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Abstract

Xenopus laevis, a prominent vertebrate model in cell and developmental biology, has been
instrumental in studying molecular mechanisms of neural development and disease. Recently,
high-resolution mass spectrometry (HRMS), a bioanalytical technology, has expanded the
molecular toolbox of protein detection and characterization (proteomics). In this chapter, we begin
by overviewing the characteristics as well as advantages and challenges of this biological model
and technology. We then delve into discussions on their combined use to aid studies on cell
differentiation and development of neural tissues. Finally, we reflect on the emerging integration
of proteomics and other ‘omic technologies to help generate new knowledge, drive and test new
hypotheses, and ultimately, advance the understanding of neural development during states of
health and disease.
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A. Introduction

Understanding molecular mechanisms of neural development and their impact on the brain
is central to advancing health sciences. The CDC reports that 1 in ~2,700 newborns have
life-threatening neural tube defects in the US and their treatment and care amounts to $1.5
billion/year (Arth et al., 2017). The need is high and still unmet to expand our basic
understanding of the molecular drivers of normal development and the design of next-
generation therapeutics to remedy such disorders. Physical sciences, such as bioanalytical
chemistry, fill this gap by innovating tools and technologies to enable the study of neural
development using model organisms. The South African clawed frog (Xenopus laevis) is one
such model that has helped important discoveries in neurodevelopmental biology
(Borodinsky, 2017), including neural induction, differentiation, regeneration, and human
genetic diseases. Readers interested in these topics are referred to the recent Xenopus
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Community White Papers (Community, 2020) and reviews on these topics (Blum and Ott,
2018; Duncan and Khokha, 2016; Hwang et al., 2019; Pratt and Khakhalin, 2013; Sater and
Moody, 2017).

Characterization of all the biomolecules synthesized is essential to understanding neural
development and homeostasis; these molecules range from transcripts to proteins, peptides,
and metabolites. Technological advances over the last four decades have enabled the
detection and quantification of these molecules with scalability in time and space. Today,
molecular amplification by polymerase chain reaction (PCR) and next-generation
sequencing (NGS) are routinely used to analyze genes and transcripts at trace levels.
Likewise, antibodies equipped with signal amplifying “molecular handles” offer sufficient
sensitivity to measure select proteins in low abundance. More recently, high-resolution mass
spectrometry (HRMS) has advanced studies in developmental biology by enabling the
detection of hundreds to thousands of proteins from complex biological samples (Hashimoto
et al., 2019; Lombard-Banek et al., 2017). These studies also allow the identification of
genes and gene products for testing function. HRMS may be integrated with tools of cell,
developmental, and molecular biology including cell fate tracing (e.g., differentiation, cell
lineages), transcription/translation-blocking molecules (e.g., morpholinos, shRNA, miRNA),
and gene editing tools (e.g., ZFNs, TALENs, CRISPR-Cas9). Discovery analysis of
biomolecules followed by hypothesis driven functional studies bridge the biochemical and
functional pillars of systems biology.

In this chapter, we focus on the advantages of HRMS based proteomic studies (proteomics)
using Xenopus to advance neurodevelopmental biology. We then provide vignettes of
biological adventures that capitalized on HRMS to answer important questions in
neuroscience. Where pertinent, biological insights are highlighted that were made possible
due to the integration of Xenopus with HRMS proteomics. We also discuss how, in return,
Xenopus embryos have spurred the development of ultrasensitive instruments and
methodologies for proteomic and metabolomic studies in increasing resolution in time and
space (e.g., tissues to single cells). Although the focus of this chapter is on
neurodevelopmental biology, HRMS and Xenopus have provided important insights in a
broader context of biology and health research (Federspiel et al., 2019; Peshkin et al., 2015;
Presler et al., 2017; Sun et al., 2014; Wuehr et al., 2014). Likewise, HRMS also supported
proteomics in other amphibian species. Most recent topics include organ regeneration using
the axolotl and questions pertaining to evolutionary biology using the Chinese giant
salamander (Demircan et al., 2020; Geng et al., 2019). We apologize to anyone whose work
could not be discussed in this chapter due to space constraints.

B. Mass Spectrometry Proteomics for Xenopus

Proteomics by HRMS.

The proteome, the full suite of proteins produced in a biological system, can be used as an
efficient descriptor of the molecular phenotype. Because proteins are produced downstream
of transcription, they are often influenced by intrinsic and extrinsic events to the system.
Post-translational modifications (PTMs), such as phosphorylation, further expand the
proteomic landscape carrying out biological functions to “proteoforms” (Fig. 1A). As shown
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for the early Xenopus embryo in Figure 1B, complex dynamics between gene transcription
and translation during development challenges the use of mRNA as a general surrogate for
quantifying protein expression (Peshkin et al., 2015; Smits et al., 2014). Directly measuring
proteins and their PTMs is essential for developing and testing hypotheses for protein-
targeted studies.

HRMS is the leading technology for detecting and quantifying proteins and their PTMs.
Mass spectrometers enable the unbiased, direct, and specific detection and quantification of
large numbers of proteins (Aebersold et al., 2013). HRMS attains unparalleled molecular
specificity by “weighing” mass (m/z value) to sub-millidalton (<10 ppm) accuracy and
obtaining sequence-specific information on protein/peptide molecules (Aebersold et al.,
2013; Walther and Mann, 2010; Zhang et al., 2013). HRMS also enables the identification
and precise localization of PTMs on a protein based on mass measurements.f So far ~400
known PTMs (http://www.unimod.org/modifications_list.php) have been explored using
HRMS, including more than 200 in biological contexts spanning from signal transduction to
cellular localization (Duan and Walther, 2015; Virag et al., 2020). Figure 1C exemplifies the
sequencing of a peptide backbone and accurate localization of phosphorylation (see serine
residues) based on gas-phase ion fragmentation using high-resolution tandem MS. For
example, HRMS-based quantification revealed dynamic changes in protein phosphorylation
as Xenopus eggs undergo meiotic exit (Presler et al., 2017). Detection and quantification of
broad types of PTMs through HRMS has opened new possibilities in the research of protein
function, regulation, and turnover.

HRMS aids scientific rigor in biology studies by supplying rich and high-fidelity
quantitative data. Table 1 compares the instrumental and technical characteristics of HRMS
with antibody-based technologies from classical molecular biology, such as western blots,
immunofluorescence, and ELISA. A statistical survey from 2015 found that poorly
characterized and non-specific antibodies have taxed the economy of research by over $350
million annually in the US alone (Bradbury and Pluckthun, 2015). Proteomics by HRMS
addresses many challenges of protein detection using antibodies. Because detection based on
mass (m/z values) does not require functioning probes, HRMS is not affected by batch-to-
batch variability encountered in antibodies (Aebersold et al., 2013; Bradbury and Pluckthun,
2015). It follows that HRMS detection is also not challenged by antibody cross-reactivity
with other proteins or lack of antibody reactivity among homologous proteins between
species. With ready transferability from one lab to another and the availability of
commercial bench-top HRMS instruments, HRMS has become an indispensable
instrumental tool of protein research (Aebersold et al., 2013; Bradbury and Pluckthun,
2015).

Workflow for HRMS Proteomics.

Protein measurements using HRMS depend on several interconnected steps (Fig. 2A). The
three common approaches in proteomics—they are called bottom-up, middle-down, and top-
down— have been the focus of recent reviews (Han et al., 2008; Pino et al., 2020a). Figure 2
presents main steps of the most common, bottom-up (shotgun), approach. In this strategy,
proteins are digested into typically 8-30 amino acid long peptides using proteolytic
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enzymes, such as TPCK-modified trypsin. The resulting peptides are optionally barcoded to
enable multiplexed quantification among multiple samples and desalted using commercially
available kits (e.g., C18 ZipTips, Pierce; C18 spin-columns, Thermo Fisher). Peptides are
then sequenced by HRMS executing tandem MS. Protein-specific (called proteotypic)
peptides are mapped against proteins for identification and quantification (Zhang et al.,
2013). The bottom-up proteomic strategy is well established, sensitive, and supported by
bench-top mass spectrometers available on the market and a variety of commercially and
freely available data analysis software packages.

During bottom-up proteomics, peptides are typically separated. Separation decreases
molecular complexity in the temporal dimension, helping HRMS perform sequencing by
carrying out tandem MS measurements. Ultra/high-performance liquid chromatography
(UPLC/HPLC) and capillary electrophoresis (CE) have facilitated the detection of thousands
of peptides in Xenopus by reducing chemical complexity temporally to tailor to the duty
cycle of HRMS. In UPLC, 200 ng—1 pg of peptide (5-10 pg for replicate analysis) is
typically separated based on hydrophobicity on a reversed-phase column (typically, a C18
stationary phase), typically identifying ~1,500 — 3,500 proteins with an ~2-hour LCMS
separation experiment (called a “run”) (Baxi et al., 2018; Peshkin et al., 2015; Sun et al.,
2014). For deeper detection of the proteome, molecular complexity may be reduced via
longer separations and/or fractionation off/on-line (e.g., strong cation exchange
chromatography) followed by reversed phase LC and HRMS analysis of each fraction.
Further details about experimental strategies by LC-HRMS are available in the references
(Issaq, 2001; Zhang et al., 2013). Alternatively, using CE, peptides may be resolved based
on differences in electrophoretic mobility (Fig. 2). With higher separation power (resolution)
and sensitivity, we and others have found CE to complement UPLC for protein amounts
limited to <100 ng [reviewed in (DeLaney et al., 2019; Fonslow and Yates, 2009; Lombard-
Banek et al., 2017). UPLC and CE have uncovered previously unknown gene translational
differences between cells of the embryo (see later), reviewed in (Lombard-Banek et al.,
2017). Separation approaches using orthogonal principles of separation can be used
sequentially to further simplify sample complexity.

Peptides are detected next. The molecules exiting separation by UPLC/CE must be charged,
usually by entraining them into a device performing electrospray ionization (ESI). The
ionization source is attached to the mass spectrometer, where the ESI-generated ions are
analyzed, and detected. Modern-day instruments offer high mass resolving powers for
molecular identifications. At present, the average spectral resolution is ~40,000-100,000 full
width at half maximum (FWHM) on commercial time-of-flight and 250,000—1,000,000
FWHM on commercial orbitrap ESI mass spectrometers. These instruments are equipped
with compartments where peptide ions can be isolated and broken down (called dissociated
or fragmented) into structure-specific fragments via tandem MS (aka. MS/MS or MS?). The
resulting fragment ions are analyzed, typically to accurate mass with <5 ppm error.

Tandem HRMS directly sequences the peptide ions and can identify PTMs. Figure 2 shows
the tandem mass spectrum of a peptide signal detected at 12/z 1747.8683. Upon higher-
energy collisional dissociation (HCD), this peptide produced characteristic fragment (called
b- and y~type) ions (see insets). These mass and sequence data were matched to the peptide
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sequence: AMDQEITVNPQFVQK (from the enzyme Cop9) with a mass accuracy of 10
ppm and a stringent <1% false discovery rate (FDR). To deepen sequence coverage and help
identify PTMs and their location on the peptide backbone, additional types of fragmentation
techniques are available to HCD. Collision-induced dissociation (CID), electron transfer
dissociation (ETD), electron capture dissociation, (ECD), or their combination (e.g.,
EThCD) have demonstrated complementary performance for sequence determination
[reviewed in (Chu et al., 2015)]. HRMS-MS?2 marries high accuracy and precision for
identifying peptides (recall Table 1).

The experimentally detected peptide sequences are mapped to the proteome of the organism
under study using bioinformatic tools (software). The proteome is typically predicted in
silico based on the genome and/or experimentally measured mRNA data. The confidence of
identifications is enhanced by filtering spectral matches to a stringent <1% FDR, usually
against a reverse-sequence decoy database. Common contaminant proteins are also
annotated and removed during this step, such as human keratin proteins (e.g., from
personnel hair and skin), £. coli proteins (e.g., from bacterial cultures processed in the same
lab space), and porcine trypsin (used for digesting proteins). A variety of software packages
are available to facilitate bioinformatic data analysis. Open-source (free of charge)
applications include Skyline (Pino et al., 2020b), MSFragger (Kong et al., 2017), and
MaxQuant (Tyanova et al., 2016). Commercial products, such as ProteomeDiscoverer
(ThermoFisher Scientific), provide a user-friendly environment by integrating open-source
bioinformatic algorithms and gene ontology tools into a single platform. These and other
bioinformatic resources studies are reviewed in (Chen et al., 2020). The resulting list of
protein identifications may be imported to knowledge bases to evaluate gene ontology, study
pathways/networks, and protein interactions, as well as regulatory mechanisms of neural
development and developmental diseases that have been annotated for humans. Popular
resources include DAVID (Huang et al., 2009), PantherDB (http://pantherdb.org/), Xenbase
(http://www.xenbase.org), STRING (Jensen et al., 2009), and Ingenuity Pathway Analysis
(QIAGEN, Redwood City, CA).

There are several ways to quantify proteins by HRMS. The concentration of a protein is in
stoichiometric relationship with the concentration of its prototypic peptide. As the peptide is
quantified based on ion signal abundance by the mass spectrometer, it is possible to quantify
using HRMS any protein between samples that yield proteotypic peptide ion signals. To
enhance quantitative precision, calculated protein signals may be normalized to the total,
mean, or median signal abundance of the proteins. Alternatively, house-keeping genes with
comparable expression may be used for normalization. With “label-free quantification”
(LFQ), this workflow enables the relative or absolute quantification of proteins (Cox et al.,
2014; Lindemann et al., 2017). Further, specialized “mass tags” (TMT, ThermoFisher
Scientific; iTRAQ, Sigma-Aldrich)) permit multiplexing quantification among samples at
once, enhancing sensitivity, reproducibility, while reducing instrumental analysis time (see
later). Chemical (isobaric mass tags) based labeling strategies and stable isotope labeling
(such as SILAC) have enabled the detection of newly translated proteins during neural
development Xenopus (Ong et al., 2002). Applications of mass tag based and chemical
labeling based HRMS approaches to answer questions in neurodevelopmental biology are
described later in the chapter. As a result, modern HRMS provides accurate and reproducible
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quantification of hundreds-to-thousands of different proteins, without requiring the use of
functional probes.

Proteomics in Xenopus by HRMS.

Xenopus brings many advantages for HRMS-based proteomics. The embryos can be
generated year-round, and a female frog lays about 200—-500 embryos each time, thus
providing a convenient way to scale up workflows. Another advantage of the embryo is size
and protein content. The early cleavage-stage embryo offers ~130 pg of protein, sufficient
for high-sensitivity HRMS proteomic measurements (Sun et al., 2016). External fertilization
and fast development allow timing proteomics experiments to developmental milestones
(Baxi et al., 2018; Peshkin et al., 2015; Sun et al., 2014). In Xenopus, pigmentation and
stereotypical cell divisions permit ready identification and manipulation of cells.
Reproducible fate maps are available for embryos at the 16- (Moody, 1987a, b) and 32-cell
(Dale and Slack, 1987) stage. We have integrated this information with ultrasensitive HRMS
to peer into proteomes of neural, epidermal, or hindgut fated single cells and cell clones in
8—16-cell embryos (Lombard-Banek et al., 2021; Lombard-Banek et al., 2016a). Moreover,
undifferentiated cells of the early embryo can be explanted and cultured in the presence of
morphogens to induce cell differentiation. Recently, Xenopus animal cap explants helped
generate a sufficient number of ciliated cells for deep HRMS-based proteomic analysis of
RNA -associated proteins required for ciliary beating (Drew et al., 2020).

Challenges in Xenopus Proteomics.

Xenopus is not without challenges for HRMS. Xenopus laevis has an allotetraploid genome,
in which over 56% of genes have a long and a short copy (gene duplication), with minor
sequence variations for the same gene. The proteoforms resulting from this genetic
background are anticipated to expand the proteome compared to mammalian animal models
(Fig. 1A) (Session et al., 2016). The most recently sequenced version of the genome (version
9.2) reports 46,582 protein-coding genes in comparison to ~30,000 genes in the mouse
(Waterston et al., 2002). The ~30,000 genes in the human genome have been estimated to
generate over a million proteoforms (Jensen, 2004). Consequently, a given Xenopus laevis
sample can be expected to yield over a million proteoforms. With a diploid genome
containing 21,891 protein coding genes (genome version 10), Xenopus tropicalis offers a
reduced molecular space and an attractive alternative to test functional significance through
gene editing (e.g., CRISPR/Cas9) (Nakayama et al., 2014). Larger size and ~5-times more
material in X_ /aevis embryos make this model beneficial for cell biological and single-cell
analyses (Harland and Grainger, 2011). During the bottom-up proteomic workflow, tryptic
digestion cleaves each protein into multiple peptides, thus expanding the complexity of the
proteome for analysis (Figs. 2 and 3A).

Such molecular complexity inherent to bottom-up proteomics taxes detection sensitivity and
the success of peptide sequencing in HRMS, which in turn can hinder protein identification.
In a routine bottom-up proteomics run, we sequence ~25,000 peptides over 100—120 min of
separation. Figure 3A presents one such experiment series from our lab, in which ~50,000
precursor peptide ions were analyzed to be able to ascribe ~50% to peptide sequences (<1%
FDR) from ~3,500 proteins (<1% FDR). As shown in Figure 3B, separation of a Xenopus
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sample over 100 minutes resulted in ~1,500 protein IDs in a particular sample from the
study series.

Further, as in other vertebrate models, the concentration of proteins spans over a vast
dynamic range. Figure 3C ranks proteins by abundance from our measurement of X. /aevis
whole embryos (at gastrulation stages). The HRMS signal intensities reveal a 6—7 log-order
dynamic range of concentration in the embryo. Detection of low-abundance proteins, such as
transcription factors, is challenged by abundant signals, which saturate the duty cycle of
MS/MS measurements. In the cleavage—to—neurula-stage Xenopus embryos, the yolk protein
vitellogenin (forms Vtgal, Vtga2, Vtgbl, Vtgb2) constitutes up to ~90% of the proteome.
These proteins are packaged in yolk platelets, distributed throughout the cell among all the
cells in the embryo (Baxi et al., 2018; Peuchen et al., 2016). Abundant yolk proteins
interfere with and diminish the detection of lower abundance proteins. As shown in Figure
3D, pelleting of the yolk platelets via soft centrifugation with sucrose before processing the
cell lysate for bottom-up proteomics has enhanced detection of the proteome in the X. /aevis
oocyte (Wuehr et al., 2014) and gastrula (Baxi et al., 2018). An ~70% reduction in yolk
protein concentration (called “deyolking”), expanded detection from ~700 proteins to
~1,900 proteins, an ~3-fold improvement in protein identification. Many of the proteins
detected after deyolking act as transcription factors, players of signaling pathways, and
secondary messengers in the dissected neural ectoderm (Baxi et al., 2018). In single X
laevis blastomeres, where deyolking cannot be readily performed due to a limitation in
sample size, sensitivity was enhanced by freeing up tandem HRMS duty cycle through
programmed exclusion of a portion of tryptic peptide ions resulting from vitellogenin
(Lombard-Banek et al., 2019).

C. HRMS Proteomics for Neurodevelopmental Biology in Xenopus

Organs.

HRMS-based proteomics has expanded the bioanalytical toolbox of neurodevelopmental
biology. This technology has enabled us to identify and quantify hundreds to thousands of
proteins with previously unavailable accuracy, precision, and confidence. This metadata can
be used to peer into protein/pathway dynamics and to seek out new insights and non-
canonical mechanisms driving neural development. The data generated from untargeted
experiments in turn has empowered the design of targeted experiments aimed at determining
the significance of genes and gene products in specific biological contexts. In what follows,
we highlight select studies that illustrate the study of neurodevelopmental questions using
Xenopus by applying HRMS proteomic approaches in organs, tissues, cells, and single cells
(see Table 2).

External development and large batch size make Xenopus helpful for studying protein
expression during neural and sensory organ development. Dynamic changes can be traced by
one of many approaches enabling relative and/or absolute protein quantification (see earlier).
Designer mass tags (TMTs, iTRAQ, etc.) allow for the relative quantification of proteins
among multiple samples (e.g., tissues, biological conditions, replicates). The approach is
known to empower comparative analyses with high accuracy and precision (O’Connell et al.,
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2018). We have recently used TMT-based relative quantification to assess proteome
dynamics during five key steps of inner ear morphogenesis in X. /aevis (Baxi et al., 2020).
Sustained enrichment of integrin, collagen, and extracellular matrix proteins marked
formation of the inner ear.

Tissues may be readily manipulated and dissected from embryos, larvae, and tadpoles for
HRMS proteomics. As shown in Figure 4, we recently dissected the newly established
neural ectoderm at the onset of gastrulation by tracing the lineage of the neural fated cell in
the early embryo (Baxi et al., 2018). This survey of the neural ectodermal proteome captured
proteins with critical roles during neural development, including molecular signaling via the
FGF, Wnt, RhoGTPase, and Notch pathways. A similarly tissue-specific approach also
allowed us to characterize the proteome of the developing Spemann organizer (Quach et al.,
2019). This signaling center is transiently established at the onset of gastrulation and plays
critical roles in patterning the embryo, including the induction of the neural ectoderm. We
uncovered that the Spemann organizer tissues were enriched in mitochondrial proteins that
participate in oxidative phosphorylation (Baxi et al., 2021). These and other large-scale
proteomic studies from transiently formed tissues generate an important resource of
thousands of proteins that can be functionally evaluated for their role in neural induction and
development.

Indeed, HRMS and Xenopus /laevis enabled large-scale proteome dynamics during
regeneration after spinal cord injury (Fig. 5). Multiplexed relative proteomic analysis
following spinal cord injury in regenerative (early tadpole) and non-regenerative (post-
metamorphosis) stages of spinal cords (Fig. SA) facilitated the identification of 172 proteins
that were significantly upregulated during spinal cord regeneration in the early Xenopus
tadpole (Lee-Liu et al., 2018). Proteomic studies of organogenesis and regeneration from
tadpole and later stages of Xenopus benefit from an overall decreased abundance of yolk
proteins that are consumed during development, contrary to yolk-laden tissues from earlier
stages of development studied in the next section.

Xenopus tissues can be readily explanted to monitor axon growth along with pulsed
metabolic labeling to study protein translation. This labeling approach called pulsed stable
isotope labeling by amino acids in cell culture (pSILAC) relies on the integration of heavy
isotope labeled amino acids to monitor protein translation. Figure 5B shows one such study
in which retinal ganglion cells were explanted in media containing heavy isotope labeled
essential amino acids to quantify protein remodeling during the growth of retinal axons in
the presence of axon guiding cues (Cagnetta et al., 2018). This study design uncovered
nascent proteomes axons give rise to specifically in response to chemo-attractive cues, such
as Netrin, BDNF, and Sema3A (Fig. 5B). Results from this study agreed with
immunofluorescence imaging that demonstrated that proteins synthesized in response to
repulsive gradients (Sema3A) are localized at the tip of the axon growth cone, revealing their
direct involvement in axon growth.

Curr Top Dev Biol. Author manuscript.
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Alternatively, bio-orthogonal non-canonical amino acid tagging (BONCAT) enables the
quantification of protein synthesis by incorporation of non-canonical amino acids such as L-
azidohomoalanine (AHA) in newly synthesized proteins provides. The AHA can be
equipped with biotin tags for enrichment and detection by HRMS. AHA was injected into
the visual system to label neuronal proteins synthesized in response to different visual cues
to study neural plasticity in Xenopus tadpoles (Schiapparelli et al., 2019). Ultimately, a
group of candidate plasticity proteins were identified that changed significantly between
different visual experiences and primarily involved functions such as RNA splicing, protein
translation, as well as chromatin remodeling. Teasing apart the nascent proteome through
metabolic labeling and untargeted proteomic analysis via HRMS has the potential to yield
valuable insights into neural development.

HRMS has also been valuable in confirming and identifying proteins in Xenopus (Fig. 6).
This technology has sufficient sensitivity and throughput to identify proteins in large
numbers of spots from 2D gel electrophoresis. As shown in Figure 6A, a study of
photosensory cells in the retina using 2D gel electrophoresis implicated a 16 kDa protein in
the organization of the cell membrane. Using HRMS (Fig. 6B), it was possible to make a
confident identification for the Xenopus /aevis retinal protein (CRBP1) based on the high-
precision sequencing of proteotypic peptides generated in a bottom-up workflow. Validation
of protein identity by HRMS, in turn, permitted follow-up biological experiments to
spatially interrogate expression using immunohistochemistry. Targeted knockdown of
CRBP1, shown in Figure 6C, revealed the molecular role of organizing the membrane of the
cells (Wang et al., 2010). Integration of HRMS with high-resolution imaging and functional
experiments can be a viable tool for exploring molecular mechanisms of tissue
differentiation in space and time.

Xenopus has also been used to explore molecular mechanisms with cellular and subcellular
resolution (Fig. 7). Large cell sizes in the early developing embryo facilitate cell handling,
sample collection, and detection sensitivity. For example, an average cell in the 16-cell X.
laevis embryo measures ~250 um diameter (nonspherical cell shape, see Fig. 7A) and
contains ~16 pg of protein. With ~90% protein content dominated by yolk proteins, a single
cell is estimated to yield ~1 pg of non-yolk proteins. These protein amounts are sufficient for
high-sensitivity instruments, opening the door to single-cell proteomics in the developing
embryo (Lombard-Banek et al., 2016a; Sun et al., 2016). Further, cells of the early embryo
can be identified based on fate maps (see earlier) to target proteomic measurements to
specific cell lineages and tissues (Onjiko et al., 2017c). Cell clones may be marked by
fluorescent dyes or expressing fluorescent proteins (Fig. 4). The quantitative proteomic
studies from identified embryonic cells have revealed previously unknown proteomic cell
heterogeneity at a surprisingly early stage of development. This information is useful for
follow-up studies to decipher the functional roles of the proteins during early induction of
the neural fate.

Results from such experiments can drive new technologies and our current understanding of
developmental processes forward. By analyzing the molecular composition of identified
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cells in the early stage embryo, we discovered small molecules (called metabolites) that alter
normal cell fate decisions between neural and epidermal tissues in the embryo (Onjiko et al.,
2015). Using our home-built proteomic HRMS instruments, we have also characterized the
proteome state of early embryonic cells that are fated to form neural, ectodermal, and
endodermal tissues (Lombard-Banek et al., 2019; Lombard-Banek et al., 2016a; Lombard-
Banek et al., 2016b). Figure 7A compares the proteome profiles of the cells (Lombard-
Banek et al., 2016a). These data revealed that the chordate embryo sets up proteomic cell
asymmetry along the dorsal-ventral and animal-vegetal axes at a rather early stage of
development, when cell heterogeneity is only detectable along the animal-vegetal axes by
deep sequencing of the transcriptome. Further, the single cells appeared to execute
proteomic programs that were indicative of their tissue fate. For example, the neural-
destined dorsal cell was enriched in geminin, a protein important for regulating transcription
of neuronal-fate promoting genes. These results highlight the enrichment of potentially fate-
promoting proteins and metabolites in the neural-fated domain of the embryo early on.

Fast molecular events can be studied using subcellular HRMS. We have recently developed a
capillary microsampling approached to swiftly (< 5 s) collect cellular proteins from cells in
the live embryo (Lombard-Banek et al., 2021; Lombard-Banek et al., 2019; Onjiko et al.,
2017a; Onjiko et al., 2017b, c; Portero and Nemes, 2019). As illustrated in Figure 7B, a
small volume (|10 nL) was aspirated from identified cells and analyzed by HRMS, resulting
in the identification of ~800 protein groups (representing method sensitivity of [700 zmol).
Spatially and temporally scalable proteomic analysis also enabled us to monitor protein
reorganization during the formation of the neural tissue fated cell clone (Lombard-Banek et
al., 2019). Proteins were group based on their expression profile over the cell clone,
revealing progressive and transient mechanisms of protein regulation. These quantitative
HRMS datasets provide previously unavailable information on the proteomic state of
spatially and temporally evolving clones, supplying candidate genes or gene products to
determine function.

Further, subcellular HRMS has also enabled 7n vivo molecular system biology of neural
differentiation in live embryos developing to behaving tadpoles (Fig. 7C). We have recently
tailored capillary microsampling to minimize damage to the cell and its membrane as a
miniscule portion of the cell content was aspirated. The approach caused no damage to the
neighboring cell or embryonic development. /nn vivo microsampling with CE-ESI-MS
permitted the detection of both proteins and metabolites in single ventral and dorsal cells of
the 8-cell embryo (Lombard-Banek et al., 2021). As shown in Figure 7C, the results revealed
proteo-metabolomic networks with differential quantitative activities between the neural
(D1) and epidermal (V1) fated embryonic cells. The microsampling approach preserved the
viability of the sampled cell and the embryo. In our study, 95% of the sampled embryos
successfully developed into sentient tadpoles that had indistinguishable anatomy from their
wild-type siblings. Further, the tadpoles also presented indistinguishable visual behavior in a
background color preference assay that was validated based on double-axotomy of the optic
nerves (positive Control, see Fig. 7C). In vivo subcellular proteo-metabolomic CE-HRMS
with expands the molecular toolbox of molecular systems biology, cell and developmental
biology, and neurobiology.

Curr Top Dev Biol. Author manuscript.
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D. Conclusions

Xenopus and HRMS-based proteomics empower developmental neurobiology. This
biological model and bioanalytical technology offer important advantages in
experimentation and data fidelity. Detection and quantification of large numbers, hundreds-
to-thousands, of proteins (and their PTMs) over a broad linear dynamic range of
concentration complements molecular information available from transcriptomics to
investigate complex molecular dynamics in the developing system. HRMS also enables the
detection of small molecules for holistic systems molecular biology, including molecules
partaking in energy balance (e.g., adenosine triphosphate), red-ox control (e.g., glutathione
and oxidized glutathione), and signaling (e.g., retinoic acid). Additionally, the technology
affords an imaging modality (not discussed here) to document the distribution of molecules
in variable spatial resolution, as reviewed in (Lombard-Banek et al., 2017). In one such form
of HRMS, MALDI-TOF may be used to map neuropeptides in the crab central nervous
system (DeLaney et al., 2021) and small molecules in sections of Xenopus embryos and
tadpoles (Wang et al., 2019). The integration of Xenopus with multi-‘omics, including
HRMS-based proteomics and metabolomics, raises a potential to study molecular
mechanisms of development in previously unavailable details at the realms of the organism,
organ, tissue, and the cell.
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Figure 1.
Measurement of proteins in biological systems. (A) Complex proteomic landscape from

molecular systems biology, expanded by post-translational modifications (PTMs).
Representative PTMs are illustrated. (B) Complex temporal correlation between mRNA and
protein abundances in developing systems call for direct measurement of proteins. The
example clusters mRNA and protein expression in the X. /aevis embryo. Number of genes
(gray scale, % genes shown), transcripts (blue), and proteins (green) are marked for each
cluster. Each cluster marks the number of transcripts, proteins, and the % of gene products
belonging. (C) High-resolution mass spectrometry (HRMS) provides unmatched specificity
and selectivity to identify and quantify proteins, including their PTMs. The example shows
the sequencing of a peptide and localization of phosphorylation. Images were adapted with
permission from References (Han et al., 2008; Peshkin et al., 2015).
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Figure 2.
General steps of HRMS-based proteomics in X. /aevis 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 (Onjiko et al., 2017b).
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Figure 3.

Yolk-Depleted

5 10
Proteins

Challenges and possible solutions in MS proteomics in Xenopus. (A) Vast molecular

complexity in proteomic digests tax the sequencing of peptide signals via tandem MS (MS/

MS). (B) Chemical separation efficiently reduces molecular complexity to enhance peptide

identifications. Abundant yolk peptides limit sequencing throughput. (C) A broad dynamic

range of concentration challenges the identification of low-abundance proteins. For example,

abundant yolk proteins overwhelm signal abundance, hindering detection sensitivity. Shaded

boxes represent the types of proteins that are typically present at a given abundance range.

(D) Removal of yolk platelets (top panel) by sucrose pelleting (bottom panel) ca. triples

the number of identifiable proteins, permitting the quantification of important signaling

pathways. Figures were adapted with permission from (Baxi et al., 2018).
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Lineage tracing and HRMS to profile protein expression during neural induction. (A)

Injection of neural fated (D111) cells of the Xenopus embryo and subsequent dissection of

the neural ectoderm at the beginning of gastrulation (stage 10). (B) Dynamic range of

quantified proteins in the tissue (top panel). Representative proteins with important roles in

neurodevelopmental signaling pathways are highlighted. Kinases and second messengers

from the FGF pathway are represented (bottom panel). Figures were adapted with

permission from (Baxi et al., 2018).
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Figure 5.

Relative protein quantification using mass tags and metabolic labeling. (A) HRMS was used
to compare proteins in regenerative and non-regenerative spinal cord tissues via multiplexing
quantification. (B) Example of a pulsed SILAC experiment in a neural cell culture to
identify proteins synthesized during cue-driven axon guidance. The repulsive gradient with
Sema3A was found to lead to an enrichment of beta-actin on the opposite side of the axon
growth cone. Figures were adapted with permission from (Cagnetta et al., 2018; Lee-Liu et
al., 2018).
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Figure 6.
HRMS enables identification of a previously uncharacterized retinal protein. (A) 2D-gel

Sequenced peptide:
EFEEDLSGVDDR

Page 21

MPTDFNGYWKMLSNEH
FEDYMKALDVNVAIRKIA
NLLKPDKEIIQNGDHMIIK
TLSTFRNYIMEFDVGKEF
EEDLSGVDDRKCMTTVN
WKNDQLVCDQKGEKVG
RGWTQWVQGDELHLEM
RVGDVVCKQVFKKIQQ
Xenopus hypothetical
protein MGC81232

v

Sequence homology
with mouse

electrophoresis of retinal cells revealing diffuse protein spots, challenging identification. (B)

MS analysis of the encircled spot identified the Xenopus /laevis retinal protein (CRBP1)

based on sequence homology with the mouse proteome. (C) Targeted knock-down of

CRBP1 in retina with morpholino (bottom panel) compared to control (top) show

significant disruption of the outer segment. Figures were adapted with permission from

(Wang et al., 2010).
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Figure 7.
Single-cell proteo-metabolomics of neural tissue fated cells in live embryos. (A) Whole-cell

dissection HRMS (left panel) revealing proteomic differences between D11, V11, and V21
blastomeres fated to respectively form neural, epidermal, and endodermal tissues (right
panel). Scale = 250 um. (B) /n situ microsampling HRMS of the neural-fated cell (left
panel) revealing proteome reorganization in descendent cell clones (right panel). Scale =
500 um (black), 200 pm (gray). (C) Microsampling and HRMS detecting proteo-
metabolomic networks (top panel) in the D1 and V1 cells of live embryos, without affecting
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the anatomy or visual behavior of the future tadpoles (bottom panel). Positive control for
visual assay (+Ctrl) via double-axotomy of the optic nerves. Scale = 250 pm (embryo), 1
mm (tadpole). Figures adapted with permission from (Lombard-Banek et al., 2021;
Lombard-Banek et al., 2019; Lombard-Banek et al., 2016a; Onjiko et al., 2015; Onjiko et al.,
2017b).
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Table 1.
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Comparison of protein detection by high-resolution mass spectrometry (HRMS) and classical antibody-based

assays (e.g., Western blot, immunofluorescence, ELISA).

Figure of Merit

HRMS

Antibody-Based Assays

Experimental Strategy

Mechanism of
Molecular Identification
Specificity, Accuracy
Sensitivity
Quantification
Throughput

Spatial information

Cost

Discovery or targeted

MS/MS, (accurate) m/z, separation

Exquisite specificity and accuracy (<5 ppm accuracy
routine)

Fmol-zmol. Detection sensitive to quantitative
interferences.

Yes; absolute and relative quantification with precision and
accuracy

High throughput: thousands of proteins identified and
quantified in a single experiment in ~3 h. Sample
multiplexing possible.

Yes; MS can be operated as a “mass microscope”

Affordable via MS Facilities or high start-up cost; no
requirement to validate antibodies

Targeted

Antibody detects epitope and (optionally) drives
signal amplification reaction

Depends on antibody specificity, requires
validation by HRMS

Up to low fmol levels

Semi-quantitative based on a calibration curve
(absolute)

Low throughput: usually 1 protein at a time.
Limited to no multiplexing.

Yes, antibody-based fluorescence imaging

Low start-up cost; high consumables cost;
requirement to validate antibodies
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Table 2.

Examples of proteomics by HRMS supporting neurodevelopmental studies in Xenopus.
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Targeted Cell/Tissue Type Modes of Separation and Type of Quantification  No. of Proteins Reference
MS Identified
Retina 2D DIGE - RPLC-MS Label-free ~2,000 (Wang et al., 2010)
Otic vesicles High-pH RPLC-Low-pH Relative (TMT) ~5,000 (Baxi et al., 2020)
RPLC-MS
Spinal cord tissues SCX-RPLC-MS Relative (iTRAQ) ~6,000 (Lee-Liu et al., 2018)
Neural ectoderm tissues High-pH RPLC-Low-pH Label-free ~2,500 (Baxi et al., 2018)
(beginning of gastrulation) RPLC-MS
Spemann organizer tissue High-pH RPLC-Low-pH Relative (TMT) ~3,000 (Baxi et al., 2021; Quach et al.,
(beginning of gastrulation) RPLC-MS 2019)
Axons RPLC-MS Metabolic labeling ~350 labeled (Cagnetta et al., 2018)
(pSILAC) proteins
Axons MudPIT-MS Metabolic labeling ~4,800 (Schiapparelli et al., 2019)
(BONCAT)
Neural, epidermal, and CE-MS Label-free ~438 (Lombard-Banek et al., 2016a;
endodermal fated single Lombard-Banek et al., 2016b)
cells
Neural fated single cells, CE-MS Label-free ~738 (Lombard-Banek et al., 2021)

visual assay of the tadpole
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