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Understanding tissue formation advances our understanding of the causes of disease and
the obtained knowledge can be potentially applied to develop personalized interventions.
However, to explore the underlying mechanisms that govern tissue formation, there is a high and
unmet need to develop new technologies to characterize different types of biomolecules from
early-stage embryonic precursor cells and their descendent cells during development. This
dissertation discusses new technological advancements to facilitate multi-omic (proteomic and
metabolomic) analysis to explore cell-to-cell differences and uncover mechanisms underlying
tissue formation. The work presented herein illustrates the development of in vivo microsampling
and single-cell mass spectrometry (MS) to uncover cell heterogeneity among embryonic cells.
Additionally, this dissertation work studies the biological role of metabolites in cell fate
determination by exploring the mechanisms underlying metabolite-induced cell fate change.
Moreover, this work introduces a novel technique called MagCar developed to track and isolate

tissue-specific cells at later stages, which enables studying temporal molecular changes to gain

new information about tissue formation.



Chapter 1 overviews key aspects of the technologies that are integrated into this dissertation,
including high resolution-mass spectrometry (HRMS), liquid chromatography (LC), capillary
electrophoresis (CE), multi-omics, research model, research significance, and research
motivation.

Chapter 2 extends my analysis tools to study systems and functional biology.

Chapter 3 presents the development of the first dual proteo-metabolomic single-cell

HRMS for in vivo analysis in live frog embryos.

Chapter 4 describes FACS-based tissue-specific cell isolation along with LC-HRMS-based
metabolomics and proteomics to uncover molecular reorganization underlying metabolite-
induced cell fate change.

Chapter S introduces a novel sampling technique, called MagCar, to isolate tissue-specific cell
lineages from live frog embryos for temporal studies.

Chapter 6 summarizes the research accomplishments in this dissertation and prospects for future

directions to further advance research in understanding tissue formation.
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Chapter 1: Introduction

To unravel the mechanisms underlying various biological activities such as cancer diseases
and neuroscience, research focuses on the role of functionally and biologically important
biomolecules. Our understanding of the cell, the functional and structural building block of life,
depends on the availability of technologies that can measure all the different types of
biomolecules that the cell makes. These biomolecules, including upstream RNAs and DNAs and
downstream proteins and metabolites, have distinct roles and interact through complex molecular
networks. For example, RNAs participate in the coding, regulation, and expression of genetic
information carriers—DNAs. Proteins, translated from RNAs, have diverse roles such as
structural elements of cells, enzymes to catalyze biochemical reactions, transcription factors, and
receptors of signaling molecules to respond to intracellular and extracellular changes.
Metabolites, which act downstream to proteins and hence are indicators of cell phenotypic state,
were found not only to be effective biomarkers but also active drivers and modulators of
biological processes.!' Studying these different biomolecules at the level of small-to-large
samples has the potential to provide insight into the mechanisms involved in cell and
developmental processes underlying health and disease states.

1.1 HRMS for metabolomics and proteomics

Several techniques can detect downstream proteins and metabolites in cells, tissues, and
organisms but not equally as well. For example, nuclear magnetic resonance (NMR) is widely
used for metabolomic and proteomic analysis due to its non-destructive characteristics® and
structure elucidation capability’. However, the application of NMR for ‘omics is limited, because

NMR has a relatively lower sensitivity compared with high-resolution mass spectrometry



(HRMS)? and requires a larger starting sample amount. HRMS is the benchmark for detecting
and identifying biomolecules from small-to-large amounts of materials as it is label-free and can
provide structural information to support confident identification.*> HRMS offers high
sensitivity, enabling the detection of low-abundance biomolecules in single cells, such as
embryonic cells, neurons, and tissues that my research focused on. For example, the quadruple
time-of-flight (Q-TOF) HRMS allowed me to detect neurotransmitter metabolite acetylcholine
with a limit of detection (LOD) < 50 nM, providing enough sensitivity to detect many other
endogenous metabolites with concentrations ranging from ~uM-mM’ in biological systems. My
research also advances proteomics using Orbitrap HRMS, as demonstrated by the ultrasensitive
detection of brain angiotensin peptides with a lower LOD of ~260 zmol.® The performance
metrics of Q-TOF and Orbitrap HRMS were summarized according to a recent review paper,
which shows that Q-TOF HRMS has a wider dynamic range and mass range while Orbitrap
HRMS has a higher resolution.’

Moreover, HRMS provides high confidence in compound identification'® due to the high
resolution’ to distinguish analytes with similar mass-to-charge ratio (m/z) and the capability of
the MS/MS fragmentation. The availability of multiple MS/MS databases!!"'? with an increasing
number of reference metabolites as well as open-source metabolomic data processing software
including XCMS online'* and MZmine'# expedites the application of mass spectrometry in
metabolomics. Likewise, software including MaxQuant!*>'® and Proteome Discoverer'” was
developed to help with protein identification and quantification from proteomic MS data.

Development in instrumentation advanced the application of MS to even smaller amounts
of biomolecules and materials. For example, the recent advent of ion mobility separation (IMS)

techniques decreases the complexity of samples by providing post-ionization separation of ions



based on their ion mobility difference.'®!® As a result, the lower LOD of TOF HRMS was
further decreased to 30 zmol? by incorporating IMS to remove chemical noise'® compared with
a lower LOD of 260 zmol® without IMS. Moreover, the IMS technique increases the
identification confidence of biomolecules by measuring an intrinsic property called collision
cross section (CCS)?! along with accurate mass and MS/MS fragmentation pattern. IMS coupling
to MS has been applied in isomer and isobaric ions separation. ' 2!

HRMS allowed me to quantify proteomic and metabolomic states. For metabolites, under-
the-curve peak areas were used as a quantitative proxy to compare the relative metabolite levels
of samples under different conditions. For proteins, the tandem mass tags (TMT) technique
provided multiplexity capability for bottom-up proteomics, enabling the acquisition of high-
quality MS data for ‘omic analysis and improving the depth of MS-based identification??, data
quality, and intra- and inter-laboratory reproducibility.?*** Moreover, TMT enables the
quantification of proteins from multiple samples simultaneously, which shortens measurement
time to achieve several folds higher throughput.?*-** Furthermore, research has found that TMT
can increase the number of quantified proteins and improve the reliability of relative
quantification compared with label-free quantification.?* Application of the TMT labeling
strategy has led to the identification of more disease biomarkers in early myocardial injury,?* for
example. TMT also enhanced protein identification in neural ectoderm in Xenopus laevis (X.
laevis) embryos to help understand the development of the central nervous system.??

Metabolomics and proteomics based on MS have advanced research in cell and
developmental biology and made it possible to delve into complicated biological questions
involved in biological systems at different levels including organisms’, microorganisms=>,

26-27

tissues??, single cells**?’, and subcellular organelles®®. For example, metabolomics based on MS



found metabolic remodeling during the cleavage and mid-blastula embryonic stages at the
whole-embryo level for Xenopus frogs.” In my research, MS methods were developed to detect
and identify metabolites and proteins from isolated tissue-specific cell populations, which
uncovered molecular reorganization during metabolite-induced cell fate change actions. I also
developed single-cell MS tools for both metabolomics and proteomics at the single-cell level,
which I applied to reveal cell-to-cell differences along the dorsal-ventral axis.?® Other examples
are the application of MS in the analysis of proteins and metabolites in single cells to explore cell
heterogeneity.® 2% A typical metabolomics®' and proteomics workflow>? was summarized in
Figure 1.1. The proteomics community recently recommended guidelines in experimental
practices and data reporting for proteomics®>. These different MS-based ‘omics techniques
discovered small molecules that caused embryonic cell fate change®, studied causes of cancer

disease®*, and facilitated disease biomarker discovery>* 3>,
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1.2 Separation techniques compatible with MS: L.C and CE

To help biomolecular measurements, MS is commonly coupled with separation techniques
such as capillary electrophoresis (CE) and liquid chromatography (LC) to detect proteins and
metabolites in complex sample matrices. Separation decreases the complexity of samples to
mitigate ion suppression during ionization and spectral interferences during MS detection.
Separation also introduces separation time as an orthogonal parameter for compound
identification.*® When using MS hyphenated to separation techniques for identification, a
confident identification requires the molecular feature under investigation to match the accurate
mass, isotopic pattern, MS/MS fragmentation, and separation time as recommended by the
metabolomics community.'? A typical LC-MS workflow for metabolite identification was

summarized in Figure 1.2.%!



A Metabolites are separated by a lons fly or oscillate in mass B i m
column, based on chemical properties spectrometer, based on m/z ; SRR = N

% oo lonization 2
ke P 00y00 5 | am
iy L e "o -
e} - - _—
Sl R oo c
HO OH\ Separated °
OH metabolite #1 Detector i T >
Metabolites m1 m2
C Chromatography is the key for isomer separation D MS/MS is useful for metabolite identification
y Intact metabolite (MS) Fragmentation (MS/MS)
Leucine Same Different
@
3 | |
: B
g m/z RT
£ .
2 Irolauicine Leucine: 131.095 5.6 min Intact ion == @
c /\ Isoleucine: 131.095 6.7 min ‘ :
: |
Retention Time (RT) m Fragments m

Figure 1.2 A typical LC-MS workflow for detecting and identifying metabolites using accurate mass, retention time, and MS/MS comparison from ref. 31.
Reprinted from Cell, 173, Rabinowitz, J. D ef al, Metabolomics and Isotope Tracing, 822—-837, Copyright (2018), with permission from Elsevier.



LC coupled to MS is the gold standard separation technology for metabolomic and
proteomic analysis because it allows for the simultaneous detection of large numbers of analytes
from small samples with high throughput.'? 37-3¥ Separation of analytes in LC is based on the
interaction between the analytes and the stationary phase of the column. Depending on the
polarity of the LC column’s stationary phase, LC may be grouped into the area of reversed-phase
LC (RPLC) and hydrophilic-interaction chromatography (HILIC). RPLC is suitable for
separating less polar analytes because the nonpolar stationary phase allows for better retention of
hydrophobic analytes such as peptides and proteins. In contrast, polar analytes have better
separation using HILIC.3” Recently, developments of new types of LC columns have put the
application of LC forward. For example, micropillar array columns (WPAC), based on
microlithographic etching to generate highly ordered and reproducible pillars in a chip, were
recently developed to minimize backpressure, peak dispersion, retention time variation, and
column-to-column difference in LC separation.***** Unlike the packed HPLC column, the
separation efficiency of which is limited by the eddy dispersion (multi-path term, 4, in van
Deemter equation), uPAC as an open tubular LC column is free of eddy dispersion
contribution. The plate number of a 200-cm uPAC column is 300,000 which is around one order
of magnitude compared with that of packed HPLC columns (<20,000).’ Due to the above-
mentioned advantages compared to packed LC column, my research adopted uPAC to enable the
identification of more proteins. uPAC has been applied in various areas including proteomics,

pharmaceutical research, and lipidomics.?!» 340

H=A+ % + Cu (van Deemter equation)
Where His plate height, 4 is the multi-path term, (E) is the longitudinal diffusion term, and (Cu)

1s the mass-transfer term.
8



For larger amounts of starting materials, LC offers advantages in throughput, post-
acquisition data processing, and scalability. In my research to measure tissue-specific cell
populations, I used LC because the LC autosampler enables the temperature control of samples
and automatic sample injection, thus allowing queueing samples for continuous measurement to
shorten experiment time. Moreover, the reproducible sample injection volume and analyte
separation reduce the complexity of data processing after the data acquisition, which is required
in CE including alignment of separation time*!"**. Additionally, LC has the advantage of being
able to tailor to various physicochemical properties of analytes to drive separation. The
metabolites extracted from X. /aevis embryos were previously revealed to be majorly polar
metabolites including amino acids and neurotransmitters.** Therefore, I chose HILIC to achieve
better separation of analytes from the metabolite extract of collected cell populations from X.
laevis embryos. In contrast, the peptides resulting from trypsin digestion are less polar and,

therefore, RPLC is commonly used for bottom-up proteomics*++°

and was chosen for proteomics
in my research.

CE, a separation technique that requires less sample compared with LC, supported my
research in single-cell analysis with compatibility with limited amounts of materials available in
single cells. CE separates analytes based on their electrophoretic velocity differences, determined
by the size (hydrated radius, r) and charge state (2) of analytes, under the applied high voltage.
Generally, the greater the z/rratio, the greater the electrophoretic mobility. Analyte movement
in the capillary is also under the effect of bulk solution movement caused by electro-osmotic
flow (EOF). For example, the fused silica capillary forms a surface-bound Si-O~ under a

background electrolyte (BGE) solution with a pH >2. The negative surface charge results in the

adsorption of cations from BGE to form a tight layer of ions on the surface of the inner capillary,



which is rich in anions. The negative charge in turn results in the formation of a diffusion layer
that is rich in cations, thus, a double layer is formed. Under the applied high voltage, cations in
the diffusion layer move to the cathode, which brings the bulk solution to move along toward the
cathode, and thus, the EOF is formed. Under the combined effect of the electrophoretic mobility
and EOF, analytes are separated and eluted out of the CE capillary. Since EOF depends on the
pH of BGE, EOF can be deliberately manipulated by changing the pH of BGE for specific
applications of CE. Figure 1.3 illustrates the separation of charged analytes with different

hydrated radii and charges.
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Figure 1.3 Illustration of the CE separation of ions with different hydrated radii and charge under the combined
effect of electrophoretic velocity and EOF. Blue circles are positively charged ions and brown circles are
negatively charged ions. A larger circle size means a larger hydrated radius. Smaller ions with higher positive
charges are eluted out of the cathode first under the applied high voltage.

CE has high separation efficiency which comes from the large theoretical plate number
(V). This is because the peak broadening (A, plate height) in CE is minimized as the peak

broadening is free of contribution from the multi-path term (A) and mass-transfer term (Cu), and

H s solely contributed by the longitudinal diffusion term (E) in van Deemter equation.*® The

high separation efficiency of CE results in narrow peaks in separation, which benefits the signal-
to-noise ratio (S/N) for ultrasensitive measurement. For instance, our custom-built CE-ESI-MS

system achieved a sensitivity of ~60 amol for metabolites and ~700 zmol for peptides.2°
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Moreover, CE is compatible with minute sample volumes down to the nanoliters available

in a single cell,*’

which makes CE-MS widely used in the single-cell analysis by integrating with
MS.#8 For example, single embryonic cells from the South African frog X. laevis embryos
have a relatively large cell size (~250 pm in diameter at 16-cell stage) but limited total cellular
contents (~100 nL), which is compatible with CE. In contrast, the available cellular contents in
single cells are not sufficient for the typical micro-flow LC, which requires the starting amounts
of samples to be at uL. scale—10 times the available cellular contents in single cells. Therefore,
in my research to understand cell-to-cell molecular heterogeneity at early embryonic stages, |
selected CE as my separation technique because of its scalability in sample size. Due to the

above-mentioned advantages, CE-MS has been applied for single-cell metabolomics® 26 43-49-50

26,51-53 i the X. laevis model.

and proteomics
1.3 Multi-omics for a holistic picture of biological processes
Current research generally focuses on one type of biomolecule. This single ‘omic strategy

has enabled many breakthroughs in biomarker discovery>4>¢

and cell and developmental
biology” *37>°_ However, single ‘omic analysis faces challenges when studying biological
processes in the context of complex biological systems.* This is because the single ‘omic
analysis lacks the capability to provide a big picture of multifaceted molecular networks>>,
especially for regulatory processes which involve biomolecules at different levels. For example,
the Krebs cycle (also called the citric acid cycle, TCA cycle, see Fig. 1.4%°) is a process that
oxidizes acetyl coenzyme A (acetyl-CoA) to generate energy for cells. In the Krebs cycle, both
metabolites including citrate, malate, and succinate, and proteins including citrate synthase and

succinyl-CoA synthetase are correlated to play indispensable roles to maintain the energy supply

for cells. Moreover, the Krebs cycle is closely related to other energy production pathways such

11



as fatty acids metabolism and glycolysis (see Fig. 1.4).%° Therefore, to study diseases related to
the Krebs cycle, it will be difficult to provide a holistic view from single omics only focusing on

either metabolites or proteins.

12
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Figure 1.4 Krebs (TCA) cycle and its interaction with glycolysis, fatty acids metabolism, purine metabolism, and arginine biosynthesis. Reproduced from ref.
60 with permission from the Royal Society of Chemistry.
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The integration of multiple ‘omics information deepens our understanding of the cells.®!-%

These different ‘omics can complement each other to filter out false positive or negative results.
The multi-omics strategy has been applied for single-cell analysis®? %, disease research®%°, and
microbial biology®”-%®. For example, a previous study showed there was no difference in mRNA
level across the dorsal-ventral axis for 8-cell X. laevis embryos according to single-cell
transcriptomics of mRNA.% However, my dissertation research of the 8-cell X. laevis embryos
using single-cell multi-omics (metabolomics and proteomics) found the left dorsal-animal (L-
D1) clustered separately in the heatmap from the left ventral-animal (L-V1) cells,?® indicating
that there are cell-to-cell differences across the dorsal-ventral axis at such an early embryonic
stage. Another example is that the multi-omics strategy advanced mitochondrial disease
research.”’ By integrating transcriptomics, proteomics, and metabolomics of mammalian cells,
transcription factor 4 (ATF4) was identified to play an active role in regulating the response to
mitochondria stress in mammalian cells.”® Furthermore, the multi-omics strategy was applied to
study the growth of E. coli cells in response to different carbon sources.!® The metabolomics
dataset identified dysregulated metabolic pathways including the glycolysis I pathway with 50%
of metabolites showing significant changes. Additionally, the integration of proteomics and
transcriptomics datasets further confirmed the dysregulation of the glycolysis I pathway by
revealing 67% gene changes and 39% protein changes. The overlapping genes, proteins, and
metabolites are all significantly dysregulated, which improves the confidence of identified
metabolic pathway changes involved in carbon source change.!® These examples demonstrate the
versatility of the multi-omics strategies for addressing complex biological questions and

obtaining new knowledge.
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1.4 Research model, significance, and motivations

My research in the Nemes Research Group used the South African clawed frog called X.
laevis as the research model for cell and developmental biology studies. X. laevis provide
biological and experimental advantages to my work as a vertebrate model. Firstly, X. laevis is
close to humans in evolutionary history; therefore, the research findings based on X. laevis can
be potentially applicable to humans.”! Secondly, early embryonic cells of X. laevis embryos have
known tissue fates.”?”® For example, the midline dorsal-animal cell (D11, Fig. 1.5) develops into
neural tissues, while the midline ventral-animal cell (V11, Fig. 1.5) develops into the
epidermis.”” The established cell fate map enables tracking the development of tissue-specific
cell clones towards tissue during cell differentiation. Thirdly, X. laevis embryos develop
externally to female frogs and have relatively large embryonic cell size (~ 250 um in diameter at

the 16-cell stage), which enables direct manipulations’ such D11

(Neural tissue)

as microsampling and microinjection. Moreover, X. laevis

embryos develop rapidly”®, which can shorten the (Epidermal

tissue)

250 pm

experiment time. Additionally, the natural mating of X.

laevis produces a large number of eggs (hundreds of eggs),
P 8 ges ( ees) Figure 1.5D11 and V11 cellsin a

. . . 16-cell X. laevi, bryo.
which provides sufficient samples for research. e evis cmoryo
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Due to the above-mentioned advantages, [ used X. laevis to study the molecular
composition and drivers of tissue-specific differentiation. To uncover the molecular mechanism
underlying tissue formation, it was crucial for my work to be able to understand the molecular
differences among single cells at the early embryonic stage with different tissue fates and explore
how these molecular differences contribute to the respective tissues during embryonic
development. Metabolites are active players in mediating cellular functions’® and determining
cell fate”’. Therefore, investigating the roles of metabolites would help to uncover the
mechanisms that guide single embryonic cells to form tissues during development. Our lab
recently discovered a phenomenon that metabolites can alter a cell’s tissue fate.® Acetylcholine
and/or methionine, enriched in V11 cells, were demonstrated to induce cell fate change of D11
cells from neural to epidermal tissues (Fig. 1.6).° The discovered phenomenon underpinned the
role of small molecules in cell fate
determination. However, the molecular
mechanisms underlying this cell fate change
actions are unclear and are yet to be uncovered. Cell fate

changed

Moreover, developing a technique that is

amenable to isolating tissue-specific cells with

Note: brain (b), retina (r), epidermis (epi),
olfactory (olf), and central somite (cs)

varied cell sizes at different embryonic stages is
Figure 1.6 Metabolite-induced cell fate change. D11

necessary to explore the temporal molecular cell fate Changed from neural (top) to epidermal
tissues (bottom). Reproduced from ref. 6.

changes during cell differentiation and advance

our understanding of tissue formation.
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Dissertation Research Layout

Ch. 3: Studied cell to Ch. 4: Explored the Ch. 5: Developed
cell molecular role of metabolites in novel technique for
differences at early cell fate temporal study of
stage determination tissue formation
Techniques (systems biology) In vivo microsampling FACS based sampling Magnetic cell sorting (MagCar)
Techniques (functional study) Capillary electrophoresis-MS LC-MS LC-MS

Figure 1.7 Overview of the dissertation research layout.

In this dissertation work, I developed techniques to answer a fundamentally
important question: what are the molecular mechanisms that guide single cells to
differentiate into their reproducible tissue fates during early embryogenesis? The
dissertation research layout is shown in Fig. 1.7. MS combined with separation techniques to
detect and identify metabolites and proteins was summarized in Chapter 2, which also contained
protocols that we developed and validated for systems and functional biology.’”® Next, in
Chapter 3, a workflow combining in vivo microsampling technique with single-cell MS was
developed to enable a dual analysis of the proteome and metabolome of single embryonic cells
while also providing anatomical and functional information in live, freely developing chordate
embryos.2® In Chapter 4, I explored the role of metabolites in driving cells’ tissue fate during
cell differentiation by developing fluorescence-activated cell sorting (FACS)-based sampling
workflow for tissue-specific cell isolation. Along with LC-HRMS-based metabolomics and
proteomics, I explored mechanisms underlying metabolite-induced cell fate change. In Chapter
5, to address the unmet sampling challenges for the temporal study of tissue formation, I
developed a novel sampling technique called MagCar that allowed for the efficient isolation of
tissue-specific cells from developing embryos and was also compatible with MS-based multi-

omics. Finally, I summarized the results of my dissertation research and discussed the various

17



areas that can be further explored to advance research on understanding tissue formation
(Chapter 6). The obtained knowledge in my dissertation research could potentially be used to
study healthy/dysfunctional tissue development, understand tissue regeneration, and improve our
understanding of the causes of diseases, provided we know the molecular mechanisms of how

these biomolecules guide single embryonic cells to develop into tissues.
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Chapter 2: Systems and functional biology enabled by single-cell
mass spectrometry analysis of metabolites and proteins

This chapter is reproduced and reused from a published book chapter: Erika P. Portero, Leena
Pade, Jie Li, Sam B. Choi, and Peter Nemes*. Single-cell mass spectrometry of metabolites and
proteins for systems and functional Biology, 2022, In Single Cell ‘Omics of Neuronal Cells.
Neuromethods (NM, volume 184), pp. 87-114. Humana, New York, NY. Erika P. Portero and

Leena Pade contributed equally with all other contributors. https://doi.org/10.1007/978-1-0716-

2525-5_5. Reprinted/adapted by permission from Springer Nature. Copyright (2022).

My contributions involve in in vivo microsampling, sample processing for MS-based ‘omics
(metabolomics workflow), LC-MS for metabolomic analysis and related data processing, and

behavioral assays.

2.1 Abstract

Molecular composition is intricately intertwined with cellular function, and elucidation of
this relationship is essential for understanding life processes and developing next-generational
therapeutics. Technological innovations in capillary electrophoresis (CE) and liquid
chromatography (LC) mass spectrometry (MS) provide previously unavailable insights into
cellular biochemistry by allowing for the unbiased detection and quantification of molecules with
high specificity. This chapter presents our validated protocols integrating ultrasensitive MS with
classical tools of cell, developmental, and neurobiology to assess the biological function of
important biomolecules. We use CE and LC-MS to measure hundreds of metabolites and

thousands of proteins in single cells or limited populations of tissues in chordate embryos and
19



mammalian neurons, revealing molecular heterogeneity between identified cells. By pairing
microinjection and optical microscopy, we demonstrate cell lineage tracing and test the roles the
dysregulated molecules play in the formation and maintenance of cell heterogeneity and tissue
specification in frog embryos (X. laevis). Electrophysiology extends our workflows to
characterize neuronal activity in sections of mammalian brain tissues. The information obtained
from these studies mutually strengthens chemistry and biology and highlights the importance of

interdisciplinary research to advance basic knowledge and translational applications forward.
2.2 Introduction

Modern ‘omics provide an unprecedented set of technologies to study connections between
molecular composition and biological function. By enabling the detection and quantification of
genes, transcripts, proteins, peptides, and metabolites, valuable information is gained on the
molecular underpinnings of biological processes. High-throughput sequencing routine profiling
of gene expression to large populations of single cells.”®! Identification and quantification of
molecular markers from discovery ‘omics help develop hypotheses and design experiments to
evaluate their biological function.

Functional biological experiments leverage diverse types of approaches and technologies.
Functional tests borrow tools of molecular biology to knock down or out genes, transcripts, or
proteins, e.g., by using transcription or translation-blocking morpholinos and CRISPR-Cas9.
Electrophysiology allows for eavesdropping on neurons. Different types of microscopies,
typically optical to electron, enable the characterization of cell morphology, phenotype, and
anatomy (Fig. 2.1). Single-cell RNA-sequencing with single-molecule fluorescence in situ
hybridization (sm-FISH) recently captured molecular cell heterogeneity in the brain in high

spatial and molecular resolution®?, supplementing classical knowledge of brain anatomy with
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molecular information®*. By comparing single thalamic neurons projecting to motor,
somatosensory, and visual cortices in the mouse brain, this approach uncovered several cell types
within each projection. Technologies from modern ‘omics empower classical biology and

neuroscience with new investigative capabilities.

Proteins Identification
Peptides Quantitation

Metabolites CE/HPLC-HRMS Molecular
State

X. laevis

Biol.
Mouse Model
Function
Zebrafish Impact

Optical Microscope
Microinjector

Electrophysiology Rig

Figure 2.1 The approach to assess chemistry and function in biological models.The protocols discussed in this
chapter were developed and validated using embryos from the frog X. laevis and zebrafish and sections from the
mouse brain.

Single-cell mass spectrometry (MS) supports systems biological studies with information
on the molecular state of cells. It complements single-cell transcriptomics by directly measuring
proteomic, peptidomic, and metabolomic composition (Fig. 2.1). Detection with excellent
molecular specificity facilitates identification without the requirement for functional probes. For
example, MS does not necessitate antibodies for detection. High sensitivity and a broad linear
dynamic range permit quantification of molecules at endogenous concentrations. Stringent

reporting guidelines®4%3

and public repositories hosting data for reuse, reanalysis, and exchange
(e.g., PRIDE®® and MetabolomicsWorkbench®”) promote scientific rigor and accountability in

MS-based research. The current state of the field of single-cell MS was the focus of several

reviews covering technology and application?®: 8¢, Single-cell MS is adaptable to broad types
21



of molecules, can be made sufficiently sensitive to quantify physiological concentrations, and is
compatible with cells of broad dimensions and types, as well as different model systems used in
biology and health studies.

Optical microscopy with single-cell MS integrates morphological and molecular
information. Recent reviews provide a comprehensive discussion of single-cell MS>% 90-95-96,
Figure 2.1 illustrates our protocol for optically guided single-cell MS in embryos of the South
African clawed frog (X. laevis) and zebrafish and sections of the mouse brain. Cells were
identified, dissected® *° or their contents directly microaspirated*® - 32 for metabolomic and
proteomic analysis using capillary electrophoresis (CE) or liquid chromatography (LC)
electrospray ionization (ESI) high-resolution MS (HRMS) (reviewed in>* 7). Microscopy with
single-cell MS enabled detection of ~1,500 proteins in 2- to 50-cell X. laevis embryos and
orthogonal validation using immunohistochemistry'%-!1°!| Single-cell proteomics by MS (SCoPE
MS) quantified 3,000+ proteins from 1,490 cells'*1% and a single-cell printer with liquid

)!94 With low attomole sensitivity,

vortex capture enabled rapid metabolomics (~25 cells/min
HPLC columns of narrow bore dimension or with a stationary phase supported on a monolith or
a porous layer open tubular (PLOT) format allowed for the identification of ~1,300—4,000
proteins from 50—200 cells via magnetophoretic isolation from whole blood!%-1%7. Nanodroplet
processing in one pot for trace samples (NanoPOTYS) identified over ~1,500 proteins from 10
HelLa cells and ~2,400 proteins from 100 pancreatic islet cells, supporting profiling across
clinical samples'®®. These and other leaps in technology expanded the classical toolbox of cell
biology, as was discussed in our recent review of the fields>* ",

We and others built CE-MS platforms to study biomolecules and their role in cell and

neurobiological processes. CE combines advantages for single-cell analyses. The physical
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dimensions of fused silica capillaries are amenable to the limited amounts of samples that are
contained in single cells. CE provides several methods for concentration enrichment in the

capillary to boost sensitivity to low-abundance molecules (e.g., reviewed in'%). An exquisite

separation power and various data alignment strategies permit reproducible identifications*! '°,

CE-ESI interfaces offer various designs to help hyphenate CE with HRMS for sensitivity,

robustness, and reproducibility!!!-!12,

These custom-built CE-ESI-HRMS platforms revealed previously unknown details on

cellular biochemistry. Proteins or metabolites were measured in single cells of X. laevis and

)6, 30, 43, 52 27,113

zebrafish embryos (Fig. 2.1 , single neurons dissected from Aplysia californica and

mouse*"> 1% and single HeLa''> cells. Our CE-ESI interface enabled the identification of
hundreds of cationic and anionic metabolites''® and ~700 proteins from ~5 ng protein digest
from single X. laevis cells*?. Targeted neuropeptides were detected in record sensitivity in the
subfornical organ (SFO) and the paraventricular nucleus (PVN) of the mouse hypothalamus'!”.

With a 200-zmol lower limit of detection, this technology also identified ~500 proteins from ~1

ng and ~225 proteins from ~500 pg protein digest, which estimates to a single neuron® !4 118,

Our second-generation CE-ESI HRMS design employing a microprobe capillary enabled the in

26,43, 52 8, 119-

situ and in vivo analysis of single identified cells in live embryos and the mouse brain

120 Tts integration with cell labeling and stereomicroscopy permitted the tracing of tissue

developmental trajectory. These instrumental capabilities revealed differences in the proteomic??

30,52 6,43

and metabolic™ *’ state of cells in X. laevis and zebrafish embryos, including those

16, 30, 121

occupying the dorsal-ventra , animal-vegetal®'~2, and left-right'?*"1?* developmental axes

6, 124

in the frog. They also led to the discovery of metabolite-induced cell fate changes and

metabolic communication between neighboring cells in X. laevis'®. Further, the approach can be
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extended to patch-clamp electrophysiology, permitting the metabolomic!?® and proteomic!!*-12%

127 characterization of identified neurons in the mouse brain. Most recently, we also integrated
single-cell CE MS with assays measuring background color preference and swim pattern to
assess the impact of metabolic perturbation on organismal behavior?® 2.

This chapter presents our protocol enabling functional biological studies with insights into
the proteomic and metabolomic state of cells in chordate embryos and mammalian neurons (Fig.
2.1). We overview required consumables and instruments (see Materials and Methods) and
discuss the experimental workflow. After identifying cells based on optical microscopy or
electrophysiology and cell sampling by dissection or microprobe aspiration, the collected
material is processed, and the resulting metabolites, peptides, or proteins are measured using LC
and CE. Statistical analysis of signal abundances detected by HRMS-MS/MS allowed us to
identify compounds for biological investigations. As an example, we present our approaches to
test the effect of select compounds on tissue development. Representative examples are
discussed with references to data showing the integration of single-cell ‘omics with functional
biology. The Note section advises on troubleshooting from the vantage point of an

experimentalist, thus hoping to promote the combined use of single-cell HRMS-based

proteomics/metabolomics with functional biology in other cell types and biological models.
2.3 Materials
2.3.1 Culturing embryos and neurons

Animals: Adult male and female X. laevis frogs (e.g., from Nasco, Fort Atkinson, WI); adult
male and female zebrafish (e.g., from Zebrafish International Resource Center, Eugene, OR);
Adult male mouse (e.g., from Charles River Laboratories, Wilmington, MA) (see Note 1).

Equipment: Incubators set to 14 °C and 18 °C; Stereomicroscope.
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Solutions: Dejellying solution (2% cysteine): Dissolve 4 g of cysteine in 200 mL deionized (DI)
water. Add 10 M sodium hydroxide dropwise to adjust pH to 8; 100% Steinberg’s solution (SS):
Mix 3.4 g sodium chloride (NaCl), 0.05 g potassium chloride (KCI), 0.08 g calcium nitrate
(Ca(NO3)2 x 4 H20), 0.205 g magnesium sulfate (MgSO4 % 7 H20), 0.66 g Trizma
hydrochloride, 0.075 g Trizma base in 1 L of DI water. Adjust the pH to 7.4 by adding Trizma
base and autoclave the solution. Store at 4—14 °C; Anesthetic solution (ketamine, 20 mg/mL and
dexmedetomidine, 0.1 mg/mL): Prepare by mixing 200 pL of ketamine stock solution (100
mg/mL) and 200 pL of dexmedetomidine stock solution (0.5 mg/mL) with 800 pL of 0.9% saline
solution for injection (e.g., part no. NDC0409-4888-06, Hopira, Inc., Lake Forest, IL); HEPES
ringer solution: Prepare by mixing the following reagents to the following final concentrations:
86 mM NacCl, 2.5 mM KCl, 1.2 mM sodium phosphate (NaH2PO4), 35 mM sodium bicarbonate
(NaHCO3), 20 mM HEPES, 25 mM glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM
sodium pyruvate, | mM MgSO4, 2 mM calcium chloride (CaCl,); Perfusion solution for mouse
brain slices: Prepare by mixing the following reagents to final concentration: 126 mM NaCl, 21.4
mM NaHCOs3, 2.5 mM KCI, 1.2 mM NaH2POy4, 2.4 mM CaCl,, 1.0 mM MgSO4, and 11.1 mM
glucose.

2.3.2 Embryology

Equipment:

Stereomicroscope for embryology to identify, inject, and microsample single cells (e.g.,
SMZ1270, Nikon, Melville, NY) and phenotype embryos, larvae, and tadpoles (e.g., SMZ18,
Nikon). Microinjector to inject into or aspirate contents from identified cells (e.g., PLI-100A,
Warner Instruments, Hamden, CT). Micromanipulator (e.g., MM-33, Warner Instruments).
Capillary pullers (e.g., P-1000 for fused silica capillaries and P-2000 for borosilicate capillaries,
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Sutter Instruments, Novato, CA). Ancillary equipment: Heat block; Centrifuge (e.g., Refrigerated
5430R, Eppendorf).

Materials and Solutions:

Fine sharp forceps (e.g., Dumont #5, Fine Science Tools); Centrifuge vials (e.g., 0.2—0.5 mL
LoBind tubes, Eppendorf); Borosilicate glass capillary (e.g., 0.5/1.0 mm inner/outer diameter,
Sutter Instruments); Hair loop: Place both ends of a fine hair (~10 cm length) into a 6-inch
Pasteur pipet to form a 2 mm loop. Secure it in place with melted paraffin. Sterilize before use by
dipping in 70% ethanol and air-drying; Dissection dish: Cover the bottom of a Petri dish (35- or
60-mm) with non-toxic modeling clay (e.g., Claytoon was tested in Xenopus labs'?®). Make 35
wells of ~1.5 mm diameter using a cool glass bead to hold the embryos in place; Injection dish:
Cover the bottom of a Petri dish (35- or 60-mm) with non-toxic modeling clay. Make several
~1.5 mm wells using a cool glass bead across the dish to hold ~20-30 embryos.

50% Steinberg’s solution: Dilute 500 mL of 100% SS with 500 mL of DI water; 20% Steinberg’s

solution: Dilute 200 mL of 100% SS with 800 mL of DI water.
2.3.3  Sampling process

Equipment: Vacuum concentrator (e.g., CentriVap, LabConco, Kansas City, MO)

Reagents: All reagents are LC-MS grade to reduce chemical interference during MS detection.
Methanol, anhydrous acetonitrile (ACN), water, acetic acid, 100 mM TEAB, 5% hydroxylamine,
isobaric labeling kit (e.g., TMTsixplex, ThermoFisher Scientific or iTRAQ, AB Sciex).
Solutions: Metabolite extraction solvent: 50% (v/v) methanol in water containing 0.5% acetic
acid; Proteomic digestion buffer: 50 mM ammonium bicarbonate containing protease inhibitor (1

protease inhibitor cocktail tablet per 10 mL); Trypsin (0.5 pg/uL) in 50 mM acetic acid; Patch-
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clamp solution: We use 50 mM ammonium bicarbonate in water as a compromise between

sensitivity and function.
2.3.4 Mass spectrometry

Instrument and materials: CE system (e.g., laboratory-built following® *' or CESI, AB Sciex,
Toronto, Canada); High-resolution tandem mass spectrometer (e.g., quadrupole time-of-flight,
Impact HD or timsTOF, Bruker Scientific, Billerica, MA or quadrupole orbitrap Q-Exactive Plus
or Orbitrap Fusion Lumos, Thermo Scientific, Fig. 2.1); HPLC (e.g., Acquity I-class UPLC,
Waters, Milford, MA and Dionex Ultimate 3000, ThermoScientific); Separation CE capillary
(e.g., 40/100 um inner/outer diameter fused silica, Polymicro Technologies, Phoenix, AZ); LC
column (e.g., Acquity UPLC BEH Amide Column, 1.7 um, 1 mm % 100 mm, and Acclaim
PepMap C18 column, 3 um, 0.075mm X% 250 mm, Waters).

Solutions: All solvents and reagents are LC-MS grade; CE background electrolyte solution
(BGE): 1% (v/v) formic acid in water for metabolomics; 25% (v/v) acetonitrile in water with 1
M formic acid for proteomics; CE-ESI sheath solution: 0.1% (v/v) formic acid and 50%
methanol for metabolomics; 10% (v/v) acetonitrile in water with 0.05% acetic acid for
proteomics; LC mobile phase for metabolomics using hydrophilic interaction LC (HILIC): For
cationic separation, mobile phase A is aqueous 0.1% formic acid and B is acetonitrile containing
0.1% formic acid; for anionic separation, mobile phase A is aqueous 5% acetonitrile with 10 mM
ammonium bicarbonate (pH 9) and B is aqueous 95% acetonitrile with 10 mM ammonium
bicarbonate (pH 9); LC mobile phase for proteomics using reversed-phase LC (RPLC): Mobile

phase A is aqueous 0.1% formic acid and B is acetonitrile containing 0.1% formic acid.
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2.3.5 Functional studies

Instrument and Equipment: Epifluorescence stereomicroscope (e.g., SMZ18, Nikon, Fig. 2.1);
Inverted microscope (e.g., Eclipse Ti-U, Nikon); Microinjector (e.g., PLI-100A, Warner
Instruments); Micromanipulator (e.g., MM-33, Warner Instruments); Camera with tripod (e.g.,
ESO70D, Canon, Fig. 2.1); Software for processing movies (e.g., Windows media player
software); Ancillary: Incubator set to 14 °C; Nutator rotator; Patch amplifier for
electrophysiology (e.g., Sutter Instruments).

Materials: Tadpole food (e.g., part no. SA05964, Nasco); Transfer pipets; Black electrical tape;
26 G needle (e.g., part no. BD305115, Fisher Scientific); 1/2-gallon tank (e.g., part no.
SB19271M, Nasco); Fine sharp forceps (e.g., Dumont #5); Inoculating turntable (e.g., part no.
50809-022, VWR).

Reagents: 200 proof ethanol; Gentamicin antibiotic (e.g., part no. 17-528Z, Fisher Scientific);
Sylgard 184 silicone elastomer (e.g., part no. NC9285739, Fisher Scientific); Ficoll 400 (Sigma-
Aldrich, St. Louis, MO); Benzocaine (part no. E1501-500G, Sigma-Aldrich); 1x phosphate-
buffered saline (PBS) (Fisher Scientific); Fluorescent lineage tracer (e.g., fluorescent dextran
10,000 MW lysine fixable or mRNA lineage tracer, Invitrogen, Carlsbad, CA).

Solutions: 3% Ficoll in 100 % SS: Prepare by mixing 3 g of Ficoll in 100 mL of 100% SS; 4%
paraformaldehyde: Prepare by mixing 4 g of paraformaldehyde in 40 mL DI water at 60 °C. Add
a few drops of 1 N NaOH to adjust pH to 7.4. Add DI water to a total volume of 100 mL; DEPC
water: Add 1 mL diethyl pyrocarbonate to 1 L DI water. Autoclave the solution, seal, and store at
room temperature; 10% benzocaine: Weight out 2 g of benzocaine and place in a glass beaker.
Add 20 mL 200 proof ethanol and stir using a magnetic bar in a stirrer; 2% benzocaine in 20%

SS: Add 2 mL of 10% benzocaine to 8 mL of 20% SS dropwise, ensuring complete dissolution.
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2.4 Method

This step lays out our methodology to culture X. /aevis embryos to larvae or tadpoles and
primary neurons from the mouse on the basis of established protocols'?*1*, X. laevis embryos
require additional dejellying step for manipulation and functional experiments, as described

below.
2.4.1 Frog embryos

e Obtain fertilized eggs by gonadotropin-induced natural mating of adult X. laevis frogs
or in vitro fertilization as detailed elsewhere!?’. See Note 1 on working with live
vertebrate animals.

e Remove the jelly coat from fertilized eggs as follows:

a) Remove excess media from dishes containing fertilized eggs.

b) Add dejellying solution and keep embryos unperturbed for 2 min.

c) Gently swirl dishes over a 2 min period and immediately decant excess dejellying
solution.

d) Transfer the embryos to a 250 mL beaker and add 10% SS. Gently swirl for ~30 s
and decant excess liquid.

e Rinse embryos four times with 10% SS to remove remaining dejellying solution.

a) Transfer ~300-500 embryos into individual 100 mm Petri dishes containing 100%
SS. Place dishes in the 14 °C incubator (see Note 2).

e Collect two-cell embryos:

a) Under a stereomicroscope, identify 2-cell embryos that display stereotypical
pigmentation to accurately mark the dorsal-ventral axis, in reference to

established cell fate maps'>!.
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b) Place the selected 2-cell embryos into a 100 mm Petri dish containing 100% SS

and incubate at 14 °C until the desired developmental stage.
2.4.2  Brain section
Brain sections were collected following established protocols'??:

¢ Anesthetize male mice aged postnatal day (PND) 21-35 with an intraperitoneal
injection of anesthetic solution and perfuse with ice-cold HEPES ringer solution.

e After perfusion, dissect the brain rapidly in horizontal slices (220 um) prepared in
HEPES ringer solution using a vibratome.

e Recover slices for 1 h at 34°C in oxygenated HEPES holding solution. Then, place

slide in the same solution at room temperature until use.
2.5 Sample collection from single cells

The goal of this step is to collect material from targeted single cells. In what follows, we
give an example for Xenopus. The workflow starts with the identification of single cells in the X.
laevis embryo in reference to established cell fate maps’>”73. As shown in Figure 2.2, our
laboratory established orthogonal strategies to collect single-cell samples. We dissected
identified whole cells from X. laevis embryos or used fabricated microcapillaries as microprobes
to aspirate portions of single identified cells from the embryo** %3 or electrophysiologically

characterized mouse neurons''” 1?7,
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2.5.1 Whole-cell dissection from X. laevis embryos

e Under a stereomicroscope, identify the cell of interest based on stereotypical cleavage
and pigmentation, then dissect it manually as follows:
a) Transfer the embryo into a dissection dish containing 50% SS.
b) Using a hair loop, place the embryo of interest in a groove.
c) Gently remove the vitelline membrane surrounding the embryo using sharp
forceps.
d) Use forceps to hold the embryo, preferably at the opposite side of the cell of
interest. Lightly pull away the selected cell from the rest of the embryo.
e Transfer the isolated cell using a pipet into a LoBind Eppendorf vial containing
chilled 10 uL. methanol (~4 °C) or digestion buffer (see Note 3).
e Cool the Eppendorf vial (on ice) to preserve sample at low temperature and store

samples at —80 °C until analysis and up to 3 months without detectable degradation.
2.5.2  In situ/vivo microsampling

e Fabricate the microprobe by pulling a borosilicate glass capillary to create a fine tip.
We use a capillary puller (P-1000 Sutter Instrument) with custom settings: heat =
355, pull = 65, velocity = 80, time = 150.

e Using sharp forceps, cut the needle tip to an aperture of ~10-20 um (see Note 4).

e Mount the microprobe into a capillary holder on a three-axis micromanipulator and
connect its distal end to a microinjector.

e Transfer X. laevis embryos into an injection dish containing 50% SS. This protocol

does not require removal of vitelline membrane.
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Use a stereomicroscope to aid viewing and manipulation of the embryo. Use a hair
loop to immobilize the embryo of interest into a well in preparation for
microsampling. Identify the cell of interest following protocols established
elsewhere”* ">,

Using a micromanipulator, guide the tip of the microprobe into the targeted cell to
pierce through the membrane of the cell. Withdraw ~10-15 nL (or as needed) volume
from the targeted cell by applying negative pressure to the microprobe using the
connected microinjector.

To end the microsampling, reduce pressure and retract the microprobe from the cell.
Transfer the collected content into a LoBind Eppendorf vial containing 4 pL of
metabolite extraction solvent or digestion buffer (see Note 5). We usually inject the
collected material from the capillary by inserting the tip into the solvent/buffer and
applying a positive pressure pulse.

Cool the Eppendorf vial (on ice) to preserve sample at low temperature and

immediately process the samples via metabolomics or proteomics workflows to

prevent molecular degradation.

2.6 Sample Processing for MS-Based ‘Omics

This section discusses protocols to process the collected materials for HRMS analysis. We

use LC and CE to separate biomolecules in complementary performance prior to ESI-HRMS.

2.6.1 Metabolomics workflow

Extract metabolites from dissected single cells

43,116

6.43 or aspirates collected by microprobe

as follows:
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e For dissected single cells: Retrieve the single-cell samples stored in 100% methanol
from —80 °C freezer and vacuum-dry them at 4 °C. Add 10 pL metabolite extraction
solvent. Vortex-mix the vials for 30 s at room temperature to facilitate cell lysis and
extraction of metabolites. Sonicate the sample vials for 3 min in an ice bath, followed
by vortex-mixing for 1 min at room temperature.

e For microprobe aspirated samples: Retrieve single-cell samples collected in
metabolite extraction solvent preserved on ice. Vortex-mix the vials for 1 min at room
temperature to facilitate extraction of metabolites.

e For CE-ESI-HRMS, centrifuge the samples (dissected or microsamples) for 5 min at
8,000 xg at 4 °C to pellet cellular debris. Proper pelleting is important to avoid CE
capillaries from getting clogged. We usually store the aliquot together with the
pelleted debris to avoid sample losses. The samples are kept at —80 °C until analysis.

e For HILIC-ESI-HRMS, centrifuge the samples at 13,000 xg for 10 min at 4 °C and
transfer the supernatant into a microvial and vacuum-dry the samples at 4 °C.
Reconstitute the samples in 10 pL. 95% (v/v) acetonitrile in water and centrifuge the
samples at 13,000 xg for 10 min at 4 °C to pellet potential debris that could clog the
column (see Note 6). Transfer the supernatant into an LC vial and store the sample at

—80 °C until analysis.
2.6.2 Proteomics workflow

e Lyse the collected cell or aspirate by sonication for 5 min. Heat the sample to 60 °C
for ~15 min to denature proteins. We usually skip reduction and alkylation steps for

our single cell samples for higher sensitivity>2.
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e For one-step digestion, add ~50 ng of trypsin protease to the protein extract and
incubate the mixture at 37 °C for 5-6 h. For neurons yielding less starting protein
amounts, add ~2 ng trypsin and digest at 60 °C for 1 h.

e Vacuum-dry the resulting protein digest and store it at —80 °C until analysis.

e (Optional) To enable multiplexing relative quantification, barcode the dried protein
digests. We use TMT isobaric labeling following the vendor’s protocol (see Note 7),
downscaled to the total amount of protein/peptide contained in the sample:

a) Reconstitute the dried protein digest in 10 uL of 100 mM TEAB and tag it with 1
pL of 85 mM TMT reagent.

b) Incubate each sample for 1 h at room temperature.

c) Quench the reaction with 2 uL of 5% hydroxylamine and incubate the mixture for
15 min at room temperature.

d) Mix the multiple tagged samples, vacuum-dry the mixture, and store it at —80 °C

for up to 1 month until analysis.

High-resolution mass spectrometry (HRMS) for sample measurement

In this step, biomolecules in the resulting samples are separated and detected using ESI-
HRMS. We present protocols for separation based on partition chromatography (LC) and
electrophoresis (CE). These separation techniques provide complementary benefits in sensitivity,
throughput, and molecular coverage (Fig. 2.3). The resulting data are processed using established
approaches in bioinformatics, including but not limited to statistics, multivariate data analysis
(e.g., principal component analysis and hierarchical cluster analysis), or machine learning (e.g.,

Trace!33-13%). These technologies and related protocols (Fig. 2.2) allowed us to document
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metabolic and proteomic differences between cells in embryos of X. laevis and zebrafish® 3% 3%

122 and single neurons in the mouse brain'!®-120- 127,

A , CE-HRMS - C
o £, g Cationic 5]nanoLC Charge
% eE a1 ot B
o S a 3 ; 6’8 y
=, 2 ° QO 3
% 1] 02
=
o 51CE
Sw .-E 41 00 2
2 o 2 o
| 8 2] 22 /
18 24 30 36 42 48 60 65 10 20 30 40 50 60 70 80 90
B Migration Time (min) D Separation Time
Es_ LC-HRMS, = 5; CE-HRMS 7nanoLC-HRMS
S iddadenosi g 4 (~1 pg) | (~10 pg)
by | enosine o L Ang 1-9
4] | ' 34 |lLAngl i
= |Val = Ang i Ang IV
b Phe > 24 4 Ang Il Anall
= Met 2 v Anglv 9
@ 2{AcCho o ® ¥ Ang 19N | /
S Proy, . Citrulline S 11 [ l R
E 0- ([Arg E o T T Al -"L'_L
0 1 2 3 4 5 6 17 25 30 35 40 25 30 35 40

Retention Time (min) Separation Time (min)

Figure 2.3 Representative detection of metabolites and proteins by CE and HPLC ESI-HRMS. (A) Chemical
profiling of anionic and cationic metabolites in a single X. laevis cell using CE-ESI-MS. (B) HILIC LC-MS of
polar metabolites from limited populations of cells. (C) Comparison of peptide identifications by CE-ESI-HRMS
and nanoLC-nanoESI-HRMS. (D) Targeted detection of angiotensin peptides in the PVN and SFO of the mouse
hypothalamus using CE and nanoLC.

2.6.3 CE-ESI-HRMS

e Construct the CE-ESI interface following protocols established by us and others® 4!
113,135 " A simplified procedure to build a blunt-tip CE-ESI interface follows:

a) Cleave a 1-m long piece of fused-silica CE capillary.
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b) On the outlet end of the CE capillary, burn off ~1.5 mm of polyimide coating and
clean using isopropanol. Before proceeding to the next step, ensure that the
capillary end is clean of burned residues to avoid the leaching of interfering ion
signals from the burned residue.

c) Feed the CE capillary outlet-end into a T-junction connected to a sheath-flow
capillary.

d) Mount the CE capillary into the T-junction to feed the CE capillary through the
blunt tip emitter, allowing the capillary to protrude ~40—50 pm past the emitter.

Hydrate the CE capillary by flushing with LC-MS grade water overnight.

Position the tip of the CE-ESI interface ~5 mm from the inlet orifice of the mass

spectrometer.

Fill CE capillary with BGE and flush sheath-flow capillary with sheath solution.

Initiate the electrospray as follows:

a) Using a translation stage, fine-position the electrospray emitter tip ~2—-3 mm from
the mass spectrometer orifice to operate the electrospray in the cone-jet regime
(ESI voltage 1.8-2.0 kV).

b) Monitor the electrospray using a stereomicroscope.

c) Observe the stability of total ion current (TIC) for ~10—15 min to ensure stable
operation before analyzing a sample (see Note 8).

Inject ~10—15 nL from the metabolite or protein extract hydrodynamically into the

CE capillary following previously described protocols*!#°.

Gradually increase CE separation voltage from ground (0 V) to ~20-22 kV. Sudden

application of high voltage may break the capillary.
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e Load the MS method as described in Table 2.1 (see CE-HRMS) and start data
acquisition (see Note 9).
2.6.4 LC-ESI-HRMS

For Metabolomics:

e We use the following LC parameters: column temperature, 35 °C; autosampler
temperature, 4 °C; injection volume, 1 puL; flow rate, 130 uL/min. Positive ion mode
gradient: 0-0.5 min 95% B, 0.5-10 min 95-40% B, 10-13 min 40% B, 13—15 min
40-95% B, 15-22 min 95% B; Negative ion mode gradient: 0-0.5 min 99% B, 0.5—
2.5 min 99-82.5% B, 2.5-6.5 min 82.5-68% B, 6.5-10 min 68-30% B, 10—13 min
30% B, 13—15 min 30-99% B, 15-22 min 99% B.

e Select MS method parameters described in Table 2.1 (see LC-HRMS).

For Proteomics:

e LC parameters: 0—5 min 2% B, 5-85 min 2-35% B, 86—90 min 70% B, 91-120 min
2% B; autosampler temperature, 4 °C; injection volume, 1 uL; flow rate, 300 nL/min.

e [oad the MS method parameters and start data acquisition. Our typical parameters are

listed in Table 2.1. Adjust ion source settings to get a stable nanospray. (see Note 8

and 9).
2.7 Data processing
2.7.1 Metabolomics

e Survey the MS—-MS/MS data for molecular features (signals with unique m/z and

separation time) using available software packages. For example, we employ
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MetaboScape Version 4.0.4 (Bruker Daltonics) using the following settings: intensity
threshold, 1,000 counts; minimum peak length, 5 spectra.

Annotate metabolites based on the accurate mass, isotopic distribution pattern, and
tandem MS spectra against reference spectra available in MS-MS/MS databases,
including but not limited to METLIN!*¢, EMBL (http://curatr.mcf.embl.de/),
MzCloud (https://www.mzcloud.org/), MassBank of North America
(https://mona.fiehnlab.ucdavis.edu/), and the Human Metabolome Database!*’. For
example, we use METLIN with an annotation tolerance < 10 ppm mass accuracy and
MS/MS score > 700-900.

Perform relative/absolute quantification using under-the-peak-areas (label-free
quantification) or ion signal abundances (multiplexing quantification) serving as a
proxy for metabolite abundance.

Perform statistics and multivariate data analysis to select molecules for follow-up

functional studies (see Fig. 2.2).

2.7.2 Proteomics

Identify proteins using established bioinformatics software packages broadly
available for bottom-up proteomics. For example, we analyze the MS—MS/MS data in
ProteomeDiscoverer (Thermo Fisher Scientific) or MaxQuant (Max Planck Institute
of Biochemistry) against the mouse or Xenopus proteome (e.g., downloaded from
UniProt'*® or Xenbase” 1*%) with the following search parameters: digestion enzyme,
trypsin; missed cleavages, up to 2; variable modification, methionine oxidation;
precursor mass tolerance, 20 ppm; fragment mass tolerance, 4.5 ppm; minimum

peptide length, 5. Peptides are filtered to <1% false discovery rate (FDR), calculated
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against a reversed-sequence decoy database. The reported proteins are grouped based
on the closest parsimony principle. We remove common contaminants from the final
list of protein identifications by manually annotating for common contaminant
proteins (downloaded from UniProt).

e Employ label-free or label-based strategies and software packages from the
proteomics community to compare protein levels between single cells. For example,
we used MaxQuant Version 1.5.5.1!40 or Proteome Discoverer (Thermo Scientific) to
quantify the proteomic state of single embryonic cells and neurons by calculating
label-free quantitative indexes (LFQ values)®!~? or relative reporter ion signal

abundances from TMTs>°.

2.8 Functional studies

The goal of this step is to link chemistry with biological function. As an example, we
describe a protocol to prepare brain tissues to record neuronal activity followed by in vitro
single-cell proteomics'!® 27, In the context of cell differentiation, we trace cell fates to
understand how cells divide to form specific tissues and organs. Because cell fates are

141-142 "4t is possible to inject molecules into identified cells to determine

reproducible in X. laevis
their developmental impact on tissue specification and organogenesis® '*12°. Figure 2.4 shows
an example, in which the vehicle or select metabolites were injected into specific cells, while
fluorescently monitoring their tissue clone via the co-injection of the green fluorescent dextran.
Alternatively, fluorescent proteins can be expressed in the cell, for example, by injecting the

corresponding mRNAS® 12 In X. [aevis tadpoles, it is also possible to perform behavioral assays

to assess sensory (e.g., visual), muscular, cognitive, and other functions. As an example, we
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adopted the background color preference assay'*’ to test the behavior of pre-metamorphic X.

laevis tadpoles after performing in vivo single-cell MS on the precursor embryo?®.

Morphology, Tissue Labeling Anatomy

Fluorescent Marker
Or Chemical Lineage
Tracing

|
16-cell X. laevis
Behavioral
Assays

rFeZ
\\

Tadpole =7

Bgr. Color Pref. Statistics = Swim Pattern

Figure 2.4 Techniques to investigate chemistry and function during development. (Top panel) Analysis of cell
fate, morphology, and anatomy following fluorescence lineage tracing of the left dorsal-animal midline cell
(D11) in control (Ctrl.) and experimental (Exp.) X. laevis larvae. (Bottom panel) Background color preference
and swim pattern assays evaluating behavior in X. laevis tadpoles. Key: B, brain; BAs, branchial arches; Cc;
central somites; E, eye; Ep; epidermis. Scale bars =250 um (embryo, larvae), 1.5 mm (tadpole).

2.8.1 Single-neuron electrophysiology and capillary microsampling
e Perfuse midbrain slices continuously at 1.5-2 mL/min with perfusion solution at 28—
32 °C, following established protocols'#*.
e Backfill the patch pipettes for recording (2—4 MQ) with ~20 pL of 50 mM
ammonium bicarbonate in water (see Note 10).
e Putatively identify neuron type of interest. For example, dopaminergic neurons can be
identified based on their location in the lateral portion of the substantia nigra and their

size. Consult with brain anatomy atlases to improve the accuracy of tissue

identifications.
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2.8.2

Neuron identification may be aided by electrophysiology. Detection of a slow
pacemaker firing pattern (> 2 ms action potential), indicates dopaminergic neurons'#*.
Obtain a giga-ohm seal and record action potential for 60 s in a cell-attached
configuration. A patch-clamped neuron is demonstrated in Fig. 2.2. We used the
Sutterpatch software to control the devices!!®-120- 127,

Following electrophysical analysis, apply a steady negative pressure at the outlet end
of pipette with a syringe to aspirate a portion of neuronal soma (see Note 11).

Under an inverted microscope (40x magnification), visually inspect the neuron during
microaspiration. A slight reduction in neural soma size is anticipated from successful
patching. Figure 2.2 shows a neuron during sampling after electrophysiological
recording.

Gently withdraw the pipette from the cell then expel the collected contents into an
LoBind microvial containing 5 uL protein digestion solution chilled on ice. After a 1

h digestion at 60 °C, store samples at —80 °C for up to 1 month without detectable

degradation, until analysis.

Cell lineage tracing

Prepare fluorescent tracer solution:

a) Prepare a 100 pL solution containing 0.5% fluorescent dextran in DEPC water.

b) (Optional) Synthesize capped mRNA using an in vitro transcription kit. Prepare a
working solution containing ~50—100 pg/nL mRNA pellet in DEPC-treated water.

Prepare injection needles following steps described earlier. Calibrate the volume of

injection by injecting water droplet into mineral oil and measuring the diameter of the

water droplet.
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Fill the injection needle with ~0.5—1 pL fluorescent tracer solution using a
microinjector in “fill” mode following established protocols'?®.

Transfer the embryo into an injection dish containing 3% Ficoll in 100% SS.

Under a stereomicroscope, use a hair loop to gently angle the embryo to orient the
cell of interest for facile access for injection (see Fig. 2.4).

Using a calibrated micromanipulator, guide the tip of the injection capillary into the
targeted cell. Inject ~1-5 nL of the sample by applying +40 psi on the capillary for
~300-500 ms using a microinjector (see Note 12).

Culture the injected embryos in 3% Ficoll in 100% SS for 3—4 h to allow the cell
membrane to heal. Transfer the embryos to 50% SS and culture at 14-22 °C until the
larval stages 32—34 (see Note 13).

Anesthetize the larvae or tadpoles on ice or using 0.5% benzocaine in 100% SS.
Ensure the success of anesthesia by gently touching the tadpole with a capillary,
anticipating no response if successful. Increase the concentration of benzocaine if
necessary. Ensure tadpoles are handled and treated humanely so that the organisms do
not suffer or feel pain (see Note 1).

Fix the specimens in 4% paraformaldehyde for 1 h on a rotator.

Rinse the tadpoles with 1x PBS twice. Store the tadpoles in 1x PBS at 4 °C.

For imaging, mount the specimens in a 30 mm dish containing ~1-2 mL of 1x PBS.
Image the specimens using epifluorescence microscopy (e.g., SMZ18, Nikon) (see

Note 14).

Acquire images using a microscope following the manufacturer’s instructions.
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e Conduct lineage analysis by determining the relative contribution of fluorescent cells
to tissues and organs (see protocols in References’?"* 141),
2.8.3 Behavioral assay

Tadpole preparation

e Obtain and culture embryos as described earlier.

Inject identified cells with the test compounds as described earlier. Prepare negative
control by injecting identified cells with DEPC-treated water. Use non-injected
embryos for later use as the wild-type control group.

e Place the embryos in the 14 °C incubator until they reach gastrula stage. Transfer the
embryos to room temperature in 90 mm Petri dishes containing 20% SS and change
media every two days and culture the tadpoles until the feeding stage (Stage 45) (see
Note 1).

e Feed tadpoles every other day as follows:

a) Mix food with 20% SS solution to form a paste.

b) Place the paste in a corner of the Petri dish containing the tadpoles.

c) Provide more food as needed.

e Maintain the tadpoles under a 12 h light/dark light cycle.
Background color preference assay

e The color preference assay is performed in a setup consisting of nested tanks
following an established protocol'**. The inner tank holds the tadpoles. The outer tank
provides the background colors with half covered with a black tape and the other half
covered with a white paper. Ensure both tanks are water-leveled to aid visual

inspection of tadpole behavior.
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e Fill the inner test tank with 20% SS to the 5 cm water mark from the top and insert
the inner tank inside the outer tank.

e Mount the camera on a tripod to record the entire tank from above (see Note 15).

e Transfer a single tadpole on the white background of the inner tank. Limit this
experiment to one tadpole at a time to avoid interactions between tadpoles which may
confound behavioral phenotypes.

e Record the swim pattern of tadpole for 2 min.

e After 2 min, carefully lift the outer tank, rotate the outer tank, and return the inner
tank into the outer tank. This step helps minimize the impact environmental factors
may have on behavior. Start recording immediately and set the timer for 2 min.

e Place the tadpole back to a holding tank containing 20% SS. Record 2 trials for each
of ~10-15 tadpoles.

e Repeat the assay on the next day on the same tadpoles to test for reproducibility and

enhance statistical evaluation of the results by obtaining more data.
Euthanasia

e Place tadpoles in a 90 mm Petri dish containing 2% benzocaine in 20% SS for ~15—
20 min.

e Monitor the tadpole’s reflex by gently touching with a hair loop. Anesthetized tadpole
cannot swim or respond to mechanical stimuli (gentle touching). Only proceed to the
next step if the tadpole is anesthetized.

e Freeze the larvae/tadpoles at —20 °C overnight.

e Dispose of the tadpoles following protocols approved by the relevant institutional and

federal authorities (see Note 1)
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2.9 Notes
Note 1. X. laevis, mouse, and zebrafish are sentient and vertebrate animals; therefore,
protocols pertaining to the care and handling of the animals must be approved by institutional
and federal agencies. The work presented in this chapter was approved by the Institutional
Animal Care and Use Committee of the University of Maryland (approval numbers R-DEC-
17-57, R-FEB-21-07, and R-JUN-20-31) and/or The George Washington University
(approval numbers #A311 and #A283).

Note 2. Development is temperature-dependent in Xenopus'>® 146

, thus providing a helpful
tool to time biological and chemical experiments. Low temperatures slow down the speed of
cell-cleavage, extending the time to select embryos for experiments.

Note 3. For metabolomics, place cells in ice-cold 100% methanol immediately upon
collection. Methanol denatures enzymes and low temperatures slow down chemical
reactions, thus minimizing metabolic changes.

Note 4. Capillaries with too large or too small diameters challenge microsampling or
microinjection. In Xenopus, we find apertures larger than ~20 um tend to cause substantial
damage to the cell membrane. Without the membrane being able to heal, the cytoplasm may
leak into the media and the cell may not be able to continue division for functional
experiments. Conversely, apertures below ~10 um may clog with yolk and cytoplasmic
content, requiring refabrication of the microprobe.

Note 5. Tailor the composition of the metabolite extraction solvent to the type of metabolites
of interest in a particular study. To study polar metabolites, we use aqueous 40% (v/v)

acetonitrile with 40% (v/v) methanol as the extraction solution. Theoretical predictions based

on partition and distribution coefficients can help experimental design'?2.
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Note 6. Debris may clog CE capillaries or LC columns. We find that centrifugation of
samples before analysis prevents clogging. The efficiency of centrifugation depends on the
field force and time of centrifugation. We typically use 13,000 xg for 10 min.

Note 7. To select the spectral resolution appropriate for the multiplexing relative
quantification, refer to instructions from the manufacturer of the reagents.

Note 8. We consider the electrospray to be stable when the total ion current exhibits less than
~15% relative standard deviation over ~40 min of separation.

Note 9. Tailor MS-MS/MS experimental settings to the chosen separation technology. For
example, we adjust the number of targeted molecular features and the duration of dynamic
exclusion depending on typical peak widths and the complexity of the sample in LC and CE
experiments (see Table 2.1).

Note 10. It is imperative to optimize the composition of the intracellular solution used for
patch clamp electrophysiology to the osmolarity of the neuron. Although potassium
gluconate is commonly used in electrophysiological recordings, we use ammonium
bicarbonate to minimize spectral and ionization interferences during MS caused by involatile
salts.

Note 11. Aid sample collection by applying consistent negative pressure and continuously
monitoring the size of the neuron under the inverted microscope. Shrinking neuronal soma is
an indication of successful sampling. Be careful not to aspirate the media surrounding the
neuron to avoid sample dilution and interferences due to salt during MS analysis.

Note 12. Limit damage to the cell membrane by carefully withdrawing the needle tip from
the cell. With negligible damage, the cell membrane heals, and the embryo continues

development. Damage to the cell membrane can cause leakage of cytoplasmic content, which
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can result in low survival rates or lethality. Take extra care to also avoid damaging the
neighboring cells to facilitate development.

142

Note 13. Based on our experience and other protocols *“, culturing at lower temperature (14—

16 °C) improves survival rates.

Note 14. Clearing agents (e.g., benzyl alcohol:benzyl benzoate, BA:BB) may be used in X.
laevis embryos and tadpoles to improve fluorescent imaging'*’. Tissue clearing is

recommended for imaging deep in intact embryos/tadpoles and sections.

Note 15. The locations of the eyes in tadpoles help accurately determine crossings between
the white and black backgrounds (see Fig. 2.4). Therefore, the camera used to record video
trials should have sufficient optical resolution and frame rate to clearly identify the eyes and
monitor fast tadpole swimming. We typically use ~30 fps to monitor tadpoles during both the

background color preference and swim assays.
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Table 2.1 Our typical instrumental settings for detecting metabolites and proteins in CE and LC

ESI-HRMS using the positive (+) and negative (—) ion mode.

Parameters CE-ESI-HRMS LC-ESI-HRMS
Instrument Configuration Q-TOF Q-0T Q-TOF Q-0T
Compounds Metabolites Proteins Metabolites Proteins
MS survey scan frequency MS'-MS?, 2Hz | MS!,7; MS?, 13 Hz | MS'-MS?,2 | MS!, 7; MS?, 13 Hz

Hz
Mass range (m/z) and 50-550 at 40,000 | 400-1,700 at 35,000 50-1,300 at | 400-1,700 at 35,000
spectral resolution FWHM FWHM for MS' and 40,000 FWHM for MS' and
17,500 FWHM for FWHM 17,500 FWHM for
MS? MS?
Dry gas 2 L/min (N3) - 4 L/min (N2) -
Nebulizer gas - - 0.4 bar (+); 1 -
bar (-)
Dry temperature 100 °C (+); 150 275 °C 220 °C 275 °C
’CH)

Ion-transfer capillary -1,700 V (+); 2,300 V -4,500 V (+); 1,800 V
voltage +2,100 V (-) +4,000 V (-)
Collision energy 18 eV (CID) 36% (normalized, 15-35eV 36% (normalized,

HCD) (CID) HCD)
Isolation m/z window 1.5 Da 1.5 Da 1.5Da 1.5 Da
Dynamic exclusion mass 5.0 ppm 5.0 ppm 5.0 ppm 5.0 ppm
tolerance
Dynamic exclusion 9s 9s 13s 13s
High intensity ion signal 1.5 x 10° 1.5 x 10° 1.5 x 10° 1.5 x 10°
threshold (counts)
AGC target (counts) - 1x10° - 1 x10°
Minimum AGC target (ion - 9.2 x 10? - 9.2 x 10?
counts)
Maximum injection time - 50 - 50
(ms)
DDA Top N 5 20 5 20
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Chapter 3: Single-cell mass spectrometry with in vivo
microsampling enables proteo-metabolomic single-cell systems
biology in a chordate embryo developing to a normally behaving
tadpole (X. laevis)

This chapter is reproduced and reused from a published peer-reviewed paper from: Camille
Lombard-Banek', Jie Li', Erika P. Portero, Rosemary M. Onjiko, Chase D. Singer, David
Plotnick, Reem Q. Al Shabeeb, and Peter Nemes*, In vivo subcellular mass spectrometry enables
proteo-metabolomic single-cell systems biology in a chordate embryo developing to a normally
behaving tadpole (X. laevis), Angewandte Chemie International Edition, 2021, 60 (23), 12852—

12858. ICo-first author. https://doi.org/10.1002/anie.202100923 with permission from the

publisher John Wiley and Sons.

My contributions (the lead co-first author): I designed the research; I prepared/measured the
metabolomic samples; I designed/conducted the survival, anatomical, and behavioral assays; I

analyzed the data, interpreted the results, and wrote the manuscript.

3.1 Abstract

We report the development of in vivo subcellular high-resolution mass spectrometry
(HRMS) for proteo-metabolomic molecular systems biology in complex tissues. With light
microscopy, we identified the left-dorsal and left-ventral animal cells in cleavage-stage non-
sentient X. laevis embryos. Using precision-translated fabricated microcapillaries, the subcellular
content of each cell was double-probed, each time swiftly (<5 s/event) aspirating <5% of cell
volume (~10 nL). The proteins and metabolites were analyzed by home-built ultrasensitive

capillary electrophoresis electrospray ionization employing Orbitrap or time-of-flight HRMS.
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Label-free detection of ~150 metabolites (57 identified) and 738 proteins found proteo-
metabolomic networks with differential quantitative activities between the cell types. With
spatially and temporally scalable sampling, the technology preserved the integrity of the
analyzed cells, the neighboring cells, and the embryo. 95% of the analyzed embryos developed
into sentient tadpoles that were indistinguishable from their wild-type siblings based on anatomy

and visual function in a background color preference assay.

3.2 Introduction

Unbiased measurement of transcripts, proteins, and metabolites in a live cell promises to
revolutionize investigations in molecular systems cell biology. Even today, after the invention of
single-cell transcriptomics®® %01 148 there exists no single technology capable of the unbiased
characterization of both proteins and metabolites in the same single cell in vivo to enable studies
at the level of the functioning organisms. While tools of molecular biology and high/super-
resolution optical microscopy empowered systems biology for live organisms, they only work
for a limited number of gene products at a time that also have to be known ahead of time, thus

limiting research scope to targeted studies, typically building on prior knowledge.

Single-cell high-resolution mass spectrometry (HRMS) emerged as a powerful alternative
for targeted and untargeted (discovery) studies (reviewed in refs,?% 43 %0. 148-130) ‘Qpecialized
technologies in cell handling, microscale sample processing>% 4% 32 102, 151152 'hioh_efficiency

chemical separations*!: 105 133

, and ion generation extended time-of-flight and orbitrap HRMS
instruments to sufficient sensitivity and throughput for single-cell analyses. For example, using
nanoHPLC, NanoPOTS enabled the detection of 650+ proteins in single HeLa cells, !> which

was recently increased to 850+ proteins on a new-generation mass spectrometer.'®> ScoPE-MS

also used nanoHPLC to quantify ~750 proteins from a mammalian cell.!%? The technology was
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recently advanced to the quantification of ~1,000 proteins/cell.!%> 1** MALDI-TOF followed by
nanoLC-HRMS enabled the characterization of lipids, peptides, and proteins in large numbers of
single cells dissociated from a rat root ganglion.'> The data emerging from these and other
single-cell studies can be used to derive new hypotheses for biological investigations to establish

the functional implications of the observed molecular cell heterogeneity.

We and others custom-built ultrasensitive capillary electrophoresis (CE) electrospray
ionization (ESI) platforms to enable single-cell analyses. These instruments were used to detect

transcripts, ~3,000 proteins, or ~100 metabolites in single cells/neurons dissected from Aplysia

6, 30, 51 t41

californica®’> %136 X laevis embryos , or the rat*!. Using capillary microsampling, we

43,121 or proteins>? in single

extended these measurements to the direct analysis of metabolites
cells in early developing X. laevis and zebrafish embryos. Although single-cell HRMS
technologies usher an emerging era of multi-omic single-cell ‘omics,®* '’ these tools so far
required isolation or sorting of the cells, preventing studies in vivo. We here report the first
example of in vivo single-cell HRMS that enables dual proteo-metabolomics of spatiotemporally
identified single cells in a live embryo, which freely develops to a normally behaving tadpole

post analysis.

3.3 Experimental section
3.3.1 Materials and regents

All reagents and solvents were obtained at reagent grade or higher purity from Fisher
Scientific (Pittsburg, PA) unless otherwise noted. Solutions for HRMS were prepared using LC-
MS grade solvents and reagents (methanol, acetonitrile, water, formic acid, and acetic acid). For
CE, bare fused silica capillaries (40/105 um inner/outer diameter) were purchased from

Polymicro Technologies (Phoenix, AZ) and used after initial conditioning (100 mM sodium
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hydroxide for 5 min, then rinsed with water). CE micro-flow ESI (CE-uESI) for metabolomics
employed a laser-cleaved stainless-steel blunt needle as the spray emitter (130/260 um
inner/outer diameter) from Hamilton Company (Reno, NV). The CE-nanoESI setup for
proteomics used a borosilicate capillary (0.75/1 mm inner/outer diameter) tapered on a
Flaming/Brown-style capillary puller (P-1000, Sutter Instruments, Novato, CA) and cleaved to a

20-pum tip diameter under a stereomicroscope (model SMZ18, Nikon, Melville, NY).

3.3.2 Solutions

The “metabolite extraction solvent” was an aqueous mixture of 40% (v/v) acetonitrile
(ACN) and 40% (v/v) methanol (MeOH) solution, chilled to 4 °C. The “protein extraction—
digestion buffer” was 50 mM ammonium bicarbonate in water. For CE, the “background
electrolyte (BGE)” was 1% (v/v) formic acid (yields pH 2.8°) for metabolomics and 25% (v/v)
MeOH with 1 M formic acid for proteomics (yields pH 1.8). The “CE-uESI sheath solution”
was aqueous 50% (v/v) methanol containing 0.1% (v/v) formic acid. The “nanoESI sheath

solution” was 10% (v/v) MeOH with 0.05% (v/v) acetic acid.

3.3.3 Animal care and embryology

All protocols concerning the humane care and handling of vertebrate X. /aevis animals
were approved by the University of Maryland Institutional Animal Care and Use Committee
(IACUC No. R-DEC-17-57). Adult male and female frogs were received from Nasco (Fort
Atkinson, WI) and maintained in a breeding colony. Embryos were obtained by gonadotropin-
induced natural mating of two sets of parents at ~21 °C, dejellied in 2% cysteine solution, and
cultured in 100 % Steinberg’s solution (14 °C) following standard protocols.'?’ Two-cell

embryos displaying stereotypical pigmentation, size, and location'?’ were transferred into a Petri
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dish containing 100% Steinberg’s solution. The embryos were monitored under a
stereomicroscope until they reached the 8-cell stage, then the left dorsal-animal (L-D1) and left

ventral-animal (L-V1) cells were identified based on reproducible cell-fate maps'>.

3.3.4 Microprobe sampling and sample processing Damage to Membrane

Contents of the L-D1 and L-V1 cells were collected via

43,49, 52,121

capillary microsampling in a randomized order.

Microsampling using capillaries with too large tips or delaying

aspiration may significantly damage the cell and the

developing embryo. For example, in the 16-cell embryo shown  Figure 3.1 Microsampling was
scaled to minimize cell damage.

A 16-cell embryo with substantial

in Figure 3.1, the cytoplasm of each cell partially leaked damage after microsampling
before technology refinement.
through the hole that was left on the cell membrane as the Scale =250 pm.

capillary with too large tip diameter was withdrawn. To promote cell and embryonic viability
post microsampling, the diameter of the capillary tip and duration of sampling were scaled. In
this study, the tip of a borosilicate capillary (0.75/1 mm inner/outer diameter) with ~20 um
diameter was fine positioned into the identified cells under control by a three-axis manual
micromanipulator (Warner Instruments, Hamden, CT) and guidance by a high-resolution
stereomicroscope (SMZ18, Nikon). An ~10 nL portion of the cell was aspirated each time by
delivering calibrated pressure pulses (—40 psi) to the microcapillary using a connected
microinjector (model PLI-100A, Warner Instruments, Hamden, CT). The total duration of each
microsampling was less than ~3 s, separated by an ~30 s gap required to install the replacement
capillary (for the second sampling). The subcellular aspirates were expelled into individual

49, 122

microvials and processed differently for metabolomic and proteomic>? analyses following

our established protocols. Metabolites were extracted into 4 uL of metabolite extraction solvent
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(chilled to 4 °C), facilitated by vortex-mixing for 1 min, and the resulting extract was centrifuged
to pellet cell debris (8,000 xg, 5 min, 4 °C). Proteins were extracted into 5 uL of protein
extraction—digestion buffer, denatured at 60 °C, and digested to peptides with 0.5 pL of 0.5
ug/uL trypsin (37 °C, 5 h). The resulting digests were dried in vacuum at 60 °C. The resulting

metabolite and protein samples were stored at —80 °C until analysis.

3.3.5 Behavioral assays

A portion of the microsampled (wild-type) 8-cell embryos was cultured to the tadpole
stage (~21 °C) to study their visual behavior using a background c olor preference assay. This
assay reproducibly and robustly measures the differential preference of tadpoles to spend time
over light and dark backgrounds between Nieuwkoop-Faber Stages 45 and 50.'% The tadpoles
were humanely raised, maintained, and treated following protocols approved by the University of
Maryland IACUC (protocol no. R-JUN-20-31). The residence times of each tadpole over the
light (white) and dark (black) backgrounds were quantified in a double-tank behavioral system
that we built and operated following an established protocol'*’. The movement of each tadpole
was recorded on a digital camera (model EOS 70D, Canon USA Inc.) for 2 min on two occasions
per day over 2 days. The videos were recorded at 30 frames per second with Full HD resolution
(1920 x 1080 pixel®) and using ALL-I compression. The percentage of time that each tadpole
spent in total over the light and dark areas was calculated based on the location of the tadpoles’
eyes by manually reviewing the recording, frame by frame, in Windows Media Player version 12
(Microsoft, Redmond, WA). A tadpole was considered to cross the white-black boundary only if

both its eyes delineated the boundary.
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Validation. The background color preference assay was validated using a positive control

(+Ctrl.) group and by comparing results from our study to those independently established by

others.'** The control group (Ctr.) consisted of wild-type (WT) tadpoles (N = 16). The +Ctr

group consisted of WT tadpoles (N = 4) one day after double axotomy of the left and right optic

nerves following the protocol established in Ref. '**. The movement of each tadpole was tracked

during the background preference assay, as described earlier. Without visual perception, tadpoles

were anticipated to randomly explore the white and black areas, viz. spending ~50% of time over

either background color. Indeed, in an independent study, tadpoles post double axotomy spent

49-51% of time over the white background (Days 1 to 2), whereas the control explored this area

in 99%-79% of time with this difference being
statistically significant.'* In our experiments,
(Fig. 3.2), the mean time tadpoles spent over
the preferred white background was ~56% in
the positive control group vs. ~91% in the
Ctrl. group with this difference amounting to
statistical significance in our measurements
(Mann-Whitney test, p = 1.64x107).
Representative videos are provided for a Ctrl.
and a +Ctrl. Tadpole (see SI in paper?®). These
results validated the sensitivity and robustness
of the behavioral assay to support our studies

on tadpole behavior.
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Figure 3.2 Validation of the behavioral assay.
Double axotomy of the optic nerves significantly
impacted the background color preference of the
tadpoles. Key: *p < 0.05 (Mann-Whitney test).



The behaviors of experimental and control tadpoles were compared. The biological
replicate size for the behavioral assay was N = 16 in the Ctr. group (tadpoles raised from
nonmicrosampled embryos) and N = 15 in the experimental group (Exp., tadpoles raised from
microsampled embryos). Figure 3.3 presents representative images of the tadpoles. Power
analysis was performed to compute the power to distinguish the wild-type group from the
experimental group. Using two sample t-test (a = 0.05, sample size = 60), the power was 0.08,
which was below the acceptable power required to distinguish the two groups (> 0.8). Together
with the Mann-Whitney test, these results indicated that microsampling imposed no detectable
impact of statistical significance on the background preference of the tadpoles within the tested

sensitivity of the behavioral assay.

Figure 3.3 Representative high-resolution images of live tadpoles. Close-ups of tadpoles from (A) the control (Ctrl.)
and (B) the experimental (Exp.) group. Scale bars = 1 mm.
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3.3.6 Metabolomic measurement via CE-ESI-HRMS

Each subcellular metabolite extract was defrosted, and a 10 nL portion was analyzed on a
custom-built CE-pESI platform with a high-resolution time-of-flight tandem mass spectrometer.
This platform was built and operated according to our established protocols.®* The instrument
was daily validated for the following analytical figures of merit before analyzing the cell
extracts: lower limit of detection, 60 amol (acetylcholine); linear dynamic range of
quantification, 45 log order (acetylcholine, methionine, and threonine); reproducibility, <1%

relative standard deviation (RSD) with nonlinear time alignment*!

in separation time and <25%
RSD in under-the-curve peak area. The experimental settings specific to this study were: CE, 100
cm capillary length and +22.5 kV potential (applied to the capillary inlet); ESI, coaxial sheath-
flow CE-ESI interface (blunt-tip metal emitter, 1 pL/min sheath liquid, electrospray at —1,700 V,
cone-jet spraying regime); MS, quadrupole orthogonal acceleration time-of-flight mass
spectrometer with a collision induced dissociation cell (Impact HD, Bruker Daltonics, Billerica,
MS) delivering 40,000 full width at half maximum (FWHM) resolution and <5 mDa m/z

accuracy (both single- and tandem stage) using nitrogen gas at 12—18 eV collision energy. Each

sample was analyzed in technical duplicate-triplicate.

3.3.7 Proteomic measurement via CE-ESI-HRMS

Each subcellular protein digest was defrosted and individually reconstituted in 2 pL of
aqueous 60% acetonitrile containing 0.05% acetic acid. A 10 nL portion of each protein digest
was analyzed on a custom-built CE-nanoESI platform equipped with a quadrupole orbitrap high-
resolution mass spectrometer. The instrument was built and operated following our established
protocols.?* 397 The platform was daily validated to deliver the following analytical figures of

merit before measuring the cell extracts: lower limit of detection, 700 zmol (angiotensin II);
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linear dynamic range of quantification, 45 log-order; reproducibility, <10% RSD in migration
time and <25% RSD in signal intensity. The experimental settings specific to this study were:
CE, 90 cm capillary length and +18 kV potential for 15 min and +15 kV thereafter (applied to
the capillary inlet); CE-nanoESI'*, electrokinetic pump supplying 10% MeOH (0.05% AcOH)
at +800—1,000 V (applied to the sheath reservoir), cone-jet spraying regime confirmed by a long
working distance camera (EO-2018C with Mitutoyo Plan Apo objective, Edmund Optics,
Barrington, NJ); and MS, quadrupole orbitrap mass spectrometer (Q-Exactive Plus, Thermo

Scientific, Milford, MA).

Experimental conditions of data-dependent acquisition were tailored to fast and efficient
separation by CE. Survey spectra were recorded at 35,000 FWHM (m/z 200) between m/z 350—
1,600 (C-trap maximum injection time, 50 ms; AGC target, 1x10°ions). MS? scans were
triggered for ion signal intensity exceeding 1.5%103 counts when the charge state was between
+2—+7 and exhibited peptide-like isotopic distribution. An exclusion list of ~250 vitellogenin
(Vtg) peptides was created based on identifications from a whole embryo “pre-run” to help
minimize/avoid the sequencing of abundant yolk-related peptide signals. The MS!' exclusion
mass tolerance was 3 ppm. The MS? scans parameters were as follows: mass resolution, 17,500
FHWM (m/z 200); C-trap maximum injection time, 60 ms with AGC target, 5x10* counts;
dynamic exclusion time and mass tolerance, 9 s and 5 ppm; peptide isolation window, 1 Da;
collision parameters, HCD in nitrogen at 28% normalized collision energy (NCE). Each protein

digest was measured in technical duplicate-triplicate.

To increase identification numbers using the match between run feature, we also measured
cell samples using our CE-nanoESI coupled to a Fusion Lumos quadrupole-linear ion trap-

orbitrap tribrid mass spectrometer (Thermo Scientific). MS' parameters were as follows: mass
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analyzer, orbitrap; mass range, m/z 350—1,600; mass resolution; 50,000 FWHM (m/z 200); C-trap
maximum injection time, 86 ms; automatic gain control (AGC) target, 1x10°®ions. MS? scans
were triggered for ion signal intensity exceeding 1.5%10° counts, with charge state between 2—7,
and exhibited peptide-like isotopic distribution. The MS? scans parameters were as follows: mass
analyzer, ion trap; AGC target, 5x10* counts; dynamic exclusion time and mass tolerance, 9 s
and 5 ppm; peptide isolation window, 1 Da; collision parameters, HCD in nitrogen at 32%

normalized collision energy.

3.3.8 Identification and quantification of metabolites and proteins

Metabolites were identified and relatively quantified following our established protocols.®
4349 Molecular features (signals with unique m/z vs. migration time values) with S/N >3 were
surveyed between m/z 50-500 using a semi-automated approach. For each molecular feature, the
under-the-curve peak area was integrated, providing a proxy for concentration. These
quantitative metadata were imported to MetaboAnalyst version 5.0'%° for mean-normalization
and log-transformation, then exported for integration with the proteomics metadata, before
importing of the unified metabolomic-proteomic metadata for statistical data analysis. Selected
molecular features were identified by matching the accurate mass, isotope distribution, CID
fingerprint, and migration time of the unknown signal to data available in metabolomics MS-
MS/MS databases (Metlin'!) or experimentally determined by us in this study or previously**>°.

Proteins were identified and quantified following established protocols. The MS-MS/MS
data were matched against the X. laevis proteome using MaxQuant'¢ version 1.6 running the
Andromeda search engine.'” The X. laevis proteome database was custom built by concatenating

the mRNA-derived PHROG 110 database (downloaded from reference!®?) and the X. laevis

SwissProt proteome database (downloaded from UniProt on Oct. 2019). The following search
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parameters were used: no fixed modification; variable modifications, methionine oxidation, and
asparagine and glutamine deamidation; minimum peptide length, 5 amino acids; MS! mass
deviation, 5 ppm; MS? mass tolerance, 20 ppm for first search and 10 ppm for de novo tolerance;
search for common contaminants enabled; match between run enabled with 5 min time shift
tolerance. A minimum of one unique peptide was required for successful protein identification.
Identified common contaminants were manually excluded from proteins identified or quantified
in this study. Peptide and protein identifications were filtered to <1% false discovery rate (FDR)
calculated against a reversed-sequence decoy database. Proteins were quantified using the label-
free quantification (LFQ) approach in MaxQuant using unique and razor peptides.'®> Only
proteins with less than 50% missing LFQ values across all the samples were considered as
successfully quantified and used for statistical and pathway analysis. Protein LFQ values were
mean-normalized and log-transformed in MetaboAnalyst version 5.0'%°, then exported for
integration with the metabolomics data, before importing of the unified metadata for statistical

analysis.

3.3.9 Experimental design and statistics

For each portion of this study, the number of necessary technical and biological replicates
for statistical significance were determined based on a pilot study and the analytical performance
metrics of the custom-built CE-ESI-MS platform. Statistical, multivariate, and joint pathway
analyses were performed in MetaboAnalyst 5.0. Statistical significance was marked at p < 0.05
(paired student t-test for normally distributed data). Power analysis (two-sample t-test, alpha
value 0.05, hypothetical sample size N = 60), Student’s t-test (parametric, normally distributed
data), Mann-Whiney test (nonparametric, non-paired data), and Wilcoxon signed rank test

(nonparametric, paired data) were performed in OriginPro 2020b (OriginLab Corp.,
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Northampton, MA). For pathway enrichment analysis, gene and metabolite centered pathway
was chosen. Enrichment was measured using hypergeometric test, topology was calculated by

degree of centrality, and the integration method used was combined p-value (overall).

3.4 Results and discussion

We developed the bioanalytical technology and demonstrated its use in molecular systems
cell biology with compatibility for cell-, neurodevelopmental, and behavioral biology. Figure
3.4 presents our analytical and biological tracks, essentially connecting the physical and life
sciences. To enable molecular network analyses in live embryos, proteins and metabolites were
measured by balancing sensitivity and developmental viability. In the context of
neurodevelopment, the analysis is considered in vivo if the cell is able to heal its membrane,
divide, and form progenies for tissue specification and development to give way to a normally
behaving organism, viz. a tadpole. The biological trace in the study determined this biological
phenotype on the basis of morphological, survival, and behavioral assays. By design, the
integration of these tracks generates multi-dimensional metadata to open a window into
molecular systems biology and help develop new knowledge and support hypothesis-driven

studies.

3.4.1 Invivo microsampling

The vertebrate South African clawed frog (X. /laevis) was an ideal biological model for
technology development, validation, and application in this study. Each cell in the cleavage-stage
frog embryo is identifiable based on pigmentation and location and has reproducible tissue
fates.!¢* Figure 3.4 exemplifies the identification of the left dorsal-animal (L-D1) and left

ventral-animal (L-V1) cells in a live 8-cell embryo, which respectively form the neural and
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epidermal tissues. X. laevis embryos develop externally to the mother and contain considerably
large cells (180 nL volume/cell in the 8-cell embryo), permitting direct inspection and access to
the cells. However, the cells populate the embryo in a complex three-dimensional morphology
(spherical arrangement) and divide rapidly, in ~15-25 min per cell cycle between the 2- and 32-
cell stages.'* These physical and characteristics combined with the transient nature of an
“embryonic body” fundamentally challenge existing single-cell HRMS technologies in terms of
scalability for spatial, temporal, and in vivo operation.

We recognized spatiotemporally scalable sampling as indispensable for this study. While

dissociation” and manual dissection® 3% 1%

permit cell isolation from the embryo, the former
loses spatial information on cell heterogeneity, and the latter requires substantial dexterity and
lacks scalability; these features both have important implications in cell and developmental
biology. With analyses occurring ex vivo, the current tools exclude the possibility of biological
studies over critical developmental stages, ranging from gastrulation and neurulation to
organogenesis and metamorphosis. Likewise, these strategies are incompatible with assessing
function and behavior at an organismal level, such as the sentient tadpole. Currently, there exists

no single-cell HRMS technology capable of determining the proteo-metabolome of single cells

embedded in complex tissues or organisms in vivo with scalability.
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animal (L-V1) cells were identified and the content of each cell rapidly microsampled twice using clean capillaries each time. The collected protein and
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We proposed double capillary microsampling as a potential solution for analyzing the cells
in vivo. To serve as a micropipette for sample collection, a borosilicate capillary (0.75/1 mm
inner/outer diameter) was flame-pulled, then cleaved to a 20-um tip diameter (see 3.2
Experimental Section), and connected to a microinjector delivering negative pressure pulses.
The tip of the capillary was inserted into the cell of interest under translation by a precision
micromanipulator and guidance by real-time stereomicroscopy. In each of N = 20 stereotypical
8-cell embryos (experimental group), the L-D1 and L-V1 cells were each microsampled twice in
a random order with both cells from the same embryo and one sampling for each ‘omic analysis.
By performing the single-cell analyses exclusively on one side of the embryo (the left,
experimental), tissues and organs arising from the nonsampled cells on the other side (right D1,
R-D1 and right V1, R-V1) served as the internal control in each embryo to facilitate analysis of
tadpole anatomy (see later). For the control group (Ctrl.), N = 20 stereotypical 8-cell embryos
were cultured under identical conditions, without microaspiration. This approach was inspired by
in situ microprobe sampling that we recently developed for cells in zebrafish and X. laevis

embryos, albeit functioning only ex vivo and exclusively for metabolomics** 4% 12!

or
proteomics>2, but not both ‘omes at the same time or on the same cell. We experimentally tested
that double microsampling using larger capillaries (e.g., ~80 um tips) and/or longer aspiration
times (scalability) allowed us to aspirate ~100 nL, viz. 50% of the cell volume. These amounts

were sufficient for single-cell HRMS; however, the embryos failed to survive the analysis due to

substantial damage by the large capillary (see Fig. 3.1).

3.4.2  Survival, morphological, and behavioral assays

To enable cell sampling in vivo in the live embryo, we scaled the approach with assistance

from survival assays. Figure 3.1 presents significant membrane damage on the microsampled
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cells in a 16-cell embryo before refinement of this approach. In a series of experiments (data not
shown), the tip size of the microprobe, the volume collected, and the speed of microsampling
were tailored to the cells while monitoring the success of cell divisions after sampling under the
stereomicroscope. Each sampling employed a clean and unused capillary to aid cell and
embryonic survival by avoiding accidental contamination. Figure 3.5A tracks the percentage of
embryos surviving after ~10 nL, or ~5% of the cell volume, was microaspirated twice from the
L-DI and L-V1 cells (N = 20 embryos). Double microsampling took less than 30 s per cell. By
using 20-um-tip capillaries and conducting two independent sampling events in each cell instead
of a single one, we were able to promote cell viability and microhandling of viscous cell contents
for downstream sample processing. Embryonic survival was quantified over 6 key stages of
vertebrate development: cleavage (Nieuwkoop-Faber, NF 6), gastrula (NF 10.5, Fig. 3.5B),
neurula (NF 13, Fig. 3.5B), early tailbud (NF 22), late tailbud (NF 36 and 41), and tadpole (NF
45, Fig. 3.5B). Compared to 100% of tadpoles successfully developing in the control group
(unperturbed wild-type, WT) at all these stages of development, 100% of the embryos developed
to the neurula stage and 95% survived to tadpoles in the experimental group. Therefore, capillary

microsampling was successfully scaled to preserve viability.
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Figure 3.5 Developmental and behavioral impact of the technology. (A) Survival analysis (Surv.) at key
developmental stages (NF, Nieuwkoop-Faber) for N =20 embryos in the control (Ctrl.) group and N =20 embryos
in the experimental. (B) Representative (top panel) Ctr. gastrulae and Ctrl. neurula and (bottom) Ctr. and
experimental (Exp.) tadpoles. Shown: midline separating left (L)-right (R) axis, body length, brain area, and
distance between eyes and olfactory (OIf.) organs. (C) Comparison of tadpole anatomy. (Top) Close-up image of
a tadpole showing the experimental (left) and control (right) side. Right tissues are labeled. (Middle) Analysis of
organ size on the left (experimental side) between N = 5 Ctrl. (C) and N = 6 Exp. (E) surviving tadpoles randomly
selected. Key: n.s., non-significant, *p < 0.05, Mann-Whitney test. (Bottom) Analysis of tissue areas for total
brain (Ctr. vs. Exp. group), the eyes and, the olfactory organs in the 6 Exp. tadpoles. Key: n.s., non-significant,
Wilcoxon signed rank, paired). (D) Comparison of visual function in a background-color preference assay for N
=16 Ctrl. vs. N = 15 Exp. tadpoles. Assay validation via double axotomy of the optic nerves in N = 4 positive
Ctrl. tadpoles (+Ctrl.). Key: n.s., non-significant; *p < 0.05, **p < 0.005 (Mann-Whitney). Scale bars, 250 um
(white) and 1 mm (black). Box-whisker plots: Box, 1xstandard error of the mean (SEM), whiskers: 1.5XSEM.
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Anatomy was also analyzed for the surviving tadpoles. Figure 3.5B presents typical
examples for tadpoles from the control and experimental groups. Their morphologies were
characterized in terms of whole-body length as well as the sizes of the eyes, olfactory organs
(OIf.), and total brain, which partially derive from the L-D1 and L-V1 cells (Fig. 3.5B). Body
symmetry was also analyzed for the eyes and olfactory tissues along the midline separating the
left (experimental) side and the right (control) side (see close-up in Fig. 3.5C). As shown in
Figure 3.5C, the body length (p = 0.315, Mann-Whitney) as well as the center-to-center
distances between the eyes (p = 0.411, Mann-Whitney) and the olfactory tissues (p = 0.523,
Mann-Whitney) were indistinguishable, as was the total area of the brain (p = 0.121, Mann-
Whitney). The size (area) of the eyes (p = 0.142, Wilcoxon signed rank, paired) and olfactory
organs (p = 0.142, Wilcoxon signed rank, paired) were also indistinguishable between the
experimental and control sides in the tadpoles. Therefore, double subcellular capillary
microsampling of the L-D1 and L-V1 in the cleavage-stage embryo led to no detectable
impairment on tadpole development, morphologically.

Physical appearance, however, does not equate to performance; therefore, we further
evaluated the animals based on behavior. The visual (also including motor, sensory, and neural
processing) function was compared at stages 45—50, when tadpoles display a robust preference
for lighter background in a color preference assay'* (see setup in Fig. 3.4). Indeed, as shown in
Figure 3.5D, when presented with a dark vs. light background in a tank, the control (WT)
tadpoles resided ~91% of the time over the light background (N = 16). These tadpoles
recapitulated this robust behavioral phenotype at this stage,'** thus confirming the robustness of
the assay in our hands. We further validated the sensitivity of the assay to detect visual

impairment using a positive control (+Ctrl). Tadpoles that underwent double axotomy of their
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optic nerves (N = 4) explored the light background only at ~56% of the time, in a significant
difference from the control group (p = 1.64x107°). Indeed, without vision, tadpoles are
anticipated to make random explorations, spending ~50% on either side of the tank. These results
also agreed with results from an independent investigation'**, thus confirming that the assay was
sufficiently sensitive to detect visual function in our experiments. Swimming ~89% time over the
light area, the experimental group (N = 15) presented indistinguishable visual behavior from the
control tadpoles (p = 0.41, Mann Whitney). Double microsampling of each of the 2 cells in the
same embryo preserved embryonic viability and organismal behavior. The approach opened, for
the first time in single-cell HRMS, the possibility of dual ‘omics of single cells in a live
organism, which also undergoes dynamic spatial and temporal reorganization to form a behaving

animal, as demonstrated here for the X. /aevis embryo and its tadpole in vivo in this work.

3.4.3  Proteomic and metabolomic analysis of collected cellular contents

Detection of the limited amounts of proteins and metabolites from the cells necessitated
ultrasensitive analysis. From each cell type in the same embryo (N = 4), the double aspirates
were independently processed via a proteomic and metabolomic workflow (recall Fig. 3.4). To
eliminate potential systematic biases during sample collection, we randomized the location of
subcellular sampling and the order of aspirating the protein and metabolite samples. Each
embryo, cell, and processed protein and metabolite sample was assigned a unique identifier in
our study, although this information was purposefully not used during data analysis to eliminate
potential (conscious or subconscious) biases during sample preparation, processing, or
instrumental measurement. This information was only revealed after data collection to aid results
interpretation. As detailed in the 3.2 Experimental Section, each subcellular sample was

processed to yield metabolic and proteomic microextracts. For bottom-up proteomics, potential
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protein losses on vial and pipette tip surfaces were minimized by eliminating the traditional steps
of desalting, alkylation, and reduction. The final subcellular samples contained the tryptic digest
in 2 uL for bottom-up proteomics and 4 uLL for metabolomics. To avoid systematic bias during
instrumental measurement, the subcellular ‘omes were blinded for cell type and analyzed in a
randomized order.

With ~100-10,000-times smaller amounts of material collected from the cells in this study
than those typically processed/measured by standard HPLC-HRMS, we turned to our
ultrasensitive CE-ESI-HRMS instruments for assistance. These platforms provided ~700 zmol

sensitivity for peptides on a tribrid quadrupole-orbitrap-ion trap>® >

and ~60 amol sensitivity for
metabolites on a quadrupole time-of-flight high-resolution® ** mass spectrometer. To facilitate
the instrumental measurements, the metabolomic analytical track was limited to cationic
electrophoresis in this study. Dual cationic-anionic metabolomics is also possible on these
instruments to deepen the detectable portion of the single-cell metabolome.’® Measurement of
~0.5% (v/v) of the protein extract, thus ~0.03% of the cell’s volume, identified 738 proteins
(false discovery rate < 1%). Similarly, analysis of ~0.25% (v/v) of the metabolite sample
(volume), viz. ~0.01% of the cell’s volume, produced ~150 nonredundant metabolic molecular
features, 57 of which were identified with a high Level-1'2 confidence, listed in Table 3.1
Notably, detection of these ~800 proteins and metabolites was achieved in an untargeted

(discovery) manner, requiring no prior knowledge of cellular composition or the use of

functional probes; antibodies or antisense oligos were unnecessary for our technology.
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3.4.4 Pathway and statistical analyses using proteo-metabolomic datasets

These multi-omics data also opened a window into (sub)cellular biochemistry, directly in
the live embryo. Statistical enrichment analysis using the Kyoto Encyclopedia of Genes and
Genomes'® revealed significant coverage of several known pathways (Fig. 3.6A). For example,
the arginine-proline pathway, TCA cycle, glycolysis, and pyruvate metabolism were represented
with statistical significance, whereas several other amino acid pathways had high pathway
impact. Notably, these proteins and metabolites assessed cellular biochemistry in complementary
performance. For example, the biosynthesis of aminoacyl-tRNA and valine-leucine-isoleucine
was only represented by metabolites, whereas glycolysis/gluconeogenesis was solely enriched
for by proteins (see statistics and fold changes in Table 3.2. Further, other pathways, such as
arginine biosynthesis and arginine-proline metabolism, were represented by both ‘omes (Table
3.2. Figure 3.6B annotates arginine-proline metabolism based on the complementary detection
of proteins and metabolites in the cells. The observed coverage of the network raises a potential
for studies targeting particular ‘omic processes. By also including anionic metabolites during
CE-ESI-HRMS in future experiments, we anticipate many other cellular pathways to be
detectable by this approach, such as the TCA cycle and energy production as well as drug
metabolism. These results illustrate the benefit of measuring more than one ‘ome in single cells
toward a holistic understanding of cellular systems biology at the molecular level.

Finally, we applied the technology to ask whether the pluripotent cells harbored detectable
differences in proteo-metabolomic activity at such an early stage of development. Although
embryonic cells have reproducible tissue fates in the cleavage-stage embryo of Xenopus,
unbiased and parallel characterization of their proteome and metabolome has not been possible

due to a lack of sufficiently sensitive and specific molecular tools. We relatively quantified ~450
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proteins and ~80 metabolites between the L-D1 and L-V1 cells in each embryo (N = 4) based on
the subcellular HRMS data obtained in this study. Quantification was based on signal
abundances in the HRMS datasets, which offer an effective and robust proxy for concentration in
CE-ESI-HRMS.*%#! Quantified protein and metabolite signals are presented in Appendix 3.1.
As highlighted earlier, the phenotypes of the cells or the identifier of each embryo were hidden
to ensure bias-free data analysis. Figure 3.7 presents the unsupervised hierarchical cluster
analysis (HCA) and intensity heat map of the data based on the top 40 statistically most

significantly dysregulated molecules, including 13 metabolites and 27 proteins.
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The pathway data are listed in Table 3.2. The top dendrogram clusters the samples into
two groups in the HCA plot. Upon revealing the identity of the samples, we learned that the
groups corresponded to the D1 and V1 cell types. Further, the heatmap revealed notable
quantitative molecular differences between the cell types. The left dendrogram organized the
proteins and metabolites into two groups in the HCA plot. The HCA heatmap readily captures
reproducible abundance differences between the cell types. Specifically, in this map, 20
molecules, containing 10 metabolites and 10 proteins, were more abundant in the L-D1, whereas
20 molecules, encompassing 3 metabolites and 17 proteins were enriched in the L-V1. Appendix
3.1 tabulates the proteins and metabolites with statistically (p < 0.05) and biologically significant
dysregulation (|fold change| > 1.5). These intriguing molecular differences would have been lost

due to averaging across a large number of cells pooled for classical HRMS approaches.

3.5 Conclusions

We enabled in vivo single-cell proteomics and metabolomics in the same single cell in live
chordate embryos using X. /aevis as the biological model. The technology revealed quantitative
proteo-metabolomic differences between cells at the cleavage stage. These results afford
previously unavailable insights into the establishment of cell heterogeneity during
embryogenesis; they also challenge our current understanding of the underlying molecular
processes. Differential production of these molecules reveals that asymmetry along the dorsal-
ventral, one of the three primary axes of the vertebrate body plan, is set up rather early during
embryonic development, when transcriptional heterogeneity is not detectable along this axis

based on sequencing of the respective single-cell transcriptomes®®- 66

in Xenopus. These findings
support our earlier discovery of molecules, such as metabolites®, affecting tissue fates via

noncanonical mechanisms of action. Although determining the exact biological significance of
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these findings goes beyond the scope of this study, the data generated in this work may be used
to develop hypotheses for experiments targeting specific proteins and metabolites and their

functions.

Supporting future investigations, our technology is scalable in space and time to other
types of cells and different biological models. Subcellular HRMS is compatible with complex
tissues and live development, as demonstrated for the live embryo here. It does not escape our
attention that our technology can be used to perform multi-‘omics on subcellular organelles.
Further, the approach is also adaptable to classical and modern tools of biology and health
studies, such as optical microscopy and behavioral assays (as demonstrated in this study) to
characterize phenotypes as well as established or contemporary tools of molecular biology,
including expression/translation-blocking morpholinos or gene editing by CRISPR-Cas9, to
probe function. We anticipate in vivo proteo-metabolomic subcellular CE-ESI-HRMS to expand
the contemporary toolbox of cell and developmental biology, neuroscience, and health research.
This technology realizes new strengths in the molecular study of the building block of life, the
cell, and processes governing the formation of tissues, organs, and entire organisms with

complex behavior.
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Table 3.1 Metabolites identified in single L-D1 and L-V1 cells in 8-cell X. laevis embryos using in vivo subcellular HRMS.

1 Spermidine™ CsH19N3 8.8 146.1651 146.1652 0.1 0.7
2 Putrescine! CsHi2N2 9.3 89.1070 89.1073 0.3 3.4
3 Methylhistamine™ f CsH11N3 9.8 126.1019 126.1026 0.7 5.6
4 Thiamine™ T C12H16N4OS 13.6 265.1111 265.1118 0.7 2.6
5 Choline™™ f Cho CsHisNO 14.1 104.1066 104.1070 0.4 3.8
6 Ser-Arg™ CoH1oN50a4 14.9 262.1513 262.1510 -0.3 -1.1
7 S-adenosyl-methionine™ ' SAM C15H22N6OsS 15.0 399.1457 399.1445 -1.2 -3.0
8 Ornithine™ f Orn CsHi12N20:2 15.1 133.0983 133.0972 -1.1 -8.3
9 Lysine™™" T Lys CsH14N20:2 15.3 147.1129 147.1128 —0.1 -0.7
10 Sarcosinet Sar CsH/NO:2 15.3 90.0542 90.0550 0.8 8.9
11 Arginine™" Arg CsH14N4O2 15.8 175.1185 175.1190 0.5 2.9
12 Histidine™"" His CsHoN302 16.0 156.0768 156.0768 0.0 0.0
13 N6, N6, N6-trimethyl-lysine™ ' TML CoH20N20: 16.0 189.1592 189.1598 0.6 3.2
14 Homolysine™ C7H16N20: 16.3 161.1306 161.1285 2.1 -13.0
15 Methylhistidine™ C7H11N30: 16.5 170.0937 170.0924 -1.3 -7.6
16 Urocanate, cis-"" ' cURA CsHeN202 16.8 139.0498 139.0502 0.4 2.9
17 Acetylcholine™" AcCho C7H1sNO2 16.9 146.1173 146.1176 0.3 2.1
18 Trolamine! TEA CsH1sNOs 17.1 150.1134 150.1125 -0.9 -6.0
19 y-aminobutyrate™*" GABA CsHoNO:2 17.3 104.0707 104.0706 -0.1 -1.0
20 Urocanate, -trans™™ ' tURA CsHsN20: 17.5 139.0497 139.0502 0.5 3.6
21 Guanine™ CsHsNsO 17.5 152.0569 152.0567 -0.2 -1.3
22 Methylguanine™ CsH7NsO 17.8 166.0714 166.0723 0.9 5.4
23 Carnitine™"™ 1 Car C7H1sNOs 17.9 162.1128 162.1125 -0.3 -1.9
24 Pyridoxal (Vitamin B6)™" ' CsHoNOs 18.4 168.0654 168.0655 0.1 0.6
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19.3
19.9
20.2
20.2
20.2
20.6
20.8
22.1
22.7
24.6
24.7
249
25.1
26.2
26.2
26.8
26.9
27.0
273
27.3
273
27.6
27.8
28.2
28.6
28.6
29.0
30.0

204.1227
148.0604
123.0559
132.0767
90.0548
218.1368
215.1383
268.1031
291.1295
118.0855
106.0493
132.1014
132.1014
133.0612
120.0650
150.0594
147.0766
162.0758
176.1025
148.0609
190.1178
189.1255
166.0865
182.0806
137.0454
116.0703
205.1181
122.0269

204.1230
148.0604
123.0553
132.0768
90.0550
218.1387
215.1393
268.1040
291.1299
118.0863
106.0499
132.1019
132.1019
133.0608
120.0655
150.0583
147.0764
162.0761
176.1030
148.0604
190.1186
189.1234
166.0863
182.0812
137.0458
116.0706
205.1183
122.0270

0.3
0.0
—0.6
0.1
0.2
1.9
1.0
0.9
0.4
0.8
0.6
0.5
0.5
0.4
0.5
-1.1
—0.2
0.3
0.5
—0.5
0.8
-2.1
—0.2
0.6
0.4
0.3
0.2
0.1

1.5
0.0
-4.9
0.8
22
8.7
4.6
34
1.4
6.8
5.7
3.8
3.8
-3.0
4.2
-7.3
-1.4
1.9
2.8
-3.4
4.2
—-11.1
-1.2
33
2.9
2.6
1.0
0.8



53 Aspartate™™ Asp CsH7NO4 30.2
54 Glycine betaine” CsHiNO: 30.8
55 Glutathione, oxidized™ GSSG C20H32N6012S: 314
56 Hydroxyproline™ f CsHoNO:s 32.6
57 Glutathione, reduced™"* GSH C10H17N306S 34.4

134.0445
118.0856
307.0838
132.0652
308.0909

134.0448
118.0863
307.0833
132.0655
308.0911

0.3 2.2
0.7 59
-0.5 -1.6
0.3 23
0.2 0.6

Notes: The exact mass was calculated using IsotopePattern (Bruker Daltonics, Billerica, MA). Asterisk (*) denotes identification was

based on migration time comparison to chemical standards. Double asterisk (**) marks identifications supplemented with tandem MS

experiments on chemical standards and/or comparison with MS/MS data available at METLIN. Dagger (") means metabolite was

identified in references* *°. Double dagger (*) means identification was based on accurate mass matching with METLIN database (5

ppm accuracy).
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Table 3.2 The top 10 most significant pathways enriched for the metabolites or proteins detected in the L-D1 and L-V1 cells.

Aminoacyl-tRNA biosynthesis 74 18 0 9.91E-18 6.44E-16 0.26
Glycolysis or Gluconeogenesis 61 0 18 1.09E-09 3.53E-08 1.12
Pyruvate metabolism 45 0 14 5.12E-09 1.11E-07 0.93
Arginine biosynthesis 27 7 4 1.45E-08 2.35E-07 1.15
Citrate cycle (TCA cycle) 42 0 13 3.22E-08 4.19E-07 1.24
Arginine and proline metabolism 78 9 9 7.79E-08 8.43E-07 0.64
Histidine metabolism 32 6 5 3.60E-07 3.34E-06 0.68
Glutathione metabolism 56 6 8 3.71E-06 3.01E-05 0.73
Alanine, aspartate, and glutamate metabolism 61 7 5 2.86E-05 2.06E-04 0.80
Valine, leucine, and isoleucine biosynthesis 12 4 0 3.55E-05 2.31E-04 0.45

Key: FDR, False discovery rate
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Chapter 4: Probe the mechanism of actions underlying cell fate
change induced by metabolite

Based on manuscript draft in preparation for submission by Jie Li, Kaitlyn E. Stepler, Leena R.

Pade, Camille Lombard-Banek, and Peter Nemes*

My contributions (the lead author): I designed the research; I developed and evaluated FACS-
based sampling workflow; I collected samples, performed metabolomic analysis and processed
the data; I conducted stable isotope labeling experiment and designed/performed functional

studies; I analyzed the data, interpreted results, and wrote the manuscript draft.

4.1 Abstract

Metabolites are drivers, regulators, and products of a myriad of biological processes.
Recently, metabolites were discovered to alter the normal developmental fate of embryonic stem
cells. However, the mechanism of action underlying the metabolite-induced cell fate change
remains unknown. This is largely due to the lack of techniques to isolate and analyze the progeny
of the injected cells from developing embryos. To fill this knowledge gap, we developed a
workflow that combines microinjection, cell lineage tracing, embryonic dissociation, and
fluorescence-activated cell sorting (FACS) to track and isolate descendant cell clones, followed
by metabolomic and proteomic analysis of isolated cell clones using liquid chromatography-high
resolution mass spectrometry (LC-HRMS). A total of 55 metabolites and 1,851 proteins were
identified with high confidence, which could be ascribed to metabolic pathways including the
TCA cycle, glycolysis, arginine-proline metabolism, and cysteine and methionine metabolism.

Statistical analyses of the quantitative ‘omic data revealed significant (»<0.05) metabolic and
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proteomic changes as the cells’ tissue fate changed. Applying the multi-omic strategy, I
uncovered a molecular interaction network perturbed by injected methionine including
upregulated the TCA cycle, glycolysis, and PPP and downregulated arginine-proline metabolism.
The molecular interaction network suggested potential molecular effectors involved in cell fate
change actions that were further validated by heavy isotope labeling experiments and functional
studies. The revealed metabolic and proteomic changes suggested perturbation of a large
metabolic network underlying the mechanism of action for the cell fate changes and provided
new insights into cell fate decisions during early vertebrate embryonic development.
4.2 Introduction

While there is a wealth of knowledge about the role of genes, transcripts, and proteins in

cell differentiation and tissue formation,® !¢

we have little knowledge about the role of
metabolites® (molecular weight < 1,500 Daltons) in these processes. Recent studies found
metabolites to be actively involved in many functions outside of chemical reactions. Therefore,
elucidating the role of metabolites can deepen our understanding of various biological processes
including cell differentiation and tissue formation, and help to explore molecular mechanisms
involved in these processes.!>*” The necessity to study the role of metabolites is further enhanced
considering that metabolites have recently been identified as active drivers and modulators of
functions of DNA, RNA, and proteins. ' 168

Most recently, the distribution of metabolites was found to be heterogenous between
differentially fated cells in the 16-cell X. /aevis frog embryos, and altering the known
concentration of these metabolites caused cell fate change.® For example, methionine and

acetylcholine were enriched in the epidermal-fated cells (called V11 cells), whereas serine and

threonine were enriched in the neural-fated cells (called D11 cells).® Furthermore, these
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differentially enriched metabolites were demonstrated to cause predetermined cell fate change:
the progeny of the D11 cells became epidermally fated when injected with methionine and
acetylcholine.® However, the mechanism underlying the metabolite-induced cell fate changes
remains unknown due to the lack of techniques to isolate and analyze tissue-specific cell clones
descending from the initially injected blastomere in developing X. laevis embryos.

The development of sampling techniques amenable to ‘omic analysis has opened
opportunities to study complex biological systems. Single cells can be manually dissected from
the central nervous system to study the metabolic differences among different types of neurons in
Aplysia californica.** Furthermore, single mammalian cells were penetrated by capillary
microprobes to directly aspirate cellular contents for measuring small molecular peaks. '’
Moreover, microprobe sampling was further developed to enable in vivo multi-omic study of
developing embryonic cells without perturbing normal embryonic development® and to study
the subcellular distribution of peptides in single neurons®. However, the dissection- and
aspiration-based sampling techniques have a relatively low throughput and require the dexterity
of the researchers, thus, making them unamenable when sampling thousands of tissue-specific
cells that can be dispersed during embryonic development.

Cell sorting techniques provide alternative ways to collect tissue-specific cells with labeled
markers. Magnetic-activated cell sorting (MACS) is one sorting technique, in which cells having
magnetic characteristics can be manipulated and sorted out via magnetic forces.!”® Magnetic
particles are often conjugated with antibodies to selectively bind to a surface marker on the cells
of interest, followed by sorting using a magnet to isolate these targeted cells. However, tissue-
specific cells at early embryonic stages usually have no known surface markers, which precludes

the development of corresponding antibodies, thus limiting the application of MACS for

83



isolating tissue-specific cells. Fluorescence-activated cell sorting (FACS) is another sorting
technique based on cell size, internal structure, and fluorescence profile.!”! FACS is widely used
as it allows the sorting of specific types of cells with high purity and viability. For example,
FACS was applied to isolate muscle stem cells from adult mice,'”* vascular cells from human

173 and circulating tumor cells.!”* FACS combined with a recently

embryonic stem cells,
developed dissociation strategy’® inspires new sampling strategies for isolating tissue-specific
cells that would be difficult to dissect or microsample from developing organisms.

Characterizing different types of biomolecules provides complementary pathway
enrichment results and expands metabolic pathway coverage?® but faces analytical challenges.
Metabolomic analysis of tissue-specific cell clones provides a snapshot of small molecules while
proteomic analysis supplies information about proteins, including enzymes involved in the
production of various metabolites, to together delineate the state of cells. In addition to protein
identification and quantification, proteomics can also reveal post-translational modifications
(PTMs) on proteins that can significantly impact their functions.!”> However, such analyses are
challenging in tissue-specific cell clones due to the limited amounts of starting materials and the
fact that both metabolites and proteins are not amplifiable. Furthermore, metabolites have a wide
physiological concentration range,*® can change rapidly,* and vary in physicochemical
properties®’. In addition, there are more than 114,000 metabolites to be considered based on
Human Metabolome Database'?” and these metabolites are structurally diverse*®. Protein

concentrations also cover a wide dynamic range,'!’%!7

which can be further complicated by the
presence of high-abundance proteins that mask the detection of biologically relevant low-

abundance proteins.?> !”® All of these factors together increase the complexity of detecting,

identifying, and quantifying metabolites and proteins from biological systems.
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MS is widely used for metabolomic and proteomic analysis because it allows for detecting
large numbers of biomolecules simultaneously from limited samples.* 12373848179 MS 5 a
label-free technique that offers high sensitivity, wide dynamic response range, and structural
specificity. Coupling separation techniques such as capillary electrophoresis (CE) and liquid
chromatography (LC) to MS not only decreases the complexity of ‘omic analysis to facilitate
biomolecule identification'®® but also adds separation time as another dimension for confident
metabolite identification.*® Furthermore, LC-MS has the advantage of being able to tailor to the
various physicochemical properties of biomolecules to drive separation. For example, the
combination of high- and low-pH reversed-phase LC leads to a complementary separation of
peptides and a corresponding improvement in protein identifications.** Recently, advances in LC
separation for proteomics such as the development of the micro-pillar array column (WPAC) have
further improved peptide separation, reproducibility, and stability compared to traditional
packed-based LC columns to facilitate deeper proteome coverage from limited biological
samples.'®!

Here, to uncover the mechanisms of action underlying the metabolite-induced cell fate
change, we developed a sampling workflow to isolate tissue-specific cells by integrating
microinjection, cell lineage tracing, embryonic dissociation, and FACS (Fig. 1). The collected
cell clones were processed for dual metabolomic and proteomic analysis using LC-HRMS which
identified 55 metabolites and 1,851 proteins with high confidence, of which 16 metabolites and
279 proteins displayed statistically significant change (p-value <0.05) by injected methionine.
When mapping these detected metabolites and proteins to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database'®®, downregulated arginine-proline metabolism and upregulated

TCA cycle, glycolysis, and pentose phosphate pathway were uncovered. The molecular
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interaction network involving these pathways showed potential molecular effectors responsible
for the cell fate change actions, which were further validated by stable isotope labeling
experiments and functional studies. Our results revealed molecular remodeling underlying
metabolite-induced cell fate changes, which suggested a hypothesis that the injected methionine
upregulated the level of carnitine and acetylcarnitine, which further perturbed the level of acetyl-
CoA. The perturbed acetyl-CoA level affected energy production and acetylation PTMs of
proteins, resulting in cell fate change. This study shed light on a long-standing biological

question to explore the role of metabolites in driving cell differentiation.
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Figure 4.1 FACS-based tissue-specific cell clone isolation by combining microinjection, cell lineage tracing, embryonic dissociation, and FACS. 3 types of
cell clones at neurula stage 13 were collected using this sampling strategy. D11 cell clones labeled with green fluorescent dye only, called D11 Ctrl (top); D11
cell clones labeled with green fluorescent dye and methionine, called D11 Exp (middle); and V11 cell clones labeled with green fluorescent dye, called V11

Ctrl (bottom). Scale bar: 250 pm.
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4.3 Experimental section
4.3.1 Materials and chemicals

Dextran Alexa Fluor 488 dye from Thermo Fisher Scientific (Invitrogen D34682). Bovine
serum albumin (BSA), acetylcholine, methionine, threonine, arginine, and guanine were from
Fisher Scientific (Pittsburgh, PA). Sodium isethionate, sodium pyrophosphate, sodium butyrate,
CAPS, proline, L-methionine-'3Cs,'*N, and adenosine were from Sigma Aldrich (St. Louis, MO).
Citrulline, cysteine, and isoleucine were from MP Biomedicals (Solon, OH). All solvents were
LC-MS grade unless specified and were from Fisher Scientific (Pittsburgh, PA). All chemicals
were reagent grade or higher unless specified.
4.3.2  Solutions

2% (w/v) cysteine solution (pH 8). 100% Steinberg's solution (SS, containing 58.2 mM
NacCl, 0.67 mM KCI, 0.34 mM Ca(NO3)2, 0.83 mM MgSQs4, 4.19 mM Trizma hydrochloride,
and 0.66 mM Trizma base, in Milli-Q purified water). 3% (w/v) Ficoll solution in 100% SS. 50%
SS. 1 mg/mL BSA solution. Newport 10.5 dissociation buffer (containing 100 mM sodium
isethionate, 20 mM sodium pyrophosphate, and 10 mM CAPS, pH 10.5, in Milli-Q purified
water). 1x Marc’s Modified Ringers (MMR) buffer (containing 100 mM NaCl, 2 mM KClI, 1
mM MgSO4, 2 mM CaCl,, 5 mM HEPES, and 0.1 mM EDTA, pH 7.8, in Milli-Q purified
water). 1x phosphate-buffered saline (PBS) buffer. 1x PBS buffer with 2% BSA. 4%
paraformaldehyde in 1x PBS. 0.5% (w/v) Dextran Alexa Fluor 488. 0.5% Dextran Alexa Fluor
488 with 50 mM methionine. 100 pg/nL gfp mRNA. 100 pg/nL gfp mRNA with 50 mM
acetylcarnitine. 100 pg/nL gfp mRNA with 50 mM serine and threonine. 100 pg/nL gfp mRNA

with 5 mM acetyl-CoA. 100 pg/nL gfp mRNA with 5 mM sodium butyrate. Lysis buffer
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(containing 1% sodium dodecyl sulfate (SDS), 150 mM NaCl, 5 mM ethylenediaminetetraacetic
acid (EDTA), 20 mM Tris-HCI). Digestion buffer (containing 50 mM ammonium bicarbonate
adjusted to pH 8 with Tris).
4.3.3 X laevis frog care and embryo preparation

X. laevis animal care and handling followed the requirements and regulations of the
Institutional Animal Care and Use Committee (IACUC) of the University of Maryland (IACUC
No. R-FEB-21-07). Embryos were obtained via natural mating induced by human chorionic
gonadotropin (hCG).'"*! The obtained embryos were removed of jelly coating using 2% cysteine
(pH 8).'*! 2-cell embryos displaying stereotypical cleavage and pigmentation were cultured in
100% SS under 14 °C until the 16-cell stage for microinjection. !
4.3.4 Needle preparation, calibration, and embryo injection

Borosilicate glass capillaries (Sutter Instrument, O.D./I.D.: 1.0 mm/0.50 mm) were pulled
by a micropipette puller (P-1000, Sutter Instrument) using the following settings: heat = 495;
pull = 30; velocity = 60; time = 150; pressure = 200. Pulled needles were cut off 60 units using
sharp forceps under 40x magnification, filled with 1 pL injection solution, and calibrated to
ensure 1 nL per injection following the established procedure!*!. The injection solution was 0.5%
Dextran Alexa Fluor 488 for the control group while the injection solution was 0.5% Alexa Fluor
488 with 50 mM methionine for the experimental group. 16-cell stage embryos showing
stereotypical cleavage and pigmentation were placed in an injection plate filled with 3% Ficoll in
100% SS for microinjection. For the negative control group, both the left and right D11 cells
were injected with 1 nL of 0.5% Dextran Alexa Fluor 488. Similarly, both the left and right V11

cells were injected with 1 nL of 0.5% Dextran Alexa Fluor 488 for the positive control group. In
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contrast, both the left and right D11 cells were injected with 1 nL of 0.5% Dextran Alexa Fluor
488 with 50 mM methionine for the experimental group.
4.3.5 Cell lineage tracing and embryonic dissociation

Both injected and uninjected embryos were raised to stage 13 in 50% SS. D11 and V11
cell clones were tracked and recognized using a fluorescence stereomicroscope. Embryos at
stage 13 were removed of the vitelline membrane first, followed by washing with ice-cold 1x
MMR solution, and transferred to a BSA-pretreated 12-well plate (Corning 3513) filled with ice-
cold Newport 10.5 dissociation buffer.” For the best dissociation efficiency, each well contained
no more than 6 embryos. To minimize cell lysis during dissociation, wells were sealed with
parafilm to remove air. The sealed plates were vortexed (Genie2, Scientific Industries) for 5 min
on setting 3, followed by 15 min vortexing on setting 5 and 5 min vortexing on setting 7.
Embryos without injection were dissociated simultaneously.
4.3.6 Cell suspension preparation and FACS

The 12-well plates after dissociation were placed on ice for 10 min to let cells settle down.
The dissociation solution was removed as much as possible using a transfer pipette, followed by
adding 400 pL of 2% BSA in 1x PBS to each well immediately. The obtained cell suspensions
were transferred to 1.5 mL Eppendorf vials using a 1 mL Eppendorf pipette. To minimize sample
loss, each well was rinsed using 400 uL of 2% BSA in 1x PBS and the rinse solutions were
combined with the obtained cell suspensions in the Eppendorf vials. Afterward, vials were
centrifuged at 4°C, 400 xg for 5 min to form cell pellets. The supernatants were discarded to
remove the dissociation solution, and the pellets were added with 400 puL of 2% BSA in 1x PBS.
Sample vials were stored in an ice bath until FACS experiments. Cells were resuspended by

gently pipetting up and down using a I mL pipettor right before the FACS experiment. The
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obtained cell suspensions were filtered using a 40 um cell strainer (542040, Greiner Bio-One),
followed by transferring to 12x75 mm tubes for sorting. Cell suspensions from uninjected
embryos were processed in the same way and used as controls to determine the level of
background fluorescence and autofluorescence. Cell suspensions from injected embryos were
sorted based on cell size and fluorescence profiles. Both the fluorescently labeled and unlabeled
cells were collected in 12x75 mm tubes pre-filled with 600 pL of 2% BSA in 1x PBS in ice-cold
baths. The collected cell suspensions were transferred to 1.5 mL Eppendorf vials, followed by
centrifuging for 5 min at 4°C and 400 xg. The supernatant was discarded, and the obtained cell
pellets were added with 100 uL ice-cold LC-MS grade methanol to quench metabolism. Samples
were stored in a —80°C freezer immediately until metabolite extraction. Using the developed
sampling method, we collected 3 groups of samples including D11 Ctrl (from precursor D11
cells injected with green fluorescence dye only), D11 Exp (from precursor D11 cells injected
with green fluorescence dye and methionine), and V11 Ctrl (from precursor V11 cells injected
with green fluorescence dye only). Each group was collected with 5 or 6 biological replicates to
ensure sufficient confidence in statistical analysis.
4.3.7 Metabolite extraction and HILIC-ESI-MS analysis

The collected cells were taken from the —80°C freezer and dried at 4°C using a vacuum
concentrator (Labconco). 400 pL of a mixture of 40% (v/v) acetonitrile and 40% (v/v) methanol
in water were added to extract metabolites. Samples were vortexed for 30 s, and sonicated for 10
min in an ice bath, followed by 10 min incubation in the ice bath. This vortexing-sonication-
incubation process was repeated twice. Afterward, the samples were incubated in a —20°C
freezer for 1 h to precipitate proteins, followed by centrifuging for 10 min at 4°C and 13,000 xg.

The supernatants were transferred to an Eppendorf vial and vacuum dried at 20°C. The residues
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were reconstituted in 50 pL 95% (v/v) acetonitrile in water and centrifuged for 10 min at 4°C
and 13,000 xg. The supernatants were transferred to HPLC vials for HILIC-ESI-MS analysis
using a Waters ACQUITY UPLC I-Class system coupled to a time-of-flight (TOF) mass
spectrometry (MS) (Bruker timsTOF Pro). The samples were queued in an autosampler (4°C) in
randomized order and injected with 2 puL. Metabolites were separated by a Waters HILIC
column (ACQUITY BEH Amide, 1.7 pm, 1 mmx100 mm) (40°C) at a flow rate of 130 pL/min
under the following LC gradient: 0—0.5 min 95% B, 0.5-10min 95-40% B, 10—13 min 40% B,
13—15 min 40-95% B, 15-22 min 95% B. Mobile phase is: A = 0.1% formic acid (FA) in water
(LC-MS grade) and B = 0.1% FA in acetonitrile (ACN, LC-MS grade). LC-MS data were
acquired under the positive mode using an ion booster source (End Plate Offset: 500 V; capillary
4,500 V; nebulizer: 0.4 bar; dry gas: 4 L/min; dry temperature: 220°C): mass range, m/z 20—
1,000; spectra rate, 2 Hz. MS/MS experiments were performed using automated data-dependent
acquisition (DDA) with a spectra rate of 10 Hz and a threshold of 1,000 counts. Each biological
replicate was measured with 3 technical replicates.
4.3.8 Proteomic sample preparation and nanoLC-ESI-MS analysis

After metabolite extraction, the pellet for each sample was resuspended in 10 pL lysis
buffer and aspirated several times to lyse cells and extract proteins. Extracted proteins were
reduced with 0.4 pL 0.5 M dithiothreitol (DTT) at 60°C for 30 min and alkylated with 1.2 pL 0.5
M iodoacetamide for 20 min in the dark. Alkylation was quenched with the same volume of
DTT, and samples were vortexed immediately. Protein was precipitated with chilled acetone
overnight at —20°C and pelleted via centrifugation at 10,000 xg at 4°C for 10 min. The
supernatants were removed to waste and protein pellets were reconstituted in a digestion buffer.

Trypsin (0.75 ng) was added to each sample and proteins were digested at 37°C for 12 h. The
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resulting peptides were dried by centrifugal evaporation and quantified using a Take3 micro-
volume plate (Agilent Technologies, Santa Clara, CA). A pooled sample was created from
equimolar peptide amounts of all samples for quality control (QC) purposes. One pooled sample
was labeled as part of each batch of samples with Tandem Mass Tags (TMT)!%-plex (Thermo
Fisher Scientific, Waltham, MA; 25 ug peptides per sample). Samples were randomly assigned
to TMT reagent channels. Each sample was reconstituted to 1 ug/uL in 100 mM
triethylammonium bicarbonate and incubated with 0.2 mg of TMT for 1 h with vortexing for
labeling. The reaction was quenched with 2 pL. 5% hydroxylamine and incubated for 15 min
with vortexing. After labeling, the samples from each batch were combined and dried by
centrifugal evaporation. Each batch mixture (100 pg) underwent offline high pH reversed-phase
fractionation into 72 fractions using an Agilent 1260 Infinity II liquid chromatography (LC)
system coupled with a fraction collector (Agilent). TMT-labeled peptide mixtures were loaded
onto an InfinitiLab Poroshell HPH-C18 guard column (Agilent; 4.6x5 mm, 2.7 pm) and then
separated on an InfinitiLab Poroshell HPH-C18 column (Agilent; 4.6x150 mm, 2.7 um) at 0.5
mL/min over a gradient of 0—17 min, 0% B; 17—18 min, 0-7% B; 18-75 min, 7-35% B; 75-76
min, 35-100% B; 76—80 min, 100% B; 80—86 min, 100—0% B; 86—90 min, 0% B. Mobile phases
A and B were 10 mM ammonium bicarbonate in water and 90% ACN, respectively, both
adjusted to pH 10 with ammonium hydroxide. Fractions were collected between 17—85 min,
dried via centrifugal evaporation, and concatenated to 8 final fractions. Each fraction was
reconstituted in 0.1% FA for LC-MS? analysis. Fractions were injected in technical triplicate (1
ng each) for LC-MS? analysis on an UltiMate™ 3000 RSLCnano system (Thermo) coupled to an
Orbitrap Fusion Lumos mass spectrometer (Thermo) operated in positive mode. Fractions were

analyzed in random order. Peptides were loaded onto an Acclaim PepMap™ 100 C18 trap
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column (Thermo, 100 pmx2 cm, 100 A, 5 pm) at 5 uL/min and then were separated on a
UPAC™ column (Thermo; 200 cm) at 0.600 uL/min and 50°C over a 240 min gradient as
follows: 0—5 min, 1% B; 5-20 min, 1-7% B; 20—135 min, 7-25% B; 135-160 min, 25-32% B;
160—193 min, 32-45% B; 193-200 min, 45-75% B; 200-208 min, 75% B; 208-210 min, 75-2%
B; 210-240 min, 2% B. Mobile phases A and B were 0.1% FA in LC-MS grade water and ACN,
respectively. Full MS spectra were collected in the Orbitrap (400—1,600 m/z, 120,000 resolution).
MS/MS scans were collected in the ion trap in DDA mode with a 2.5 s cycle time using
collision-induced dissociation (CID; 35% normalized collision energy, 0.7 m/z isolation window,
turbo ion trap scan rate) with a dynamic exclusion of 60 s. The peptide monoisotopic peak
determination node was on and only precursor ions were required to have charges +2—+6 and an
intensity >5.0 x 103 to be considered for MS/MS fragmentation. MS? spectra were collected in
the Orbitrap using synchronous precursor selection (SPS) to simultaneously fragment the top 10
most intense fragments from the MS/MS spectra using higher-energy C-trap dissociation (HCD;
100500 m/z, 55% normalized collision energy, 50,000 resolution, 0.7 m/z MS isolation window,
3 m/z MS/MS isolation window). Precursor ions for MS? were selected from the 400—1,600 m/z
range with a £25 ppm exclusion mass width and precursor ions with a TMT tag loss were
excluded. All spectra were collected using the standard automatic gain control (AGC) target and
auto maximum injection time mode.
4.3.9 Data processing

The obtained metabolomics MS data files were processed using Bruker Compass
MetaboScape Version 4.0.4 to find molecular features (unique m/z and retention time) along with
peak intensity for quantitative analysis using the following setting: intensity threshold (1,000

counts); minimum peak length (10 spectra). Metabolite identification was based on accurate
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mass, isotopic pattern, and MS/MS matching'®? against the with METLIN database!! and
MassBank of North America (MoNA)'®? databases. The identification tolerance and scoring
were 10 ppm for m/z, 10-50 for mSigma, and 400-900 MS/MS matching score. Metabolite
standards were used for further confirmation of selected identified metabolites. The identified
metabolites were listed in Supplementary Table S1. MetaboAnalyst 5.0'° was used to perform
statistical analyses to identify metabolites with statistically significant changes (p-value < 0.05)
caused by injected methionine into D11 cell clones. Pathway analyses were conducted using
MetaboAnalyst 5.0 to map detected metabolites to known metabolic pathways on the KEGG
database.

RAW files for proteomics data were analyzed using Proteome Discoverer software
(version 2.2) with all fractions and technical replicates for each batch combined into one file for
analysis. Each batch file was searched against a concatenated database of X. /aevis proteins
including proteins from Xenbase'*® and the mRNA-derived Proteomic Reference with
Heterogeneous RNA Omitting the Genome (PHROG!%?), as well as a database of common
contaminants, using SEQUEST-HT. Dynamic modifications included in the search were TMT '°-
plex (229.163 Da) on peptide N-termini and lysine residues, methylation of lysine, histidine, and
arginine residues, oxidation of methionine residues, and acetylation of the protein N-termini as
well as the fixed modification of carbamidomethylation on cysteine residues. The search allowed
two trypsin missed cleavages and used mass tolerances of 10 ppm for precursor ions and 0.6 Da
for fragment ions. Only peptides with a false discovery rate (FDR) of <1% were included.

The TMT!-plex quantification method was used with corrections for the isotopic
impurities of the TMT lots used in these experiments. Reporter ions were quantified by intensity

with a signal-to-noise ratio of >30. Reporter ion intensities were normalized to the total peptide
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amount. Protein identifications in each batch were filtered to only include Master Proteins with
FDR <1% and >2 peptide spectral matches (PSMs), and to exclude contaminant proteins.
Quantified proteins were identified in all samples and had TMT reporter ion intensities for all
pooled samples and >3 biological replicates per group. The intensities for quantified proteins
were logio transformed and used to calculate fold changes and p-values between sample groups
using two-tailed Student’s #-tests. Fold-change cutoffs were calculated for each group
comparison based on technical and biological variation and replication'®*. Differentially
expressed proteins had p < 0.05 and met the defined fold-change cutoffs. Interactions among
differentially expressed proteins were predicted using STRING version 11.5'%. Gene Ontology
annotation and statistical overrepresentation analyses were performed for differentially expressed
proteins against Xenopus tropicalis using the PANTHER database'*® version 17.0 (released
02/22/2022).
4.3.10 Heavy isotope labeling to track the metabolic fate of methionine

16-cell embryos displaying stereotypical cleavage and pigmentation cultured from 2-cell
embryos were selected for microinjection. To track the fate of methionine, both left and right
D11 cells on 16-cell embryos were microinjected with 0.5% Alexa Fluor 488 containing 250
pmol heavy-isotope labeled methionine-'>Cs,'*N. The injected embryos were cultured to neurula
stage 13, followed by the dissection of fluorescently labeled D11 cell clones under a
stereomicroscope (SMZ18, Nikon) from 10 embryos. The dissected D11 cell clones underwent
metabolite extraction to use the supernatant layer for metabolomic analysis as mentioned above.
The extracted residue (pellet) was processed for bottom-up proteomic analysis as mentioned
above, except using a label-free approach instead of TMT quantification and without offline

fractionation. After digestion, resulting peptides were desalted using C18 spin columns
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(Thermo), dried via centrifugal evaporation, and reconstituted in 0.1% FA for LC-MS/MS
analysis. LC-MS/MS analysis was the same as the above LC-MS? analysis with the following
differences: full MS scan range 350—1,500 m/z and maximum injection time 50 ms, cycle time 3
s, +2—+7 charge states allowed, HCD-MS/MS spectra collected in the ion trap with 30%
normalized collision energy, 1.6 m/z isolation window, rapid ion trap scan rate, auto scan range
mode, and dynamic maximum injection time mode.
4.3.11 Functional studies and image scoring

To validate whether the revealed upregulated metabolites resulted in cell fate change of
neural precursor cells, right D11 cells in 16-cell embryos were microinjected with 1 nLL of 100
pg/nL gfp mRNA only for the control group. For the experimental groups, right D11 cells were
microinjected 1 nL of 100 pg/nL gfp mRNA along with 50 mM acetylcarnitine, 50 mM serine
and threonine, 5 mM acetyl-CoA, or 5 mM sodium butyrate, respectively. The injected embryos
were cultured under room temperature (21°C) in 50% SS to larvae stage 34, followed by fixation
by 4% paraformaldehyde in 1x PBS for 1 hour and washing with 1% PBS for 15 minutes. The
fixed larvae were imaged using a stereomicroscope (SMZ18, Nikon) for brightfield and green
fluorescence images. The obtained images were scored for neural and epidermal tissues
following a previous protocol: score 0 for tissues showing no fluorescently labeled cells; score 1
for tissues showing <10 labeled cells; score 5 for tissues showing many labeled cells; score 10
for tissues almost completely labeled.® Mann-Whitney test was performed to evaluate whether
there were statistically significant changes of tissue scoring induced by injected metabolites.
4.4 Results and discussion

To elucidate the molecular mechanisms underlying metabolite-induced cell fate, I

developed a workflow that combines microinjection, cell lineage tracing, embryonic
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dissociation, and FACS to track and isolate descendant cell clones of injected precursor cells
followed by LC-MS-based metabolomic and proteomic analysis (Fig. 4.2). Pathway and
statistical analyses were performed to reveal perturbed metabolic/proteomic changes by injected

metabolites, which provided insight into the molecular mechanisms of cell fate change actions.
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Figure 4.2 Simultaneous isolation of metabolites and proteins for LC-HRMS-based metabolomics and proteomics of isolated cell clones
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4.4.1 Developed and evaluated FACS-based sampling workflow for tissue-specific cell clones
isolation

I demonstrated microinjection combined with cell lineage tracing, embryonic dissociation,
and FACS was feasible to label and isolate tissue-specific cell clones from neurula-stage 13 X.
laevis frog embryos. To label and track tissue-specific cell clones, I microinjected (Fig. 4.3A)
green fluorescent dye into precursor cells in 16-cell stage embryos (Fig. 4.3B), followed by
fluorescence microscopy to track the fluorescently labeled cell clones over development at later
stages. Fig. 4.3B showed D11 cell clones labeled by fluorescent dye. By conducting embryonic
dissociation, we successfully obtained a cell mixture of fluorescently labeled and -unlabeled cells
from the injected embryos (Fig. 4.3C). To test the cell viability of dissociated cells, I performed

187 which showed that 95.6% of dissociated cells were viable.

the trypan blue exclusion tests
Further investigation of dissociated cells under a microscope, I found cells from neurula stage 13
embryos had diameters ranging from 10 to 35 um, which were compatible with workable cell
sizes by general FACS instruments. By using FACS, the green fluorescently labeled cells—
targeted cell clones were collected based on cell size, internal granularity, and fluorescence
profile (Fig. 4.3D). Fig. 4.3E was an example image of the FACS collected cell clones which
showed all the cells in the image were fluorescently labeled. Statistical analysis of multiple
fluorescent images of collected cells showed that the purity of FACS-sorted cell clones was

95.1% (192/202). Furthermore, the collected cells were determined to have cell viability of

92.9% according to the trypan blue tests. To check the potential sample loss during FACS, I
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Figure 4.3 FACS-based workflow to isolate targeted cell clones using microinjection, cell lineage tracing,
embryonic dissociation, and FACS. (A) Microinjector used to inject green fluorescent and/or methionine into both
left and right D11 cells. (B) Cell lineage tracing under a fluorescence microscope to track the cell clones of injected
cells. Left and right D11 cells in 16-cell embryos were labeled by green fluorescent dye as highlighted in red;
neurula stage 13 embryo with D11 cell clones labeled by green fluorescent dye was highlighted in red. Scale bar:
250 pm. (C) Cell mixture from dissociated neurula stage 13 embryos. Cell circled in red color are D11 cell clones.
Cell circled in yellow color are non-D11 cell clones. Scale bar: 50 um. (D) Illustration of FACS to isolated
fluorescently labeled cell clones. (E) Images of D11 cell clones sorted during FACS. Top: brightfield (BF) image;
Bottom: green fluorescent image. Scale bar: 200 um. (F) Images of cells went to waste during FACS. Top:
brightfield (BF) image; Bottom: green fluorescent image. Scale bar: 200 pm.

collected and imaged cells that went to waste during FACS. The fluorescence image showed that
there was barely any sample loss (Fig. 4.3F). In summary, I established a workflow to isolate
tissue-specific cell clones from Xenopus neurula-stage embryos with high purity, high viability,
and minimal sample loss.
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