce sample

complexitywe identified over 8000 proteirfisom single dissections of neural cell clone$qB0
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cells) We achieved one of the deepest proteomic coverages from Xargdpugissue

dissections+200 ng yolk free protein amoyneported in the literature.
3.3 Experimental section

Materials and ReagentsLC-MS grade solvents and reaggmade chemicals were purchased
from Fisher Scientific (Pittsburgh, PA) or Millipore Sigma (St. Louis, M®@less specified
otherwise Trypsin protease (MS gradajdgreen fluorescent dextran (FD, Alexa Flour 488
3000 MW) were purchased from Fisher Scientiftombretastatin A4, cytochalasin D, nonidet
P-40 substitute (NP10), dithiothreitol (DTT), and iodoacetamide (IAR)erefrom Sigma
Aldrich (St. Louis, MO)Borosilicate capillaries were purcleasfrom Sutter Instrument

(Novato, CA).

Solutions.100% (w/v) 50% and 20%5t ei nber gés solutions (SS) wet
established protocofsr embryo culture and tissue disgen.?° The conventionalysis buffer

contained 1% (v/v) sodium dodeadlfate 150 mM NaCl, 5 mM EDTAand20 mM Tris

hydrochloride The yolkdepletion buffeconsisted 0250 mM sucrose, 1% nonidet4® (NR

40), 5 mM EDTA,20mM TriHCIl , 10 €M combr et astati,and4d A, an

Tris-HCI, it was prepared following previolysoutlinedprotocok.1% 183

Animal Care and Embryology. A breeding colony of adult male and femalelaevisfrogs
purchased from Nasd&ort Atkinson, Wl)or Xenopusl (Dexter, Mivasmaintained and
handledn accordance with humameotocols approvely the Institutional Animal Care and
Use Committee of the University of Marylagrdollege ParkR-FEB-21-07). Natural matingvas
set up to obtainmabryosusing establisheprotocols?! Embryos were treated with 2% (w/v)

cysteine solution (pH 8) to remove the jelly coat and transferred to 100% S8rsdtutibryos
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with stereotypical pigmentation weserted at the-2elled stage ancultured to the 1.6or 32
cell stage (Nieuwkoop and Fab&lF stage Sor 6) in 100% SS 292For method development,
neural precursor cellglorsal midline, D11yvere identified based mtereotypicapigmentation
and location in the embryo anmgicroinjected withthe1 nL of 0.5% v/v fluorescen®exa Fluor
488 dyeto tracetheir descendent lineagdsmbryos were cultured to the beginning of

gastrulation (NF Stage 10) in 50% v/v SS solution.

Tissue Mllection. Fordeveloping thetYODE approachwe chose to use newfated cell

clones for ease of microinjection and collection of a large number of samples to test different
conditions, additionally, the neurtdted cell clones were representative of the tissues under
future spatial study. We marllyadissected th@eurattissuefated cell clonat Stage 10 using
sharp forceps in 50% SS in multiple replicates. Single dissections obtained from one embryo
were individually frozen in tubes &0 °C until further processing. Similarly, for thpatial

study, single dissections of the SMO and the NE tissues were frozen in individual tubes.

Sample Preparation.Capillarytubes were prepared by cutting the tubes to the desired length
and sealing one end of the tube using a Bunsen burner. Fgohodepleted conditions,
dissected tissues were processed eitheLioBand Eppendorf tube or sealed capillary using
standard bottorup proteomics protocol. Alternatively, for yetlepleted samplegplk

depletion was performed in an Eppendorf tube or glass capillary to separgbtayelits via
centrifugation using the yolk depletion buffé? The yolkdepleted supernatant was then
processed using standard bottamproteomics protocol which included lysis using 1 % SDS
buffer, reduction (DTT), alkylation (IAD), overnight acetone precipitation, and digestion using

trypsin in 1:50 (enzyme to samap ratio for 12 hours at 37 °€ The protein digests were dried
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usingavacuum concentrator (Centrivap, Labconco) and reconstituted in 1% (v/v) formic acid

(FA) in LC-MS grade water.

Mass Spectrometry.For method developmenibout 0.5 ug of total tagged peptides were
separated on a nanofldvC system (Dionex Ultimate 3000 RSLC, Thermo). The peptides were
separated on a 200 cm micropillar array colupd@XC, Thermo)n line witha C18 precolumn
(100 em inner diameter, 5 em particle size
Thermo) Peptides were trapped on the precolumBuffer A (LC-MS grade water, 0.1%

formic). at5¢ L / mi Sminfamdrseparated usin@@0min stepped gradient ramping Buffer B
(LC-MS grade ACN, 0.1%drmic acid) ab00 nL/min as follows1% for G'5 min, to7% in 15

min, to 5% in 115 min, t032% in 25 min, to45% in 33 min, to 75% in 7 min, held at75% for 8

min, then rampedownto 2% in 2 min and equilibrated &% for 30 min. ThenanoESI spray

was generated by applying a positive voltage to a stainless steel emitter (Thermo). lonized
peptides wereetected on a quadrupelen traporbitrap tribrid ultrahigkresolution mass
spectrometer (Orbitrap Fusion Lumos, Thermsipng the following parameterairsey (MS) at
120,000 FWMH resolution in the orbitrap analyzaran range, 300500 Da;Max IT, 50 ms;

AGC target, 4x19counts; microscans, inonoisotopic peak determination, peptide; dynamic
exclusion, 60 sUsing datadependent acquisitioexecuting 3 s cycle timehe precursor ions

were isolated with a &.Da window(£0.8 Da)and fragmented withigh energycollision-

induced dissociatiorHCD) using nitrogerat 3% normalized collision energwyith an intensity
threshold of 510° counts The tandem mass spectra were acquired in the ion trap (AGC target,

1x10* counts; max IT, set tdynamicmode; microscans, 1).

Data Analysis.Raw HRMS were processed in Proteome Discoverer (version 2.2, Thermo

Scientific) with SEQUEST searching against Xenopus laeviproteome (version 9.2)
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downloaded from Xenbasé@,000 entriesand mRNA derived PHROG datab&8eSearch
parameterincluded trypsin atheenzyme, allowed up toissed cleavagefxed

modifications used wergysteine carbamidomethylatiomethionine oxidationvas set as a

dynamic modification, all searches includeshimimum of1 uniquepeptide 10 ppmmass

tolerance for precursor mass@$ Damassolerance for M3fragment masse®eptides and

proteins were filtered with <1% false discovery rate (FDR). Unique and razor peptides were used
for quantification. Proteins were quantified based on thbelfree quantificationData filtering

and normalization were performedNetaboAnalysB.0?% or Perseu®* GO was annotated in

the PANTHER classification system (version 16.0)

Safety.Personal protective equipmemasused to handle chemicalsiological samplesgnd
sharp itemsSpecial care was taken in the handling of forceps, needles, and nanoESI emitters, all

of which present a potential needlestick hazard.

Scientific Rigor. For method development; 6 BRs were prepared and processed to test each
condition. Each sample was analyzed three times (three technical replidetiegjical
replicates consisting of single dissections were collected over several lteh@syos on

different days to account for biological variability.

3.4 Results andDiscussion

Development of the puYODE approach for limited cell populationsSeveral studies have

shown how highly abundant proteins interfere wht@detection of proteins in low abundance
during MS analysis across various cipa'® 168 20particularly, in our previously published

study we demonstrated how this interference is exaggerated in amphibian species due to yolk

proteins.The total protein abundance in developX®nopusembryos is predominantly
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represented by the four vitellogenin or yolk proteins (Vtg), accounting for ove080 of the
compositiont®® Yolk proteins inXenopusare present in organelles called yolk platelets which

can beseparateghysically. Tissues are lysed in yolk depletion buffer containing sucrose and
centrifuged to slowly pellet the yolk platelets at the bottom of the vial. The supernatant devoid of
yolk platelets is then collected and processed further using standarchpoststeps. However,

such physical separation requires a large pool of tissues and proves difficult to downscale for

limited tissue amounts.

Figure 3.1. Demonstration of microscale yotiepletion ideaThe differencen height ofa
limited volume oflysate(10 L) deposited in a vial versus a capillary.

Previously we developed a yolk depleted carrier strategy to preclude the need for individual yolk
depletion oftheamount limited tissues (~200 ng of yolk free protein). In developing embryos,

the composition ofhe carrier needs to be carefully evaluated to match the biological tissue under
study. To further supplement the YODEC method we envisioned the idea of microscale yolk
depletion {YODE) to separate yolk platelets from small tissue amounts or sorted populations.
As demonstratedbovein Figure 3.1 andearlier in Chapte? (Figure 2.1), when processing

small amounts in a standard vial, the main challenge lies in effectively aspirating yolk depleted

supernatant from the pellet. Due to limited volume, the pellet is often disturbed and mixed with
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the supernatant when aspirating with a pipette. To circumvent this challenge, we proposed
performing yolk depletion in a custom capilldnperatherthan a standard vidkigure 3.1

shows 1QuL of buffer deposited in a vial vs capillary. Due to the narrow diameter of the
capillary, the height of the same volume of liquidhecapillary is 7 mm as opposed to 3 mm in
the vial. Such vertical augmentation providedear distinction between the supernatant and the

yolk pellet permitting easy contaminatibree collection of the depleted supernatant.

Designing the microscalesetup. The first step of designing the approach involved deciding the
diameter of the capillary to allow deposition and retrieval of the sample lysate. We chose

capillaries with varying inner diameters which were sealed on one end using a burner to create a
6chpary viald. We found that depositing sampl

even with narrow taper pipette tips such as gel loading pipettérapse 3.1).

Table 3.1. Capillary selection fomicroscale setup

Capillary dimensions Sample Deposition  Yolk pellet Extracting supernatant
(I.D. in mm) visualization
1.1 Could not deposit, - -
ID too narrow
1.17 Yes, withgel Yes No, retrieval difficultdue to
loading pipette tips losses
1.56 Yes, with gel Yes Yes

loading pipette tips

To ensure complete aspiration of the supernatant, careful consideratignvems$o optimizing

both the capillary sealing conditions and retrieval methieidsire 3.2A1 3.2C showsseveral
conditions tested to ensure complete retrieval of supernatant without sampleTossgsrove

the distinction between yolk platelet and supernatant we tried using glycerol to create a density
gradient or coating the bottom of the capillary with agar, howé&aththese methoddid not

allow clear separation. Alternatively ewobserved that capillaries sealed to create a bulbous
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round end facilitated robust and reproducible aspiration compared to capillaries that were pulled
to create a conical er{#fig. 3.2C). To deposit and retrieve samples opted for narrow taper

pipette tipgnitially due to ease of usbowever, we observed inconsistent results when

retrieving the supernatant. The yolk pellet occasionally aspirated along with the supernatant or
losses were observed due to the long taper of the tip. To circumvent this challenge, we pulled
thin micropipetes from 0.75 mm bosilicate capillaries with long tapéFig. 3.2D). The

borosilicate capillaries were connected to a syringe pump to aspirate the supernatant.

Figure 3.2. Design optimization for WYODKA) Glycerol gradient to separate the yolk pellet
and supernatanHowever, the mixture homogenizes after centrifugation leaving no clear
boundary(B) Conical bottomwassealed with 2% (w/v) agar to reduce the loss of lysate in the
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conical bottom. Visualization of yolk pellet with agar is challeng{@y.Distinction between
cone bottom and rounded bottom capillakyroundedbottom facilitates supernatant retrieval
compared t@ conical bottom(D) Capillary micropipette to retrieve supernatant carefully
without disturbing the yolk pellet. Pink dye is addeaitb visualization.

Aspirate

Yolk
depleted

| S

Centrifuge

4°C )
4000 rcf o0
Syringe Pump
HYODE
j Capillary

Non yolk

pipette
Aspirate )

Figure 3.3. WYODE set up(A) Schematic of working principle @fY ODE (B) Demonstration
of microscale depletion of neural cell clones

Figures 3.3A and 3.3B showthe schematic of theY ODE approachthe microscale yolk

depletion was carried out by depositing sample lysate in the capillary, the capillary was then
placed in a holder and centrifuged to pellet the yolk platedets iMethods The capillary was

then mounted vertically in a stable position to allow clear visualization of the pellet and

withdraw the supernatant. The supernatant was carefully aspirated in a controlled manner using a
micropipette connected to a syringe pump. Singernatant was then depgesliin a low volume
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lo-bind tube by applying forward pressure and processed further using hgitprteomic

steps ¢ee Methods

Method validation. We traced and dissectételineage of D11 cells (50A.000 cells) from a
single embryo at the beginning of gastrulation (NF Stage 10). We chose the D11 lineage as it
encompasses parts of both the SMO and the NE lingaigh were the lineages of interest in the
spatial studyand for the ease of collection of large number replicates for method development.
We comparedhe Y ODE approach with three other control conditions to evaluate its
performance which included conventionalvial yolk depletion to test iftYODE is more
consistenthan the invial yolk depletion for limited volumes, standandvial bottomup

proteomics (without yolk depletion), and standard bottgmproteomics in a capillary where all
steps were carried out in the glass capillary. The standard in vial bogtq@moteomics allowed
assessment of sample losses due to additional gplletion steps for small cell populations
whereas ircapillary condition was added to assess sample losses due to adsorption on glass
surfacesProtein digests were then analyzed usi@gMS and quantified by labdiee

guantification.

Figure 3.4A displays the comparison of percent yolk PSMs and percent yolk abundance based
on labelfree quantification. As expecteithe numberof yolk PSMs and the relative yolk
abundance in samples processed using stabd#ahtup proteomics was found to be very high
(70i 80% of the total abundance). Although yolk depletion in a vial reduced yolk abundance
compared to standard samples, the large error bars indicate it did not reproducibly deplete
samples across BRs. In contrdlse uYODE approactperformed consistently to deplete the

yolk from limited cell populations and volume across all 6 BRgure 3.4B displays the protein

identifications from six BRs and three technical replicates betweatViB®E and the control
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conditions.The microscal@pproach achieved the highest number of protein IDs whereas the
dispersed data points for other control conditions further corroboratesvi®&iE can

consistently deplete yolk platelets and provide reproducible improvement in proteomic coverage.
Over ~1300 proteins were exclusively identifiedldYODE compared to conventional yolk

depletion in a vial from single dissections of neural tissues. Histogram distribution efr&bel
guantification abundances revealed that the pretxclusively identified usingY ODE

belongedo alower abundance range than proteins commonly identified between both

experimentsKig. 3.4C).

Figure 3.4D shows the GO annotations for molecular functions for proteins exclusively detected
using theuYODE approach. Newly identified proteins include several biologically relevant
proteins suclastranscriptional and translational regulators, molecular adaptors, and enzymes
driving important catalytic reactions. For examptanscription factor Sp@Sp6), ativating
transcription factor -interacting protein {Atf7ip), homeobox protein TgifZTgif2), POU

domain, class 5, transcription factofFlou5f)), Myelin regulatory facto(Myrf), mothers against
decapentaplegic homolog($mad1l), andnetastasimssociated proteikta2 (Mta2) with known

roles in cell cycle regulation, neural differentiation, cell proliferation, migration, and
maintenance of pluripotency were detected exclusivellygaépYODE dataset?®2!!

Furthermore, the microscale approach enabled deeper coverage of signaling pathways such as
Wnt signaling, integrin signalingholecystokininreceptor (CCKR) signaling, fibroblast growth
factor (FGF) signaling, and FAS pathway which are known to guide embryonic cell

differentiation and tissue induction during development.
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Figure 3.4. Method validation of uWYODE approacfA) Comparison of % yolk abundance and
% yolk PSMs betweepYODE (YD-Cap), conventional yolk depletion &vial (YD-vial),
standard bottorup proteomics without yolk depletion @&vial (ND-vial) or a capillary tube
(ND-Cap).(B) Protein identifications across 6 biological replicates and 3 technical replicates
across different sample processing conditi¢@3 Distribution of commonly quantified between
HYODE and conventional kvial yolk depletion and proteins exclusively quantifieduODE
using labelfree quantification(D) GO annotations for molecular function of proteins
exclusively detected usirtge uYODE approach.
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Enhancing coverage using nevgeneration LC separation.To further deepen the coverage

from embryonic cell populations we sought to reduce the sample complexity before MS analysis.
We employed the micropillar array baq@PAC) LC separation to improve the separation
efficiency andnaximizethe duty cycleFigure 3.5A demonstrates the differences between
traditional packed bed columns gqulAC. The broadlistribution of particle size and stochastic
distribution of the packing material iratlitional packed beRP columnspose the problem of

peak broadening aréducedesolution. Thus, to reduce the eddy diffusion and increase the
theoretical plates (based tire Van Deemter equation), we chose to evalysRAC separation
technology. The stationary phase is designed to reproduce a geometrical pdtesiliobn

wafers. Suclan orderedirray reduces dpersiorof the moleculesesulting in sharper peaks,

higher resolution, and improved sensitivity. YWarformed extensive method development using
commercial HelLa digest to test different parameters such as gradients, flow rate, and temperature
to maximize protein identifications. We chose commercial HeLa digest to reduce variation due to
sample preparatiosteps. As shown iRigure 3.5A, we achieved-2fold higherproteome

coveragevith uPAC technologyincreasinghe identificationgrom 1600 to 3600We compared

the peak widths and peak intensities of commonly detected precursor ions between packed bed
ard UPAC. As expected, the ordered geometryuBAC improved resolution by narrowing peak
widths which in turn resulted in sharper peaks and higher peak inte(stsdgppendx, Fig.

A3). We also found the newly identified proteins belonged to the lower abundance range
compared to proteins identified by packed bed separateeAppendixFig. A3). Along with
separation we also tested various nandgigtfaces to improve ionization and detection

sensitivity 6eeAppendixFig. A4).
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Figure 3.5. Deepening proteomic coverage using new generation LC sepatajon.
Demonstration of working principle of packed beduWAC separation. Optimization dfow

rate temperatureand gradient to maximize protein identifications using HelLa digest shows
doubling of protein identifications between packed bed vqiBé&C. (B). Deepening proteomic
coverage inKenopudissues combining various separation modalities.

We observed similar improvements #enopugissues witluPAC, to further resolve the
complexity of the protein digest, we performed offline high pH fractionation prior tMBC
High pH fractionation prior to low pH L®AS provides orthogonal separation as peptides elute
based on theisoelectric point in different pH buffers. Furthermore, dividing the sample into
multiple fractionsreduces the dynamic rangahin each fractionallowing for the detection of
low-abundance proteins that might be masked by highly abundant ones Hiraatiomated
sample.To enableoffline fractionation, we combingdY ODE with isobaric multiplexing which
allows tagging different biological samples and combining them into one sample providing

enough starting material for fractionatidhgure 3.5B displays improvement in proteomic

coverage foXenopudissues as sample complexity is resolisgadombiningvarious analytical
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modalities. Overall, thintegration ofuY ODE with high pH fractionation and L®&S analysis

usinguPAC yielded over 4fold higher coverage compared to standard botiprproteomics.

3.5 Conclusions

Understanding mechanisrms/olved invarious biological processés understand healthy
development and diseased stazpiiresholistic knowledgeof genesand gene products
Nevertheless, achievirdgepproteomic coveragm global analysisemains a formidable
challengedue to various factors pertainingttee large dynamic concentration range of proteins

in the sample, sample complexity, and processing losses. In thismedeveloped a

microscale yolk depletion device, termed pYODEisolateyolk platelets from low volumes of
tissue lysates while minimizing protein losses and eliminating the need for pooling large tissue
amountsThe aforementioned strategy was developed as an alternathenmaaoscale yolk
depletion approach. #ddresss thdimitations in processing limited cell populatiooisvolumes
anddemonstratesonsistent and reproducible yolk depletion across multiple biological replicates
from cell populations equivalent to ~5AMO0 cellsparticularly identifying lower abundance
proteins critical for understanding cellular processes during embryonic developiv@mE

can be used alone or in conjunction with the YODEC stradgyeloped in the earlier chapter

to tailor the analytial method to thelevelopmental stage of the embryonic tissues, protein

amount available, and biological question under study.

Furthermorewe demonstratethatthe integration of high pH fractionation and isobaric
multiplexing with pYODE and pPAC LEMS analysigquadrupled th@roteomic coverage,
highlighting the effectiveness of this comprehensive approach in overcoming challenges

associated with sample complexity and limited sample availabilitg.enhanced sensitivity
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offered sufficient improvement fadiscoverybasedproteomicanalysis to probe biological
guestions pertaining to tissue differentiatiortia Xenopms model Overall, the development and
implementation of the uYODE approafdr Xenopudissuesin conjunction with advanced L-C
MS technologies, represent a significant advancement in proteomic methodologies, offering
researchers a powerful tool fordepth analysis of complex biological samples and facilitating
the discovery of novel proteins and pathways relevant to developmentgyband disease

mechanisms.
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4.1 Abstract

Technologies enabling the identification of diverse types of proteins can improve our existing
knowledge of mechanisms underlying tissue patterning and normal development. We studied
two neighboring regions in an embrtbe SMO, which is an important signaling cenaéerd the

NE, which is induced by the SMO during gastrulation. The tislstiesform mesoderai and
neuraltissuegespectivelyTo understand proteomic differences involved in establishing
spatially distinct tissue lineagese performed deep proteomics on theslélineages and
comparedhemto the whole embry.dl o maximizeour protein identificationgrom limited tissue
amountg~200 ng yolk free protein in dissected clones from a single embwvgajsedour
previously developed analytical workflow which includes combimN@DE device with high

pH fractionation, followed by lowH PPAC LGMS to process and analyze the embryonic
tissues. This integrated approach enabled ~8,000 protein identificationknieae specificell
populations providing 4fold deeper coverage compared to our previous studgsoled

tissuesA comparisorof the proteomic profiles of the two types of tissaad the whole embryo
showed distinct enrichment in energy mechanism. For example, we found the enzymes involved
in glycolysis and pyruvate metabolism pathways upregulated in mesodataeddrganizer

tissue, whereas citric acid cycle and fatty acid oxidation enzymes were enriched in the neural
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fated tissueFurthermore, we uncovered the pivotal ribleelectron transport chain (ETC) plays
in the organizer signaling.hese encouraging results have led us to develop orthogonal
functional assays to assess the role of energy cycles in tissue induction and differentiation
enabing thediscovery of importanprotein expression gradients crudi@al normaltissue

induction and formation duringmbryonic development.
4.2 Introduction

Vertebrate embryonic patterning is a topic of considerable research interest to understand healthy
and diseased states. Spatial and temporal gradients of biomolecules during earlgendsigo

guide key developmental events such as gastruleggriting intissue induction and formation

of the three germ layef$? Specificgroupsof embryonic cells formransient vertebrate signaling
centers active during gastrulatiandplay a critical role in embryonidevelopmentespeciallyin
coordinating tissue induction and differentiation by sending signals to the neighboringaells.
examplethenodein the human, chick, and mouseodels andhe Shield irthe zebrafishmodel

are known for their inductive signaling to guigastrulatior?!® In mammalsthe node is known

to haveamesodermal fate but plays an important role in establishing bilateral symmetry within

the embryo whereas xenotransplantation to other species such as chick displayed its ability to

induce anteriostructureg*

Similarly in the amphibian model, the SMO tisssi&nown to induce neural tissue from the

ectoderm and guide dorsmterior patterning.?t°Initial embryology experiments in the early
1900s revealed the role of the organizer in inducing a secondary axis within a developing
embryo.When the region of dorsal blastopore lip (organizer tissue) from one embryo was

transplanted into another embryo, it prompted the formati@secondary head and axis
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primarily originating from host embryonic cells whereas the graft tissue gave rise to mesodermal
andnotochord tissuét® Such inductivesignaling of theSMO holds the potential to answer

biological questions related teeural tissuénduction and formation which can be extrapolated to
other modelsln the following years, screening of genes and transcripts revealed important
factors such as chordin, noggandfollistatin are released from the organiaed signaling

pathways such as WhtCatenin, BMP signalingandFGF signaling were importata pattern

the embrya!® 217218 Although several studies have uncovered important signaling mechanisms
for gastrulation, our current knowledge is limited to a few genes and transcripts. To further
expand our understanding of basic developmental bigklgyed to the organizer function and

its role in inducing neighboring cells is important to explore alternate directions that can

provide complementary information to the genomic data.

Biological MS now offers a feasible solution to det#ot translationof awide array of proteins
and metabolites simultaneouslydrwide variety of biological specimegssch agissues to cells

to organellesAdditionally, established cell fate mapsXenopusffer a unique opportunity to
trace the lineage of the organizer and the induced neural ectodermtiattieveloping embryo.
Here we harnessed the advantages of both the analytical technique and the biologiad

probe intothe proteomic gradients that help establish critical tissue lineages within the embryo

anduncover noncanonical molecules involved in organizer signaling.

The goal of this study was to uncover spatial differences in the proteomic expression of two
neighboring tissues known to develop into different tissue linedgdscilitate deep proteome
coveragewe used our microscale workflow developed previo(s¥ODE) without the need

for pooling large dissection of tissu€ur pY ODE approach enabled us to compare the
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proteomes of the SMO, the NE which is induced by the SMO, and the whole embryo (WE) at the
beginning of gastrulation. We uncovered differential enrichment in metabolic pathways between
the SMO and the NEuch as glycolysis, citric acid cyclknd electron transport chaWwe found

a gradient ofeactive oxygen specieRQS related metabolitesxhibiting the highest

enrichment in the SMO, a comparatively lower level in the NE, anbtfestconcentration in

the WE.We validatedur proteomic findings withmaging experiment8ased on our

proteomic data, waurtherdesigned experiments to perturb the metabolic enrichment and assess
its effect on neural inductioexploringthe role of previously undiscovered molecules

underscores the significance of reexamining crucial developmental events using@mugti
approach, providing a comprehensive perspective on the molecular processes guiding embryonic

development.

4.3 Experimental section

Materials and ReagentsAll solvents for mass spectrometry wéi€-MS grade Solvents and
reagerigrade chemicals were procured from Fisher Scientific (Pittsburgh, PA) or Millipore
Sigma (St. Louis, MO) unless explicitly stated otherwise. Trypsin protease (MS grade), the
TMT10plex isobaric label reagent set, and green fluorescetradg FD, Alexa Fluor 488, 3000
MW) were acquired from Fisher ScientifiSodium dodecyl sulfate (SDS) anoihcbretastatin A

4, cytochalasin D, nonidet#0 substitute (Nf20), dthiothreitol (DTT), and iodoacetamide
(IAD) were sourced from Sigmaldrich (St. Louis, MO). Borosilicate capillaries were obtained

from Sutter Instrument (Novato, CA).

Solutions. Embryological solutions suds100% (w/v) 50% 20%St ei nber gds, sol ut i

and 3% (w/v) ficol in 100% (w/v) S®ere prepared according to established protdools
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embryo culture and tissue disgen.?’ Components oftte yolkdepletion buffewerethesame
as listed in Chapter &nd its preparation is described in the following publicatiéh$®
Fixative for embryos and larvae contained 4% (w/v) paraformaldehyde in 3% (w/v) sucrose

solution.

Animal Care and Embryology. Adult male and femalX. laevisfrogspurchased from Nasco

(Fort Atkinson, Wlor Xenopusl (Dexter, Miverehumanelymaintained and handled a

breeding colonypprovedoy the Institutional Animal Care and Use Committee of the University
of Maryland College ParkR-FEB-21-07). Embryos were obtained via natural mating following
previously publishegrotocols?! After obtaining the embryos, the jelly coat was dissolved

using 2% (w/v) cysteine solution (pH 8) to facilitate experimental manipulation and embryos
were transferred tasterile 100% SS solutn. Cell fates inXenopusare established based on the
stereotypical pigmentation, thus stereotypical embryos were identified and sorted-ae¢liee 2
stage andultured tothe 32-cell stage (Nieuwkoop and Fab®iF stage Sor 6) in 100% S$°

202 For the spatial study, cell clones of the NE tissue and the SMO tissue were traced by injecting
green FD in their respective precursor cells identified based on their pigmentation and location
(D111 for NE, D112and D212 for SMO) at the 32l stage (NF stage 6). Incorrectly or
damaged embryos were remové&tle embryos wereultured to NF Stage 10 (beginning of
gastrulation) in 50% SS in 14 °C incubaémd monitored under a stereomicroscope using

epifluorescence (model SMZ18 with GIBP480 filter, Nikoninstruments Inc., Melville, NY).

Tissue Qllection. Cell clones arising from peursor cells of the SMO and the NE were
manually disseedusing sharp forceps in 50% SS in multiple replicateger the
stereomicroscopesingle dissectionf the SMO or the NEssueobtained from one embrywas

frozen in tubesmmediately and storeak-80 °Cuntil further processing.
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Sample Preparation.For the spatial analysimdividual dissections of the SMO and the NE
tissue were processed using thODE approachusing 1.56 mnborosilicate capillary tubes
while the whole embryos were yetlepleted irstandardeppendorf tubes followed by standard
bottomup stepsSingle dissections were lysed usingl8of yolk depletion buffer whereas 50

ML was used for the whole embryos. Yolk depleted supernatant was denatured using 1% SDS
and processed further with standard botigmproteomics steps such as reduction, alkylation,
and trypsin digestion. Six biological replicates oftgin digests of the SMO, the Ni&suesand
the whole embryo were barcoded using tandem mass tags (TMT 10plex). A pool channel
containing a mixture of all tissues and biological replicates (BR)nehsded to assist data
normalization. Samples were mixedad:1 ratio based on peptide assay. A total of 6 BRs were
prepared and divided into 2 sets of TMT experiments. Each TMT set contained 3 BRs of the
SMO, the NE, the whole embryo, and one pool sample with randomized tag assignments.
Tagged samples were theadtionated at high pH (pH= 10fsinganRP column (InfinityLab
Poroshell HPHC18, Agilent) to collect 72 fractions (1260 Infinity 1l LC and fraction collector,
Agilent) that were concatenatem8 fractions, dried, and reconstituted in 0.1% FA irMS

grade water for further MS analysighe concatenatiostrategy of 72 fractions to 8 fractions is

described in the Appendi¥ig. A5)

Mass Spectrometry.The RPLC separation using a pPAC gradient remained consistent with the
procedure outlined in ChapterRor spatial analysis: MS method was to enable synchronous
precursor selection (SPS) MBultiplexed quantificationThe followingparameters were used

for TMT analysis: arvey (MS) at 120,000 FWMH resolution in the orbitrap analyaean

range, 4001600 Da;Max IT, 50 ms; AGC target, 4xP@ounts; microscans, fonoisotopic

peak determination, peptide; dynamic exclusion, &fsgigdatadependent acquisition, the

84



precursor ions were isolated witl & Da window and fragmented with collisienduced
dissociation CID) using heliumat 3% NCEwith an intensity threshold o6& 0° counts The
tandem mass spectra were acquired in the ion trap (AGC target,couills; max IT, set to
automode; microscans, 1Jhe top 10 M3fragments were isolated using synchronous precursor
selection and dissociated (F)Svith a scan range of 10800 Da and fragmentemith higher

energy collisiorinduced dissociation (HCD) in nitrogem 65% NCE. The MSspectra were
acquired ab0,000 FWMH in the orbitrap (AGC target, 5¥1dbunts; max IT, auto mode;

microscans, 1

Data Analysis. Raw HRMS were processed in Proteome Discoverer (version 2.2, Thermo
Scientific) with SEQUEST searching against tKenopus laevisproteome (version 9.2)
downloaded from Xenbas®mntaining4d6,000 entrieandcombined withrmRNA derived PHROG
databas¥® Search parameteirscluded trypsin atheenzyme, allowed up tordissed cleavages,
cysteine carbamidomethylatioand TMT labelas fixed modificationmethionine oxidatioras a
dynamic modification, all searches includednanimum of 1 unique peptide 10 ppm mass
tolerance for precursor mass@$ Damass tolerance for M$ragment masseand 20 ppm mass
tolerance for TMT labeld2eptides and proteins were filtered with <1% false discovery rate (FDR).
Unique and razor peptides were used for quantifinaProteins were quantified based on their
MS? reporter ion abundance@or spatial analysis)Data filtering and normalization were
performed inVietaboAnalysB.0?% or Perseu®“. For the spatial study, data was normalized using
the pool sample to reduce batch effects andtiagsformed for further evaluatio®GO was
annotated in the PANTHER classification system (version 18t@jistical overrepresentation test
and fuzzy mean clustering were performed using PANTHER and VsClust respeliviicano

plots wereconstructedisingOrigin Pro software.
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Metabolomics For preliminary metabolomic analysis using gas chromatography MSM&C

20 dissections of the SMO and the NE tissue and 2 WE at Stage 10 were pooled for exaraction.
mixture of isotopic standards of TCA cycle metabolites, pyruvate, and lactate were spiked in the
samples in a knowamount Metabolites were extracted by adding chilk@N to the respective
tissues lysing using a bead mill. The lysate was centrifuged at 10,000 rcf to pellet the debris and
the supernatant was separated and dried for further processing. Metabolites were converted to
Tert-butyldimethylsilylderivatives and analyzed on @S usingthe previously published

protocd. 2!* GC-MS data was manually integrated to extract quantitative information.

H20:2 Live Labeling. Biotracker HO2 live dye was reconstituted as per vendor protocol to

prepare th& mM stock solution. The stock solution was diluted joN6 with 20% SS. Control

or treatedH202 exposedlembryos were incubated in the dye for ~30 min followed by washing
with 20% SS for 510 min.The washstep was repeated twice. Embryos were imaged using the
stereomicroscope with a monochromatic camera (SMZ18, Nikon Instruments Inc) in the
brightfield and GFP (488 nm) channels. Images were analyzed using the NIS Elements software
(Nikon). The ratio of théluorescence intensity in the SMO region and redpelow the

blastopore lip was compared between conditiStatistical differences were evaluated usrtg

test or Mann Whitney U test.

H20:2 Live Culturing . H202 culture media was prepared @juting 12% (w/v)H202 stockwith
20% (v/v) SS solution t€00 mMand50 mM solutions. Embryos before the beginning of
gastrulation (NF Stage 8), at the beginning of gastrulation (NF Sad@at post gastrulation

(NF Stage 13 and NF Stage 17) were incubated ifl#®e culture media foi 15 minutes.
Embryos were transferred to nepiked culturing solution (20% SS) and allowed to develop to

larval stages (NF Stage 32/34).
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Fixing. Larvae fromH20: live culturingexperiments (Control di202 exposed) were fixed
using 4% (w/v) paraformaldehyde in 3% (w/v) sucrose solution by incubating for 1 hour on a
nutator and washing with IRBS3 times. The fixed larvae were stored at 4 °C until further

imaging.

Imaging and Scoring Fixed larvae fronH20: live culturingexperiments (Control df202

exposed) were imaged under brightfield using a stereomicroscope equipped with a color camera
(SMZz18, Nikon Instruments Inc). To evaluate the effect of disturbance éf(egradient on

the neural induction and dorsoanterior patterning, the diameter of the eye, length of the spine,
and the area of the cement gland were measured for the control and experimental group.
Statistical analysis (t. test or Mann Whitney U tessperformed to evaluate the significance of

differencesbetween control and experimental groups.

Safety.Personal protectivequipmentvasused to handle chemicalsiological samplesand
sharp itemsSpecial care was taken in the handling of forceps, needles, and nanoESI emitters, all

of which present a potential needlestick hazard.

Scientific Rigor. For method development; & BRs were prepared and processed to test each
condition. Each sample was analyzed three times (three technical replicates). For the biological
part of the study,amples were processed together to avoid variability in sample prepaation.
BRs and 3 technical replicates were analyzed for the spatial study. TMT tag assignments were
randomized between two TMT sets. A pooled sample prepared by making a mixture of all
sample types and BRs was included in each TMThéath was used to normalize the data and
reduce TMT batch effects. Imaging and culturing experiments were repeated over several

batches of natural mating with different frog pairs to ensure statistical confidence.
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4 .4 Results andDiscussion

In this study, we sought to compare the proteome of the SMO, a known signaling center, and
induced neighboring tissue, the NE. Early embryonic experiments established that the SMO
releases morphogens to guide the differentiation of neighboring cellsuteingural tissue and

pattern the embryo. Although the SMO tissue and the induced NE tissue arise from similar dorsal
cells at the early stage and lie adjacent to each other during gastrulation, they eventually give rise
to two different lineages, mesodahand neural respectively. How the proteomes of these
neighboring tissues differ from each other remains to be understood. We performed a deep
discovery proteomics study to uncover the spatial differences in ptaasiationbetween the

SMO, the NE, and the whole embryo. Here, we utilized our previously develji@dE

approach to address the technical limitations associated with processusguleembryonic

tissues.

Spatial proteomics approachAs displayed irFigure 4.1 (top panel) to collect the SMO and

the NE tissues, we lineage traced the cell clones by injecting fluorescent dye in the precursor
cells. Based on the cell fate maps, we injected 1 nL of green fluorescent dextran (FD) in both left
and right D112 and D21ells (for SMO) and D111 cells (for NE) at the- &I stage (NF stage

6) using a microinjector. The injected embryos were cultured to the beginning of gastrulation
which is marked by the appearance of the blastopore lip (NF stage 10). The descendent cells
were dissected manually using sharp fpscender a stereomicroscope with epifluorescence.

Figure 4.1 shows SMO in green and NE in red dye to aid visualization of the neighboring
tissueshowever all collections were performed Isplelyinjecting green FDA single

dissection of the SMO or the NE from each embryo was frozen individually. Whole embryos at

the same stage were also frozen individually. The single dissections were yolk depleted using the
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KYODE approach while the whole embryos were yolk depleted in vials. A total of 6 BRs were
processed for bottomp proteomics. The protein digests were barcoded using TMT 10 plex tags
for relative quantification and two sets of TMT batches were preparedoonanodate all 18
samples. Barcoded samples from each batch were combined and fractionated at high pH to
reduce sample complexity. Each fraction was analyzed at low pH vME @nplementing SPS

MS3method? for TMT based quantifiation (Fig. 4.1, bottom panel).
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Figure 4.1. Strategy for spatial proteomics in gastrulating embiy® SMO and the NE tissue
were lineage traced by injecting FD in the left and right precursor cells at NF stage 6 and
culturing the embryos to NF stage 10 for dissection (top panel). Individual single dissections (1
BR=1 dissection) of the SMO and the NE were yolk depleted usfi@DE whereas single WE

(1 BR=1 whole embryo) dhesame stage were processed in vials. Samples were processed for
bottomup proteomics and barcoded with TMT tags. 2 10 plex sets were prepared with each set
containing 3 BRs of thBMO, the NE, the whole embryo, and one pooled sample. Barcoded
samples within each set were combiaad fractionated at high pH and further analyzed using
theLC tandem MS method (bottom pandd{gy. BUP,bottomup proteomicsScale bar: 100 pm
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Deepspatial proteomics of the gastrulating embryoWe identified ~8000 proteins
cumulatively between two barcod&@MT setscontaining six biological replicates of the SMO,
the NE, and the WE tissue. We achievaé of the deepest coverages achieved froma&uch
limited amount (1 single dissecti@500ng of yolk freeprotein amount) of tissues. Compared
to our previously published studiespnoled tissué~50ug) samples fronsimilar tissue
lineagesnve more than doubled the coveragey(4.2A). Bothof our previously published

studies utilized pooled tissues (N=5 as 1 BRRh a total of three BRemploying oupnYODE
approach we were able to preclude pooling and averaging signals over npaltijddbiological
tissues while simultaneously increagthe number of BRs to facilitate rigorous statistical
analysisWe used one single dissected clone as one BR (N=1 as 1 BR) and collected six
individual BRs for each tissue with increased throughplge.Venndiagram Fig. 4.2A)

comparing the proteins identifieding the microscale approach to the previously published
study on the pooled SMO tissues shows over ~4700 proteins exclusively identified using
HYODE. Furtherin depth GO analysis revealed a broader coverage of diverse proteins
belonging to important signaling pathways pivotal for embryonic development such as FAS,
wnt, TGFbeta, Integrin, RAS, epidermal growth factor (EGF), ubiquitin proteasome pathways
compared tahe previous analysis on pooled tissEg. 4.2B). In contrast to the ~450 proteins
previously found to be differentially expressed between the SMO tissues and the whole embryo
in thepooled datasét!, theenhanced sensitivity enabled us to expand this coverage to ~2600
proteins for the same analysis from single clones. Overaliataset revealed ~3500 proteios
be differentially regulated in the SMO, the NE, and the whole embryo at the beginning of
gastrulationSuch improvement in sensitivity paved the way for analyzing canonical and

noncanonicatlifferences between these tissue types to drive biological discovery.

90



A

Pooled
tissue -
(NE)

Single clones
ehéégiﬁpepod

Pooled
tissue -
(SMO)

Single
clones

HYODE

0 2000 4000 6000 8000
Protein IDs
hS

B PR
YGF 9

eud®
et
W JECF

godotn®”

L S

0 10 20 30 40 50 60 70

Figure 4.2. Comparison of deep proteomics in single dissected clones using uYODE apgproach
previously published studies pooled tissuegA) Proteins identified in pooled SMO or NE
tissues via conventional-wial yolk depletion versus single dissections of SMO or NE processed
via thepYODE approachVenn diagram comparing the overlap of pooled SMO dataset versus
HYODE dataset(B) GO annotation for signaling pathways covered under pooled dataset (dark
gray) versus single clones (light gray) sh@w$ODE enabled a deeper coverage of proteins
involved in different signaling pathways. Key: PIBosphoinositide &Kinases VEGF, vascular
endothelial growth factor; Transcr. Reg., transcription regulation; Cyto. Reg., cytoskeletal
regulation; PDGF, lateletderived growth factoi=GF, fbroblast growth factorEGF,

epidermal growth factQrCCKR, aastrin and cholecystokinineceptor.
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Differential proteomic translation between neighboring tissuedAt first, we soughto

investigate if the three tissue typesild be distinguished based on their proteome, therefore we
performed unsupervisedenarchicalclusteranalysis Figure 4.3 shows the heatmap of 50
statistically different proteins between the SMO, the NE, and the WE. We were able to
distinguish these tissues based on their proteome, confirming regional or spatial differences with
the embryo. Surprisingly, despite the closeigparoximity between the SMO and the NE as

they lie adjacent to each other, the proteomic profile of the NE is analogous to thaWketh
SMO. The distinctive proteomic enrichment in the SMO could indicate its role as a transient
signaling centelWe annotated the statistically different protefas protein functions and

signaling pathways to unveil distinctively enriched categdiieble A2). Theontologyrevealed
electron transport chain (ETC) related proteins Nudfs6 and Nudfs4 and cytoskeletal regulating
protein FIna were enriched in the organiZdre enrichment of ETC related proteins in the SMO
correlated well with our previodfinding from the pooled organizéssue??* We further

performed STRING analysis to find common patterns in the proteins found enriched in the NE
tissue Fig. 4.4). The proteins enriched in the NE tissueredivided into three main categories
which includedproteins belonging to transcription and translation regulapimieasome
machinery, anénzymes related to carboxylic acid metabolism su@rgisinosuccinate lyase

(Asl) and3-hydroxyacytCoA dehydrogenad@iadh) Evidence suggesting deficiency in Hadh
and related enzymes during embryonic developmenirigadperipheral neuropathy and
retinopathies in humarsasbeen reporte@? The active upregulation of proteasome and
translation related proteins could suggest remodeling of the proteome to drive differentiation of
ectoderm to neural ectodertpon comparing th&lE tissue enrichegdroteins identified in our

heatmap analysis with genes enriched in neural precursor cells induced from human embryonic

92



stem cell$?3, we observed an overlap between several proteins and the transcriptorsiectata
as Adss &denylosuccinate synthas®ps15 (ibosomal protein s)5Eif2s1 eukaryotic
translation initiation factor 2 subunit alph&apn2 (alpain2), Ipo9 (importin 2), and Rps6ka3

(ribosomal S6 kinage
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Figure 4.3. Unsupervisedhierarchical clustering (heatmap) displaying 50 statistically significant
proteins that showed distinctive enrichment in the SMO, the NE, and th€Qalér bar
represents fold change)
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Figure 4.4. STRING analysigo find correlation between proteins found upregulated in the NE
tissue.

Canonical differences between the SMO and the NE tissuBo uncover the spatial differences
between the neighboring SMO and the NE tissues, we performed statistical analysis on
quantified proteins to identify differentially enriched proteins. Initially, we compared the SMO
and the NE proteome against the WE @oote usinghevolcano plotNext, we conducted
statisticaloverrepresentation tests on the proteins found to be statistically upregulated in the
SMO and the NE tissue compared to the WE to uncover GO categories tnraepresented

in these tissue type$he overrepresentation test queries the list of proteins from the
experimental results against the reference proteomsses# a particular class (molecular
function, biological process, signaling pathwesverrepresented in the experimental dataset.
We used the WE (at the same stage) as a refesered¢he whole embryo constitutes both these

spatial regions and would provide an averaged or overall prabeindancat that stagerigure
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4.5shows the volcano plots and tireerrepresentesignaling pathways for the proteins enriched

in the SMO and the NE tissue.
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Figure 4.5. Volcano plot displaying statistically upregulated and downregulated protdims in

SMO vs WE and the NE vs WE conditiofa) Statistically overrepresented pathways in the

NE. (B) Statistically overrepresented pathways in the SMO. Keykbl&ctivation, FCERI

mediated NFkB activation; Detox. ROS, detoxification of reactive oxygen species; Interteukin

1, interleukinl signaling; Degr. of beta catenin, degradation of-batanin bythe destruction
complex; Gap junc. Traffic, gap junction traf
hedgehog signaling o6o0ffd state; Tranfaty. i nit.i
acid beta oxidation; De novo purine syn., De novo purine biosynthesis; Ubiquitin proteasome,
ubiquitin proteasome pathway; TCA, tricarboxydicid cycle; Succinate to propionate conv.,

succinate to propionate conversion; Reg. FOXO transcr. Factors, regulation of FOXO

transcription factors; Apop. cleav. cell adhesion, apoptotic cleavage of cell adhesion proteins;
Formation of an. gap junc., foation of annular gap junctions; APC/C med. CyclinA degr.,
Cdc20:Phosph@dPC/C mediated degradation of Cych; SUMOQylation of DNA repl. proteins,
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SUMOylation of DNA replication proteins; mMTORC1, mTORCL1 signaling; Cytoskeletal reg. by
Rho, cytoskeletal regulation by Rho GTPase; p53 gluc. depriv., p53 pathway by glucose
deprivation; Pyruvate met., pyruvate metabolism; Methylmalonyl, methylmalonylkagth

Figure 4.5A highlights differences in proteroncentrationbetween thé&lE and the WE and the
right panel showcases the GO signaling pathways upregulated and overrepresentdéin the
tissue. Many of these signaling pathwasignaling proteinsan be traced back tbeir canonical
roles in inducing neural tissue or differentiating embryonic steltlsto neural cells in the
developing embryo across various modEts. example, NFkb transcription irstemcells has
beenshown tabe pivotalin thedifferentiation of embryonic stem cells to neural progenitor
cells??* Additionally, tight regulation of NFkb activation is required tcontrol mesodermaind
neuroectodermal cell faté€ NF-kb activation in turn is regulated by R@®ich is also seen in
the prot®@mics dataset as we s upregulation of antioxidant enzymes that control
detoxification of ROS speci&$ Earlier transplantation and genomic experiments conducted in
the Xenopusand Chick modelseport thablocking ofWn t / b signaldpremoteghe

induction of neural fate from ectodermal céfsln concurrence, we found upregulationtiod
degradation ob ¢ a byehe destruction complex. One of the key regulatbthe destruction
complex, eSerindthreonineprotein phosphatasemelyPpp2r5&28 (or Pp2a) was found to be
significantlyupregulated in the NE tissue compared to the WE as well as the SMO further
corroborating our proteomic data with the established literature. We also found several metabolic
pathways such as beta fatty acid oxidation upregulated in the NE tAdsse role has also been

explored in human neural developmé&it.

Figure 4.9B reveals the pathways enriched in the SMO tissue. Similar to the NE tissue, we
conducted a deep literature review to uncover the known canonical roles of these pathways in

previously published literature. We found several parallels betanggsroteomic dataset and
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earlier genomic/transcriptomic studies. Regulation of FoxO (Forkhead box, class O) transcription
factorsis required for proper closure of the blastoporéfipAs the Spemann organizer is

situated right above the blastopore lip (Begure 4.1), the highembundancef FoxO-regulating
proteins in the SM@s substantiated=oxO proteins are phosphorylated by -Akivhich in turn

controls itstranslatiorandwas found significantly upregulated in the SMO tissue compared to

the WE and the NE in our datas&s cells start migratingnd moving inwards over the

blastopore lip during gastrulation, enrichment of apoptotic cleavage of cell adhesion proteins is
logical to diminish cell to cell contact and allow controlled movement of cells. This process is
furthercomplemented by the upregulation of cytoskeletallagn bythe Rho GTPase pathway
which modulateshe organization of the actin cytoskelettmcontrol cell protrusion, motility,

and adhesion. Signaling pathways including mTORC1 and p53knavenroles in eliminating
defective pluripotent celi® reduce incorrect patterning of cells during differentiatiSioy act

as redox sensors, and help cell survival during oxidative gffea& also found upregulation of
SUMOylation which is an important modification to regulate subcellular localization of proteins
and protein functior?®? Apart from canonical pathways, we also found certain higher activity of
metabolic pathways such as glycolysis in the SMO tissue. Metabolic pathways such as glycolysis
and OXPHOS play an important role in maintainingstemness of embryonic cells and cell
differentiation, hencéoldingthe potential to discover unknown roles or metabolic enzymes and

small molecules in controlling embryonic developnréht.

Non-canonical proteomic differences between the SMO and the NE tissuB8ubsequentlywe
aimedto classify proteins according to thaioundancerofiles in order to discern proteomic
patterns within the three tissue types. We utilized the fuzmgans soft clustering method to

visualize the proteomic gradients within the organizer, induced NE, and WE. The clustering
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analysis was conducted using the freely available online tool, VsClust. The proteomic profiles
were grouped into 7 clustenSig. 4.6). We conducted statistical overrepresentation tests on each
cluster to pinpoint alterations in th@nslationof proteins associated with specific GO
categoriesWe annotated the dataset for pathways, biological processes, and molecular
functions.Notably, we found several metabolic pathways differentially regulated between the

SMO, the NE, and the whole embryo.

Althoughseveral studies discuss the pivotal role of metabolism in the context of stem cell
differentiation, very fewecent studies have focused on thesserknownmechanisms in a

three dimensional whole embryo mod®&23° Even in theXenopusnodel,a significant area of
investigation focused on determining the metabolic activity withirotbanizer and

investigating whether this activity played a role in defining the inductive signals responsible for
patterning the embrybefore the era of modern molecular genetidany of the early

publications in this field highlighted oxygen consumption as a key metric for characterizing
metabolic activity during gastrulation. Howevdue toalack of sophisticated techniques and
shift towards genomianalysisthe significance ofhe metabolic profileof the organizer (SMO)
remains ambiguoud.herecent resurgence of interest in developmental metabolism, facilitated
by new assays and advancementgl8) has provided an opportunity to reassess the role of

metabolism in patterning and inducing cell fate atdtganizer.
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Figure 4.6. Fuzzy ecmeans clustering to reveal proteoralmundanceatterns within the two
spatial tissues and the whole embryo
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Spatially distinct energy metabolism within the embryoWhile the whole embryo did not

show preferential enrichment of any particutegtabolic pathwaysye found theNE to be

enriched in enzymes associated with the TCA cyclebdatty acid oxidatior{compared to the
whole embryo and the SM®hereas glycolysis, pyruvate metabolism, methylmalonyl pathway,
and fructose gatdose metabolism were enriched in the SMO (compared to the whole embryo

and the NE)Figure 4.7 shows the enzymes and pathways enricheghch of these tissues.
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Figure 4.7. Schematic of differentially enriched metabolic pathways. Enzymes involted in
glycolysis pathwayvere enrichedh the SMO while TCA cycle enzymes were enriched in the
NE tissueFull forms of metabolites and metabolic enzyraeslisted in the glossar¢olor key:
green significantlyenriched in the SMO; redjgnificantlyenriched in the NE (comparedttoe
other two tissues)
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Most of the enzymes involved in the glycolysis pathway were upregulated in the SMO tissue.
The end product of glycolysis is pyruvate which is converted to acetyl coenzymeA via the
pyruvate dehydrogenase complexifPconcurrently, the inhibitor of the PDH compléx,
phosphoinositidelependent protein kinade(Pdkl) was found to be upregulated in the SMO
tissue. Furthermore, we observe an upregulation in the cytosolic enzyotgsu(@ Mdhl)

involved in the malate aspartate shuttle whsctritical for translocating the electrons to the
electron transport chain (ETC) to generate adenosine triphosphate (ATP) as glycolysis produces
energyvia nicotinamide adenine dinucleotildAD andNADH) which cannot cross the inner
mitochondrial memk@ne?®® These findings indicate glycolysisactive in the SMO and being
used as the major energy producing pathway. Surprisingly, wecaisdl&éctate dehydrogenase
(Ldhg to be upregulatenh the SMO cell population, which converts pyruvate to ladtate
produce energy througinaerobi@lycolysisto compensate for reduced oxidative

phosphorylation.

Similar findings were also reportedvariousmodels for embryonic patternings far back as

the 1930s, research employing Ad®S methodologies revealed elevated anaerobic glycolysis in
the dorsal blastopore lihe organizer regigrin the amphibian embryS’ A recentMS based
metabolomic study ithe Xenopusmbryos reported similar findingsherethe metabolome of

the dorsal marginal zon®MZ, which consistf the organizeryvas juxtaposed wittheventral
marginal zongVMZ). The DMZ exhibitedhigh amounts of glycolysisand glutathione
metabolismrelated metaboliteshile the VMZ showcased enrichment péirine metabolism

related metabolite¥® Similarly, in aninvestigation involving hESCs, it was found that the
addition of exogenous pyruvate could induce differentiation towards the mesodermal lineage by

regulating theAMPK/mTOR pathway>°
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In contrast, the NE tissue showed upregulated expresstber DEA cycle andb fatty acid
oxidation related enzymes. As discussed previobdigity acid oxidation is regarded as an
important pathway for neural differentiation and its dysregulation is known to cause neural birth
defects. As the end productffatty acid oxidation funnels into the TCA cycle via acetyl CoA,
we posit that the NE tissue selectively shifts metabolic programming from glycolysis to
oxidative phosphorylation. Such remodelingltg metabolism during neural differentiation has
been studied in several steell models?*® Furthemore, a study in neuratemcells reported
thata protein called’igar (TP53 induced glycolysis and apoptosis reguldtmsiers
differentiationof neural cellgshroughacetyl CoA mediated histone acetylatighich in turn
controls theranslationof proteins involved in neural differentiatiéff.Our proteomic data
aligned with the existing literaturas we foundignificantly higherconcentratiorof Tigar

protein in the NE tissue compareddmththe SMO and the WH.hese encouraging results show
a fine balance between energy/metabolic cycles to cahedifferentiation of embryonic cells
during gastrulation. As the metabolic pathways generate energy viadedi@ed to delve

deeper into variances in thranslationof ETC related proteins to understand mechanisms

involved in embryonic patterning.

Role of Energy metabolism via ETCduring gastrulation. Based on our proteomic dataset, we
conjectured that the NE tissue would demonstrate elevated oxidative phosphorylation
(OXPHOS) compared to both the SMO and the WiEaccordance with established literature,
we checked the expression etitinerich PPRmotif-containing proteirfLrpprc), known to play
an important role in ET€omplex biogenesi&! We foundLrppre significantly downregulated

in the SMO tissue, aligning with our initial hypothe€i®nsequently, we directed our focus

towardmapping theabundancesf mitochondrial proteins associated with the electron transport
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chain (ETC)We categorized the proteaibundancebased on each complex of the ETC

Contrary to our expectations, we did not find upregulation of all complexes within the NE tissue.
Although overall both NE and SMO showepregulatiorof ETC complexes compared to the

whole embryo, we found preferential enrichments of certain complexes within the NE and the
SMO. Figure 4.8 shows the schematic of the ETC complexes and their distribution within the
neighboring tissueg.he mitochondriaETC chain consists & main complexes numberedu.

We analyzed thabundances of various proteinghin each complex to evaluate their

preferential enrichment within the embryo. The proteomic mapping unveiled that complex Il and
complex IV were enriched in the NE tissue while complex Ill and complex V were enriched in
the SMO compared to the other temunterpartsvhereas various subunits of complex ¢wled

mixed upregulation in all three tissue typ@sir investigation on individual dissections
corroborated our earlier sty@n pooled tissues within the SMO, which similarly demonstrated

enrichment of ETC complex V.

Mitochondrial intermembrane space 02 Hzoz >H,0

Mitochondrial matrix O, H,O ADP ATP

Figure 4.8. Enrichment of ET@omplex 'V in the tissues under studgolor key: enriched in

SMO, green; enriched in NE, red; no preferential enrichment between the SMO, the NE, and the
WE or not detected, light gray; enriched in the WE, dark gray. Abbreviations mentioned in text
or glossary.
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Another function of the ETC apart from oxidative phosphorylation and ATP generation is the
generation of ROS species which participate in various signaling processes. Mitochondrial
complexes Ili V play an important role in ROS generation. As electronstbassgh the ETC
complexes, superoxide radicals are generated at complex Ill which are then neutralized to water
at complex IV.Complex V onthe other hand acts as &n channel to pump protons back into
the mitochondrial matrix to generate ATHowever, in certain casgscan reverse the direction
and hydrolyze ATP to actively pump protons out of the madrbeestablish the electrochemical
gradient.Complex Il is the vital site for the generation of superoxide ions especially in the
intermembrane space, ROS radicals escape from the intermembrane space to thihmrgbkol
ion channelg*?In the cytosol, the radicals are converted to other ROS products such as
hydrogen peroxide (¥D2) via enzymes such as superoxide dismutase (Se@p.isithen
neutralized to water through glutathione peroxidases (8pirO2is a known signaling
moleculethathas been studied in the context of embryonic develogfastwell as cancer

progressioff®.

Notably, a recent study also examined the impact of electron transport chain (ETC) complex
inhibitors on gastrulation iXenopus tropicalisThe findings indicated a loss of organizer signal

at NF Stage 10 in embryos treated with antimycin (a complex 111 inhiBit®ir). conjunction,
translationof cytosolic Sod1 proteiwhich catalyzeshe conversion of superoxide radicals to
H202was enriched in the SMO compared to the NE and the WE while Gpx related isoforms
were depleted in the SMi@ our datasetsuggesting spatial enrichment of®4 within the
gastrulating embrydHig. 4.9). Based on our proteomic results, we hypothesized that enrichment
of complex Ill, complex V, and Sod1 protein in the SMO could indicate heightened ROS

generation rather than OXPHOS actiwihile maintaining OXPHOS in the NE tissue.
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Figure 4.9. Comparison of proteinoncentatiorprofiles of commonly known enzymes that
catalyze ROS metabolisrAbbreviations in text. Color key: enriched in SMO, green; enriched in
NE, red; enriched in WE, gray.

Orthogonal validation of proteomic results.Our proteomics results revealed interesting spatial
heterogeneity of metabolic pathways. To validate our proteomic results, we opted to employ
orthogonal assays to detect the spatial enrichment of small molecules within the gastrulating
embryo.To test if ROS is localized spatially within teenbryo,we chose tamplement
fluorescence live imaging. We hypothesize that ROS species get converi€a em#li localized
within the SMO. We usednH:0: live imaging prole tofluorescently label the #D2 within the

live embryo. The dye permeates the live cells where it is hydrolyzed by intracellular enzymes to

form animpermeable product, this product reacts witdtand produces fluorescence

(Absorbance amax= 492 nm, Emission amax= 516
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Figure 4.10. Visualization of HOz localization usingH202 sensitive fluorescent prolae live

Stage 10 embry®heH202 signal was found to be significantly localized in the SMO region
(p=0.02, N=19scale bar: 10Apm)We incubated the live embryos in the culture media
containinga5 uM probe (seéMethod$ and washed the embryo by nutating in the culture media
before imaging. We imaged the live embryos at NF Stage 10 and measured the mean
fluorescence intensity within the SMO a@darea below the blastopore lip. As shownhig

4.10 we foundstatistically significantocalized HO:zfluorescence within the SMO regia the
beginning of gastrulation, which is marked by the presence of the blastop@eckpding to
existing literature, the organizer emerges at the onset of gastrulation and subsequently undergoes
involution, culminating in itglifferentiation into the notochorgnesodermal lineagéy the
conclusion ofgastrulation: To test if the localization of the2®2 signal coincides with the
organizer activity, we traced the®k fluorescence intensity temporally during embryonic
developmentFigure 4.11displays then vivo H202 labelingacross multiple stages, including
pre-gastrulationNF stages8 and 9, gastrulation (NFstage®.5 and 10), and poeghastrulation

(NF stagesdl1 and 12). By the end of gastrulation, the blastopore lip closebam®soderm

involutes inside completely, marking the beginning of neurulation.
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