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potential to better understand normal development and design remedies for diseases. In this
work, | integrated bioanalytical chemistry with neurodevelopmental biology to uncover
mechanisms underlying tissue induction in a developing embryo. Specifically, | developed
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the challenge of interference from abundant proteins such as yolk in Xenopus tissues which in
turn boosts the sensitivity of detecting low abundant proteins from complex limited amounts of
tissues. The refined analytical workflow was implemented to study the development of critical
signaling centers and stem cell populations and the tissues they induce to form in developing

embryos.



Chapter 1 overviews the overarching goal of this research and introduces basic concepts of

biology, research model, and key technologies that enable biological mass spectrometry analysis.

Chapter 2 describes development of an analytical approach to improve proteomic coverage from

limited embryonic tissues.

Chapter 3 illustrates the development of sample preparation design tailored to process

microscale sample volumes.

Chapter 4 probes into spatial proteomic heterogeneity that guides tissue differentiation during

embryonic gastrulation using the above developed analytical methods.

Chapter 5 explores proteomic gradients present within spatially distinct branchial arches, which
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future endeavors.
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Chapter 1: Introduction

(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
spatiotemporal ‘omics: From tissues to cells to organelles. Mass Spectrometry Reviews, 43(1),
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 architecture—from genes
to transcripts to proteins to peptides to metabolites—can now be measured using this technology,
some in exquisite detail. MS detection and quantification of proteomes, peptidomes, and
metabolomes (‘omes) expanded the analytical toolbox of biology across the taxa, helping to
generate and test new hypotheses. In this work, we harnessed the capabilities of MS to study
critical processes during vertebrate embryonic development. The ability to detect thousands of
proteins and metabolites from biological specimens provides a unique opportunity to explore the

expression of molecules that govern cellular signaling and drive embryogenesis.
1.1 Biological 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 differentiation. For an embryo to develop
normally, cells need to constantly communicate with each other to divide and form different
types of tissues and organs. During gastrulation, such signaling is steered by a group of cells
called the organizer within the embryo. In Xenopus, the Spemann-Mangold Organizer (SMO) is
an important signaling center established during early development, it guides neighboring cells

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



development (Fig. 1.1A). Identifying proteins produced in the SMO will provide insights into
how embryonic cells are instructed to form neural tissue. To further 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). The neural crest cells are sometimes referred to as the fourth germ
layer because of their importance. This group of multipotent progenitor 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 smooth muscle tissue (Fig. 1.1B). CNCs specifically give rise to neural
and non-neural tissues in the head and jaw region of vertebrates. Alterations during CNC
development are known to cause severe congenital defects.? Identifying proteins during normal
CNC development can help uncover mechanisms involved in the differentiation of stem cells

into various tissue types.®
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Figure 1.1. Key processes during embryonic development. (A) SMO establishing central
nervous system (CNS) and ventral mesoderm in an early-stage embryo. (B) CNCs differentiate
into different tissue types. Reproduced from references**®

1.2 Xenopus as a biological model

Our group uses the South African clawed frog (Xenopus laevis), a vertebrate biological model, to
study molecular processes during normal and impaired development.” Table Al highlights select
publications that demonstrate the study of neurodevelopmental questions via proteomics using

Xenopus across different scales (see Appendix). Xenopus offers 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 homologs in Xenopus species. Females can be stimulated
with gonadotropin hormone to lay eggs (500-1000) 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 embryonic cells (~250 um). The large size of the
embryonic cells with stereotypical pigmentation and cleavages permits easy identification and
experimental manipulation such as injection of dyes and morpholinos. Another experimental
advantage of the Xenopus model is the known cell fate of early embryonic cells. Reproducible
fate maps are available for embryos at the 16- and 32-cell stage.®'! These maps can be used to
trace different tissue lineages during development. Embryonic development is fast and
temperature dependent*? which allows the study of important biological events during
embryogenesis such as mid-blastula transition, gastrulation, neurulation, and organogenesis in a
short time frame. As my research aims involved studying tissue differentiation during early
embryonic development, the amphibian species Xenopus proved 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.
1.3 MS 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 understanding, in part, by
characterizing all types of molecules and their potential interactions from organismal to
subcellular scales. Vast signal amplification via polymerase chain reaction (PCR) facilitated

next-generation sequencing of minute amounts of transcripts and genes, thus leading single-cell
4



sequencing to become quasi-routine. Subcellular RNA-seq, for example, recently uncovered
transcriptomic differences between the cell body (soma) and dendrites in individual GABAergic
and glutaminergic neurons during biological functions®?, raising 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 systems'*. Post-transcriptional and -translational regulation as well as
protein turnover rates contribute to a widely 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 culturing®®, signal transduction between cells
and neurons, differentiation of stem cells and developing organisms®'7, cancer invasion and
metastasis®®, and responses to drug treatments'®. Similarly, 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 relationships over space-time is important for understanding states of health and

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

MS, especially high-resolution 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. Readers interested in the
fundamentals of MS and HRMS, ranging from ion generation to mass analysis, are referred to
recent reviews?°. From tissues and cell cultures, hundreds to tens of thousands of biomolecules

are routinely assessed in discovery studies with temporal resolution, with near-complete
5



coverage of proteomes?'22, For example, HRMS on two- (2-D) and three-dimensional (3-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
degeneration?®-?%, 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 transcriptome?. HRMS quantified ~2,800 proteins and
their temporal expression profiles at progressive stages of differentiation, offering a glimpse into
molecular mechanisms toward developing next-generational cell-based therapies such as cell
grafting?®. Similarly, metabolic profiling of naive and primed hESCs revealed alterations in

epigenetic dynamics underpinning cell fate determination?*.

The advent of high-sensitive HRMS propelled ‘omics to dynamic and microscale biological
systems. This group of technologies integrated existing approaches and invented new ones to
accomplish trace-level sensitivity, sufficient to probe molecules at physiological concentrations.
In doing so, they also allowed for scaling the spatial and temporal resolution of analysis to the
specific biological systems and questions at focus. Figure 1.2 conceptualizes broad
spatiotemporal domains that contemporary HRMS is able to address. With sample collection
capable of spatiotemporal scalability, high-sensitivity HRMS opened even more investigative
possibilities. Rapid sampling enabled HRMS to assist studies on fast biochemical processes,
including those underpinning cellular processes. For example, methods of sampling with duty
cycles lasting minutes to seconds can collect cellular materials even within a ~15-45 min cell
cycle in cleavage-stage embryos, as shown from the South African clawed frog (Xenopus laevis)
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
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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
millimeters to 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 roles, and aiding drug discovery. Profiling and imaging HRMS
were recently adapted to subcellular structures. 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. Next-generation separations, enhanced analyzers, and intelligent data
acquisition strategies facilitated molecular identifications and quantification from minute
amounts of materials. Thousands of proteins and metabolites can now be measured, even from
single cells. For targeted proteins, heavy-element tagged antibodies extended HRMS to MSI and
single-cell resolution. Novel mathematical algorithms helped process complex primary data in
depth. User-friendly software packages and community-wide efforts to freely share them aided
adoptability across laboratories needing sensitive ‘omics, raising an opportunity to support
applications in basic biological and translational studies. Molecular information from these
measurements holds answers to existing questions and supports new questions and hypotheses,
which in turn require further advances in all aspects of technology and method development.
Efforts in pursuit of sensitivity, scalability, and ‘omic coverage progressively expand our

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 enable the analysis of limited amounts of materials. This
7



chapter offers examples of innovations that extended MS-based ‘omics to study the
spatiotemporal organization of diverse biological systems at the realms of the organism, organ,
tissue, cell, and organelle. Innovations across all stages of the MS workflow (sample collection,
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 domains. Recent
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 processes at the levels
of transcriptomes, proteomes, peptidomes, and metabolomes (‘omes) in ever-deepening
information content. Information from these studies fuels basic and translational research
forward. Representative examples are highlighted from whole organismal to subcellular studies.
Adapted with permission from?6-27,



1.4 General Workflow of MS-based ‘Omics

For spatiotemporal analysis, the 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 interest, such as proteins or
metabolites, and then subjected to various sample clean-up/purification steps to render
compatibility for instrumental analysis. Various 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
quantified by HRMS. An array of fragmentation (tandem/multistage MS) and analyzer-detector
systems provide complementary speed and spectral resolution, ranging from quadrupoles to
time-of-flight (TOF), orbitrap, and Fourier-transform ion cyclotron resonance (FTICR). 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 relative or absolute 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 knowledge 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 (recall Fig. 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 MS. Scalable 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. High-resolution mass analyzers, tandem/multistage fragmentation,
and efficient detector systems support molecular identifications in high specificity and
quantification in high sensitivity. Development of advanced tools from bioinformatics and
chemometrics facilitates the analysis and interpretation of MS data with spatiotemporal 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 brains and kidneys, local sampling
with accuracy ensures contamination-free analysis from neighboring cell populations, thus aiding
the interpretation of results. Likewise, sample collection with single-cell resolution unmasks
differences between single cells (cell heterogeneity) within the same tissue, which are otherwise

obscured due to signal averaging during cell pooling. As exemplified in Figure 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.
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Figure 1.4. Representative strategies enabling scalable spatiotemporal sampling. Diverse
technologies enabled HRMS with scalable operation to assess ‘omics in broad types of biological
systems and investigative 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 from?8-37,

i. From Biopsies to Single Cells

Manual dissection is simple and can have high accuracy. Surgical tools, ranging from sharp

forceps to tungsten needles to eyebrow knives, are readily adaptable to excising distinct regions
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of tissues. Dissection techniques, for example, enabled the isolation of spatially distinct colon
tumor biopsies from humans®, brain tissues from the mouse®®, large single cells*®*! and small
cell populations*? from developing X. laevis embryos, neurons from A. californica*®, and distinct
regions of nervous tissue from Callinectes sapidus*. Labeling with dyes or fluorescent reporters
enhances the accuracy of dissections under a microscope. Figure 1.4 demonstrates one such
example, where identified cholinergic neurons from A. californica were dissected, permitting

transcriptomic analysis to study aging?®.

Spatially resolved sampling reveals information on the whereabouts of the biomolecules. With
narrow focusing and adjustable power (fluence), lasers naturally became a method of choice in
this research field. As illustrated in Figure 1.4, laser capture microdissection (LCM)
concentrates infrared or ultraviolet light to lift off small tissue areas to groups of cells to single
cells (e.g., 3-5 um in size), with a capability for resolutions down to micrometers?. LCM-based
HRMS facilitated biological studies on genes, proteins, and metabolites in broad contexts
including cancer biopsies* and recently single-cell proteomics*. For smaller cell populations or
dispersed cells, alternative strategies enhance the fidelity of sampling. Flow cytometry-based
techniques, such as fluorescence-activated cell sorting (FACS), were employed in several studies
to purify heterogeneous cell populations*’-°. As illustrated in Figure 1.4, FACS enables accurate
and high-throughput purification of cell populations to single cells based on fluorescent markers.
Although specialized cytometers are able to sort particles ranging from 0.2 um-150 pm in
diameter, commercial FACS instruments usually have a low-pass limit of ~20 um cell

diameter®,

ii. Subcellular Organization

12



For targeted subcellular analysis, distinct organelles may be isolated using various approaches.
Sequential lysis of cellular compartments and density-based centrifugation are well-established
for cells and cell types from multiple biological models. Organelles such as nuclei, mitochondria,
peroxisomes, lysosomes, and the Golgi apparatus can be separated based on their size, shape, and
surface charges®. Biochemical approaches and bioinformatics provide alternatives for
subcellular analyses. Isotope tagging (LOPIT) and hyperLOPIT precluded the need for absolute
organelle purification by taking a multipronged approach, in which organelles were partially
separated into multiple fractions using multistep density centrifugation for multiplexed
quantification via LC-HRMS, followed by deep machine learning to extract information on the
subcellular localization of detected proteins®2. MSI techniques such as micro- and nano-probe
HRMS with bioinformatics emerged for precision organelle analysis, precluding the need for
physically isolating microscopic organelles. Spatial single nuclear metabolomics (SEAM)
integrated TOF-SIMS with novel computational data analysis modules (Fig. 1.4) to identify and

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

In situ sampling can take a molecular snapshot of the tissues or cells under innate conditions with
minimal external perturbations during collection. As illustrated in Figure 1.4, the fast
photochemical oxidation of proteins (FPOP) method utilizes laser-induced photolysis of
hydrogen peroxide to irreversibly label proteins in their native state within a cell, thus enabling
studies on protein structure and folding and protein-protein interactions®. Chemical labeling
enables the isolation of molecular partners in interactions. Bioorthogonal reactions, for example,
use a wide array of click chemistry to anchor specific biomolecules without disturbing the

intracellular native environment. Bioorthogonal noncanonical amino acid tagging (BONCAT),
13



Figure 1.4, enabled the tracing of newly synthesized proteins by incorporating biotin-tagged
noncanonical amino acids in the nascent proteins with follow-up affinity purification or imaging
by fluorescence microscopy®3. The approach recently allowed for tracing tumor cell proteome in

ductal adenocarcinoma in the mouse®®.

Sampling in vivo extends HRMS ‘omics to assess the molecular dynamics underlying
physiological states. Figure 1.4 shows examples of in 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 decipher the roles and spatiotemporal dynamics of
neuropeptides and their role in feeding using crabs®>°, decision-making and drug response in
rats®®, and the tumor-promoting 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 others®®. In the clinical setting, desorption electrospray
ionization (DESI) and MasSpec Pen (Fig. 1.4) gained recognition for their ability to downscale
microextraction into < 10 puL of water droplet on tissue regions of interest, even in
morphologically complex samples®® 59,

Microsampling confined 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 precision-fabricated capillaries, usually with assistance from translation stages and
microscopy. Early on, for single cells, live-video MS with direct ESI detected metabolites from
single adherent embryonic fibroblasts (mouse) and plant cells®®®*, T-probe (Fig. 1.4) profiled
metabolic perturbations in HeLa cells on anticancer treatment®?, and laser ablation electrospray

ionization (LAESI) surveyed secondary metabolites in Allium cepa cells under guidance by
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optical microscopy®. To detect deeper into single-cell ‘omes, microsampling can be combined
with high-efficiency separations prior to in situ/vivo HRMS. By aspirating <5% of the total cell
volume using a pulled borosilicate capillary, proteomic and metabolomic cell heterogeneity was

found in embryos of X. laevis and zebrafish3® 64-56,
B. Sample Preparation

Sample preparation can make or break studies requiring trace detection, and those addressing
spatiotemporal processes are no exception. Specimens encompassing few cells, single cells, or
subcellular organelles provide only micro- to picogram quantities of starting materials®’-8,
Processing such limited amounts poses nontrivial challenges in handling minuscule volumes
without solvent evaporation and with minimal-to-no losses for proteins, peptides, and
metabolites due to surface adsorption®. The following section highlights developments that
ushered HRMS to spatiotemporal ‘omics from small tissue biopsies down to the single-cell and

subcellular level with a special focus on proteomics.
i. Proteomics

HRMS provides critical information on proteomes during states of health and disease. Methods
and technologies enabling bottom-up, middle-down, and top-down proteomics are able to
identify and quantify broad types of proteins, assess their structure, gauge their interactions, and
determine modifications during biological processes in space and time. Deep proteome coverage
is an enabling feature of bottom-up proteomics, which is the most widely used of the three
workflows. Figure 1.5 shows the detailed workflow of bottom-up proteomics. In this approach,
proteins are enzymatically digested into peptides, which can be efficiently ionized and sequenced

to pinpoint their source proteins using advanced bioinformatics. Thousands of different proteins
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can be identified at once using this approach, even from limited sample amounts. Complex
spatiotemporal processes were studied using this approach at the organismal to subcellular levels
in development’®", neuroscience’? "3, and various disease states’*"®. The information from these

measurements provides the foundation for hypothesis-driven and functional studies.
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Figure 1.5. General steps of HRMS-based proteomics in X. laevis embryos and tissues. Proteins
are identified and quantified based on the detection of proteotypic peptides. The sequenced
peptide demonstrated is from protein Cop9. Discovery and targeted approaches enable high-
throughput screening and biomarker discovery. Key: FC, fold change; p, statistical p-value
(Student’s t-test shown). Figures adapted with permission from’%,
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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 for limited samples. For single-cell
measurements, for instance, MS-compatible detergents and mechanical lysis methods (i.e.,
freezing/thawing or laser pulses) and exclusion of reduction and alkylation eliminated the need
for downstream clean-up, reduced nonspecific adsorptive losses, and dilution® 76, Select

strategies enabling high-fidelity proteomics are presented in Figure 1.6 and discussed further.

“One-pot” strategies confined the analytical steps to a single location. For amount-limited
samples, immobilization of molecular processing and reduction or elimination of sample
transfers proved particularly beneficial. For example, gel-aided sample preparation (GASP)’’,
suspension trapping filter (S-Trap)’®, and filter-aided sample preparation (FASP)’® used gels and
filter membranes, respectively, to reduce sample transfer steps and improve coverage from
hundreds of micrograms of protein. By miniaturizing and confining sample processing using a
multi-well plate, micro-FASP was able to identify ~3,400 proteins from ~200 ng of the yolk-free
proteome from single blastomeres that were isolated from early-stage X. laevis embryos®. As
illustrated in Figure 1.6, single-cell proteomics by MS (SCoPE-MS) limited sample processing

to one pot, allowing for multiplexed protein quantification among single cells®.

Capillary-based systems may serve as alternative substrates for single-cell sampling and
processing. As shown in Figure 1.6, The integrated proteome analysis device (iPAD) directly
supplied a suspension of living cells (iPAD-100) for online cell lysis, protein digestion, and
peptide desalting and trapping to a 10-port valve-based system on a commercial nanoLC,
identifying ~600-650 proteins from a single injection of 100 cells (~10 ng protein) using

nanoLC-HRMS®2. In pursuit of cell heterogeneity, iPAD-1 (Fig. 1.6) used an ultranarrow-bore
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analytical column to identify ~270 proteins from a single HeLa cell (220 pg proteome) in 1 h of
analysis with nanoLC-HRMS®3. Microfabricated devices present a natural setting for “one-pot”
workflows toward sensitivity and advanced measurement throughput. As illustrated in Figure
1.6, nanodroplet processing in one pot for trace samples (nanoPOTS) miniaturized the processing
of 100 cells to a single mammalian cell onto nano-wells on microfabricated glass chips using
nanoliters of reagents for deep proteomics®+#. NanoPOTS also enabled proteomics on single
sensory hair cells measuring ~0.6—1 pL in volume, facilitating the study of cell differentiation in
chicken embryos®. Nested nanoPOTS (N2) arrayed multiple wells to enhance measurement
throughout for multiplexed quantification using nanoLC-HRMS®. Recent efforts sought to
further refine one-pot sample preparation strategies to make the setups cost effective and allow
scalable sample preparation, as was recently reviewed in®. Automated preparation in one pot for
trace samples (autoPOTS), the latest upgrade of nanoPOTS, now allows automated processing of
1-500 cells using only commercially available instrumentation for sample processing, making it
widely adaptable®. Similar strategies also emerged for top-down proteomics. Detection of intact
proteins provides insights into proteoforms and PTMs®. Freeze-thaw lysis and non-ionic
surfactant-based extraction from ~200 brain cells enabled spatial top-down proteomics for ~400
proteoforms between the optic tectum and telencephalon regions of the zebrafish brain®t. Further
advancements in technology raise exciting potentials to leverage proteoforms as biomarkers of

diseases®?.
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Figure 1.6. Scalable and high-sensitive sample processing for metabolites and proteins enabling
spatiotemporal biological MS. One-pot sample processing (SCoPE), direct cell capture and
processing (iPAD), and miniaturization of sample processing steps (nanoPOTS) deepen the
detectable proteome by reducing analyte losses. Direct cell capture (SCP-LVC), multi-solvent
processing, and in situ, metabolite extraction (LMJ) after MALDI imaging improves coverage of

the single-cell metabolome. Technological abbreviations are in the text. Adapted with permission
from?80-81, 93-96

ii. Peptidomics and Metabolomics

While analyzing enzymatically digested peptides (i.e., bottom-up proteomics) provides
information about the proteomic content of a cell or biological sample, endogenous peptides,
such as neuropeptides, can provide additional insight into key biological processes, particularly
related to the nervous and neuroendocrine systems. These peptides are synthesized from larger
proteins via enzymatic cleavage, and their biological activity is often distinct from the
preprohormone or precursor-related peptides®”. Peptidomics consists of peptide extraction,

filtration, via molecular weight cutoff filtration, and desalting prior to MS analysis. A critical
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aspect of this process is the deactivation of proteolytic enzymes to prevent peptide degradation
and achieve highly sensitive peptidomics analyses, which can be accomplished by flash-freezing
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 acetonitrile), as while proteases are deactivated by the low pH,
large proteins are precipitated from the solution. For example, acidified methanol was recently
used to successfully extract neuropeptides from single mollusk neurons, enabling sequencing of
peptides in the cytoplasm and nucleus of the neurons and identification of differences in peptide
abundances based on subcellular location®. Alternatively, MSI strategies are popular for direct
measurement and spatial localization of bioactive peptides, particularly in limited samples;
sampling with a focused laser beam requires minimal sample preparation yet yields a sufficient
amount of analytes for ionization and detection. Development of validated protocols made

sample preparation for MSI straightforward and robust®-102,

High-sensitivity MS-based metabolomics can be streamlined to deliver high reproducibility
facilitating both absolute and relative quantification of metabolites. Common sample preparation
protocols in metabolomics include quenching of enzymatic activity, analyte extraction,
purification, desalting, and/or chemical derivatization prior to separation. To so deepen
metabolite coverage, the detection sensitivity can be improved by tailoring the chemical
composition, pH, and temperature of the extraction solvent to match the chemical properties of
the compound classes of interest (e.g., amino acids, lipids, nucleotides). For example, a
discovery study in E. coli culture reported that polar solvents (e.g., water, ethanol) in
combination with high temperature effectively extracted hydrophobic and hydrophilic

metabolites as compared to less polar solvents (e.g., acetone)'%2. Several advances for cellular
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and subcellular sample preparation were developed, including optimized extraction solvent

mixtures®®, on-column preconcentration or sample stacking'%-1%, and microfluidic devices'®,
C. Separation

To facilitate molecular detection in the collected specimens, chemical separation usually
precedes HRMS measurement. Separation provides another layer of compound-dependent
information, the time of separation, to aid molecular identifications. It also helps minimize 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 the efficiency of duty cycle utilization during tandem and
multi-stage MS, which in turn deepens the detectable and quantifiable portion of the ‘omes. This
section highlights approaches, shown in Figure 1.7, that facilitate spatiotemporal studies on
limited specimens, ranging from cell populations to single cells to organelles, using 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 became the mainstream
separation technology for HRMS. Virtually all types of proteins, peptides, metabolites, lipids,
and drug molecules can be separated using high-performance LC, or HPLC"1%, Reversed-
phase liquid chromatography (RPLC) employing packed-bed stationary phases with Cis
chemistries (Fig. 1.7) is efficient in resolving peptides and hydrophobic metabolites including

lipids, whereas C4 or Cs chemistries were found to work well for intact proteins®. The
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development of hydrophilic-interaction LC (HILIC) extended analyses to small and polar

molecules, including neuropeptides, amino acids, and glycans'®” 1%,

Combining orthogonal mechanisms of separation enhances trace-sensitive analyses. Higher
theoretical plate numbers resulting from the hyphenation of multiple dimensions of separation
deepen the molecular depth of detection. The multidimensional protein identification technology
(MudPIT) recognized these fundamental advantages for bottom-up proteomics early on by
supplementing strong cation exchange (SCX) with reversed-phase chromatography*°. To reduce
the salt load from SCX, a modification of the approach used RPLC chemistries in both
dimensions, first to fractionate at high pH (e.g., pH 8-10), then to separate each fraction at the
conventional low pH (e.g., pH 2-3). High pH fractionation doubled the overall depth of the
detectable phosphoproteome from mouse cell lines compared to SCX, identifying over 30,000
phosphopeptides!!!. For limited cell populations, for example, this approach recently yielded a
70% improvement in the coverage of the measurable proteome, allowing for the molecular

characterization of the developing neural ectoderm during embryogenesis*.

Recent advances in high performance LC (HPLC) extended HRMS to ever-decreasing amounts
of materials (Fig. 1.7). To reduce analytical requirements to a few micrograms to nanograms of
proteomes, new-generational columns enhanced the peak capacity of partition chromatography
by packing narrow-bore columns (inner diameters < 50 um) with small silica particles (< 5 um).
These columns operate at nanoflow rates (< 50 nL/min), thus concurrently reducing sample
dilution and increasing ionization efficiency towards ultrasensitive detection. Recently, 362—874
protein groups became identifiable from a single HeLa cell (< 150 pg) using flow rates of ~20
nL/min through an in-house-packed nanoLC column with 20 pm inner diameter!*2, With 10—

100-fold improvement in sensitivity over narrow-bore packed columns (~15-30 pum inner
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diameter), these continuous developments in HPLC were recently adopted to microfluidic
systems capable of automating lossless sample preparation, such as nanoPOTS!?3, to address the

challenge of protein loss.

New-generation LC columns overcame challenges associated with packing narrow columns with
robust performance. As illustrated in Figure 1.7, open tubular, monolithic, and micropillar array
columns (UPAC) reduced band broadening and increased peak capacities using flow rates
decreased to nanoliters to sub nanoliters per minute'4. The resulting enhancements in separation
improved sensitivity and reproducibility for trace-level proteomics and peptidomics!©7-108. 115 g
well as metabolomics!¢-118, Capillary monolithic columns with a 12 nL/min flow rate enabled
the identification of over 2,300 proteins from 1 ng of HeLa digest''°. Flows on the order of
picoliters per minute through narrow open tubular columns with ~2 pm inner diameter recently
elevated identifications to ~1,000 proteins from 75 pg of Shewanella oneidensis tryptic digest,

which was equivalent to half the amount obtained from a single HeLa cell*?°.

Improvements in LC-ESI 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 difference is established between the spray tip and
the mass spectrometer to form a stable electrospray. Figure 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 signals, stability, and chemical composition of the electrospray are all
impacted by alterations in the spraying regime. As illustrated, the cone-jet regime generates
small droplets continuously, thus maximizing ionization efficiency!?!. The 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 neuropeptides'??. Following the scaling laws of ESI, emitter tips with
submicron-diameters (e.g., ~0.6 um) were recently demonstrated to improve protein and

oligonucleotide sensitivity by efficiently reducing their formation of clusters and adducts!?,
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 sample consumption on the order
of a few nanoliters, this technology is a natural fit for volume- and mass-limited samples. Several
methods allow for efficient pre-concentration of analytes via in-column sample stacking!?. With
large-volume sample stacking (LVSS) using a dynamic pH junction, a 10-fold enhancement in
sensitivity (Fig. 1.7) enabled the detection of 5,700 proteoforms in the Escherichia coli
proteome!? and peptides from the renin-angiotensin system in the paraventricular nucleus of the
mouse central nervous system?28, Ultrasensitive measurements also benefited from the
innovation of specialized CE ion sources for HRMS. The development of low sheath-flow and
sheathless interfaces supported the coupling of CE with electrospray ionization (ESI) HRMS,
reviewed elsewhere!?128, Figure 1.7 highlights representative CE-ESI interfaces that enabled
stable and sensitive CE-ESI operation using blunt-tip and tapered-tip metal as well as
microfabricated borosilicate and fused silica emitters. These custom-built CE-HRMS instruments
extended these measurements to attomole to zeptomole to yoctomole levels of metabolites and
peptides from limited samples and broad types of biological models?® 129-13 ntegration of CE
with orthogonal HRMS technologies opened exciting new directions in basic research. CE-

HRMS with CE modes®*® and LC fractionation'® deepened the detection of proteomes.
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iii. lon Mobility Spectrometry

Gas-phase 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 techniques yield information to
enable the calculation of collision cross sections (CCS), which serves as a compound-dependent
information to aid molecular identifications. This approach enabled the elucidation of compound
classes with large molecular diversity, including D- and L-amino acid containing peptides**” and
neuropeptides of the renin-angiotensin system in the paraventricular nucleus of the mouse central
nervous system*?®, IMS techniques combined with other separation techniques, such as HPLC, to
help distinguish isomers, isobars, and conformers. As a dual separation device and charge-state
filter, field asymmetric waveform IMS (FAIMS) increased unique peptide identifications by
~30% and doubled the number of quantifiable peptides over non-IMS experiment from HEK293
cells due to a 10-fold enhancement in ion signal abundance and improved utilization of MS/MS

duty cyclese,
D. Mass Analysis and Detection

Spatial HRMS ‘omics profits from a still-expanding array of technological innovations.
Development of specialized ion optics enabling efficient ion collection and transfer (e.g., ion
funnel) as well as systems integrating new-generation mass analyzers, digitizers, and ion
detectors (e.g., TOF, orbitrap, FTICR, SIMS) ushered in a new era of sensitivity (detection
limit), speed, and spectral resolution for limited specimens. Spatiotemporal ‘omics naturally
benefited from advances in tandem MS with increasing throughput, sensitivity, and specificity.

An intelligent data dependent acquisition (DDA) method monitored the elution order of peptides

25



based on prior discovery measurements to target tandem MS events, resulting in 80% more
protein identifications than the standard™*®. In parallel, instruments with multiple fragmentation
cells opened the door to using structurally diagnostic fragment ions to trigger sequential or
multiplexed dissociation toward deeper sequence coverage. The advent of data independent
acquisition (DIA) remedied limited tandem MS duty cycles during DDA, approximately

doubling the number of neuropeptides in limited neural tissues*°.

Spatial HRMS provides several strategies for quantification (recall Fig. 1.3). Both label-free
quantification (LFQ) and label-based quantification were adapted to limited specimens in the
context of spatiotemporal biology. LFQ uses spectral counts, peak intensities, or peak areas to
estimate the abundance of proteins, peptides, and metabolites without barcoding*#*42, A
reduction in sample processing steps aids analytics on trace amounts of samples, as was
reviewed recently'*3, To enhance throughput, label-based quantification may integrate stable
isotopes during sample preparation in vivo (metabolic labeling) or in vitro (chemical labeling) to
enable multiplexing, as was reviewed elsewhere!**. Label-based quantification became quasi
routine for high-throughput quantification across broad spatial and temporal processes, lately
even for single cells. The carrier approach pioneered the use of tandem mass tags (Thermo Fisher
Scientific) in abundance to boost tandem MS on isobarically tagged protein digests from single
cells®, while the usage of a sacrificial protein helped reduce nonspecific protein losses during

sample preparation’*.
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Figure 1.7. Advances in separation and ionization aided the chemical analysis of limited

amounts of materials. Reducing the size of packing material, the diameter of LC columns, and
newer generation columns minimize the 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 spraying regime, charging of droplets, and reducing analyte dilution.

Technological abbreviations are in the text. Key: OR, orifice of mass spectrometer; Tc, Taylor
cone; FASS, LVS abbreviations are in the text. Adapted with permission from33 114, 121-123, 126, 129,

131, 145-146
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E. Data Analysis

Bioinformatics plays a critical and enabling role in spatiotemporal HRMS. This field of HRMS
yields challenging data, not only in terms of complexity and size but also metadata to assess in
relation to space and time. General steps for data analysis include raw data processing (feature
extraction or identification), data preprocessing, statistical analysis (quantitative information),
and gene ontology (GO) annotations (qualitative information). Data from imaging microscopy
(optical to electron) and functional tests, including electrophysiology and behavioral assays,
complement chemical data from MS ‘omics with information 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 example, volcano plots are widely used to examine molecular differences between spatially
or temporally distinct sample types. Unsupervised and supervised dimensionality reduction and
clustering algorithms such as principal component analysis (PCA), linear discriminant analysis
(LDA), t-distributed stochastic neighbor embedding (t-SNE), hierarchical cluster analysis
(HCA), heatmaps, k- and fuzzy-mean clustering are broadly adaptable to exploring systematic
molecular differences between samples, such as types of tissues or cells. Software packages like
MetaboAnalyst*4’, Perseus!*® (Tyanova et al., 2016), Orange?*® and IOAT* provide user-
friendly platforms for performing such analyses. These and other statistical and data
visualization pipelines help generate and test new hypotheses at the levels of proteomes,

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

Interdisciplinary efforts molded HRMS ‘omics into a powerful tool to advance basic and
translational research and also understanding of biological 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,
equipment, and miniaturization to collect and process samples with speed and high fidelity is
pivotal for studies on limited and dynamic biological systems. Advances in chemical separations,
ionization, ion transfer and accumulation, and HRMS detection increase detection sensitivity and
measurement throughput, thus ushering ‘omics to increasingly finer spatial and temporal
resolutions. Continued developments in data acquisition and user-friendly 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 of specimens. Grand
challenges in the acquisition, integration, and distribution of complex data from spatiotemporal
multi-‘omics pose grant challenges and exciting opportunities to move science forward toward a

holistic understanding of life processes.
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Chapter 2: Dilute to Enrich for Deeper Proteomics: A Yolk-Depleted
Carrier for Limited Populations of Embryonic (Frog) Cells

(This chapter is reproduced and reused with permission from Pade, L. R., Lombard-Banek, C.,
Li, J., & Nemes, P. (2024). Dilute to Enrich for Deeper Proteomics: A Yolk-Depleted Carrier for
Limited Populations of Embryonic (Frog) Cells. Journal of Proteome Research, 23(2), 692-703.)

Contribution: L.R.P. collected and prepared the samples for proteomic analysis, analyzed the
samples via LC-MS, 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 embryos, complicates chemical separation and
interferes with detection. We report here a strategy that enhances bottom-up proteomics in yolk-
laden specimens by diluting the interferences using a yolk-depleted carrier (YODEC) proteome
via isobaric multiplexing quantification. This method was tested on embryos of the South
African Clawed Frog (Xenopus laevis), 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 dissection or fluorescence-activated cell sorting. Compared with the standard
multiplexing carrier approach, YODEC more than doubled the detectable X. laevis proteome,
identifying 5,218 proteins from D11 cell clones dissected from the embryo. Ca. ~80% of the
proteins were quantified without dropouts in any of the analytical channels. YODEC with high-
pH fractionation quantified 3,133 proteins from ~8,000 V11 cells that were sorted from ca. 2
embryos (1.5 ug total, or 150 ng yolk-free proteome), marking a 15-fold improvement in
proteome coverage Vvs the standard proteomics approach. About 60% of these proteins were only
quantifiable by YODEC, including molecular adaptors, transporters, translation, and

transcription factors. While this study was tailored to limited populations of Xenopus cells, we
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anticipate the approach of “dilute to enrich” using a depleted carrier proteome to be adaptable to

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

2.2 Introduction

Abundant proteins are a major challenge to the deep characterization of the proteome. In MS, the
modern technology of choice for proteomics, high-concentration proteins interfere with
essentially all steps of the analytical workflow. During the bottom-up, most common approach,
peptides that result from the digestion of abundant proteins increase 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 collectable signal due to dilution and promotes the exclusion of low-intensity ions
from sequencing in favor of those of high concentration during data dependent acquisition
(DDA). Abundant ion signals can also be redundantly fragmented, further burdening the duty
cycle of MS—MS" scans. Several 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 MS*®2, Specialized data acquisition methods can also help
reduce detection biases through the use of exclusion lists,® a nested DDA ladder,* advanced

precursor ion selection,® DIA acquisition,® or wide-window DDA..’

Challenges in protein detection due to abundant molecules transcend across the taxa. Ca. 75% of
the mammalian proteome is comprised of ~2,300 housekeeping proteins of high abundance,
including but not limited to albumins, immunoglobulins, haptoglobins, and transferrin in tissues
and plasma.*®3 In the popular embryonic models of cell and developmental biology and

neuroscience, such as the frog Xenopus species™, 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 development in X. laevis.®>""*>° The measurable depth of proteome coverage
consequently suffers in many ways, primarily driven by interferences during chemical
separation, ionization, and detection.*>°1¢° 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 discovery-based or targeted
MS, especially in serum and plasma. The method of Digestion and Depletion of Abundant
Proteins (DigDeAPr) leveraged abundance-dependent digestion kinetics to reduce abundant
proteins in plasma.'®1%2 The popular dye Cibacron Blue binds to albumin, helping to remove
~40-50% of this protein in serum or plasma. Nonetheless, nonspecific depletion has been
reported, for example, causing losses to the signaling proteins such as junction plakoglobin and
complement component C7 and C5.1%% Alternatively, perchloric acid is commonly used to
precipitate plasma proteins with simplicity and high throughput®*. To enhance the molecular
specificity, immunoaffinity reagents may leverage antibody—antigen interactions for protein
capture on a stationary phase.'%°1¢ Likewise, the M13 phage library has been conjugated to
magnetic microspheres to enrich the plasma proteome.*®” Immunoaffinity liquid chromatography
(LC) columns may integrate multiple antibodies to deplete the 7—14 most abundant proteins, thus
improving LC-MS protein identifications by 25% relative to the crude human plasma.* Spin
columns employing similar biochemistry provide a convenient platform for removing 14 targeted
proteins as part of the modern proteomics workflow.*%® Offering non-specific fractionation,
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columns integrating strong cation exchange and reversed-phase (RP) chemistries have also been

introduced.t’®

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 ultracentrifugation or gradient
centrifugation.!”® For example, the isolation of nuclear, cytoplasmic, and cell membrane
fractions has enabled spatial mapping of proteins in a steady state and activated human T cells.}"
Mitochondrial enrichment from rodent heart and muscle cells has permitted the characterization
of the local mitochondrial proteome due to respiratory insufficiency.*” Similarly, 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 sac. In the Xenopus species, yolk makes up >90% of the
total proteome in every cell of the embryo to fuel early development, where it is segregated into
platelets of 1—12 um size, dispersed throughout each cell.!>® Physical methods, such as sucrose-
based centrifugation, have enabled the purification of the yolk storage.!* 7# This approach,
commonly referred to as “yolk depletion,” has helped reduce yolk content to ~30%, boosting
identifications from 679 to 1,727 proteins in cell lineages in the developing X. laevis embryo.!*
However, organelle isolation, including yolk depletion, does not scale well to small amounts of

specimens.

A fast-growing number of investigations seek to measure limited proteomes in high!">-to-
ultrahigh sensitivity, (partially reviewed in the literature?>3) 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. One-pot and microfluidic techniques such as nanodroplet
processing in one pot for trace samples (NanoPOTS)!"¢-1"7 limit adsorptive losses, sample
transfer, and processing volumes. Recently, microPOTS has identified over 1,500 proteins from
200 esophageal cells, delineating stress-induced proteomic changes.’® Similarly, filter aided
sample preparation (FASP) confined the steps of sample processing and cleanup onto a filter
membrane, detecting ~4,000 membrane proteins from a single mouse hippocampus.” In the
method Single Cell Proteomics (SCoPE),*° multiplexing barcoding has been utilized with a
“carrier” proteome channel to quantify ~3,000 proteins among ~1,400 single macrophages and
monocytes.'® Although these strategies have improved sample preparation and data acquisition
toward ever-lower sample amounts, their designs do not address interferences from abundant

proteins.

Our goal in this study was to deepen detection and quantification toward low-abundance proteins
from limited cell populations in the Xenopus species, where a dominant subcellular yolk
proteome has historically hampered MS proteomics. We selected X. laevis as the biological
model due to its important implications for health studies (reviewed in the literature®89),
including but not limited to normal and diseased development® and emerging prominence in cell
differentiation,*® tissue induction,** regeneration,*? and neuro- development.*® Our previous
depletion of yolk platelets reduced more than ~90% of yolk content to ~30% and improved
proteome detection.!* Through mathematical modeling, we predicted that spiking of the
endogenous proteome with an isobarically tagged yolk-depleted (YD) proteome dilutes yolk
peptides faster than nonyolk peptides. We reasoned that this approach, which we termed yolk-
depleted carrier (YODEC), would therefore enhance detection and quantification for nonyolk

and low-concentration proteins from limited populations 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 HeLa proteome as the benchmark. The methodology was demonstrated on
embryonic cells (blastomeres) that are contained in neural and epidermal tissue fated cell
populations we dissected or isolated by fluorescent-activated cell sorting (FACS). Our results
from this study suggest that the concept of “dilute to enrich” in YODEC can be generalized and
applicable also in studies where limited amounts of specimens with interference from abundant

proteins challenge the measurable proteome coverage.
2.3 Experimental Section

Materials and Reagents. LC-MS-grade solvents and reagent-grade chemicals were purchased
from Fisher Scientific (Pittsburgh, PA) or MilliporeSigma (St. Louis, MO). Trypsin protease
(MS- -grade), HelLa protein digest standard (Pierce), TMT10plex isobaric labeling reagent set,

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

Solutions. For embryo cultures and dissections, 100% (w/v) and 50% Steinberg’s solutions (SS)
were prepared according to established protocols.'®? For FACS, embryos were dissociated in the
Modified Newport 2.0 buffer}’* and suspended in 3—4 mL of 1x phosphate buffered saline (PBS)
containing 2% (w/v) bovine serum albumin (BSA). The yolk depletion buffer was prepared
following previous publications.t® 18 The conventional proteome 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 female X.
laevis frogs (Nasco, Fort Atkinson, WI) was maintained and handled humanely following

protocols approved by the Institutional Animal Care and Use Committee of the University of

35



Maryland (approvals R-DEC-17-57 and R-FEB- 21-07). Embryos were obtained via
gonadotropin-induced natural mating and dejellied as reported elsewhere.8? Two-cell embryos
with stereotypical pigmentation were chosen and cultured to the 16-cell stage (Nieuwkoop and
Faber stage 5)*®* in 100% SS. The neural-tissue-fated animal-dorsal midline (called D11) and
epidermally destined animal-ventral midline (called VV11) cells were identified based on
pigmentation, size, and location in the embryo in reference to established and reproducible cell
fate maps in this model .2 Their descendent lineages were fluorescently traced via injection of the
Alexa Fluor 488 dye following our previous work.'® The embryos were cultured in 50% SS and
monitored under a stereomicroscope using epifluorescence (model SMZ18 with a GFP- B 480

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 stage-13 (neurula) embryos under a
fluorescence stereomicroscope. The YODEC approach was scaled to the fluorescently labeled
V11 lineage that required isolation using FACS, yielding ~20% starting proteome material
compared to the D11 tissue biopsy. For FACS, the embryos were dissociated in the Modified
Newport 2.0 buffer and the resulting cell suspension was transferred to LoBind tubes
(Eppendorf) for pelleting at 4009 at 4 °C for 5 min, before 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 pelleted (400g at 4
°C for 5 min) and rinsed with 1x PBS three times to remove excess BSA. The remaining PBS
solution was removed by pipetting, and the resulting cells were pelleted before storage at —80 °C

until further processing. Whole embryos at the same developmental stage (stage 13) were used to
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prepare the “carrier” proteome. The yolk platelets from the whole embryo were isolated by
centrifugation in a sucrose buffer following previous protocols.>® 18 The dissected tissues,
sorted cells, and carrier proteome were processed conventionally for bottom-up proteomics. The
peptide mixtures resulting from trypsin digestion were barcoded with TMTs following the
experimental conditions provided in Table 2.1. Optionally, the chemical complexity of the
sample was reduced via high-pH RP fractionation 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 (TMTSs,
Fisher).

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

. X. laevis D11 or HelLa Carrier/Analyte

Experiment .
Analyte Proteomes Proteome Ratio

T™T 126 127N 128C 120N 130C
channel
No carrier 1.5 1 1 1.5 No
1x carrier 15 1 1 1.5 1x
2% carrier 15 1 1 15 2%
4x carrier 15 1 1 1.5 4x

Isobaric barcoding 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
Carm_ar: NQ 1 15 1 Ax
Fractionation
Carrlgr: Wlth 1 15 1 ax
Fractionation
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Mass Spectrometry. About 1 ug of total TMT-tagged peptides was separated on a nanoflow
liquid chromatograph (Dionex Ultimate 3000 RSLC, Thermo). The peptides were loaded onto a
C18 trapping column (100 xm inner diameter, 5 um particle size with 100 A pores, 2 cm length,
Acclaim PepMap 100, Thermo) in Buffer A (LC-MS grade water, 0.1% formic acid) at a rate of
10 uL/min for 10 min. RP separation was conducted on a C18 column (75 um inner diameter, 3
um particle size with 100 A pores, 25 cm length, Acclaim PepMap 100, Thermo) using a 150
min stepped gradient ramping Buffer B (LC-MS grade ACN, 0.1% formic acid) at 300 nL/min as
follows: 5% for 0—5 min, to 10% in 10 min, to 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 electrospray-ionized and detected on a quadrupole-ion trap-Orbitrap tribrid
ultrahigh-resolution mass spectrometer (Orbitrap Fusion Lumos, Thermo). The nano- flow
electrospray ionization (ESI) source was prepared from a tapered-tip stainless-steel emitter
(150/30 um outer/inner diameter, Part no. ES542, Thermo). We adopted a multinotch MS3
method* to identify proteins based on MS? fragmentation and quantify them based on MS®
measuring the reporter ions. The survey (MS?) scans were performed at 120,000 FWMH
resolution in the Orbitrap analyzer (Max IT, 120 ms; AGC target, 4 x 10° counts; 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 collision-induced dissociation (CID) cell in helium gas at 35%
normalized collision energy (NCE). The tandem mass spectra were acquired in the ion trap
(AGC target, 1 x 10 counts; max IT, set to auto mode; microscans, 1). The top 10 MS?
fragments were isolated via synchronous precursor selection and dissociated further with higher-

energy collisional dissociation (HCD) in nitrogen at 65% NCE. The generated MS2 spectra were
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acquired at 15,000 FWMH in the Orbitrap analyzer (AGC target, 5 x 10* counts; max IT, auto

mode; microscans, 1).

Data Analysis. The primary MS—MS" data were processed in Proteome Discoverer version 2.2,
Thermo Scientific) with SEQUEST searching against the Xenopus laevis proteome version 9.2
containing 46,000 entries downloaded from Xenbase!? and the mRNA-derived PHROG
database'®. The search parameters were as follows: enzyme, trypsin; the number of missed
cleavages, maximum 2; fixed modification, cysteine carbamidomethylation, and TMT label,;
variable modification, methionine oxidation; minimum number of unique peptides, 1; mass
tolerance for precursor masses, 10 ppm; and mass tolerance for MS? fragment masses, 0.6 Da.
Peptide and protein matches were filtered to <1% false discovery rate (FDR), computed against a
reversed-sequence decoy database. Common protein contaminants were manually removed.
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 3.0.21'% with the Automated Data
Analysis Pipeline for the chromatogram builder. GO annotation was performed in the

PANTHER classification system version 16.0.18

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 needlestick hazard, 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 variability in the sample
preparation. YODEC was validated against a sample prepared using a nondepleted carrier
(Control), the closest reference approach for this study. The FACS-isolated V11 cells were used
to demonstrate proof-of- principle for different proteome amounts and conditions of sample
collection. All experiments were conducted in 3 replicate measurements to aid statistical data
interpretation. Precursor protein abundances were logio-transformed and median-normalized
between the Xenopus and Hela digests. The TMT reporter ion intensities in the analytical
channels were logio-transformed and mean-normalized for comparison between the control and

carrier experiments.

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

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository*® with the data

set identifier PXD044787 and 10.6019/PXD044787.
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2.4 Results and Discussion

The Rationale for “Dilute to Enrich”. As our pilot experiments revealed that classical yolk
platelet isolation is difficult to downscale, we proposed YODEC to be able to improve detection
from limited proteomes by diluting the abundant yolk interferences. The yolk platelet pellet
obtained from a limited cell population was too small for us to aspirate the YD supernatant with

high recovery and reproducibility, without disturbing the pellet (Figure 2.1).

Macro

Bulk Tissues

Limited Cell Population

Yolk
Pellet

Figure 2.1. Yolk platelets were pelleted by centrifugation. Compared 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 in Figure 2.2, the sample proteome digest containing the
abundant interferences is spiked with the same proteome depleted of the interferences, using
isobaric tagging to encode the sample identity. Multiplexing barcoding also permitted relative
quantification across multiple analyte channels (e.g., 4-plexing shown). Building on the recent
improvements from the use of a carrier proteome,* we adopt the terminology of “carrier” TMT
channel to mark interference-free/reduced proteome, albeit with use in a notably different
context. Building on the previous applications, where the analyte and carrier proteomes were
identical, our approach uses a carrier proteome that is intentionally different from that 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
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envision this “dilute to enrich” strategy to be generally scalable among different proteome

amounts and specimens.
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Figure 2.2. Our experimental strategy of “dilute to enrich” using a yolk-depleted (YD) carrier
(YODEC). The example shows the fluorescent dextran (FD) labeling of identified neural-tissue-
fated D11 and epidermal precursor V11 cell lineages in the X. laevis embryo (stage 13). The
tight cluster of FD-labeled D11 cell lineage was dissected. The FD-labeled V11 clone, which
scatters the embryo surface, was isolated through fluorescence- activated cell sorting (FACS).
The collected proteomes were processed and TMT-tagged, then mixed with an isobarically
tagged proteome digest prepared from a YD proteome. The samples were analyzed using

nanoLC-HRMS employing multinotch precursor isolation and MS3-level quantification. Scale
bars, 250 um (gray); 2 mm (black).

The X. laevis proteome 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
trouble for MS proteomics. Figure 2.2 demonstrates YODEC on the dorsal-animal 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 established cell fate
maps in the 16-cell (stage 5) embryo (Experimental Section). These cells were microinjected
with fluorescent dextran to label their descendent cell clone through gastrulation at stage 13

(Experimental Section). The offspring cells of the left and right D11 blastomere formed a tight
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cluster, which could be isolated by manual dissection (as described elsewhere4). In contrast,
cells of the left and right V11 lineages scattered the embryo too broadly and required
fluorescence-activated cell sorting. A population of ~80,000 cells were collected from ~20
embryos in which both the left and right cells were labeled, and these cell populations were
diluted to ~8,000 cells to test analytical performance for limited proteomes that would typically
be available in a biological study. The YODEC channel was prepared from YD embryos (~100
g of YD protein amount from ~5 pooled embryos), barcoded differentially, and mixed with the
analytical channels (dissected D11 or sorted V11 cells, 1-5 ug total proteome; see design in
Table 2.1, Methods). The resulting samples were measured by nanoLC-MS executing

multinotched MS3-level quantification (Experimental Section).

Severe Interferences within the X. laevis Proteome. To assess the performance of YODEC, we
began by defining the analytical challenges that have so far hindered deep proteomics in early X.
laevis development. We chose to benchmark proteomics in the yolk-laden Xenopus laevis against
a commercial HeLa proteome, as this reference proteome is not known to suffer from as severe
interferences. The Xenopus digest was prepared from neurula-stage embryos via standard
bottom-up proteomics. The HeLa and Xenopus proteome digests were mixed at equal amounts
based on a total peptide assay. The HeLa proteome (alone) and the HelLa-Xenopus mixture
proteome were each analyzed to assess the effect of major yolk background on HelLa proteome

detection.

The two detected proteomes were compared. Figure 2.3A maps the linear dynamic range of the
detected proteomes based on label-free quantification (LFQ). The sample yielded 2,127 X. laevis

proteins compared to 5,313 from HelLa. The amphibian proteome spanned a 100 times wider
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quantitative dynamic range based on the calculated LFQ indices. Vitellogenin (Vtg) proteins, the
food source of the early developing embryo,'® encompassed 80% of the total proteome based on

LFQ, with Vtga2.L and Vtgbl.L ruling the majority (~50% of the total proteome).
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Figure 2.3. Interferences from abundant proteins. (A) Cumulative protein abundances in X.
laevis embryos and the reference standard HelLa, revealing vast quantitative differences in the
proteome distribution. Compared to HeLa, the dynamic concentration range of the X. laevis
proteome was 100 times wider based on LFQ and was dominated by vitellogenin (Vtg) yolk
proteins. (B) Example of VVtga2 yolk protein detection based on the sequencing of 101
experimentally identified proteotypic peptides (yellow). (C) Example of yolk peptides eluting
over the entire chromatographic separation. The size of each circle indicates the relative signal
abundance among the peptide ions. (D) Comparison of the dynamic range of quantification
between HelLa and Xenopus-spiked HeLa proteomes following median normalization.
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Even long after yolk consumption had commenced to feed embryonic development, the larval
proteome was still dominated at ~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 by ~230 proteins in HeLa (Figure 2.3A). As this two-proteome model recapitulated
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vast differences in protein concentration distribution between the species, it offered a reliable

reference to develop and validate YODEC.

These copious Vtg-derived peptides were anticipated to challenge MS proteomics in many ways.
Tryptic digestion in silico (PeptideMass, Expasy) predicted that each isoform of Vtg would
produce ~100 peptides on average. Experimentally, our data set identified ~450 peptides from
four isoforms of Vtg. For example, 101 detected peptides were mapped to Vtga2, thus explaining
the high 60% sequence coverage for this protein (Figure 2.3B). As traced in Figure 2.3C, the
yolk peptides formed abundant signals over practically the entire range of the chromatographic
gradient. We tested whether this large peptide background affected the separation performance.
The distribution of chromatographic peak widths was ~3-fold wider in the control than in the
YD proteome digest on the same LC- HRMS instrument. Although the Xenopus-spiked HelLa
yielded a comparable number of HelLa proteins to the HeLa-only control (5,313 vs 5,474
proteins, respectively), there were quantifiable differences in analytical performance. Up to
~15% of all peptide spectral matches (PSMs) in Xenopus-containing HeLa were from V1tg.
Spiking of the HeLa proteome with Xenopus led to 30% fewer PSMs. As shown in Figure 2.3D,
the detectable proteomes were normally distributed, with less proteome diversity quantified
across the comparable linear dynamic range of quantification in Xenopus. These results illustrate

that the abundant yolk proteome impedes identification and quantification.

Classical yolk depletion is prohibitively difficult to scale to limited cell populations. From whole
embryos, centrifugation of the platelets**° allowed 2,836 proteins to be profiled vs 1,453
proteins without. These results aligned with our previous doubling of proteins that were

detectable in the developing neural ectoderm tissue at stage 10 using yolk depletion. Yolk
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depletion, however, is not exhaustive.** From whole embryos, we found the approach to still
preserve yolk proteins amounting to ~25% of the total proteome by LFQ. This result fairs well
with our previous finding of ~30% yolk remaining after depletion of the yolk platelets.’* As
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, such as developing single cells and cell lineages in X. laevis (partially
reviewed in the literature®®). For a tissue equivalent to ~5% of the embryo, which estimates to
the D11 and V11 lineage we target in this study, the yolk platelet was barely visible after sucrose

centrifugation (Figure 2.1), a step necessary for yolk depletion in high fidelity.

YODEC Is Convenient and 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 amount of the limited 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 from our previous study to initiate the
model,** Figure 2.4A simulates the fractional composition of the proteome that would result
upon spiking the embryonic proteome with 1 to 20 times equivalent YD carrier. In the case of
multiplexing quantification, this ratio was calculated by dividing the amount of proteome
contained in the carrier channel by the total proteome resulting from all the analyte channels. The
experimental design is presented in Table 2.1 (Methods). As predicted, the addition of the YD
carrier helped dilute yolk interferences (Vtga2 and Vtgb1l), while enhancing signal abundance for
analytes not associated with the platelets (e.g., Stt3b, Rpl9, Nfsl). The calculation forecasts a

plateauing in these respective improvements starting with carrier loads of ~4 times the analytical
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channels. We considered this ratio as the boundary condition for experimental testing in this

study.
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Figure 2.4. YODEC improves proteome coverage and quantification. (A) Fractional
composition of the X. laevis proteome upon progressive dilution with the yolk-depleted
proteome from in silico modeling (black) vs experimental testing (red). For a proteome mixture
containing TMT- barcoded X. laevis proteome at a 1.5:1:1:1.5 analytical ratio, increasing carrier
proteomes (B) reduced PSMs on yolk peptides and (C) improved the number of quantifiable
proteins. (D) Comparison of GO assessment of molecular function for proteins that were
quantified without (Control, inner circle) and with YODEC using a 4-fold carrier load
(Experimental, outer circle). Close-up in Figure S2. 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

47



can be accurately dissected following our established protocols.>* Figure 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 portion of the study by analyzing in technical
replicates (n = 3) a shared reference proteome digest (yielding ~1-5 ug per experiment). To
establish quantitative performance, the control sample proteomes were isobarically barcoded and
mixed at a 1.5:1:1:1.5 ratio (using the TMT channels 126, 127, 128, 129), then spiked with a
differentially TMT-tagged YD carrier proteome digest (TMT channel 130) at an equivalent,
double, or quadruple amount of the net proteome among the analyte channels. Results from the
experimental data (Figure 2.4A) confirmed the dilution of the total yolk to a ~40% fraction of
the total proteome while enhancing the signal for other peptides, such as Stt3b, Rpl9, and Nfsl,
which we randomly selected as examples. As traced in Figure 2.4A, the experimental protein
concentrations agreed with our theoretical predictions. Dilution with the YD carrier improved the
economy of PSMs for sequencing nonyolk 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 a 4-fold carrier load. Figure 2.4C shows the number of
proteins that had quantifiable values in all analyte channels with increasing amounts of the YD

carrier.

As shown in Figure 2.4D, the proteins carried out a broad range of molecular processes and
biological functions (see Appendix for close-up images). They participate in pathways

controlling the cell cycle, cell division, RNA processing and splicing, mitochondrion
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organization, respiratory chain complex I, microtubule-based processes, actin polymerization,
and nucleocytoplasmic transport. Some of these proteins were only detectable using YODEC
(compare inner vs outer circles). Ontology (GO) annotation found no detectable differences in
the subcellular distribution of proteins that were quantified in the control vs YODEC (4% carrier)

experiment (see Appendix for close-up image).

Figure 2.5 visualizes the overlaps between the control and experimental conditions (1, 2, and 4x
carrier). YODEC using a 4-fold carrier load provided the best overall performance. The
percentage of proteins that were quantified without missing values in any of the analytical

channels remained consistent at ~80% between all the experiments.

2%

Figure 2.5. Overlap of proteins quantified by YODEC at different carrier amounts.Analyte
channels were mixed with the carrier tagged proteome at 1%, 2x, and 4x the different
carrier/analyte ratios. No carrier (NC) served as the reference. A 4-fold carrier helped quantify
749 proteins uniquely.

These data suggested improved quantification for low- abundance proteins. YODEC allowed us
to quantify several proteins that had significantly lower abundance than the distribution mean
based on the calculated, logio-normalized, and mean-centered data (Figure 2.6). Furthermore,
increasing YODEC carrier loads maintained good analytical reproducibility, with the accuracy of

relative quantification averaging to ~12.5% error for 1:1 and 1:1.5 proteome mixtures (Figure
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2.7). These results demonstrated deepened quantitative proteome coverage with good

quantitative robustness by YODEC.
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Figure 2.6. Protein quantification by the control vs. YODEC. The reporter ion signal abundances
were log10-normalized. The control and the YODEC data were median-normalized. 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 concentration range of the
proteome.

50



300-

— Ratio=1.0 | |cControl
2 [ |1x Carrier
c [ ]2x Carrier
9_, 2001 | |4x Carrier
-

&

o

= 100

>

Q

b

LL

O r i I'I‘I’Mﬂr!'hfm_rnn:n .
0 25 50 75 100
Quant. Error (%)
B
P [ | Control

® 300 Ratio = 1.5 | |1x Carrier
k= || 2x Carrier
O | |4x Carrier
e

~ 200411l ¢

O (I

c ffh

) AN

= 1004 (il

Q

—
LL

0 Lol onmoo SN

0 100
Quant Error (%

Figure 2.7. Accuracy of quantification in YODEC.The % 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) 1.5-fold different. The DY carrier proteome was spiked into these samples at varying (1x,
2%, 4x) ratios to the total proteome over the analyte channels.
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YODEC Dilutes to Enrich. The mechanism underlying “dilute to enrich” employs notable
differences from the carrier proteome approach of SCoPE MS. Taking YODEC as an example,
we rationalized that mixing the X. laevis proteome with its YD proteome would systematically
improve the detection/quantification of nonyolk proteins, while diluting proteins contained in
yolk platelets, including yolk. In contrast, dilution of the HeLa proteome digest with itself
(without depletion of any proteins) would not alter the respective makeup of the proteome as a
result of the carrier approach. Multivariate data analysis of MS* abundances of proteins (Xenopus
or HeLa) between the control and experimental conditions helped to objectively assess these
scenarios. Figure 2.8 presents the hierarchical cluster and heat map analysis of the ~50 proteins
that were statistically most significantly changed in abundance with dilution of the embryo
proteome by the YD carrier in YODEC (Figure 2.8A) or the HeLa proteome in the carrier
proteome approach (Figure 2.8B). Close-ups of these figures are available in the Appendix. The
technical triplicates formed data with tight clustering for each different dilution, assuring us of

sufficient reproducibility to facilitate the results interpretation.
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Figure 2.8. Mechanistic comparison of the “dilute to enrich” approach using the X. laevis and
HeL a proteomes. Heatmap and unsupervised cluster analyses on the 50 statistically most
significantly differential proteins between the control (C) and experimental conditions using
carrier proteomes in 1-, 2-, and 4-times excess (samples labeled 1%, 2x, and 4x, respectively).
Each sample was analyzed in three technical replicates (sample labels appended with —1, =2, or
—3). These measurements revealed (A) differential proteome enrichment during YODEC, where
the X. laevis proteome was mixed with its yolk-depleted proteome (yielding Groups #1 and #2),
(B) but not in the carrier proteome (SCoPE) strategy on HelLa, where protein amounts were
uniformly increased. Close-ups of these plots are available in see Appendix. Key to color code:
blue, signal loss; red, signal enrichment. Sample labels specify the experiment (control vs
YODEC carrier) and the number of technical replicates.

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

with gene labels in Appendix. Cluster analysis of the data found the Xenopus proteome to have
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responded to spiking in two main ways, forming protein Groups labeled #1 and #2, with smaller
subgroups within each (labeled in Figure 2.8A, close-up in Appendix,). Proteins in Group #1
decreased in concentration upon isobaric addition. Representative members were vitellogenins
(Vtgal, Vtga2, Vtgbl, and Vtgb2), the main content of yolk platelets,** and other proteins known
to associate with yolk platelets in this species,*® including Atp5al, Eeflg, Hadhb, Hsp90b1,
HspA8, Hspdl, Myh9, Pdia3, Rheb, Rhoa, VVdac2, and Ywhaz. In contrast, proteins in Group #2
underwent progressive enrichment with increasing carrier loads. These proteins, most occupying
the lower domain of the concentration range, are known transcription factors or components of
signaling pathways of neural tissue genesis, including Actr2, Csnk2b, Ctnnbl, Enol, Itgb1l,
Mapk1, Ocln, Pgm1, Psmd14, Shds, Serpinb6, Sf1, and Smarcab. In stark contrast, experiments
on the HelL.a proteome revealed no improvement in proteome coverage, except for monotonously
increasing concentrations for nearly all proteins with the addition of the carrier channel (Figure
2.8B, close-up in Appendix). Combined, these results agreed with protein dilution resulting from

platelet isolation in YODEC and demonstrated mechanistic differences from the SCoPE carrier.

We further benchmarked YODEC against the standard carrier approach for Xenopus proteomics.
We compared the number of proteins that were reproducibly quantifiable across analyte channels
in a multiplexed quantitative study. We differentially barcoded and mixed the D11 proteome at a
ratio of 1.5:1:1:1.5 following our earlier design (see Methods, Table 2.1) that validated
quantitative accuracy (Figure 2.7). The standard shotgun workflow (Control) was evaluated
against YODEC applying 4 times the YD carrier load than the analytical channels combined. As
a reference for the conventional proteome carrier approach from SCoPE,* the TMT-multi-
plexed sample was measured in the presence of 4 times the amount of its barcoded self as the

carrier proteome (without yolk depletion). The results of this study are summarized in Table 2.2.
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Table 2.2. Benchmarking of YODEC for protein quantification without missing values on a
limited amount of the X. laevis proteome

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 replicates in a notable
improvement from the reference methods. A comparably high (>70%) measured yolk content
gave rise to ~23% and ~28% of the PSMs to be acquired on yolk peptides in the control and
SCoPE carrier approach, respectively. In comparison, a reduced, ~40% yolk content in YODEC
halved the number of PSMS on yolk peptides to ~10%, thus freeing up valuable bandwidth to
sequence (MS? stage) and quantify (MS?® stage) non-yolk proteins. The reference carrier
approach (SCoPE) maintained high yolk content and disadvantaged protein quantification like
the Control, whereas YODEC leveraged the YD carrier to effectively dilute yolk for improved

protein quantification.

YODEC Scaled Well to Limited 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 the 16-cell embryo. Unlike the
previously analyzed tight clusters of the neural-tissue-fated D11 lineage, which could be readily
dissected as a tissue, these cells scatter the surface of the embryo too broadly for biopsy. As
earlier with the D11 clone, we fluorescently labeled via microinjection the V11 clone from the
cleave-stage embryo to the neurula (stage 13, Figure 2.2) before gently dissociating the embryo
into a cell suspension containing BSA to reduce cell adhesion and employed FACS to isolate

~8,000 cells, containing ~1.5 ug of total proteome (including yolk and BSA contaminant).
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Whole embryos at the same developmental stage were yolk-depleted to prepare the YODEC

carrier.

The depth and robustness of proteome quantification were established. To test quantitative
accuracy, the V11 proteome was divided and barcoded to prepare a mixture containing the
proteome digest at a 1:1.5:1 (known) ratio. This analyte was measured using the standard
shotgun proteomics or mixed with 4 times the amount of a YD carrier (see design in Table 2.1,
Methods). Optionally, the YODEC samples were fractionated at high pH before low-pH
analytical HPLC in an effort to improve the coverage. Protein quantification is compared

between these methods in Figure 2.9A.

While the standard method identified 252 proteins (207 quantified), YODEC was able to report
on 1,427 proteins (1,117 quantified). Eight-step high- pH fractionation expanded identifications
to 3,818 proteins (3,133 quantified), of which 2,175 proteins were only quantifiable using this
strategy. Notably, these YODEC- afforded 5—15-fold improvements in the depth of the
quantifiable proteome were 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 from ~8,000
sorted cells (~1.5 ug total, or ~150 ng non-yolk proteome). (A) Improvement of protein
quantification from the standard approach (Control) through the integration of YODEC with
fractionation (Fxn). (B) Representative signaling pathways enriched by proteins that were
quantifiable 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 growth factor signaling; FAS, Fas signaling; FGF, fibroblast growth factor
signaling; G-proteins, Heterotrimeric G-protein signal- ing pathway-Gi 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, platelet derived growth factor signaling; Ser, serotonin mediated
signaling; TGF-p, transforming growth factor-§ signaling; Wnt, Wnt signaling.

We explored the canonical functional roles of the proteins that were detectable only using
YODEC. As shown in Figure 2.9B, the 2,175 proteins that were only quantifiable by YODEC
with fractionation were enriched in signaling pathways related to embryonic cell differentiation

and tissue induction. For example, Wnt signaling plays a critical role in guiding cell fates and
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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 signaling is known to control cell migration and movement during
embryonic development. Without YODEC, these signaling pathways would have been
undetected using the classical approach of bottom-up proteomics, sucrose-centrifugation-based
yolk depletion, or the proteome carrier approach (SCoPE). The ability to detect these proteins in
such pathways opens the potential to better understand cell differentiation, e.g., induction of the

ectoderm into neural tissue.
2.5 Conclusions

In this study, we introduced the idea of a “dilute to enrich” approach to improve proteome
coverage from a limited amount of proteome. Although continual analytical advances improved
sample collection, preparation, analysis, and detection strategies, abundant proteins still present a
fundamental limitation to sensitivity due to interference at nearly every step of the analytical
workflow. We designed YODEC to address this challenge in the yolk-laden X. laevis embryo by
spiking the endogenous proteome with a YD proteome carrier. This carrier was prepared by the
macroscopic depletion of yolk platelets from the cells. Although YODEC uses isobaric signal
boosting like the SCoPE carrier proteome® to improve peptide detection sensitivity, we found
that the mechanism of signal improvement by YODEC is fundamentally different. YODEC
employs differential concentration dilution to remove abundant protein interferences, while
concurrently also enhancing sensitivity via the mechanism of isobaric signal enhancement as
pioneered in the SCoPE carrier approach. Using the HelLa reference proteome, 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 proteomics of limited
populations of cells. In the X. laevis neurula, YODEC reduced a massive ~70—-90% yolk
proteome content to 20—40% based on LFQ in a dissected neural-tissue-fated D11 lineage. In
combination with high-pH fractionation, the approach enhanced the number of identifiable
proteins by 15-fold, permitting the quantification of 3,133 proteins in the epidermally fated V11
cells from FACS isolation. A collection of 2,175 proteins that were 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 stage-13 X. laevis tissues, 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., antibody-based depletion) means to “dilute to
enrich”. Of course, different proteome backgrounds ideally call for optimization of the depletion
approach and depleted carrier load to aid quantitative sensitivity. Further, in developing
organisms, like the (X. laevis) embryos studied here, active proteome reorganization presents an
opportunity to specifically tailor the depleted carrier proteome to the specimen with
spatiotemporal resolution.>® Pooling of tissues over multiple developmental stages to prepare the
depleted carrier provides a simple solution to help adjust the YODEC carrier proteome. It also
holds the potential to advance the study of post- translational modifications from limited samples
by permitting enrichment for targeted modifications in the carrier proteome. YODEC explores a
conceptual strategy that we anticipate being broadly adoptable to deepen the measurable

proteome across the realms of the organism, organ, tissue, and cell.
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Chapter 3: Microscale Sample Processing for Limited Xenopus
Embryonic Tissues

This chapter is based on the Pade, L.R. and Nemes, P. (2024) manuscript draft in preparation.

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

3.1 Abstract

Advancements in MS over the years have been crucial to the field of proteomics, improving our
knowledge of mechanisms underlying various biological processes influencing health and
diseases. Nevertheless, achieving coverage comparable to genomic and transcriptomic studies
remains a challenge for proteomics, primarily due to the unfeasibility of proteome amplification
like their genomic counterparts. Sample losses due to multistep sample processing further
challenges detection sensitivity especially from paucicellular samples. In Xenopus embryonic
tissues their limited size and presence of abundant yolk proteins severely impact global proteome
analysis. To improve the detection sensitivity, we developed a microscale yolk depletion device
capable of isolating yolk platelets from low volumes of tissue lysates (< 10 uL), while
minimizing protein losses during processing and precluding the need for pooling large tissue
amounts. In parallel, we developed an LC-MS approach to measure the proteome in a discovery
setting. We maximized protein identifications by employing a new-generation micro-pillar array
column (UPAC), tailored in performance for the separation rate, solvent gradient, and column
temperature. Next, we combined our microscale yolk depletion device with high-pH
fractionation, followed by low-pH pPAC LC to process and analyze the embryonic tissues. This

integrated approach enabled ~8,000 protein identifications from single dissections of Xenopus
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tissues, providing 4-fold deeper coverage compared to our previous studies on bulk 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 sensitivity across all spatial and temporal
domains is now feasible.'®® Several studies have highlighted the importance of directly
measuring gene products as their expression does not always correlate with their genes or
transcripts counterparts.'*® Especially, in dynamic systems such as the developing embryos
uncovering the active state of the cells is critical to improving our knowledge of how morphogen
gradients drive tissue induction and differentiation. A recent quantitative proteomic study in
developing embryos comparing the proteomic profiles of two species Ciona and Xenopus
dispelled an old model of conservation in species at early embryonic stages based solely on the
genomic data. In contrast, their analysis revealed maximal proteomic differences early on
especially during gastrulation and neurulation.%!

The field of proteomics faces considerable challenges due to the lack of amplification
technology available for genomics. Challenges in sensitively detecting proteins from ever
decreasing cell populations in turn spurred the development of innovative strategies to advance
MS based analyses. A few of the challenges include sample loss during processing, protein
digest complexity, and a large concentration range of different proteins in the samples.’® 1%
Innovations pertaining to all aspects of the proteomic workflow encompassing sample collection
and processing, digestion, separation, ionization, and detection proved useful in tailoring

methods to specific biological questions at hand. While approaches such as multiplexing®,
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wide window data dependent acquisition'®, DIA acquisition®, single cell proteomics
(SCoPE)*°, and yolk-depleted carrier'®® (YODEC) use innovative ways to maximize MS duty
cycle, improve detection sensitivity, several other strategies focus on reducing protein losses
during processing and reducing sample complexity.

Strategies to confine processing volumes and limit sample transfer such as micro and
nanodroplet processing platforms (microPOTS, nanoPOTS)"8 197 filter-aided sample
preparation (microFASP)®, oil-air-droplet chips®® permitted the processing of a small
population of cells or single cells.*® Reducing harsh detergents further eliminated the need for
sample clean-up reducing the number of sample processing steps. For example, surfactant-
assisted one-pot sample preparation coupled with MS (SOP-MS) leverages another MS-
compatible surfactant, DDM, to further scale down this process to differentiate proteomic

profiles of single cells from cancer tumors and primary metastases in a mouse model.?%

In this study, we developed a sample processing strategy for limited amounts and volume-limited
cell populations to enable the study of spatial heterogeneity in these developing cell populations
as embryogenesis progresses. Although Xenopus is 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 studies due to the need for pooling large tissue amounts.'® To downscale the
processing volumes and facilitate deep proteome coverage in a small population of cells we
developed a microscale yolk depletion approach (uYODE) to preclude sample pooling and
reduce sample loss. Combining wYODE with micropillar array separation to reduce sample

complexity we identified over 8000 proteins from single dissections of neural cell clones (~1000
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cells). We achieved one of the deepest proteomic coverages from single Xenopus tissue

dissections (~200 ng yolk free protein amount) reported in the literature.
3.3 Experimental section

Materials and Reagents. LC-MS grade solvents and reagent-grade chemicals were purchased
from Fisher Scientific (Pittsburgh, PA) or Millipore Sigma (St. Louis, MO) unless specified
otherwise. Trypsin protease (MS grade) and green fluorescent dextran (FD, Alexa Flour 488,
3000 MW) were purchased from Fisher Scientific. Combretastatin A-4, cytochalasin D, nonidet
P-40 substitute (NP-40), dithiothreitol (DTT), and iodoacetamide (IAD) were from Sigma-
Aldrich (St. Louis, MO). Borosilicate capillaries were purchased from Sutter Instrument

(Novato, CA).

Solutions. 100% (w/v), 50%, and 20% Steinberg’s solutions (SS) were prepared according to
established protocols for embryo culture and tissue dissection.?%* The conventional lysis buffer
contained 1% (v/v) sodium dodecyl sulfate, 150 mM NaCl, 5 mM EDTA, and 20 mM Tris
hydrochloride. The yolk depletion buffer consisted of 250 mM sucrose, 1% nonidet P-40 (NP-
40), 5mM EDTA, 20 mM Tris-HCIl, 10 uM combretastatin 4A, and 10 uM cytochalasin D, and

Tris-HCI, it was prepared following previously outlined protocols.*%% 183

Animal Care and Embryology. A breeding colony of adult male and female X. laevis frogs
purchased from Nasco (Fort Atkinson, WI) or Xenopusl (Dexter, MI) was maintained and
handled in accordance with humane protocols approved by the Institutional Animal Care and
Use Committee of the University of Maryland, College Park (R-FEB-21-07). Natural mating was
set up to obtain embryos using established protocols.?’* Embryos were treated with 2% (w/v)

cysteine solution (pH 8) to remove the jelly coat and transferred to 100% SS solution. Embryos
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with stereotypical pigmentation were sorted at the 2-celled stage and cultured to the 16- or 32-
cell stage (Nieuwkoop and Faber, NF stage 5 or 6) in 100% SS.8° 22 For method development,
neural precursor cells (dorsal midline, D11) were identified based on stereotypical pigmentation
and location in the embryo and microinjected with the 1 nL of 0.5% v/v fluorescent (Alexa Fluor
488) dye to trace their descendent lineages. Embryos were cultured to the beginning of

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

Tissue Collection. For developing the nYODE approach we chose to use neural-fated cell
clones for ease of microinjection and collection of a large number of samples to test different
conditions, additionally, the neural-fated cell clones were representative of the tissues under
future spatial study. We manually dissected the neural-tissue-fated cell clone at Stage 10 using
sharp forceps in 50% SS in multiple replicates. Single dissections obtained from one embryo
were individually frozen in tubes at -80 °C until further processing. Similarly, for the spatial

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

Sample Preparation. Capillary tubes were prepared by cutting the tubes to the desired length
and sealing one end of the tube using a Bunsen burner. For non-yolk depleted conditions,
dissected tissues were processed either in a LoBind Eppendorf tube or sealed capillary using
standard bottom-up proteomics protocol. Alternatively, for yolk-depleted samples, yolk
depletion was performed in an Eppendorf tube or glass capillary to separate yolk platelets via
centrifugation using the yolk depletion buffer.'>® The yolk-depleted supernatant was then
processed using standard bottom-up proteomics protocol which included lysis using 1 % SDS
buffer, reduction (DTT), alkylation (IAD), overnight acetone precipitation, and digestion using

trypsin in 1:50 (enzyme to sample) ratio for 12 hours at 37 °C.”* The protein digests were dried
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using a vacuum concentrator (Centrivap, Labconco) and reconstituted in 1% (v/v) formic acid

(FA) in LC-MS grade water.

Mass Spectrometry. For method development: About 0.5 ug of total tagged peptides were
separated on a nanoflow LC system (Dionex Ultimate 3000 RSLC, Thermo). The peptides were
separated on a 200 cm micropillar array column (LPAC, Thermo) in line with a C18 precolumn
(100 um inner diameter, 5 um particle size with 100 A pores, 2 cm length, Acclaim PepMap 100,
Thermo). Peptides were trapped on the precolumn in Buffer A (LC-MS grade water, 0.1%
formic). at 5 uL./min for 5 min and separated using a 200 min stepped gradient ramping Buffer B
(LC-MS grade ACN, 0.1% formic acid) at 600 nL/min as follows: 1% for 0-5 min, to 7% in 15
min, to 25% in 115 min, to 32% in 25 min, to 45% in 33 min, to 75% in 7 min, held at 75% for 8
min, then ramped down to 2% in 2 min and equilibrated at 2% for 30 min. The nanoESI spray
was generated by applying a positive voltage to a stainless steel emitter (Thermo). lonized
peptides were detected on a quadrupole-ion trap-orbitrap tribrid ultrahigh-resolution mass
spectrometer (Orbitrap Fusion Lumos, Thermo) using the following parameters: survey (MS?) at
120,000 FWMH resolution in the orbitrap analyzer; scan range, 300-1500 Da; Max IT, 50 ms;
AGC target, 4x10° counts; microscans, 1; monoisotopic peak determination, peptide; dynamic
exclusion, 60 s. Using data dependent acquisition executing 3 s cycle time, the precursor ions
were isolated with a 1.6 Da window (0.8 Da) and fragmented with high energy collision-
induced dissociation (HCD) using nitrogen at 30% normalized collision energy with an intensity
threshold of 5x10° counts The tandem mass spectra were acquired in the ion trap (AGC target,

1x10* counts; max IT, set to dynamic mode; microscans, 1).

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

Scientific) with SEQUEST searching against the Xenopus laevis proteome (version 9.2)
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downloaded from Xenbase (46,000 entries) and mRNA derived PHROG database!®. Search
parameters included trypsin as the enzyme, allowed up to 2 missed cleavages, fixed
modifications used were cysteine carbamidomethylation, methionine oxidation was set as a
dynamic modification, all searches included a minimum of 1 unique peptide, 10 ppm mass
tolerance for precursor masses, 0.6 Da mass tolerance for MS? fragment masses. Peptides and
proteins were filtered with <1% false discovery rate (FDR). Unique and razor peptides were used
for quantification. Proteins were quantified based on their label-free quantification. Data filtering
and normalization were performed in MetaboAnalyst 3.0%% or Perseus®®*. GO was annotated in

the PANTHER classification system (version 16.0).

Safety. Personal protective equipment was used to handle chemicals, biological samples, and
sharp items. Special 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, 5-6 BRs were prepared and processed to test each
condition. Each sample was analyzed three times (three technical replicates). Biological
replicates consisting of single dissections were collected over several batches of embryos on

different days to account for biological variability.

3.4 Results and Discussion

Development of the pYODE approach for limited cell populations. Several studies have
shown how highly abundant proteins interfere with the detection of proteins in low abundance
during MS analysis across various species.*6® 168 205 particularly, in our previously published
study we demonstrated how this interference is exaggerated in amphibian species due to yolk

proteins. The total protein abundance in developing Xenopus embryos is predominantly
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represented by the four vitellogenin or yolk proteins (Vtg), accounting for over 80-90% of the
composition.t Yolk proteins in Xenopus are present in organelles called yolk platelets which
can be separated physically. 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 standard proteomics steps. 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 yolk depletion idea. The difference in height of a
limited volume of lysate (10 pL) deposited in a vial versus a capillary.

Previously we developed a yolk depleted carrier strategy to preclude the need for individual yolk
depletion of the amount limited tissues (~200 ng of yolk free protein). In developing embryos,
the composition of the 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 (LY ODE) to separate yolk platelets from small tissue amounts or sorted populations.
As demonstrated above in Figure 3.1 and earlier in Chapter 2 (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 capillary tube rather than a standard vial. Figure 3.1
shows 10 pL of buffer deposited in a vial vs capillary. Due to the narrow diameter of the
capillary, the height of the same volume of liquid in the capillary is 7 mm as opposed to 3 mm in
the vial. Such vertical augmentation provides a clear distinction between the supernatant and the

yolk pellet permitting easy contamination-free collection of the depleted supernatant.

Designing the microscale setup. 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
‘capillary vial’. We found that depositing samples in diameters below 1.5 mm was challenging

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

Table 3.1. Capillary selection for microscale setup.

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

loading pipette tips

To ensure complete aspiration of the supernatant, careful consideration was given to optimizing
both the capillary sealing conditions and retrieval methods. Figure 3.2A-3.2C shows several
conditions tested to ensure complete retrieval of supernatant without sample losses. To improve
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, however, both these methods did not

allow clear separation. Alternatively, we observed 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 end (Fig. 3.2C). To deposit and retrieve samples, we opted for narrow taper
pipette tips initially due to ease of use, however, 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 micropipettes from 0.75 mm borosilicate capillaries with long taper (Fig. 3.2D). The

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

A B

Figure 3.2. Design optimization for uYODE (A) Glycerol gradient to separate the yolk pellet
and supernatant. However, the mixture homogenizes after centrifugation leaving no clear
boundary. (B) Conical bottom was sealed 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 challenging. (C) Distinction between
cone bottom and rounded bottom capillary. A rounded bottom facilitates supernatant retrieval
compared to a conical bottom. (D) Capillary micropipette to retrieve supernatant carefully
without disturbing the yolk pellet. Pink dye is added to aid visualization.
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Figure 3.3. WYODE set up. (A) Schematic of working principle of uYODE (B) Demonstration
of microscale depletion of neural cell clones

Figures 3.3A and 3.3B show the schematic of the uYODE approach, the 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 platelets (see Methods). 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. The supernatant was then deposited in a low volume
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lo-bind tube by applying forward pressure and processed further using bottom-up proteomic

steps (see Methods).

Method validation. We traced and dissected the lineage of D11 cells (500-1000 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 lineage which were the lineages of interest in the
spatial study and for the ease of collection of large number replicates for method development.
We compared the pYODE approach with three other control conditions to evaluate its
performance which included conventional in-vial yolk depletion to test if pYODE is more
consistent than the in-vial yolk depletion for limited volumes, standard in-vial bottom-up
proteomics (without yolk depletion), and standard bottom-up proteomics in a capillary where all
steps were carried out in the glass capillary. The standard in vial bottom-up proteomics allowed
assessment of sample losses due to additional yolk depletion steps for small cell populations
whereas in-capillary condition was added to assess sample losses due to adsorption on glass
surfaces. Protein digests were then analyzed using LC-MS and quantified by label-free

quantification.

Figure 3.4A displays the comparison of percent yolk PSMs and percent yolk abundance based
on label-free quantification. As expected, the number of yolk PSMs and the relative yolk
abundance in samples processed using standard bottom-up proteomics was found to be very high
(70-80% 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 contrast, the pYODE approach performed consistently to deplete the
yolk from limited cell populations and volume across all 6 BRs. Figure 3.4B displays the protein

identifications from six BRs and three technical replicates between the Y ODE and the control
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conditions. The microscale approach achieved the highest number of protein IDs whereas the
dispersed data points for other control conditions further corroborates that LY ODE can
consistently deplete yolk platelets and provide reproducible improvement in proteomic coverage.
Over ~1300 proteins were exclusively identified by pYODE compared to conventional yolk
depletion in a vial from single dissections of neural tissues. Histogram distribution of label-free
guantification abundances revealed that the proteins exclusively identified using pYODE
belonged to a lower abundance range than proteins commonly identified between both

experiments (Fig. 3.4C).

Figure 3.4D shows the GO annotations for molecular functions for proteins exclusively detected
using the uYODE approach. Newly identified proteins include several biologically relevant
proteins such as transcriptional and translational regulators, molecular adaptors, and enzymes
driving important catalytic reactions. For example, transcription factor Sp6 (Sp6), activating
transcription factor 7-interacting protein 1 (Atf7ip), homeobox protein Tgif2 (Tgif2), POU
domain, class 5, transcription factor 1 (Pou5f1), Myelin regulatory factor (Myrf), mothers against
decapentaplegic homolog 1 (Smad1l), and metastasis-associated protein Mta2 (Mta2) with known
roles in cell cycle regulation, neural differentiation, cell proliferation, migration, and
maintenance of pluripotency were detected exclusively in the pYODE dataset.?%6-211
Furthermore, the microscale approach enabled deeper coverage of signaling pathways such as
Whnt signaling, integrin signaling, cholecystokinin receptor (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 uYODE approach. (A) Comparison of % yolk abundance and
% yolk PSMs between uYODE (YD-Cap), conventional yolk depletion in a vial (YD-vial),
standard bottom-up proteomics without yolk depletion in a vial (ND-vial) or a capillary tube
(ND-Cap). (B) Protein identifications across 6 biological replicates and 3 technical replicates
across different sample processing conditions. (C) Distribution of commonly quantified between
HYODE and conventional in-vial yolk depletion and proteins exclusively quantified by pYODE
using label-free quantification. (D) GO annotations for molecular function of proteins
exclusively detected using the pYODE approach.
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Enhancing coverage using new-generation 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 based (UPAC) LC separation to improve the separation
efficiency and maximize the duty cycle. Figure 3.5A demonstrates the differences between
traditional packed bed columns and UPAC. The broad distribution of particle size and stochastic
distribution of the packing material in traditional packed bed RP columns pose the problem of
peak broadening and reduced resolution. Thus, to reduce the eddy diffusion and increase the
theoretical plates (based on the Van Deemter equation), we chose to evaluate uPAC separation
technology. The stationary phase is designed to reproduce a geometrical pattern of RP silicon
wafers. Such an ordered array reduces dispersion of the molecules resulting in sharper peaks,
higher resolution, and improved sensitivity. We performed 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 HelLa digest to reduce variation due to
sample preparation steps. As shown in Figure 3.5A, we achieved 2- fold higher proteome
coverage with uPAC technology increasing the identifications from 1600 to 3600. We compared
the peak widths and peak intensities of commonly detected precursor ions between packed bed
and UPAC. As expected, the ordered geometry of uPAC improved resolution by narrowing peak
widths which in turn resulted in sharper peaks and higher peak intensities (see Appendix, Fig.
A3). We also found the newly identified proteins belonged to the lower abundance range
compared to proteins identified by packed bed separation. (see Appendix, Fig. A3). Along with
separation we also tested various nanoESI interfaces to improve ionization and detection

sensitivity (see Appendix, Fig. A4).
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Figure 3.5. Deepening proteomic coverage using new generation LC separation. (A)
Demonstration of working principle of packed bed vs WPAC separation. Optimization of flow
rate, temperature, and gradient to maximize protein identifications using HelLa digest shows a
doubling of protein identifications between packed bed versus uPAC. (B). Deepening proteomic
coverage in Xenopus tissues combining various separation modalities.

We observed similar improvements for Xenopus tissues with uPAC, to further resolve the
complexity of the protein digest, we performed offline high pH fractionation prior to LC-MS.
High pH fractionation prior to low pH LC-MS provides orthogonal separation as peptides elute
based on their isoelectric point in different pH buffers. Furthermore, dividing the sample into
multiple fractions reduces the dynamic range within each fraction, allowing for the detection of
low-abundance proteins that might be masked by highly abundant ones in a non-fractionated
sample. To enable offline fractionation, we combined pYODE with isobaric multiplexing which
allows tagging different biological samples and combining them into one sample providing

enough starting material for fractionation. Figure 3.5B displays improvement in proteomic

coverage for Xenopus tissues as sample complexity is resolved by combining various analytical
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modalities. Overall, the integration of uYODE with high pH fractionation and LC-MS analysis

using UPAC yielded over 4- fold higher coverage compared to standard bottom-up proteomics.

3.5 Conclusions

Understanding mechanisms involved in various biological processes to understand healthy
development and diseased states requires holistic knowledge of genes and gene products.
Nevertheless, achieving deep proteomic coverage in global analysis remains a formidable
challenge due to various factors pertaining to the large dynamic concentration range of proteins
in the sample, sample complexity, and processing losses. In this work, we developed a
microscale yolk depletion device, termed pYODE, to isolate yolk platelets from low volumes of
tissue lysates while minimizing protein losses and eliminating the need for pooling large tissue
amounts. The aforementioned strategy was developed as an alternative to the macroscale yolk
depletion approach. It addresses the limitations in processing limited cell populations or volumes
and demonstrates consistent and reproducible yolk depletion across multiple biological replicates
from cell populations equivalent to ~500-1000 cells, particularly identifying lower abundance
proteins critical for understanding cellular processes during embryonic development. uYODE
can be used alone or in conjunction with the YODEC strategy (developed in the earlier chapter)
to tailor the analytical method to the developmental stage of the embryonic tissues, protein

amount available, and biological question under study.

Furthermore, we demonstrated that the integration of high pH fractionation and isobaric
multiplexing with uYODE and pPAC LC-MS analysis quadrupled the proteomic coverage,
highlighting the effectiveness of this comprehensive approach in overcoming challenges

associated with sample complexity and limited sample availability. The enhanced sensitivity
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offered sufficient improvement for a discovery based proteomic analysis to probe biological
questions pertaining to tissue differentiation in the Xenopus model. Overall, the development and
implementation of the uYODE approach for Xenopus tissues, in conjunction with advanced LC-
MS technologies, represent a significant advancement in proteomic methodologies, offering
researchers a powerful tool for in-depth analysis of complex biological samples and facilitating
the discovery of novel proteins and pathways relevant to developmental biology and disease

mechanisms.

Acknowledgements. Parts of this work were funded by the National Institute of General
Medical Sciences (award 1R35GM124755 to P.N.), the University of Maryland-National Cancer
Institute Partnership Program (seed award to P.N.), and the COSMOS Club Foundation

(fellowship award to L.R.P.).

78



Chapter 4: Micro Proteomics for Uncovering Spatial Differences
during Gastrulation

This chapter is based on the Pade, L.R. and Nemes, P. (2024) manuscript draft in preparation.

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

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 embryo, the SMO, which is an important signaling center, and the
NE, which is induced by the SMO during gastrulation. The tissues later form mesodermal and
neural tissues respectively. To understand proteomic differences involved in establishing
spatially distinct tissue lineages, we performed deep proteomics on these cell lineages and
compared them to the whole embryo. To maximize our protein identifications from limited tissue
amounts (~200 ng yolk free protein in dissected clones from a single embryo), we used our
previously developed analytical workflow which includes combining pYODE device with high-
pH fractionation, followed by low-pH HPAC LC-MS to process and analyze the embryonic
tissues. This integrated approach enabled ~8,000 protein identifications from lineage specific cell
populations, providing 4-fold deeper coverage compared to our previous studies in pooled
tissues. A comparison of the proteomic profiles of the two types of tissues and the whole embryo
showed distinct enrichment in energy mechanism. For example, we found the enzymes involved
in glycolysis and pyruvate metabolism pathways upregulated in mesodermal-fated organizer

tissue, whereas citric acid cycle and fatty acid oxidation enzymes were enriched in the neural-
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fated tissue. Furthermore, we uncovered the pivotal role the electron transport chain (ETC) plays
in the organizer signaling. These encouraging results have led us to develop orthogonal
functional assays to assess the role of energy cycles in tissue induction and differentiation
enabling the discovery of important protein expression gradients crucial for normal tissue

induction and formation during embryonic 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 early embryogenesis
guide key developmental events such as gastrulation resulting in tissue induction and formation
of the three germ layers.?*2 Specific groups of embryonic cells form transient vertebrate signaling
centers active during gastrulation and play a critical role in embryonic development, especially in
coordinating tissue induction and differentiation by sending signals to the neighboring cells. For
example, the node in the human, chick, and mouse models and the Shield in the zebrafish model
are known for their inductive signaling to guide gastrulation.?** In mammals, the node is known
to have a mesodermal 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 anterior structures.?4

Similarly in the amphibian model, the SMO tissue is known to induce neural tissue from the
ectoderm and guide dorso-anterior patterning.t 21 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 formation of a secondary head and axis
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primarily originating from host embryonic cells whereas the graft tissue gave rise to mesodermal
and notochord tissue.?'® Such inductive signaling of the SMO holds the potential to answer
biological questions related to neural tissue induction and formation which can be extrapolated to
other models. In the following years, screening of genes and transcripts revealed important
factors such as chordin, noggin, and follistatin are released from the organizer and signaling
pathways such as Wnt/g Catenin, BMP signaling, and FGF signaling were important to pattern
the embryo.2*> 217-218 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 biology related to the organizer function and
its role in inducing neighboring cells, it is important to explore alternate directions that can

provide complementary information to the genomic data.

Biological MS now offers a feasible solution to detect the translation of a wide array of proteins
and metabolites simultaneously in a wide variety of biological specimens such as tissues to cells
to organelles. Additionally, established cell fate maps in Xenopus offer a unique opportunity to
trace the lineage of the organizer and the induced neural ectoderm within the developing embryo.
Here, we harnessed the advantages of both the analytical technique and the biological model to
probe into the proteomic gradients that help establish critical tissue lineages within the embryo

and uncover 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 lineages. To facilitate deep proteome
coverage, we used our microscale workflow developed previously (LY ODE) without the need

for pooling large dissection of tissues. Our pYODE approach enabled us to compare the

81



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 NE such as glycolysis, citric acid cycle, and electron transport chain. We found
a gradient of reactive oxygen species (ROS) related metabolites exhibiting the highest
enrichment in the SMO, a comparatively lower level in the NE, and the lowest concentration in
the WE. We validated our proteomic findings with imaging experiments. Based on our
proteomic data, we further designed experiments to perturb the metabolic enrichment and assess
its effect on neural induction. Exploring the role of previously undiscovered molecules
underscores the significance of reexamining crucial developmental events using a multi-omics
approach, providing a comprehensive perspective on the molecular processes guiding embryonic

development.

4.3 Experimental section

Materials and Reagents. All solvents for mass spectrometry were LC-MS grade. Solvents and
reagent-grade 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 fluorescent dextran (FD, Alexa Fluor 488, 3000
MW) were acquired from Fisher Scientific. Sodium dodecyl sulfate (SDS) and combretastatin A-
4, cytochalasin D, nonidet P-40 substitute (NP-40), dithiothreitol (DTT), and iodoacetamide
(IAD) were sourced from Sigma-Aldrich (St. Louis, MO). Borosilicate capillaries were obtained

from Sutter Instrument (Novato, CA).

Solutions. Embryological solutions such as 100% (w/v), 50%, 20% Steinberg’s solutions (SS),

and 3% (w/v) ficol in 100% (w/v) SS were prepared according to established protocols for
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embryo culture and tissue dissection.?’* Components of the yolk depletion buffer were the same
as listed in Chapter 3 and its preparation is described in the following publications.>® 183
Fixative for embryos and larvae contained 4% (w/v) paraformaldehyde in 3% (w/Vv) sucrose

solution.

Animal Care and Embryology. Adult male and female X. laevis frogs purchased from Nasco
(Fort Atkinson, WI) or Xenopusl (Dexter, MI) were humanely maintained and handled in a
breeding colony approved by the Institutional Animal Care and Use Committee of the University
of Maryland, College Park (R-FEB-21-07). Embryos were obtained via natural mating following
previously published protocols.?°t 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 to a sterile 100% SS solution. Cell fates in Xenopus are established based on the
stereotypical pigmentation, thus stereotypical embryos were identified and sorted at the 2-celled
stage and cultured to the 32-cell stage (Nieuwkoop and Faber, NF stage 5 or 6) in 100% SS.%*
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, D112, and D212 for SMO) at the 32-cell stage (NF stage 6). Incorrectly or
damaged embryos were removed. The embryos were cultured to NF Stage 10 (beginning of
gastrulation) in 50% SS in 14 °C incubator and monitored under a stereomicroscope using

epifluorescence (model SMZ18 with GFP-B 480 filter, Nikon Instruments Inc., Melville, NY).

Tissue Collection. Cell clones arising from precursor cells of the SMO and the NE were
manually dissected using sharp forceps in 50% SS in multiple replicates under the
stereomicroscope. Single dissection of the SMO or the NE tissue obtained from one embryo was

frozen in tubes immediately and stored at -80 °C until further processing.
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Sample Preparation. For the spatial analysis, individual dissections of the SMO and the NE
tissue were processed using the uYODE approach using 1.56 mm borosilicate capillary tubes
while the whole embryos were yolk-depleted in standard Eppendorf tubes followed by standard
bottom-up steps. Single dissections were lysed using 8 pL of 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 bottom-up proteomics steps such as reduction, alkylation,
and trypsin digestion. Six biological replicates of protein digests of the SMO, the NE tissues, and
the whole embryo were barcoded using tandem mass tags (TMT 10plex). A pool channel
containing a mixture of all tissues and biological replicates (BR) was included to assist data
normalization. Samples were mixed in a 1:1 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 then fractionated at high pH (pH= 10) using an RP column (InfinityLab
Poroshell HPH-C18, Agilent) to collect 72 fractions (1260 Infinity Il LC and fraction collector,
Agilent) that were concatenated to 8 fractions, dried, and reconstituted in 0.1% FA in LC-MS
grade water for further MS analysis. The concatenation strategy of 72 fractions to 8 fractions is

described in the Appendix (Fig. Ab)

Mass Spectrometry. The RPLC separation using a uPAC gradient remained consistent with the
procedure outlined in Chapter 3. For spatial analysis: MS method was to enable synchronous
precursor selection (SPS) MS® multiplexed quantification. The following parameters were used
for TMT analysis: survey (MS?) at 120,000 FWMH resolution in the orbitrap analyzer; scan
range, 400-1600 Da; Max IT, 50 ms; AGC target, 4x10° counts; microscans, 1; monoisotopic

peak determination, peptide; dynamic exclusion, 60 s. Using data dependent acquisition, the
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precursor ions were isolated with a 0.7-Da window and fragmented with collision-induced
dissociation (CID) using helium at 35% NCE with an intensity threshold of 5x10° counts. The
tandem mass spectra were acquired in the ion trap (AGC target, 1x10* counts; max IT, set to
auto mode; microscans, 1). The top 10 MS? fragments were isolated using synchronous precursor
selection and dissociated (MS?®) with a scan range of 100-500 Da and fragmented with higher-
energy collision-induced dissociation (HCD) in nitrogen at 65% NCE. The MS2 spectra were
acquired at 50,000 FWMH in the orbitrap (AGC target, 5x10* counts; max 1T, auto mode;

microscans, 1).

Data Analysis. Raw HRMS were processed in Proteome Discoverer (version 2.2, Thermo
Scientific) with SEQUEST searching against the Xenopus laevis proteome (version 9.2)
downloaded from Xenbase containing 46,000 entries and combined with mRNA derived PHROG
database'®. Search parameters included trypsin as the enzyme, allowed up to 2 missed cleavages,
cysteine carbamidomethylation, and TMT label as fixed modification, methionine oxidation as a
dynamic modification, all searches included a minimum of 1 unique peptide, 10 ppm mass
tolerance for precursor masses, 0.6 Da mass tolerance for MS? fragment masses, and 20 ppm mass
tolerance for TMT labels. Peptides and proteins were filtered with <1% false discovery rate (FDR).
Unique and razor peptides were used for quantification. Proteins were quantified based on their
MS?® reporter ion abundances (for spatial analysis). Data filtering and normalization were
performed in MetaboAnalyst 3.0%% or Perseus®®. For the spatial study, data was normalized using
the pool sample to reduce batch effects and log-transformed for further evaluation. GO was
annotated in the PANTHER classification system (version 16.0). Statistical overrepresentation test
and fuzzy mean clustering were performed using PANTHER and VsClust respectively.!®” Volcano

plots were constructed using Origin Pro software.
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Metabolomics. For preliminary metabolomic analysis using gas chromatography MS (GC-MS),
20 dissections of the SMO and the NE tissue and 2 WE at Stage 10 were pooled for extraction. A
mixture of isotopic standards of TCA cycle metabolites, pyruvate, and lactate were spiked in the
samples in a known amount. Metabolites were extracted by adding chilled ACN 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-butyldimethylsilyl derivatives and analyzed on GC-MS using the previously published

protocol. 2° GC-MS data was manually integrated to extract quantitative information.

H>O: Live Labeling. Biotracker H202 live dye was reconstituted as per vendor protocol to
prepare the 1 mM stock solution. The stock solution was diluted to 5 uM with 20% SS. Control
or treated (H202 exposed) embryos were incubated in the dye for ~30 min followed by washing
with 20% SS for 5-10 min. The wash step 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 the fluorescence intensity in the SMO region and region below the
blastopore lip was compared between conditions. Statistical differences were evaluated using a t-

test or Mann Whitney U test.

H>0O: Live Culturing. H202 culture media was prepared by diluting 12% (w/v) H202 stock with
20% (v/v) SS solution to 100 mM and 50 mM solutions. Embryos before the beginning of
gastrulation (NF Stage 8), at the beginning of gastrulation (NF St 10), and at post gastrulation
(NF Stage 13 and NF Stage 17) were incubated in the H202 culture media for 2—15 minutes.
Embryos were transferred to non-spiked culturing solution (20% SS) and allowed to develop to

larval stages (NF Stage 32/34).
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Fixing. Larvae from H20: live culturing experiments (Control or H202 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 1x PBS 3 times. The fixed larvae were stored at 4 °C until further

imaging.

Imaging and Scoring. Fixed larvae from H20z2 live culturing experiments (Control or H202
exposed) were imaged under brightfield using a stereomicroscope equipped with a color camera
(SMZ18, Nikon Instruments Inc). To evaluate the effect of disturbance of the H202 gradient 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 test) was performed to evaluate the significance of

differences between control and experimental groups.

Safety. Personal protective equipment was used to handle chemicals, biological samples, and
sharp items. Special 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, 5-6 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, samples were processed together to avoid variability in sample preparation. 6
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 TMT set which 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 and Discussion

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 cells to induce neural 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, mesodermal and 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 protein translation between the
SMO, the NE, and the whole embryo. Here, we utilized our previously developed pYODE
approach to address the technical limitations associated with processing minuscule embryonic

tissues.

Spatial proteomics approach. As displayed in Figure 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 D212 cells (for SMO) and D111 cells (for NE) at the 32-cell 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 forceps under a stereomicroscope with epifluorescence.
Figure 4.1 shows SMO in green and NE in red dye to aid visualization of the neighboring
tissues, however, all collections were performed by solely injecting green FD. A 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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WY ODE approach while the whole embryos were yolk depleted in vials. A total of 6 BRs were
processed for bottom-up proteomics. The protein digests were barcoded using TMT 10 plex tags
for relative quantification and two sets of TMT batches were prepared to accommodate 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 via LC-MS implementing SPS

MS® method?? for TMT based quantification (Fig. 4.1, bottom panel).
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Figure 4.1. Strategy for spatial proteomics in gastrulating embryo. The 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 using uYODE whereas single WE
(1 BR=1 whole embryo) at the same stage were processed in vials. Samples were processed for
bottom-up proteomics and barcoded with TMT tags. 2 10 plex sets were prepared with each set
containing 3 BRs of the SMO, the NE, the whole embryo, and one pooled sample. Barcoded
samples within each set were combined and fractionated at high pH and further analyzed using
the LC tandem MS method (bottom panel). Key. BUP, bottom-up proteomics. Scale bar: 100 um
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Deep spatial proteomics of the gastrulating embryo. We identified ~8000 proteins
cumulatively between two barcoded TMT sets containing six biological replicates of the SMO,
the NE, and the WE tissue. We achieved one of the deepest coverages achieved from such a
limited amount (1 single dissection <500 ng of yolk free protein amount) of tissues. Compared
to our previously published studies in pooled tissue (~50 pg) samples from similar tissue
lineages we more than doubled the coverage (Fig. 4.2A). Both of our previously published
studies utilized pooled tissues (N=5 as 1 BR) with a total of three BRs, employing our 0YODE
approach we were able to preclude pooling and averaging signals over multiple pooled biological
tissues while simultaneously increasing the number of BRs to facilitate rigorous statistical
analysis. We used one single dissected clone as one BR (N=1 as 1 BR) and collected six
individual BRs for each tissue with increased throughput. The Venn diagram (Fig. 4.2A)
comparing the proteins identified using the microscale approach to the previously published
study on the pooled SMO tissues shows over ~4700 proteins exclusively identified using
MYODE. Further, in depth, GO analysis revealed a broader coverage of diverse proteins
belonging to important signaling pathways pivotal for embryonic development such as FAS,
Whnt, TGF-beta, Integrin, RAS, epidermal growth factor (EGF), ubiquitin proteasome pathways
compared to the previous analysis on pooled tissues (Fig. 4.2B). In contrast to the ~450 proteins
previously found to be differentially expressed between the SMO tissues and the whole embryo
in the pooled dataset??, the enhanced sensitivity enabled us to expand this coverage to ~2600
proteins for the same analysis from single clones. Overall, the dataset revealed ~3500 proteins to
be differentially regulated in the SMO, the NE, and the whole embryo at the beginning of
gastrulation. Such improvement in sensitivity paved the way for analyzing canonical and

noncanonical differences between these tissue types to drive biological discovery.
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Figure 4.2. Comparison of deep proteomics in single dissected clones using pYODE approach to
previously published studies in pooled tissues. (A) Proteins identified in pooled SMO or NE
tissues via conventional in-vial yolk depletion versus single dissections of SMO or NE processed
via the LYODE approach. Venn 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) shows pYODE enabled a deeper coverage of proteins
involved in different signaling pathways. Key: PI3, phosphoinositide 3-kinases; VEGF, vascular
endothelial growth factor; Transcr. Reg., transcription regulation; Cyto. Reg., cytoskeletal
regulation; PDGF, platelet-derived growth factor; FGF, fibroblast growth factors; EGF,
epidermal growth factor; CCKR, gastrin, and cholecystokinin receptor.
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Differential proteomic translation between neighboring tissues. At first, we sought to
investigate if the three tissue types could be distinguished based on their proteome, therefore we
performed unsupervised hierarchical-cluster-analysis. 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 close spatial proximity between the SMO and the NE as
they lie adjacent to each other, the proteomic profile of the NE is analogous to the WE than the
SMO. The distinctive proteomic enrichment in the SMO could indicate its role as a transient
signaling center. We annotated the statistically different proteins for protein functions and
signaling pathways to unveil distinctively enriched categories (Table A2). The ontology revealed
electron transport chain (ETC) related proteins Nudfs6 and Nudfs4 and cytoskeletal regulating
protein FIna were enriched in the organizer. The enrichment of ETC related proteins in the SMO
correlated well with our previous finding from the pooled organizer tissue.??* 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 tissue were divided into three main categories
which included proteins belonging to transcription and translation regulation, proteasome
machinery, and enzymes related to carboxylic acid metabolism such as argininosuccinate lyase
(Asl) and 3-hydroxyacyl-CoA dehydrogenase (Hadh). Evidence suggesting deficiency in Hadh
and related enzymes during embryonic development leading to peripheral neuropathy and
retinopathies in humans has been reported.??? The active upregulation of proteasome and
translation related proteins could suggest remodeling of the proteome to drive differentiation of
ectoderm to neural ectoderm. Upon comparing the NE tissue enriched proteins identified in our

heatmap analysis with genes enriched in neural precursor cells induced from human embryonic
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stem cells??, we observed an overlap between several proteins and the transcriptomic data such
as Adss (adenylosuccinate synthase), Rps15 (ribosomal protein s15), Eif2s1 (eukaryotic
translation initiation factor 2 subunit alpha), Capn2 (calpain-2), Ipo9 (importin 2), and Rps6ka3

(ribosomal S6 kinase).
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Figure 4.3. Unsupervised hierarchical clustering (heatmap) displaying 50 statistically significant
proteins that showed distinctive enrichment in the SMO, the NE, and the WE. (Color bar
represents fold change)
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Figure 4.4. STRING analysis to find correlation between proteins found upregulated in the NE
tissue.

Canonical differences between the SMO and the NE tissue. To 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 proteome using the volcano plot. Next, we conducted
statistical overrepresentation tests on the proteins found to be statistically upregulated in the
SMO and the NE tissue compared to the WE to uncover GO categories that are overrepresented
in these tissue types. The overrepresentation test queries the list of proteins from the
experimental results against the reference proteome to assess if a particular class (molecular
function, biological process, signaling pathway) is overrepresented in the experimental dataset.
We used the WE (at the same stage) as a reference since the whole embryo constitutes both these

spatial regions and would provide an averaged or overall protein abundance at that stage. Figure
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4.5 shows the volcano plots and the overrepresented signaling 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 proteins in the
SMO vs WE and the NE vs WE conditions. (A) Statistically overrepresented pathways in the
NE. (B) Statistically overrepresented pathways in the SMO. Key: NF-kb activation, FCERI
mediated NF-kB activation; Detox. ROS, detoxification of reactive oxygen species; Interleukin-
1, interleukin-1 signaling; Degr. of beta catenin, degradation of beta-catenin by the destruction
complex; Gap junc. Traffic, gap junction trafficking and regulation; Hedgehog ‘off” state,
hedgehog signaling ‘off” state; Transl. initiation, translational initiation; Fatty acid B. ox, fatty
acid beta oxidation; De novo purine syn., De novo purine biosynthesis; Ubiquitin proteasome,
ubiquitin proteasome pathway; TCA, tricarboxylic acid 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., formation of annular gap junctions; APC/C med. CyclinA degr.,
Cdc20:Phospho-APC/C mediated degradation of Cyclin A; SUMOylation 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, methylmalonyl pathway.

Figure 4.5A highlights differences in protein concentrations between the NE and the WE and the
right panel showcases the GO signaling pathways upregulated and overrepresented in the NE
tissue. Many of these signaling pathways/ signaling proteins can be traced back to their canonical
roles in inducing neural tissue or differentiating embryonic stem cells to neural cells in the
developing embryo across various models. For example, NF-kb transcription in stem cells has
been shown to be pivotal in the differentiation of embryonic stem cells to neural progenitor
cells.??* Additionally, tight regulation of NF-kb activation is required to control mesodermal and
neuroectodermal cell fates.??> NF-kb activation in turn is regulated by ROS which is also seen in
the proteomics dataset as we see the upregulation of antioxidant enzymes that control
detoxification of ROS species.??® Earlier transplantation and genomic experiments conducted in
the Xenopus and Chick models report that blocking of Wnt/ B catenin signals promotes the
induction of neural fate from ectodermal cells.??” In concurrence, we found upregulation of the
degradation of f catenin by the destruction complex. One of the key regulators of the destruction
complex, a Serine/threonine-protein phosphatase namely Ppp2r5a%?® (or Pp2a) was found to be
significantly upregulated 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 tissue, whose role has also been

explored in human neural development.??

Figure 4.5B 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 between our proteomic dataset and
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earlier genomic/transcriptomic studies. Regulation of FoxO (Forkhead box, class O) transcription
factors is required for proper closure of the blastopore lip??°. As the Spemann organizer is
situated right above the blastopore lip (see Figure 4.1), the higher abundance of FoxO-regulating
proteins in the SMO is substantiated. FoxO proteins are phosphorylated by Akt-1 which in turn
controls its translation and was found significantly upregulated in the SMO tissue compared to
the WE and the NE in our dataset. As cells start migrating and 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
further complemented by the upregulation of cytoskeletal regulation by the Rho GTPase pathway
which modulates the organization of the actin cytoskeleton to control cell protrusion, motility,
and adhesion. Signaling pathways including mTORCL1 and p53 have known roles in eliminating
defective pluripotent cells to reduce incorrect patterning of cells during differentiation,?® or act
as redox sensors, and help cell survival during oxidative stress.?3! We also found upregulation of
SUMOQylation which is an important modification to regulate subcellular localization of proteins
and protein function. 232 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 maintaining the stemness of embryonic cells and cell
differentiation, hence holding the potential to discover unknown roles or metabolic enzymes and

small molecules in controlling embryonic development.?3

Non-canonical proteomic differences between the SMO and the NE tissue. Subsequently, we
aimed to classify proteins according to their abundance profiles in order to discern proteomic
patterns within the three tissue types. We utilized the fuzzy c-means 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 clusters (Fig. 4.6). We conducted statistical overrepresentation tests on each
cluster to pinpoint alterations in the translation of proteins associated with specific GO
categories. We 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.

Although several studies discuss the pivotal role of metabolism in the context of stem cell
differentiation, very few recent studies have focused on these lesser-known mechanisms in a
three dimensional whole embryo model.?*32% Even in the Xenopus model, a significant area of
investigation focused on determining the metabolic activity within the organizer and
investigating whether this activity played a role in defining the inductive signals responsible for
patterning the embryo before the era of modern molecular genetics. Many of the early
publications in this field highlighted oxygen consumption as a key metric for characterizing
metabolic activity during gastrulation. However, due to a lack of sophisticated techniques and a
shift towards genomic analysis, the significance of the metabolic profile of the organizer (SMO)
remains ambiguous. The recent resurgence of interest in developmental metabolism, facilitated
by new assays and advancements in MS, has provided an opportunity to reassess the role of

metabolism in patterning and inducing cell fate at the organizer.
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Figure 4.6. Fuzzy c-means clustering to reveal proteomic abundance patterns within the two
spatial tissues and the whole embryo.
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Spatially distinct energy metabolism within the embryo. While the whole embryo did not
show preferential enrichment of any particular metabolic pathways, we found the NE to be
enriched in enzymes associated with the TCA cycle and j fatty acid oxidation (compared to the
whole embryo and the SMO) whereas glycolysis, pyruvate metabolism, methylmalonyl pathway,
and fructose galactose metabolism were enriched in the SMO (compared to the whole embryo

and the NE). Figure 4.7 shows the enzymes and pathways enriched in each of these tissues.
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Figure 4.7. Schematic of differentially enriched metabolic pathways. Enzymes involved in the
glycolysis pathway were enriched in the SMO while TCA cycle enzymes were enriched in the
NE tissue. Full forms of metabolites and metabolic enzymes are listed in the glossary. Color key:
green, significantly enriched in the SMO; red, significantly enriched in the NE (compared to the
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 complex (Pdh) concurrently, the inhibitor of the PDH complex, 3-
phosphoinositide-dependent protein kinase-1 (Pdk1) was found to be upregulated in the SMO
tissue. Furthermore, we observe an upregulation in the cytosolic enzymes (Gotl and Mdh1)
involved in the malate aspartate shuttle which is critical for translocating the electrons to the
electron transport chain (ETC) to generate adenosine triphosphate (ATP) as glycolysis produces
energy via nicotinamide adenine dinucleotide (NAD and NADH) which cannot cross the inner
mitochondrial membrane.?*® These findings indicate glycolysis is active in the SMO and being
used as the major energy producing pathway. Surprisingly, we also found lactate dehydrogenase
(Ldha) to be upregulated in the SMO cell population, which converts pyruvate to lactate to
produce energy through anaerobic glycolysis to compensate for reduced oxidative

phosphorylation.

Similar findings were also reported in various models for embryonic patterning. As far back as
the 1930s, research employing non-MS methodologies revealed elevated anaerobic glycolysis in
the dorsal blastopore lip (the organizer region) in the amphibian embryo.3” A recent MS based
metabolomic study in the Xenopus embryos reported similar findings, where the metabolome of
the dorsal marginal zone (DMZ, which consists of the organizer) was juxtaposed with the ventral
marginal zone (VMZ). The DMZ exhibited high amounts of glycolysis- and glutathione
metabolism-related metabolites while the VMZ showcased enrichment of purine metabolism-
related metabolites.?® Similarly, in an investigation involving hESCs, it was found that the
addition of exogenous pyruvate could induce differentiation towards the mesodermal lineage by

regulating the AMPK/mTOR pathway.?3®
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In contrast, the NE tissue showed upregulated expression of the TCA cycle and B fatty acid
oxidation related enzymes. As discussed previously, B fatty acid oxidation is regarded as an
important pathway for neural differentiation and its dysregulation is known to cause neural birth
defects. As the end product of § fatty 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 remodeling of the metabolism during neural differentiation has
been studied in several stem cell models.?*° Furthermore, a study in neural stem cells reported
that a protein called Tigar (TP53 induced glycolysis and apoptosis regulator) fosters
differentiation of neural cells through acetyl CoA mediated histone acetylation which in turn
controls the translation of proteins involved in neural differentiation.?*® Our proteomic data
aligned with the existing literature, as we found significantly higher concentration of Tigar
protein in the NE tissue compared to both the SMO and the WE. These encouraging results show
a fine balance between energy/metabolic cycles to control the differentiation of embryonic cells
during gastrulation. As the metabolic pathways generate energy via ETC, decided to delve
deeper into variances in the translation of ETC related proteins to understand mechanisms

involved in embryonic patterning.

Role of Energy metabolism via ETC during 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 WE. In accordance with established literature,
we checked the expression of leucine-rich PPR-motif-containing protein (Lrpprc), known to play
an important role in ETC complex biogenesis.?** We found Lrpprc significantly downregulated
in the SMO tissue, aligning with our initial hypothesis. Consequently, we directed our focus

toward mapping the abundances of mitochondrial proteins associated with the electron transport
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chain (ETC). We categorized the protein abundances based 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 showed upregulation of 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 tissues. The mitochondrial ETC chain consists of 5 main complexes numbered I-V.
We analyzed the abundances of various proteins within 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 111 and complex V were enriched in
the SMO compared to the other two counterparts whereas various subunits of complex | showed
mixed upregulation in all three tissue types. Our investigation on individual dissections
corroborated our earlier study on pooled tissues within the SMO, which similarly demonstrated

enrichment of ETC complex V.

Mitochondrial intermembrane space O2 Hzoz >H,0

Mitochondrial matrix O, H,O ADP ATP

Figure 4.8. Enrichment of ETC complex 1-V in the tissues under study. Color 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 I11-V play an important role in ROS generation. As electrons pass through the ETC
complexes, superoxide radicals are generated at complex I11 which are then neutralized to water
at complex IV. Complex V on the other hand acts as an ion channel to pump protons back into
the mitochondrial matrix to generate ATP. However, in certain cases, it can reverse the direction
and hydrolyze ATP to actively pump protons out of the matrix to reestablish the electrochemical
gradient. Complex 11 is the vital site for the generation of superoxide ions especially in the
intermembrane space, ROS radicals escape from the intermembrane space to the cytosol through
ion channels.?*? In the cytosol, the radicals are converted to other ROS products such as
hydrogen peroxide (H202) via enzymes such as superoxide dismutase (Sod). H20: s then
neutralized to water through glutathione peroxidases (Gpx).2*3 H20: is a known signaling
molecule that has been studied in the context of embryonic development?** as well as cancer

progression®.

Notably, a recent study also examined the impact of electron transport chain (ETC) complex
inhibitors on gastrulation in Xenopus tropicalis. The findings indicated a loss of organizer signal
at NF Stage 10 in embryos treated with antimycin (a complex 111 inhibitor).24 In conjunction,
translation of cytosolic Sod1 protein which catalyzes the 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 SMO in our dataset, suggesting spatial enrichment of H202 within the
gastrulating embryo (Fig. 4.9). Based on our proteomic results, we hypothesized that enrichment
of complex 111, complex V, and Sod1 protein in the SMO could indicate heightened ROS

generation rather than OXPHOS activity while maintaining OXPHOS in the NE tissue.
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Figure 4.9. Comparison of protein concentation profiles of commonly known enzymes that
catalyze ROS metabolism. Abbreviations 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 the embryo, we chose to implement
fluorescence live imaging. We hypothesize that ROS species get converted to H202 and localized
within the SMO. We used an H20: live imaging probe to fluorescently label the H202 within the
live embryo. The dye permeates the live cells where it is hydrolyzed by intracellular enzymes to

form an impermeable product, this product reacts with H202 and produces fluorescence

(Absorbance Amax= 492 nm, Emission Amax= 516 nm).
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Figure 4.10. Visualization of H202 localization using H202 sensitive fluorescent probe in live
Stage 10 embryo.The H202 signal was found to be significantly localized in the SMO region
(p=0.02, N=19, scale bar: 100 um)We incubated the live embryos in the culture media
containing a 5 UM probe (see Methods) 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 area and area below the blastopore lip. As shown in Fig
4.10, we found statistically significant localized H202 fluorescence within the SMO region at the
beginning of gastrulation, which is marked by the presence of the blastopore lip. According to
existing literature, the organizer emerges at the onset of gastrulation and subsequently undergoes
involution, culminating in its differentiation into the notochord (mesodermal lineage) by the
conclusion of gastrulation. To test if the localization of the H202 signal coincides with the
organizer activity, we traced the H202 fluorescence intensity temporally during embryonic
development. Figure 4.11 displays the in vivo H20:2 labeling across multiple stages, including
pre-gastrulation (NF stages 8 and 9), gastrulation (NF stages 9.5 and 10), and post-gastrulation

(NF stages 11 and 12). By the end of gastrulation, the blastopore lip closes and the mesoderm

involutes inside completely, marking the beginning of neurulation.
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H202 fluorescence within the SMO precursor cells was absent in blastula stages prior to
gastrulation indicating emergence of H202 enrichment begins as the organizer is established at
the blastopore lip marking the beginning of gastrulation (Fig. 4.11). H202 continues to be
spatially enriched within the SMO cell population as gastrulation progresses. At NF Stage 12,
weak fluorescence is seen around the blastopore lip, beyond this stage the mesoderm completely
involutes and the blastopore lip is closed. Using a fluorescence based assay, we effectively
corroborated our proteomic results proving the localization of H202 within the SMO implying
uncoupling of the mitochondrial OXPHOS to generate higher ROS. Moreover, this finding is
consistent with the enrichment of glycolysis and increased Ldha (anaerobic glycolysis) seen in
the proteomic dataset, which would be essential for energy production in a state of reduced

OXPHOS.
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Figure 4.11. Temporal tracing of H202 signal in the developing embryo. (A) H202 appears at the
beginning of gastrulation as the SMO is established and diffuses towards the end of gastrulation.

(B) The ratio of SMO area to vegetal area (area under the blastopore lip) fluorescence intensity.
(Scale bar:100 pm)

Putative role of H202 in embryonic patterning. Apart from contributing to the mesodermal

lineage, the SMO tissue plays an important role in guiding the differentiation of neighboring
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cells. Recognized as a dorsalizing center, it controls the induction of neural tissue and
dorsoanterior structures within the embryo. To assess if the localized H202 within the SMO
tissue is pertinent for its signaling and patterning activity, we devised morphological assays.
Figure 4.12A demonstrates the experimental strategy to perturb the H202 enrichment within the
embryo. At first, we targeted NF stage 10, as that is when we observed a spike in H202
accumulation within the SMO region. We perturbed the H202 gradient by exposing the embryos
to H202 spiked media for a short time. Embryos at NF Stage 10 were incubated in 20% SS spiked
different concentrations of H202 for 2-15 minutes. At exposure beyond 30 minutes, the
embryonic development was arrested. The embryos were transferred to normal (unspiked) 20%
SS and allowed to develop to larval stages (NF Stage 32/34). The larvae were fixed using the
PFA solution (see Methods) and imaged under the brightfield microscope. Alternatively, a small

clutch of the exposed embryos was immediately used for H202 fluorescence labeling.

As shown in Figure 4.12 B and C, 50 mM H202and 100 mM (10-15 min) exposure disturbed
the H202 gradient as depicted by a significant decrease in the ratio of fluorescence intensity of
the SMO area to the area under the blastopore lip (Mann Whitney test, p <0.05, N=12-25). As
the organizer is known to guide the dorsoanterior and neural induction, we evaluated the three
parameters comparing control larvae with those exposed to H202: length of the spine, diameter
of the eye, and area of the cement gland. The eye and spine were chosen as they are derived from
the neural cells, with the eye additionally situated in the anterior region. The cement gland was
selected as it marks the anterior most region in the larvae which develops from ectodermal cells

and lies at the border of neural (dorsal) and epidermal (ventral) fates.

At shorter exposure times, the larvae from the experimental group (50 mM H202,2 min

exposure) were indistinguishable from the control while gradual perturbation was seen in larvae
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exposed for 8 min. The larvae exposed to 50 mM H202 media for 15 min or 100 mM H202 media
for 10 min showed significant defects in embryonic patterning (Fig. 4.12D). The spine lengths,
eye diameter, and cement gland area were significantly smaller in the experimental group
compared to the control group (Mann Whitney test, p<0.05, N=15-35) indicating dysregulated
neural and dorsoanterior development (Fig. 4.12E). The embryos exposed to H202 exhibited
dysregulation akin to the ventralization induced by ultraviolet (UV) radiation, a well-established
method for inhibiting organizer activity in embryos.?*” Although UV-irradiated embryos undergo
gastrulation and develop the three germ layers, they fail to form dorsal structures instead, only
the ventral mesoderm (devoid of the notochord) and epidermis are produced. Severely
ventralized embryos resemble belly pieces.! The phenotypic similarity observed between H20:
perturbation and UV ventralization further confirms that the spatial H202 gradient within the

embryo plays a significant role in embryonic patterning.
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Figure 4.12. The phenotypic effect of perturbing H202 gradient. (A) Experimental strategy to

expose embryos to H202 spiked media to dysregulate H202 gradient. (B) Validation of disturbed

gradient using H20: fluorescence assay (C) Statistically significant suppression of H202

enrichment in the SMO in experimental group compared to controls evaluated by measuring the

ratio of fluorescence intensity between the SMO area and the vegetal area. (D) Perturbation of

dorsoanterior and neural development compared to controls with increasing exposure to H202.
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(E) Measurement of spine length, eye diameter, and cement gland area of control and
experimental groups indicating statistically significant defects in spine, eye, and cement gland
(Mann Whitney test, p< 0.05, n.s.= non-significant, N=15-35; scale bar: 100 um (white), 500
pm (black)).

We further examined if the effect of H202 perturbation was specific to the temporal evolution of
the organizer and neural induction. We speculated that if the H202 gradient was pertinent for the
organizer activity, perturbing it before the organizer is established at blastula stages (NF Stage
8/9) would dysregulate the patterning similar to the exposure at NF Stage 10, however,
disturbing the gradient after completion of gastrulation when the SMO has already established
the neural ectoderm and undergone involution to form the notochord (mesoderm lineage) should
have little to no effect on the patterning. To investigate the temporal specific effect of H202
exposure, embryos were exposed to H20:2 spiked media at Stage 8 (before SMO is established),
at Stage 13 (end of gastrulation, beginning of neurulation), and Stage 20 (towards the end of
neurulation). Embryos were exposed for 10-15 min and then cultured in regular unspiked media
and allowed to develop into larvae for scoring. Figure 4.13 displays the results from the
temporal dysregulation of the H202 gradient. As anticipated, embryos exposed to H202 before
gastrulation showed significant aberrant phenotypic features (spine, eye, and cement gland)
which could be attributed to the disturbance in the organizer establishment and function.
Conversely, embryos exposed post gastrulation were unaffected by H202 exposure. Embryos
exposed at Stage 13 exhibited slight dysregulation (only spine lengths shorter) whereas embryos
exposed at Stage 20 resembled controls showing no signs of defective patterning. This pilot
study opens exciting avenues to study how H202 controls signaling within the embryo thereby

expanding our existing knowledge on the organizer function and mechanisms involved in tissue

induction and differentiation in normal embryos.
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Figure 4.13. Phenotypic evaluation of temporal dysregulation of H202. The top panel shows
stages of embryos at the time of H202 exposure (100 mM, 10 min). Observed phenotypic
changes in larvae (control, unexposed; experimental, exposed at different developmental stages)
are displayed in the middle panel. Comparison of dosroanterior and neural features between
control and experimental groups (bottom panel) using Mann Whitney non parametric test (p<
0.05, n.s.= non-significant, N=15-35; scale bar: 100 um (white), 500 um (black)).

112



Preliminary findings from spatial metabolomic analysis. To orthogonally corroborate the
differences in glycolysis and OXPHOS between the SMO and the NE tissue, we aimed to
analyze metabolites in these tissues such as the glycolysis end products (pyruvate and lactate)
and TCA cycle metabolites. Small organic acids are often difficult to retain on LC columns,
hence we opted to perform metabolic analysis using GC-MS. We tailored the previously
established method?*® by our collaborator for our cell lineage dissections of the SMO and the
NE. We pooled 20 dissections of the SMO and the NE tissue and 2 WE for metabolomic
analysis. The samples were lysed to extract the metabolites in an organic solvent, isotopic
internal standards of each metabolite under study were spiked in a known amount to the extract
and the mixture was derivatized for GC-MS as described elsewhere.?*® A targeted MS method

was used to selectively analyze pyruvate, lactate, and TCA metabolites.

Due to sensitivity limitations, the detection of all targeted metabolites could not be accomplished
from pooled tissues. Nonetheless, pyruvate was identified in all three tissue types, with its
average abundance found to be higher in the SMO compared to the NE and the WE which aligns
with our proteomic findings. These initial findings offer promising results to refine our analytical
method for metabolomic analysis further. Future experiments will prioritize improving the
detection sensitivity of organic acids and include all glycolysis metabolites to achieve a complete
glycolysis and OXPHOS profile of these tissues under study. Furthermore, metabolic flux
analysis using isotopic standards can further reveal the difference in the rate of glycolytic and
TCA metabolic pathways. In conjunction with MS based assays, we anticipate tailoring
colorimetric or luminescence assays which are typically used to measure glycolysis and

OXPHOS in cell suspensions for our embryonic tissues.
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4.5 Conclusions.

In this study, we demonstrated the application of our ultrasensitive MS proteomic approach to
discover proteomic gradients within the vertebrate embryo during gastrulation. The overall goal
of this study was to generate a deep proteomic map to uncover spatial proteomic heterogeneity
within two neighboring regions known to give rise to different tissue lineages post gastrulation,
namely the neural and mesodermal tissues. Additionally, the mesodermal fated cell population
(also known as the SMO) acts as an important transient signaling center at the beginning of
gastrulation coordinating neural induction and guiding embryonic patterning. Thus, proteomic
profiling of the SMO along with the induced NE tissue is of key research interest to understand

healthy embryonic development.

Our HRMS proteomic approach detected over 8000 proteins in these spatially distinct embryonic
regions and ~3500 proteins showed significantly different expression patterns among the three
tissue types (the SMO, the NE, and the WE). Enrichment analysis revealed differential regulation
of several canonical pathways corroborating our proteomic dataset with published transcriptomic
and proteomic studies. The dataset also revealed differences in metabolic pathways such as
glycolysis and TCA cycle within the SMO versus the NE tissues. Our proteomic dataset further
led to the discovery of preferential enrichment of certain ETC complexes within the SMO and
the NE, highlighting the role of ROS and OXPHOS in tissue induction and dosroanterior
patterning. Using molecular fluorescent probes we orthogonally confirmed spatial enrichment of

ROS byproduct, H202 in the organizer.

We developed a functional assay in the developing embryo to assess the importance of H20:

localization in the SMO. Spatiotemporal dysregulation of H202 gradient led to developmental
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defects revealing a novel role of H20: as a signaling molecule to guide neural tissue induction
and dorsoanterior patterning in the vertebrate embryo. Moving forward, future research can build
upon this novel finding to elucidate the precise mechanisms through which ROS influence SMO
functions and NE induction, ultimately advancing our understanding of vertebrate
embryogenesis and potentially offering new targets for therapeutic interventions or regenerative
medicine approaches. Subsequent studies will focus on finding the downstream protein targets of
H20:2 and continue metabolic flux analysis to delve into the significance of the varied enrichment
of glycolysis and the TCA cycle within these particular tissue lineages. Furthermore, a
comprehensive spatiotemporal proteomic mapping spanning from early embryonic to the
conclusion of gastrulation stages will aid in delineating the process by which embryonic cells

become committed to their respective tissue lineage.
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Chapter 5: Spatiotemporal Proteomics of the Branchial Arches

This chapter is based on the Pade, L.R., Yoon, J., Daar, 1.0., Nemes, P. (2024) manuscript draft
in preparation.

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

5.1 Abstract

During vertebrate embryonic development, embryonic cells compartmentalize spatially to induce
tissue formation. In vertebrates, a group of stem-like cells called neural crest cells (NCCs)
dynamically interpret and respond to diverse signals to migrate significant distances and
differentiate into many tissues. A subset of NCCs called cranial neural crest cells (CNCs)
migrate spatially to give rise to four branchial arches (BAs). Each BA forms different structures
in the head and jaw region during vertebrate embryonic development. How the transcriptomic
and proteomic expression patterns differ between these four BAs to form different tissues
remains poorly understood. Knowledge of proteins expressed in these cells will improve our
understanding of how stem cells divide and differentiate into different craniofacial structures.
Using our previously developed YODEC approach we enabled the detection of ~9000 proteins
from the four CNC streams. The new approach doubled the coverage compared to traditional
multiplexing precluding the need to pool large sample amounts for yolk depletion and
minimizing sample loss during processing steps. We detected several important proteins such as
TBC1d24, Ror2, cadherins, and ephrin-type receptors known to play a role in the migration and

differentiation of CNCs.

5.2 Introduction
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Cranial neural crest cells (CNCs) are a subset of multipotent progenitor cells derived from neural
crest cells unique to vertebrates which give rise to various tissues during development. CNCs
specifically give rise to craniofacial structures such as the jaw, skull, cartilage, melanocytes, and
ganglia of the peripheral nervous system. The neural crest originates from the boundary area of
the neural plate, situated between the neural plate and the neighboring non-neural ectoderm.
Within this border region, neural crest cells are determined through a combination of inducing
signals that commence during gastrulation. Throughout neurulation, they remain positioned at
the border of the neural plate as it evolves into the emerging neural folds. Subsequently,
following the closure of the neural tube, they migrate to a region within the dorsal neural tube.
The precursor population of the neural crest expresses a distinctive set of transcription factors,
which include Snail2 (Slug), Sox10, FoxD3, and Sox9, collectively referred to as neural crest
specifier genes.?>® These cells undergo three phases namely induction, migration, and
differentiation. The nonneural ectodermal cells are first induced and then undergo epithelial to
mesenchymal transition (EMT) to adopt migratory behavior as they detach from other
neuroepithelial cells, and eventually differentiate to give rise to different tissues. Due to their
unique migratory behavior and ability to induce different tissue types, these cells are often
referred to as the fourth germ layer and are used as a key model for studying cell differentiation

as well as cancer metastasis and progression.?®

In the Xenopus model, the CNCs are induced during early gastrulation and undergo EMT once
the neural tube closes to form the four streams of cells called the branchial arches (BAs), which
are labeled BA1-BA4. The first arch is known to form parts of jaw cartilage (Meckel and
palatoquadrate) and subocular cartilage. The second arch forms the cartilage around the hyoid

bone and the third and the fourth arch form parts of the gills.?? Initially, the CNCs migrate from
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the dorsal to ventral (DV) axis, followed by migration along the anterior to posterior (AP) axis as
they differentiate into four streams. The migration along the DV axis has been extensively
studied in various models?®32% however, only a few studies have focused on understanding the
migration along the AP axis. Understanding how the transcriptomic and genomic expression
patterns change along the AP axis across the four BAs can help identify unique pathways or

markers critical for BA differentiation and induction of different craniofacial tissues.

A previous study from the Daar research group explored the role of Ephrin signaling along the
AP axis as CNCs migrate. Ephrin B2 was found to interact with TBCd124 to guide the migration
of the CNC streams. It was observed that Ephrin B2 interacts with TBCd124 to facilitate the
guidance of CNC stream migration. Notably, when TBCd124 was knocked down, the migration
of BA2-BAA4 was disrupted, while the migration of BA1 remained unaffected, thus raising the
possibility of distinct signaling patterns along the AP axis.?>® Apart from transcriptomics,
complementary knowledge of proteomic expression patterns within these tissues can provide a
holistic understanding of mechanisms regulating craniofacial development. At present, there are

no proteomic studies published in the literature specifically targeting the four branchial arches.

To bridge this knowledge gap, this study aimed to undertake an extensive spatial proteomic
analysis of the four branchial arches. Along with spatial differences, we also sought to compare
the temporal differences between pre-migratory CNCs and post-migratory CNCs (or BAs). Deep
proteomic investigations typically necessitate several hundred micrograms of initial protein
quantities. However, each branchial arch comprises approximately 2,000 cells, corresponding to
around 200 ng of proteins, with only approximately 20 ng representing non-yolk proteins in the
X. laevis embryo. In pursuit of this objective, we sought to utilize analytical methodologies

previously established to augment the depth of coverage within these cellular populations.
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5.3 Experimental section

Materials and Reagents. LC-MS grade solvents and reagent-grade chemicals were procured
from Fisher Scientific (Pittsburgh, PA) or Millipore Sigma (St. Louis, MO) unless explicitly
stated otherwise. Reagents for lysis buffer include SDS, combretastatin A-4, cytochalasin D, and
nonidet P-40 substitute (NP-40). Proteomics reagents include trypsin protease (Pierce, MS

grade), TMT 6plex isobaric label reagent set, DTT, and 1AD.

Solutions. Embryological solutions include 1x Modified Barth's Saline (MBS) for culturing and
1x MBS containing 0.1% gentamycin for dissections prepared according to established protocols
for embryo culture and tissue dissection.?®” Yolk depletion buffer was prepared as described

previously (see Chapter 3) following publications.*% 183

Animal Care and Embryology. Embryology and sample collection were carried out at the NCI
campus. All animal procedures reported in this study that were performed by NCI-CCR affiliated
staff were approved by the NCI Animal Care and Use Committee (ACUC) and per federal
regulatory requirements and standards. All components of the intramural NIH ACU program are
accredited by AAALAC International. Xla.Tg(sox10: GFP)Jpsj transgenic frog line (males and
females) was generated by the National Xenopus Resource (NXR). Embryos were obtained by
inducing the females using gonadotropin hormone to lay eggs followed by in vitro fertilization
using established protocols.?%* After obtaining the embryos, the jelly coat was dissolved using
2% (w/v) cysteine solution (pH 8) and transferred to a sterile 1x MBS solution. Embryos were
allowed to develop to NF Stage 17 (pre-migratory CNCs) or Stage 26 (post-migratory CNCs or

BAs).
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Tissue Collection. Sox10: GFP transgenic embryos allow lineage tracing of CNCs during
embryonic development. CNC cells appear as a single cluster in the pre-migratory stages and
branch into four streams of BAs (BA 1-4) at the tailbud stage (Stage 26). For the spatial study,
each arch was dissected at Stage 26 under the stereomicroscope using fluorescence and frozen in
a separate vial. 10 dissections of each arch were pooled to produce 1 BR. A total of 6 BRs were
collected for the spatial study. Additionally, a large pool of all BAs was collected to serve as a
carrier for the YODEC strategy. For the temporal study, 10 dissections of pre-migratory CNCs
(Stage 16) were pooled for one sample and a mix of all four BAs (Stage 26) was used as the

post-migratory CNC sample.

Sample Preparation. Individual arches (BA 1-4) were lysed using the conventional lysis buffer
(as described in Chapter 2). The pooled BAs (carrier) were yolk depleted as described
previously. For temporal analysis, the pre-migratory CNCs and post-migratory CNCs (mixed
pool of BAs) were yolk depleted in vials. All samples were reduced using DTT, alkylated with
IAD, and digested using trypsin (1:50 enzyme to sample ratio). For spatial analysis, individual
BAs and the BA carrier were tagged with isobaric TMT reagents and combined. The ratio of
total proteome digest in analytical channels to the YODEC channel was 1. Each TMT set
contained one BR. Each BR was fractionated offline into 75 fractions at high pH and
concatenated to 8 fractions. The fractions were dried down and reconstituted in aqueous 0.1%

FA for LC-MS analysis.

Mass Spectrometry. The UPAC RPLC separation gradient was the same as outlined in Chapter
3. For the spatial study, the TMT SPS MS® multiplexed quantification method was employed
with the following parameters: MS* at 120,000 FWMH resolution in the orbitrap analyzer; scan

range, 400-1600 Da; Max IT, 50 ms; AGC target, 4x10° counts; microscans, 1; monoisotopic
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peak determination, peptide; dynamic exclusion, 60 s. For data dependent acquisition, the
precursor ions were isolated with a 0.7-Da window and initially fragmented with CID at 35%
NCE (helium) with an intensity threshold of 5x10% counts. The MS? spectra were acquired in the
ion trap (AGC target, 1x10* counts; max IT, set to auto mode; microscans, 1). The top 10 MS?
fragments were isolated using synchronous precursor selection (MS®) with a scan range of 100—
500 Da and fragmented with HCD at 65% NCE (nitrogen). The MS? spectra were acquired at
15,000 FWMH in the orbitrap (AGC target, 5x10* counts; max IT, auto mode; microscans, 1).
Samples under temporal study were analyzed using label-free quantification using the MS

method described in Chapter 3.

Data Analysis. Raw HRMS were processed in Proteome Discoverer (version 2.2, Thermo
Scientific) with SEQUEST searching against the Xenopus laevis proteome downloaded from
UniProt containing 60,000 entries. Search parameters included trypsin as the enzyme, allowed up
to 2 missed cleavages, cysteine carbamidomethylation, and TMT label as fixed modification,
methionine oxidation as a dynamic modification, all searches included a minimum of 1 unique
peptide, 10 ppm mass tolerance for precursor masses, 0.6 Da mass tolerance for MS? fragment
masses, and 20 ppm mass tolerance for TMT labels. Peptides and proteins were filtered with
<1% false discovery rate (FDR). Unique and razor peptides were used for quantification.
Proteins were quantified based on their MS? reporter ion abundances (for spatial analysis) or
LFQ abundances (for untagged temporal samples). Data filtering and normalization were
performed in MetaboAnalyst 3.02% or Perseus®®*. For the spatial study, TMT batches were
normalized using an online platform called BatchServer?® to reduce batch effects followed by

log-transformed for further evaluation. GO was annotated in the PANTHER classification
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system (version 16.0). Statistical overrepresentation test and fuzzy mean clustering were

performed using PANTHER and VsClust respectively.®’
5.4 Results and Discussion

Deep spatial proteomics of BAs. The CNC streams develop post gastrulation at later stages of
embryonic development spanning from Stage 16-26 (Fig. 5.1A). Our first objective was to
evaluate yolk interference in these cell populations. Given that yolk serves as a source of energy
and is consumed over the course of embryonic development, it was pertinent to determine the
yolk content in CNCs to tailor the analytical approach. To this end, we performed standard
bottom-up proteomics on pre-migratory CNCs and post-migratory CNCs. In both stages of
CNCs, ~70% of total protein abundance belonged to the yolk proteins, with hundreds of yolk
PSMs eluting throughout the separation window indicating the need for yolk depletion (Fig
5.1B). Next, we evaluated if the CNCs/BAs can be yolk depleted in a vial or using pYODE.
Even with a pool of 100 dissections of BAs, the yolk pellet was extremely small to separate the
yolk-free supernatant without contamination effectively (Fig 5.1C). Therefore, we chose to

utilize the YODEC approach for the BAs.
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Figure 5.1. Deep proteomics of BAs. (A) Tracing temporal evolution of CNCs to BAs using
whole-mount in situ hybridization (Ish) with CNC marker Twist. (B) Yolk PSMs in BAs binned
over the retention time window. (C) Yolk depletion of 100 pooled BAs displaying extremely
small yolk pellet. Key: A, anterior; P, posterior; sup., supernatant

Figure 5.2 displays the proteomic workflow for spatial BA analysis. Each BA stream was
dissected using sharp forceps and frozen in a vial. 10 dissections of each stream were pooled
together to prepare 1 BR. A total of 6 BRs of the four BAs were collected. A large pool of all
BAs was used for the preparation of the carrier. Individual BA replicates were processed using
standard bottom-up proteomic steps without yolk depletion. The large BA pool was yolk
depleted to prepare the carrier for the YODEC strategy. All the samples were reduced, alkylated,
digested, and barcoded with TMT tags. The individual four BAs were combined in a 1:1 ratio
while the YODEC (carrier) was spiked in a higher amount. The resulting tagged mixture was

fractionated offline and each fraction was analyzed using the (WPAC) LC-MS® method (see

Methods). Each TMT batch consisted of 1BR and a total of 6 TMT batches were analyzed.
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To decide the deyolked carrier amount to spike into the biological samples, we conducted a
preliminary analysis with different carrier amounts where the deyolked carrier was mixed in 1x,
2%, and 4x ratio (ratio of carrier peptide digest amount to total peptide digest in analytical
channels). Unlike the early-stage embryo, YODEC for BAs showed a steep dilution at 1x and
plateaued at higher amounts (Fig. 5.3). We chose the 1x ratio for the deyolked BA carrier as it
gave similar yolk dilution and lesser missing quantification values in biological channels
compared to 4x condition. We identified over 8000 proteins from the 6 biological replicates. We
filtered the data to extract the quantitative information, ~5000 proteins had quantitative protein
expression abundances in at least 3 of the 5 biological replicates. We further performed
normalization across all 5 TMT batches. A large number of TMT batches often introduce batch
effects (variances in quantification due to different experimental parameters) which mask the
true biological variances. We employed an online proteomics data normalization tool

(BatchServer) to evaluate and remove batch effects across different biological replicates.
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Figure 5.2. Analytical workflow for spatial BA analysis using YODEC. (The Ish image is used
for a clear demonstration of the four arches, the sample collection used the Sox10 GFP
transgenic line.)

Intensity

Intensity

Intensity

|||

Carrier

124



<))
O 70 -

Early stage embryos

re!

<C 40

=<

O 30+

°\°2°
10 -

T T

Control 1X  2X  4X

Figure 5.3. YODEC (carrier amount) optimization for BAs collected from Stage 26 (larvae).
Hierarchical clustering to uncover spatial differences. We performed unsupervised
hierarchical clustering to reveal proteins that are significantly different between the four BAs.
Figure 5.4 shows a heatmap of the top 75 proteins and the differences in their fold changes
within the four BAs. remarkably distinguishing all four BAs. Especially, the proteomic
translation in BA3 was significantly different than the other three BAs. We surveyed the
literature to find community published corresponding genomic expression data or Ish libraries
for the proteins of interest using Xenbase.!2 We found several published Ish images that matched
our proteomics data as displayed in Figure 5.4. For example, Mthfr (methylenetetrahydrofolate
reductase) and C3.L (complement C3) show the lowest protein concentration in BA3 which
matches the localized RNA expression visualized using Ish. In CNCs, the significance of 5-
methyltetrahydrofolate has emerged, demonstrating its ability to alleviate alcohol-induced CNC
migration defects®® while complement C3a has been highlighted as crucial for coattraction and
coordinated movement of CNCs to prevent excessive dispersion of cells after EMT .2
Similarly, both mRNA and protein expression of Rpe65 (retinal pigment epithelium-specific 65

kDa protein) and Denr (density regulated re-initiation and release factor) are elevated in BA1 and
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BA4 and lower in BA2, and lowest in BA3. Rpe65 is reported as an anterior CNC marker?6!

while Denr has been studied for its role in cancer progression®®2. Gsn (Gelsolin) is observed to be

enriched in BA1 compared to other arches and shows a similar Ish pattern and its expression is

recognized in the pharyngeal arches/branchial arches. These examples provide compelling

evidence to support our proteomics data. Given the absence of published studies on the critical

role of differential expression of these protein markers in BA differentiation and craniofacial

development, this discovery paves the way for exciting future research opportunities.
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Figure 5.4. Hierarchical clustering distinguishes four BAs based on the top 75 proteins.
Examples of select proteins comparing RNA expression (Ish) with protein concentrations
showing similar trends across four BAs. Ish images were downloaded from Xenbase and
reproduced from the following sources (XDB3 web data catalog of the NIBB/NIG/NBRP
Xenopus laevis EST project, CNRS UMR 8080, and Grant PA et al. (2014)).12 263
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We performed STRING analysis on the top 75 proteins to find correlations or interactions
between these proteins. Figure 5.5 shows the string map of the top 75 proteins from the heatmap
that had known interactions published in the literature. The proteins belonged to the following
GO categories: translation, transcription regulation, mitochondrial/ETC related proteins,
transporters, folate and homocysteine metabolism, protein folding, glycogen metabolism, and
EMT markers. The roles of some of these proteins in craniofacial development have been
emphasized in the literature. For example, Rbmx is found in neural crest cells and its knockdown
using morpholino in Xenopus caused eye abnormalities, jaw irregularities, absence of the
trigeminal ganglion, and decreased melanocyte count in the trunk during tadpole stages.?%
Similarly, Vim and Fnl genes are known to play a crucial role in cell migration and EMT and
have been detected in several studies.?®® Importins (Ipo7 and 1po8) were demonstrated to be
critical for odontoblastic differentiation which arise from CNCs2®,

Glycogen

EMT markers metabolism

Protein
folding

sssss

cycle

Transporters

Transcription
regulators Mitochondrial /ETC

Figure 5.5. STRING analysis of heatmap proteins. Full forms are listed in the glossary.
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Spatial proteomic gradients across the four arches. We utilized ANOVA statistical analysis to
identify significant differences in protein expression among the four arches. We found ~900
statistically significant proteins that were differentially regulated between BA1-BA4. We
performed fuzzy c-means clustering on ANOVA significant to distinguish expression profiles
and categorize proteins into various expression patterns observed across the arches. Figure 5.6
shows the abundance profiles of different proteins grouped into four clusters. Proteins under each
cluster were then tested using a statistical enrichment test to reveal significantly enriched

signaling pathways to biological processed again Xenopus or human database using
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Figure 5.6. Fuzzy c-means clustering of ANOVA significant proteins.
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Figure 5.7. Schematic of the folate cycle and other connecting metabolic pathways. Pathways
and proteins enriched in Cluster 1 (top panel). Abundances of proteins involved in the folate
cycle within four BAs. Key: Protein symbols in red are upregulated while proteins in blue are
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downregulated in BAl, BA2, and BA4. PPP: Pentose phosphate pathway. Full forms in text or
glossary.

Cluster 1 revealed the enrichment of biological processes related to folic acid metabolism, TCA
cycle, glucose metabolic processes, ATP synthesis, and ribonucleoprotein complex subunit
organization. Figure 5.7 depicts the proteins under metabolic and folic acid pathways,
illustrating their interconnections. We found enzymes involved in folic acid metabolism and
methionine cycle upregulated in BAl, BA2, and BA4 whereas downregulated in BAS.
Additionally, the enzyme Ggh (gamma-glutamyl hydrolase) which hydrolyzes the polyglutamate
tail on folates to reduce their affinity to folate cycle enzymes was upregulated in BA3. Previous
reports have suggested a tight regulation between folate and methionine cycle in CNC
development.?%® Elevated homocysteine levels, coupled with reduced methionine and folate
levels, facilitate the migration of neural crest cells, while the converse trend promotes
differentiation. Regulation of the folate cycle is also dependent on glycolysis and serine
synthesis. Consequently, glycolytic and serine/glycine biosynthesis enzymes were also
upregulated in BA1, BA2, and BA3 (Fig 5.7). Furthermore, we also found the Mthfr Ish probe
showing the same pattern in BAs (recall Fig. 5.4). However, the role of folate and methionine
cycle in the differentiation and migration of BAs along the AP axis has not been explored yet.
The proteomic analysis opens an exciting avenue to further explore the role of folate metabolism

and glycolysis in craniofacial development.

Cluster 2 displays proteins that are upregulated in the anterior arches (BA1 and BA2) compared
to posterior arches (BA3 and BA4). We observed the upregulation of proteins (Gsn, Lmnb2,
Akt2, and Parpl) regulating the FAS signaling pathway which is involved in programmed cell

death. Studies show that Gsn and Akt expression positively or negatively controls FAS mediated
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apoptosis.?%-27% Similarly, Parp1 is known to interact with Fafl to regulate FAS signaling®’?,
although the expression of Parpl was found to be significantly depleted in BA3, its expression
was similar between BA1, BA2, and BA4, interestingly Fafl was found to be significantly
enriched in BA4 indicating differential regulation of FAS signaling between the four arches. Due
to the paucity of literature regarding the involvement of FAS-mediated signaling in cranial
neural crest development, there is a need for further investigations to elucidate its potential role

in this process.

We also detected proteins with known canonical roles in neural crest migration and
differentiation. For instance, we found differential enrichment of proteins regulating RNA
splicing within the BAs in cluster 2. Cirbp (Cold-inducible RNA binding protein), a regulator of
anterior-posterior patterning was found to be enriched in BA1.2’> While cluster 3 did not show
enrichment of any specific GO category, cluster 4 was found to be enriched in proteins related to
actin filament bundle assembly. Actin filaments are required to control the speed and direction of
neural crest migration. For example, we found the protein Caldl (caldesmon 1) significantly
upregulated in BA4 compared to the other three arches. Caldesmon is known to be highly
expressed in the pre-migratory and post-migratory CNCs to guide CNC migration. A previous
study in Xenopus CNCs showed localization of caldl transcript (Ish) in pre-migratory (stage 15)
and migrating CNCs (stage 20). Surprisingly, contrary to our proteomic data, their Ish
visualization did not find caldl in branchial arches at stage 26 (post-migratory). However, their
knockdown experiment using cald1 morpholino revealed migration defects as the third and
fourth streams, labeled by twist and sox10, were not well separated matching our proteomic

finding.?”® Our spatial dataset unveils a novel deep proteomic coverage of the CNC streams,
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presenting not only the proteomic expression profiles of established canonical markers but also

uncovering numerous potential markers for branchial arch (BA) differentiation and migration.

Proteomic profiling of pre-migratory CNCs vs post-migratory CNCs. Apart from spatial
differences, we sought to profile proteomic remodeling between pre-migratory and post-
migratory CNCs to identify prominent shifts within the proteome. We performed standard
bottom-up proteomics on stage 17 (pre) and stage 26 (post) CNC pools with in-vial yolk
depletion and analyzed the samples using LC-MS? label-free quantification (see Methods). We
identified ~4000 proteins between the two temporal stages. We performed fold change analysis
on log normalized data. Proteins that showed a fold change of 2 between the two temporal CNC
stages were then tested using the statistical overrepresentation test to identify preferential
enrichment of specific GO categories. Figure 5.8 compares the biological processes enriched in
pre vs post-CNCs. One major shift observed involves the change in energy pathways. While pre-
CNC shows upregulation of fatty acid synthesis and aerobic respiration (ETC), glucose
metabolism and glycolytic processes emerged as significant metabolic pathways in post-CNCs.
This shift is likely important to regulate the folate cycle for spatial differentiation of the BAs as

discussed in the previous section.
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Figure 5.8. Comparison of biological processes enriched in pre-migratory CNCs vs post-
migratory CNCs. Statistical enrichment test performed on proteins showing over 2-fold change
in protein abundance. Key: Alpha. amino. met., alpha-amino acid metabolic process; Mito. mem.
trans., mitochondrial transmembrane transport; glutathione met., glutathione metabolism;
pseudouridine syn., pseudouridine synthesis; prostaglandin met., prostaglandin metabolism.
Other biological processes enriched in post-CNCs include chromatin remodeling, cytoskeletal
filament organization, pseudouridine synthesis, protein N-linked glycosylation, prostaglandin
metabolic process, glutathione metabolic process, and C4-dicarboxylate transport. Upregulation
of chromatin remodeling indicates active transcription and translation of new genes as it makes
chromatin strands accessible by allowing the binding of transcription factors and DNA binding
proteins. Cytoskeletal reorganization is understandable as the pre-migratory CNCs slowly
diverge into four streams. Notably, we also found upregulation of enzymes involved in
pseudouridine synthesis, which is known to be important for the stability of RNA and to guide
the splicing process, however, its specific role in the CNC development remains elusive.

Furthermore, we observed an enrichment of glutathione metabolism and dicarboxylate carriers

which are known to be important to maintain ROS homeostasis implying increased ROS in
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migrating CNCs. Due to limited information on the role of these noncanonical biological
processes in pre-migratory CNCs and BAs, our proteomic dataset has the potential to serve as a
valuable resource for generating novel hypotheses and revealing previously undiscovered

mechanisms.

5.5 Conclusions

Our study on deep spatial proteomics of BAs has provided valuable insights into the embryonic
development process. Initially, we evaluated yolk content in pre-migratory and post-migratory
cranial neural crest cells (CNCs), indicating the need for yolk depletion to enhance proteomic
coverage in these cell populations. We devised and implemented the YODEC approach for
diluting the yolk in BAs, as the limited population of CNC/BA cells (~1000-2000 cells)
prevented the yolk depletion of individual samples. Utilizing this approach, we identified over
8000 proteins, with approximately 5000 proteins showing quantitative expression in multiple
biological replicates. Unsupervised hierarchical clustering highlighted significant differences in
protein expression across the four BAs, with distinct patterns observed, particularly in BA3.
Comparative analysis with existing genomic expression data validated our findings, indicating
potential roles for identified proteins in craniofacial development. Additionally, ANOVA
analysis identified nearly 900 proteins differentially regulated among the BAs, with fuzzy c-
means clustering categorizing them into distinct expression profiles. Enrichment analysis
revealed the involvement of various biological processes, including folic acid metabolism, FAS
signaling, and actin filament bundle assembly, suggesting their significance in BA differentiation

and migration.
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Based on our proteomic data we hypothesize that the folate and methionine cycle is critical for
BA migration across the AP axis or BA differentiation. We identified numerous proteins as
potential markers for spatial craniofacial development such as Mthfr, Ahcy, Denr, Rmbx, Cald1,
and Gsn. We discovered the novel role of the folate cycle and its differential expression within
the BAs. Moreover, the preliminary comparison between pre-migratory and post-migratory
CNCs highlighted global metabolic shifts, particularly in energy pathways, such as aerobic
respiration vs glycolysis. We posit that such metabolic shift plays a crucial role in regulating the
folate cycle for BA spatial differentiation. How the folate cycle affects CNC/BA migration and
differentiation will be the focus of our future studies. Overall, our comprehensive proteomic
profiling offers novel insights into BA development, uncovering potential markers and
mechanisms previously unexplored. This dataset not only advances our understanding of
craniofacial morphogenesis but also sets the stage for future investigations into the intricate

molecular mechanisms underlying embryonic development.
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Chapter 6: Conclusions and Future Directions

The overarching goal of my research was to develop and integrate novel proteomic approaches to
enable spatiotemporal analysis in limited embryonic tissues to answer biological questions about
embryonic patterning during healthy development. The following section summarizes the
analytical developments and novel biological insights discovered during the progression of my

Ph.D. work.
6.1 Analytical developments

Here, we focused on improving the proteomic coverage and detection of proteins from
embryonic cell populations. While significant progress has been made across all aspects of MS
workflow, the challenge posed by highly abundant proteins impeding the detection of
biologically significant low-abundance proteins remains unresolved. Especially in Xenopus
tissues, we demonstrated the severity of yolk interference on proteomic coverage. ~90% of the
total protein abundance was contributed by the yolk, necessitating the need for new approaches
to address this challenge. As the macroscale yolk depletion method is not amenable to small cell
populations (<5000 cells), we developed two analytical techniques, to dilute the yolk interference
using an intelligent detection strategy and a sample preparation strategy to physically isolate yolk

platelets from miniscule cell populations.

At first, we designed a detection strategy using isobaric mass tags to dilute the yolk proteins and
preclude the need to individually yolk deplete limited biological samples. YODEC relied on a
depleted carrier sample spiked at a higher amount in the biological samples. The depleted carrier
diluted the yolk peptides and boosted the abundance of nonyolk peptides, which likely enabled

their selection for tandem MS, allowing them to be sequenced. Furthermore, the isobaric mass
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tags allowed relative quantification between biological samples of the newly identified proteins,
thus boosting quantitative proteomic coverage. In parallel, we developed a microscale sample
preparation approach (LY ODE) to deplete yolk platelets from embryonic tissues reproducibly.
Excessive dilution of tissues with sample buffer leads to sample losses caused by adsorption on
vial surfaces. Therefore, the approach centered on devising a microscale setup to deplete yolk in
a capillary format from limited volumes (< 10 pL) of cell lysate. Each of these developments
doubled the protein quantification from < 500 ng of yolk free protein amounts (< 5 uL total
protein amount) compared to the traditional strategies. Both approaches minimized the necessity
for cumbersome sample pooling, consequently enabling us to augment the number of biological
replicates for the tissues under investigation. This enhancement in replicate numbers bolstered

the statistical confidence in our proteomic data.

Apart from the above mentioned tailored approaches to minimize yolk interference, we also
tested other parameters of the LC-MS workflow. As global proteomic analysis encounters
complex protein digests, usually a separation technique is coupled to MS to reduce sample
complexity before MS analysis and maximize the duty cycle. We optimized our LC method
using the new generation pPAC technology which reduces peak broadening and improves
resolution. To further reduce sample complexity, we performed offline fractionation of our
complex digest at high pH followed by low pH LC-MS analysis. The amphoteric nature of the
peptides facilitates orthogonal separation at different pH levels. Additionally, we tested different
emitters for the LC-ESI interface to improve the ionization of the peptide molecules. Integrating
all these developments together afforded an 8-fold increase in protein identifications from

limited embryonic tissues. Considerable effort was dedicated to refining the technology prior to
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delving into the biological study, ensuring that we attained sufficient sensitivity to investigate the

biological question.

6.2 Biological insights

Studying embryonic patterning in healthy embryos holds significant importance in systems
biology, serving as a crucial avenue for comprehending disease progression, regeneration, and
the development of novel therapies. Primarily, we focused on two important cell populations in
early embryonic development, the organizer and the CNCs. The SMO is an important signaling
center established at the beginning of gastrulation in the Xenopus model which guides neural
induction and dorsoanterior development during gastrulation. We conducted spatial proteomics
analyses on the SMO, induced NE, and entire embryo, aiming to reveal the spatial proteomic
heterogeneity within the embryo that facilitates the progression of healthy gastrulation. The goal
of the study was to reveal key proteomic gradients to identify novel markers for neural induction
and dorsal development. Using our developed proteomic approach, we identified ~8000 proteins
from single dissections (< 5000 cells) from these tissues. We uncovered differential enrichment
of metabolic pathways between the SMO and the NE. This discovery further led us to discover
the novel role of H202signaling during gastrulation. We designed orthogonal studies to validate
the role of localized H202 during gastrulation. By perturbing the H202 localization in the SMO,
we demonstrated the defects in the dorsoanterior and neural structures in the Xenopus model,

thereby confirming the pertinent role of the H202 gradient during gastrulation.

In the post gastrulation stages, the CNCs play an important role in craniofacial development.
These multipotent progenitor cells are used as a model to understand stem cell differentiation and

migratory behavior during cancer metastasis. During development the CNCs migrate, diverge,
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and give rise to four streams called the BAs. The four BAs then differentiate into a multitude of
craniofacial tissues. To understand the proteomic remodeling that allows this migratory behavior
and differentiation we conducted a deep spatial proteomic analysis of the BAs. This is the first
ever global proteomic dataset collected on the four branchial arches. We discovered the
expression of proteins related to the methionine/folate cycle, glycolysis, FAS signaling, actin
cytoskeletons differ between the four branchial arches. Utilizing mRNA probes based images
available in the literature, we visually confirmed correlations between transcript and protein
expression. The significant protein markers uncovered in this study will aid in the development
of future investigations aimed at elucidating the functional roles of these molecules and
generating new hypotheses. In summary, the technological innovations developed in this work
can be adapted across different biological samples and species, while the comprehensive
proteomic data has furnished novel insights that can lay the groundwork for future research

endeavors aimed at enhancing our current understanding of embryonic development.
6.3 Future technological innovations

Advances in MS-based approaches continually enhance the achievable sensitivity for detecting
proteins from various biological specimens. In this study, we tailored ultrasensitive proteomic
techniques to investigate limited embryonic tissues. Although we achieved an 8-fold increase in
coverage, the proteome remains considerably complex, and further developments in newer MS
techniques could enhance sensitivity for detecting proteins with lower abundance. Emerging
methods like DIA offer a potential solution to the sensitivity constraints associated with DDA,
which tends to favor higher abundance. In contrast to DDA, DIA typically involves the selection
of all ions within a specific m/z window, effectively capturing nearly all precursor ions

regardless of their abundance.?” Data collected via DIA are often complex and computationally
139



challenging to analyze. However, the advent of various Al-based strategies and user-friendly
software interfaces has made data interpretation feasible.?”> While DIA acquisition has primarily
been limited to label-free quantification, recent developments with non-isobaric mass tags

suggest the potential for multiplexing with DIA.?® Integrating YODEC or uYODE with DIA

data acquisition could help pursue a near complete coverage of the proteome.
6.4 Leap towards future biological discoveries

We uncovered spatial proteomic gradients within the gastrulating embryo. Apart from canonical
pathways, we discovered non-canonical metabolic differences between the SMO and the NE
tissue. The NE tissue showed upregulation of fatty acid oxidation and TCA cycle enzymes, while
the SMO tissue showed upregulation of glycolysis and pyruvate metabolism pathways. The role
of differential metabolism within these spatially distinct lineages (neural vs. mesodermal) has not
been explored. To validate the functional significance of these metabolic differences, the initial
step involves examining the basal levels of these metabolites in the SMO and the NE. We
attempted to directly profile the TCA and glycolysis metabolites from the neighboring tissues
using GC-MS, however, due to sensitivity limitation we were only able to detect enrichment of
pyruvate (glycolysis end product) in the SMO tissue. To pursue this investigation further, we
need to develop a sensitive metabolomic assay capable of identifying all the metabolites from
limited embryonic tissues. LC-MS analysis employing specialized ion exchange columns for
separating small organic acids offers a promising alternative to achieve this goal as it eliminates
the need for derivatization protocols required for GC-MS analysis.?’” Once a robust metabolomic
method is established, the utilization of isotopic markers for metabolic flux analysis could further

elucidate the rates of interconversion and the activity of these pathways. The metabolomic data
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will help design future functional studies to perturb the pathways of interest and assess their

effect on embryonic development.

Apart from metabolomic differences, we unearthed the novel role of the H202 gradient in
dorsoanterior patterning. We revealed localized H202 expression in the SMO region. Using
fluorescence imaging, we confirmed that H20:2 is generated at the beginning of gastrulation and
remains localized in the SMO until the end of gastrulation. We further validated the time-
sensitive expression of H202, which is important, and perturbing the gradient affects normal
embryonic development through functional experiments. Nonetheless, the significance of H202
expression during gastrulation and its subsequent downstream interactions remain to be
examined. The presence of H202 expression may suggest that downstream proteins undergo
oxidation, indicating that studying oxidation PTMs could unveil potential markers. Post-
translational modifications due to oxidation typically occur on methionine or cysteine residues of
proteins.?’8 Utilizing iodoTMT-based multiplexing kits can facilitate the labeling of cysteine
residues in various biological samples, enabling the profiling of oxidation PTMs. Additionally,
mapping the temporal proteomic patterns between the SMO and the NE from early stages
(precursor cells at NF stage 32) to post-gastrulation will aid in understanding how the proteome
evolves over time. This approach will pinpoint critical stages where the proteome of embryonic
cells begins to diverge as they adopt distinct lineages. A deep proteomic dataset of gastrulation
events, tissue induction, and differentiation would serve as a valuable resource for generating

future hypotheses.
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B membrane

B cytosol

B endomembrane system
I membrane-enclosed lumen
[ supramolecular complex
[ nucleoplasm

[ cell junction

I organelle subcompartment
B cell projection

I extracellular region

[ respirasome

I microtubule organizing center
B chromosomal region

B actin filament bundle

Figure A 1. GO analysis of biological processes, signaling pathways, and subcellular
distribution. Compared to the control, YODEC improved protein coverage in (A) biological
processes, (B) signaling pathways, and (C) subcellular distribution. The inner and outer circles
map protein categories in the Control and YODEC (4-fold carrier load), respectively. Each GO

category is color coded.
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Figure A 2. Experimental validation of the proposed working principle by YODEC (A) Detailed
heatmap of top 50 proteins diluted or enriched in the YODEC experiment with increasing
deyolked carrier loads. (B) HeLa heatmap after serial protein dilution, revealing a lack of
differential enrichment among the proteins.
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Figure A 3. Comparison of chromatographic parameters between packed bed column and
MPAC. (A) Peak widths of precursor ions for commonly identified precursors show pPAC
achieves narrower peaks improving resolution. (B) Peak intensity distribution of commonly
detected precursor ions displaying higher intensity resulting from sharper peaks. (C) Protein
abundance (log transformed) of all proteins detected by the packed bed and pPAC indicating
several new proteins are detected in the lower abundance range.
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Figure A 4. Comparing nanoESI interface design to improve ionization. Metal emitter with a
direct junction interface provided higher sensitivity and protein identifications compared to silica
emitters with varying inner diameters in a liquid junction interface.
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Table A 1. Examples of proteomics by HRMS supporting neurodevelopmental studies in
Xenopus. Reproduced from reference’.

Targeted Modes of Type of No. of Reference
Cell/Tissue Type Separation and Quantification Proteins
MS Identified
Retina 2D DIGE - Label-free ~2,000 279
RPLC-MS
Otic vesicles High-pH RPLC-  Relative (TMT) ~5,000 280
Low-pH RPLC-
MS
Spinal cord tissues SCX-RPLC-MS  Relative (iTRAQ) ~6,000 281
Neural ectoderm High-pH RPLC-  Label-free ~2,500 42
tissues (beginning of  Low-pH RPLC-
gastrulation) MS
Spemann organizer High-pH RPLC-  Relative (TMT) ~3,000 282-283
tissue (beginning of Low-pH RPLC-
gastrulation) MS
AXons RPLC-MS Metabolic labeling ~350 labeled 284
(pSILAC) proteins
AXons MudPIT-MS Metabolic labeling ~4,800 285
(BONCAT)
Neural, epidermal, and CE-MS Label-free ~438 286
endodermal fated
single cells
Neural fated single CE-MS Label-free ~738 21
cells, visual assay of
the tadpole
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Table A 2. GO annotation (biological processes) for proteins displayed in the heatmap
differentiating the SMO, the NE, and the WE tissue (Fig. 4.4). Columns are color-coded to
represent the proteins enriched in each tissue type, NE: red; SMO: green; WE: gray

Heat map Protein Protein . _
. Symbol (X. Symbol Biological process
Accession .
laevis) (Human)
maturation of SSU-rRNA from tricistronic
HETEEE Rps24 Rps24 rRNA transcript (SSU-rRNA
CL6048Contig2  Psmad Psmad ;?Sgggn-dependent protein catabolic
rna29490| Gstml.L Gstml glutathione metabolic process
CL8328Contigl  Adss2 Adss 'de novo' AMP biosynthetic process
CL1741Contigd  Rpsl5 Rps15 ribonucleoprotein complex assembly
CL10410Contigl ~ Dhfr Dhir ‘;‘?”C acid-containing compound
iosynthetic process
ma33584| Psmbl.S Psmbi proteolysis involved in cellular protein
catabolic process
CL1Contig1626 Eif2sl Eif2sl translational initiation
Ma76002) Capzh S Capzb negative_ reg_ulation of actin filament
polymerization
rnal8040| Hadh.L Hadh fatty acid metabolic process
ra21502| Blmh.L Blmh cysteine-type peptidase activity
CL2097Contig2  Ahcy Ahcy hydrolase activity
rna28152| Ncbpl.L Ncbpl RNA cap binding
rna40817| Pa2g4.S Pa2g4 transcription
rna83639| Asl.L Asl alpha-amino acid metabolic process
CL9881Contigl ~ Spg7 Spg7 proteolysis
CL5824Contigl  Ptgsl Ptgsl vasculogenesis
CL4112Contigd  Myl6 Myl6 calcium ion binding
CL9369Contigl  PrxlI2b Fam213b oxidation-reduction process
rna42000| Get4.S Get4 protein localization to organelle
CL5037Contig2 Ubfdl Ubfdl cell-cell adhesion
CL215Contig8 Bzwl Bzwl transcription
CL9166Contig2 Hsd17b12 Hsd17b12 fatty acid biosynthetic process
CL3111Contig3 Ipo9 Ipo9 protein import into nucleus
rna89830| Ddahl Ddahl regulation of lipid biosynthetic process
CL14502Contigl ~ Tstd3 Tstd3 thiosulfate sulfurtransferase
rna37940| Pak2.L Pak2 protein serine/threonine kinase activity
CL1Contig787 Capn2 Capn2 proteolysis
CL9791Contigl Ecpas Ecm29 proteasome adaptor
CL3649Contigl ~ Cyb5r3 Cyb5r3 cholesterol biosynthetic process
CL384Contig7 Rpl7a Rpl7a RNA binding
rna30580| Ginsl.S Ginsl mitotic DNA replication
rna75496| Rtn3.L Rtn3 vesicle-mediated transport
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CL5228Contigl
CL159Contigl
rma42162|
CL4450Contigl
CL1282Contig7
CL11588Contigl
CL4759Contigl
CL12697Contigl
rna49089|
CL303Contig4
CL3725Contig3
rna38751|
CL1Contig1307
rna47136|
gene2971
CL8653Contigl

Cops6
Prmtl
Rab3a.S
Rps6ka3
Aplgl
Ufll
Psmd13
Dnphl
Ndufs6.S
Flna
Clnsla
Rabif.S
Ndufs4
Crp.2
Serpina3k.L
ItIn2

Cops6
Prmtl
Rab3a
Rps6ka3
Aplgl
Ufll
Psmd13
Dnphl
Ndufs6
Flna
Clnsla
Rabif
Ndufs4
Crp
Serpina3k
ItIn2

protein deneddylation

transcription

organelle localization

protein serine/threonine kinase activity
intracellular protein transport
ubiquitin-like protein transferase activity
proteasome assembly

nucleoside phosphate catabolic process
mitochondrial electron transport
regulation of cell migration
spliceosomal sSnRNP assembly
post-Golgi vesicle-mediated transport
electron transport chain

structural molecule activity

serine-type endopeptidase inhibitor activity
carbohydrate binding
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Aldoa
Tpl
Gapdh
Pgam5
Enol
Pkm
Ldha
Pdk1
Mdh1l
Gotl
Acat?
Cpt2
Aco2
Cs
Mdh2
Fh
Sdhb
Suclg2
Dhtkd1
Ogdh
L2hgdh
Idh3b
Ahcy
Atp5fl
Atp5pd
Atp5po
Fh
G6pd
Ggh
Gpi
H6pd
Ldhb
Mdhl
Mthfdl
Mthfd1/2
Mthfr
Ogdh

Glossary

Aldolase, fructose-bisphosphate A

Triosephosphate isomerase 1

Glyceraldehyde-3-phosphate dehydrogenase

Mitochondrial Serine/threonine-protein phosphatase
Alpha-enolase

Pyruvate kinase M

Lactate dehydrogenase-A

Pyruvate dehydrogenase kinase 1

Malate dehydrogenase 1

Glutamic-oxaloacetic transaminase 1

Acetyl-Coenzyme A acetyltransferase 2

Carnitine palmitoyltransferase 2

Aconitase 2

Citrate synthase

Mitochondrial malate dehydrogenase

Fumarate hydratase

Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial
GTP-specific b subunit of succinyl-coa synthetase
Dehydrogenase E1 and transketolase domain-containing protein 1
Oxoglutarate dehydrogenase

L-2-hydroxyglutarate dehydrogenase

Isocitrate dehydrogenase (NAD(+)) 3 non-catalytic subunit beta
Adenosylhomocysteinase

ATP synthase subunit b, mitochondrial
Atp synthase peripheral stalk subunit d
ATP synthase peripheral stalk subunit OSCP

Fumarate hydratase

Glucose-6-phosphate dehydrogenase

Gamma-glutamyl hydrolase

Glucose phosphate isomerase

Hexose-6-phosphate dehydrogenase/glucose 1-dehydrogenase
Lactate dehydrogenase-B

Malate dehydrogenase 1

Methylenetetrahydrofolate dehydrogenase 1/2
Methylenetetrahydrofolate dehydrogenase 1/2
Methylenetetrahydrofolate reductase

2-oxoglutarate dehydrogenase E1 component
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Pgkl Phosphoglycerate kinase

Pgm Phosphoglucomutase

Pkm Pyruvate kinase isozymes M1/M2

Shmtl1/2 Serine hydroxymethyltransferase 2 [ (human)] 1/2
Shmt2 Serine hydroxymethyltransferase 2 [ (human)]
Sucla2 Succinyl-coa ligase [ADP-forming] subunit beta, mitochondrial
Psmbl Proteasome subunit beta type-1

Psma4 Proteasome subunit alpha type-4

Psmd13 26S proteasome non-atpase regulatory subunit 13
Ubfdl Ubiquitin family domain containing 1

Ecpas Ecm29 proteasome adaptor and scaffold

Pa2g4 Proliferation-associated 2g4

Hadh Hydroxyacyl-coa Dehydrogenase

Cops6 Cop9 signalosome subunit 6

Asl Argininosuccinate lyase

Rps15 Ribosomal protein s15

Rpl7a Ribosomal Protein I7a

Eif2sl Eukaryotic translation initiation factor 2 subunit alpha
Rps24 Ribosomal protein s24

Vim Vimentin

Fnl Fibronectin 1

Gsn Gelsolin

Rps20 Ribosomal protein s20

Ugp2 Udp-glucose pyrophosphorylase 2

Pygl Glycogen phosphorylase |

Tubal3 Tubulin alpha like 3

Cctb6a Chaperonin containing tcpl subunit 6a

Stipl Stress induced phosphoprotein 1

Polr2a Rna polymerase ii subunit a

Mthfd1l Methylenetetrahydrofolate dehydrogenase (nadp+ dependent) 1 like
Mthfr Methylenetetrahydrofolate reductase

Ahcy Adenosylhomocysteinase

Ipo7 Importin7

Ndufs5 Nadh:ubiquinone oxidoreductase subunit s5
Kpnbl Karyopherin subunit beta 1

Nup54 Nucleoporin 54

Immt Inner membrane mitochondrial protein

Atp5flb Atp synthase f1 subunit beta

Atp5pd Atp synthase peripheral stalk subunit d

C3 Complement C3
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Mpo Myeloperoxidase

Ddx17 Dead-box helicase 17

Rbmx Rna binding motif protein x-linked
Rbm15 Rna binding motif protein 15

Aarsl Alanyl-trna synthetase 1

Aimp2 Aminoacyl trna synthetase complex interacting multifunctional protein 2
larsl Isoleucyl-trna synthetase 1

Karsl Lysyl-trna synthetase 1

Qarsl Glutaminyl-trna synthetase 1

Pkm Pyruvate kinase m1/2

Rps2 Ribosomal protein s2

Rpl26 Ribosomal protein 126

Polr3f Rna polymerase iii subunit f

Polr2b Rna polymerase ii subunit b

Polr2a Rna polymerase ii subunit a

Rpl27 Ribosomal protein 127

Rps7 Ribosomal protein s7

Rps23 Ribosomal protein s23

Eiflb Eukaryotic translation initiation factor 1b
Denr Density regulated re-initiation and release factor
Glu Glucose

Glu-6-P Glucose-6-phosphate

Fruc-6-P Fructose-6-phosphate

Fruc-1,6-P Fructose-1,6-bisphosphate

Glyc-3-P Glyceraldehyde-3-phosphate

1,3-Diphosphogly 1,3-Diphosphoglycerate
3-Phosphogly 3-Phosphoglycerate
2-Phosphogly 2-Phosphoglycerate
Phosphoenolpyr ~ Phosphoenolpyruvate

IC Isocitrate

KG Alpha ketoglutarate
S-CoA Succinyl CoA

OAA Oxaloacetate

THF Tetrahydrofolate
SAM S-adenosylmethionine
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