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Abstract

Single-cell mass spectrometry (MS) empowers the characterization of metabolomic changes as
cells differentiate to different tissues during early embryogenesis. Using whole-cell dissection and
capillary electrophoresis electrospray ionization (CE-ESI) MS, we recently uncovered metabolic
cell-to-cell differences in the 8- and 16-cell embryo of the South African clawed frog (Xenopus
laevis), raising the question whether metabolic cell heterogeneity is also detectable across the
dorsal-ventral axis of the 8-cell embryo. Here, we tested this hypothesis directly in the live
embryo by quantifying single-cell metabolism between the left dorsal-animal (D1L) and left
ventral-animal (V1L) cell pairs in the same embryo using microprobe single-cell CE-ESI-MS in
the positive ion mode. After quantifying ~70 molecular features, including 52 identified
metabolites, that were reproducibly detected in both cells among n = 5 different embryos, we
employed supervised multivariate data analysis based on partial least squares discriminant analysis
(PLSDA) to compare metabolism between the cell types. Statistical analysis revealed that
asparagine, glycine betaine, and a yet-unidentified molecule were statistically significantly
enriched in the D1L cell compared to V1L (p < 0.05 and fold change = 1.5). These results
demonstrate that cells derived from the same hemisphere (animal pole) harbor different metabolic
activity along the dorsal-ventral axis as early as the 8-cell stage. Apart from providing new
evidence of metabolic cell heterogeneity during early embryogenesis, this study demonstrates that
microprobe single-cell CE-ESI-MS enables the analysis of multiple single cells in the same live
vertebrate embryo.
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Introduction

Understanding the molecular mechanisms that drive early cell fate decisions, such as
formation of the body axes, has been a central goal in developmental biology. In particular, it
is important to understand how asymmetries in biochemicals and biomolecules within
different cellular domains of the embryo are translated into different cell types. Studies at the
gene and transcript level using various animal models have provided deep insights to the
molecular regulation of body patterning, but the specific molecules and the timing of their
expression during embryogenesis are yet to be fully understood. For example, in the South
African clawed frog (Xenopus laevis), a key model organism for cell and developmental
biology studies, early cell divisions demarcate the three primary axes of the embryo (right—
left; dorsal-ventral; anterior—posterior).1 The first cell division separates the 1-cell zygote
into left and right sides. The second cell division of the 4-cell embryo separates the dorsal
and ventral halves, and the third, equatorial division of the 8-cell embryo separates the
animal from the vegetal hemisphere, presaging the future anterior-posterior axis. Knowledge
of all the molecules, ranging from transcripts and proteins to small molecules (metabolites),
with their contribution to these cell fate decisions is key to understanding the processes
underlying the formation of the body axes.

Recent technologies in single-cell analysis provide powerful approaches for answering these
questions. Single-cell sequencing uncovered a number of transcriptomic asymmetries across
the animal-vegetal axis in the 8-, 16-, and 32-cell .X. /aevis embryo.2 3 These results suggest
that cell heterogeneity may be established in the cleaving embryo by translation of these
differentially located mRNAs, but to date we do not know if the transcriptomic differences
result in different levels of functionally important proteins and metabolites, the molecules
that drive cell fate decisions. Furthermore, a growing body of evidence highlights
metabolism as a key factor during the formation of cell fates, organogenesis, and normal
development.#-13 The complex dynamics between the transcriptome and proteomel# and
highly dynamic metabolomel® necessitate direct and fast analysis of these smaller
molecules, preferably in the live embryo. However, characterization of the single-cell
metabolome requires specialized bioanalytical technologies that are capable of high
sensitivity, molecular specificity, quantification, and particularly, scalability to single cells.
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Single-cell mass spectrometry (MS) technologies provide powerful insights into cell
metabolism. These analytical tools enable the unbiased and label-free identification of
diverse types of metabolites in single cells (reviewed in references1-20). For example,
matrix-assisted laser desorption ionization (MALDI)2L, secondary ion MS (SIMS)22, and
nanostructure initiator MS (N1IMS)23 were used to detect small molecules in single plant or
animal cells in a vacuum, whereas live single cells were measured under ambient conditions
using direct analysis approaches, such as live single-cell video MS24 25, single-probe MS26,
laser ablation electrospray ionization (LAESI) MS27, and variants of microsampling with
direct electrospray ionization (ESI)28-30, To aid molecular identifications, a subset of single-
cell analysis approaches added a separation step prior to metabolite detection. For example,
ion mobility MS facilitated the removal of isobaric interferences for single-cell analysis.3!
To improve detection sensitivity and quantification, we® 6 32 and others33-35 designed
microanalytical capillary electrophoresis (CE) instruments that enabled the separation of
metabolites prior to ionization by ESI, thus enhancing ionization efficiency and chemical
identification by removing spectral interferences before detection. Microanalytical CE-ESI-
MS allowed us to detect hundreds of metabolites in single cells that were dissected from the
8- and 16-cell .X. /aevis embryos, quantify previously unknown metabolomic differences
between cells across the animal-vegetal, dorsal-ventral, and left-right axes of the embryo,
and discover metabolites that can alter normal tissue fates.> 32 Most recently, we developed
“microprobe single-cell CE-ESI-MS” to enable, for the first time, the analysis of metabolites
in single cells directly in the live embryo.36 Microprobe CE-ESI-MS opened the door to
discovery and targeted experiments to help better understand the metabolic underpinnings
responsible for early patterning of the embryo.

Here, we built upon microprobe single-cell CE-ESI-MS to compare metabolism between
cells that reproducibly form dorsal versusventral structures during early development.
Specifically, we performed discovery metabolomics on the left dorsal (called D1L) and left
ventral (called VV1L) cells in 8-cell X, /aevis embryos. This technology allowed us to
perform these measurements on both cell types directly in the same live embryo, thus
enhancing statistical power by eliminating known metabolic variability between different
embryos.5: 15. 36 Multivariate and statistical analysis of the resulting quantitative data
revealed metabolites that were significantly differentially enriched between the dorsal and
ventral cells. Besides validating microprobe CE-ESI-MS for multi-cell analysis within the
same live embryo, these results provide new data on the formation of metabolic cell
heterogeneity during early embryogenesis.

Experimental

Chemicals

All compounds, including LC-MS grade acetonitrile, methanol, and water were purchased
from Fisher Scientific (Fair Lawn, NJ) unless otherwise noted. Calcium nitrite, cysteing,
Trizma hydrochloride, and Trizma base were from Sigma Aldrich (Saint Louis, MO).
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Steinberg’s solution (100%, v/v) and dejellying cysteine solution (2%, v/v) were prepared
using standard protocols.® The “metabolite extraction solutior” consisted of 40% (v/v)
acetonitrile and 40% (v/v) methanol. The CE “background electrolyte” contained 1% (v/v)
formic acid. The electrospray “sheath solutior”’ contained 50% (v/v) methanol and 0.1%
(v/v) formic acid. All solutions were prepared using LC-MS-grade water.

Animal Care and Embryo Collection

All protocols regarding the care and handling of animals were approved by the George
Washington University Institutional Animal Care and Use Committee (IACUC no. A311).
Adult male and female frogs (Xernopus laevis) were from Nasco (Fort Atkinson, WI) and
maintained in a breeding colony. Embryos were obtained by gonadotropin-induced natural
mating of male and female frogs. The jelly coats surrounding the embryos were removed
using the dejellying cystine solution following standard protocols.3” Dejellied embryos were
raised in a Petri dish containing 100% Steinberg’s solution and monitored using a
stereomicroscope until they reached the 4-cell stage. Embryos in which stereotypical
pigmentation clearly marked the dorsal-ventral and left-right axes with respect to
established cell-fate maps? 3841 were selected for analysis in this study.

Microprobe CE-ESI-MS

This study used the same microprobe CE-ESI-MS system that we recently developed and
validated elsewhere.38 Micropipettes were prepared by pulling borosilicate capillaries
(0.75/1 mm inner/outer diameter) to ~20 um diameter using a capillary puller (Model
P-1000, Sutter Instruments, Novato, CA). Each micropipette was mounted separately on a
three-axis micromanipulator (model TransferMan 4r, Warner Instruments, Hamden, CT) to
position its tip into identified cells in the embryo. A portion of the cell content was
withdrawn by applying negative pressure to the micropipette using a microinjector (model
PLI-100A, Warner Instrument, Hamden, CT). The tip of the micropipette was withdrawn
from the cell and the aspirate was expelled into a microvial containing 4 pL of chilled
metabolite extraction solution (4 °C), which we previously found to efficiently extract small,
polar metabolites.32 The vials were vortex-mixed for ~1 min at room temperature,
centrifuged at 8,000 x g for 5 min at 4 °C to pellet cell debris before storage at —80 °C until
analysis. A 10 nL portion of the cell extract was analyzed using our custom-built CE-ESI-
MS system following protocols reported elsewhere.5 32 Molecules were electrophoretically
separated by applying 22.5 kV across a 100 cm bare fused silica capillary (40/105 pm inner/
outer diameter, Polymicro Technologies, Phoenix, AZ) filled with the background
electrolyte. Compounds were ionized in the positive ion mode using a grounded sheath-flow
CE-ESI interface that we recently described in detail®. This interface used 50% methanol
containing 0.1% (v/v) formic acid at 1 uL/min as the sheath solutionand -1,700 kV as spray
voltage (applied to the mass spectrometer’s orifice plate). Generated ions were detected in a
quadrupole orthogonal-acceleration time-of-flight mass spectrometer (Impact HD, Bruker
Daltonics, Billerica, MA) with a survey scan rate of 2 Hz. The mass spectrometer was tuned
and mass-calibrated to <1 ppm accuracy following vendor instructions. Tandem MS
experiments used 12-18 eV energy for collision-induced dissociation with nitrogen as the
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collision gas. CE-ESI-MS performance was validated daily using 300 amol acetylcholine as
described earlier.> The quantitative reproducibility of microprobe single-cell CE-ESI-MS
was ~8.2% relative standard deviation (RSD) based on technical replicate analysis of the
same extract, which was sufficient to assess quantitative biological variability (~42.5%
RSD) between cell types from different embryos.36 All metabolite measurements were
conducted over a 2-day period under identical experimental settings. Each metabolite extract
was measured in technical duplicates.

Data Analysis

MS-MS/MS data were processed as detailed elsewhere.32 Primary data were calibrated to <
1 ppm accuracy (high performance calibration mode) using sodium formate ions. Molecular
features were semimanually searched between /m/z 50-500 with 5 mDa increments using a
custom-written script3® in Compass Data Analysis (Bruker). The accurate 771z value and
migration time of each molecular feature and the corresponding under-the-curve peak area
were noted. The resulting metadata were analyzed in MetaboAnalyst version 3.042 using
sum-normalization and autoscaling prior to principal component analysis (PCA), partial
least squares discriminant analysis (PLSDA), and/or statistical analysis (paired Student’s #
test, p < 0.05 for significance).

Results and Discussion

The overall goal of this study was to assess metabolic cell heterogeneity in the early
vertebrate embryo using /n situ single-cell MS. Understanding cell heterogeneity is
important, because molecular determinants underlying the establishment of developmental
axes of the vertebrate embryo are not fully understood, particularly at the level of
metabolites.? By dissecting identified single cells from X /aevis embryos and characterizing
their small molecules using CE-ESI-MS, we recently uncovered surprising metabolic
differences between cells that are located along the animal-vegetal and dorsal-ventral axes
in the 16-cell X. /aevis embryo and discovered small molecules that are able to alter normal
dorsal-ventral tissue specification.> Additionally, this single-cell analysis strategy allowed
us to quantify metabolic differences between the left and right dorsal cells in the 8-cell
embryo.32 Based on these results, we proposed that dorsal-ventral cell heterogeneity is also
detectable at this early stage of embryonic development. Knowledge of such metabolic
differences as cells differentiate into dorsal vs. ventral structures would raise the potential
for functional experiments to determine the developmental significance of specific metabolic
pathways.

To test our hypothesis, we designed a single-cell analysis study using the 8-cell embryo of
X. laevis (Fig. 1). As a model, we selected the left dorsal (called D1L) and left ventral
(called V1L) cells, which are readily identifiable based on pigmentation, location in the
embryo, and established cell-fate maps for X, /aevis.l: 38.40. 41 \We employed microprobe
single-cell CE-ESI-MS3® to assess the metabolic composition of these cells in the live
embryo. Compared to whole-cell dissection, this technology offered several advantages,
including higher sensitivity by minimizing ionization interferences due to salts from the
embryo culture media, tracking of fast metabolism via ~50-100-times faster analysis, and /in
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situ analysis of differentiating cells enabled by minimally invasive microprobe sampling.36
Importantly, microprobe single-cell CE-ESI-MS raised the possibility for measuring
multiple cells in the same embryo,36 thus eliminating embryo-to-embryo metabolic
variability® 15, which in turn enhances statistical power and results interpretation.

We initially demonstrated that microprobe single-cell CE-ESI-MS enabled, for the first time,
the metabolic analysis of multiple cells in the same live X. /aevis embryo (see Fig. 1). Using
microfabricated capillaries (see Methods), we aspirated ~10 nL, or ~5% (v/v) of the D1L
and also the V1L cell from the same embryo. The collected cell content was expelled into 4
uL of chilled extraction solvent, in which small polar compounds were efficiently
extracted.> 32:36 A 10 nL portion of each extract, corresponding to ~0.01% of the single-cell
metabolome, was measured using CE-ESI-MS and our established protocols®6. Each cell
extract yielded ~200 nonredundant molecular features after excluding isotopic peaks and
non-covalent clusters. In this and our previous® 32 36 studies, we identified ~70 of these
features as small metabolites by comparing the accurate mass, fragmentation fingerprint
(high-resolution MS/MS by collision-induced dissociation), and separation time of features
detected in cell extracts against those measured using authentic chemical standards or
available in metabolomic MS/MS-MS databases (Metlin#3 and Human Metabolome
Database**). As an example, Figure 2 demonstrates the identification of asparagine based on
these orthogonal pieces of information. We used chemical standards and non-linear time
warping®® to align the migration time of molecular features that were detected in this work
to those that we recently disseminated through a CE-ESI-MS metabolite database for X,
laevis.3® The resulting accurate mass vs. aligned migration time data can be used to facilitate
the identification of yet unknown molecular features (UNK) in future studies.

These metadata allowed us to directly compare metabolism between the D1L and V1L cells.
Figure 3 exemplifies the separation of select metabolites that were identified in randomly
chosen D1L and V1L cells from two different embryos. The ion traces were normalized to
the total signal abundance of molecular features that were commonly detected between the
cells, enabling semiquantitative comparison of cell metabolism. Comparable normalized ion
abundances suggest that most detected features were present at similar concentrations in the
cells. Such compounds included small acids (e.g., aspartate and glutamate), amino acids
(e.g., lysine, arginine, and histidine), and other metabolites involved in energy and synthesis
(e.g., carnitine and guanine). In comparison, putrescine and spermidine gave higher ion
signal abundance in the D1L cell, whereas creatine and hydroxyproline were more abundant
in the V1L cell. These differential chemical profiles indicated slight, but appreciable
metabolic activity differences between the dorsal and ventral cells.

These profiling results warranted a systematic comparison of dorsal vs. ventral cell
metabolites by using a larger cohort of embryos. We used microprobe single-cell CE-ESI-
M58 to analyze D1L and V1L cell-pairs in each of n = 5 different 8-cell X, /aevis embryos
(a total of 10 samples) derived from two pairs of parents. Each cell extract was measured in
technical duplicates (same cell measured twice by CE-ESI-MS) to enhance quantitative
repeatability and statistical power during data analysis. The resulting 20 high-resolution MS
data sets allowed us to relatively quantify metabolites between the cells. We focused data
analysis to the ~52 metabolites that we had identified in the X. /aevisembryos in a recent
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study36 and an additional 18 randomly selected molecular features that were consistently
detected and quantified in at least 50% of all the cells measured in this study. Under-the-
curve peak areas were integrated for these metabolites based on selected ion
electropherograms (+ 5 mDa tolerance), which serve as a quantitative proxy for endogenous
concentrations in CE-ESI-MS34,

Next, we tested metabolic cell differences by developing multivariate data analysis models
(Fig. 4). Unsupervised PCA was selected as a first-step discovery tool. The first three most
significant principal components (PC) accounted for 23.6%, 20.9%, and 12.2% variance in
the data. With ~45% of variance explained, PC1 and PC2 were sufficient for this study. Data
points corresponding to the individual cell types formed overlapping data clusters in the
PCA scores plot (Fig. 4A). In the PCA loadings plot, molecular features were scattered
around the origin (data not shown). These results indicated that the D1L and V1L cells
exhibited similar metabolic activity states based on the 70 selected molecular features. To
appreciate potential finer differences between the cells, we also performed a targeted
analysis. A supervised model based on partial least squares discriminant analysis (PLSDA)
sufficiently discriminated the two cell types. As shown in Figure 4B, the D1L and V1L cell
types were separated in the first two most significant dimensions (see left panel). This
allowed us to use variable importance on projection (VIP) to find molecular features that
were most differentially produced between the cell types. The top 20 most significant
features are shown in Figure 4B (right panel), and were primarily enriched in D1L.

These results complement known metabolic cell heterogeneity in the X. /aevis embryo.
Based on whole-cell dissection and CE-ESI-MS® 32, we previously quantified proline, cis-
and trans-urocanate, serine, and phenylalanine enriched in the midline dorsal-animal (D11)
cell compared to the midline ventral-animal cell (V11) of the 16-cell embryo. Metabolic
profiles revealed a similar trend for these compounds in the 8-cell embryo in this study:
these metabolites were detected in higher abundance in the D1L cell compared to the V1L,
which is the precursor of the D11 cell.38: 40. 41 |_jkewise, serine and threonine of the glycine,
serine, threonine metabolic pathway were accumulated in the D11 cell. The V1L-enriched
putrescine was previously found at higher concentration in the V11 cell, which is a daughter
cell of V1L.38 40,41 These results also suggest hypotheses for future studies. For example,
isoleucine and leucine were previously found enriched in the left but not the right D1 cell32,
and here, we found these amino acids to be more abundant in the left D1 cell compared to
the left V1 cell, suggesting metabolic gradients across the dorsal-ventral and left-right axes
of the 8-cell embryo. Conversely, triethanolamine was found to be more abundant in V1L vs.
D1L in this study, and we earlier detected this compound more abundantly in D1L vs. D1R,
which suggests that this metabolite is enriched on the left compared to the right side of the
embryo. These hypotheses are testable via follow-up targeted metabolic experiments.

Finally, we calculated the statistical significance of the observed metabolic cell differences.
We performed pairwise Student’s #test analysis on the normalized data. Of the 70 selected
features, including 52 identified metabolites, that we focused on in this experiment, we
found three features to be statistically enriched in D1L compared to V1L cells in all five
embryos (p < 0.05). Statistical results are listed in Table 1. The relative abundance of these
compounds is compared in Figure 5. These metabolites included glycine betaine, asparagine,
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and a yet-unidentified molecular feature (UNKO1) with /7/290.0550 (+ 1 ppm) at 16.3 min
separation (after alignment to data reported in reference36). Metlin%3 metabolomics database
provides 7 putative candidates for this accurate mass with 10 ppm mass tolerance (last time
of search: March 27, 2017), which were the following: alanine, p-alanine, lactamide, N-
hydroxymethyl-N-methylformamide, nitropropane, sarcosine, and urethane. By comparing
the migration time to the related standards, we excluded sarcosine and alanine for this
feature. Besides demonstrating the utility of microprobe CE-ESI-MS to study metabolism in
single cells in the live vertebrate embryo, these results reveal appreciable metabolic cell
heterogeneity along the dorsal-ventral axis of the 8-cell X. /aevisembryo.

Conclusions

This work demonstrated, for the first time, that microprobe single-cell CE-ESI-MS enables
in situ and repeated sampling of up to two different cells in the same live X. /aevis embryo.
This approach empowers statistical data analysis and results interpretation by eliminating
known embryo-to-embryo metabolic heterogeneity. Furthermore, discovery metabolomics
by single-cell MS revealed previously unknown cell heterogeneity across the dorsal-ventral
axis in the animal hemisphere of the 8-cell X. /aevis embryo. While we have focused results
interpretation to 70 consistently detected molecular features, including 52 identified
metabolites, this study obtained relative quantitative abundance information for ~200
metabolites to evaluate metabolomic cell heterogeneity in the embryo in future studies. As
continuous community efforts provide accurate mass and fragmentation fingerprint data for
an increasing diversity of compounds via metabolomics MS-MS/MS databases (e.g.,
Metlin*3, Human Metabolome Database*4, MycompoundID#3, or the NIST/EPA/NIH Mass
Spectral Library), we expect that the metadata from this work will enable the identification
of additional metabolites, including the yet unknown UNKO1 with differential enrichment
between D1L vs. V1L cells. In turn, these data set the stage for targeted metabolomics to
identify yet-unknown molecular features detected in the embryo as well as functional
experiments to test the developmental significance of these metabolites. The
interdisciplinary combination of bioanalytical chemistry and developmental biology affords
new potentials to understand key cellular processes, ranging from cell differentiation to
embryonic patterning and organogenesis.
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Statement on the novelty of this work

We uncovered previously unknown metabolic differences between dorsal and ventral
cells in the 8-cell vertebrate embryo using microprobe single-cell CE-ESI-MS.
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Figure 1.
Microprobe single-cell capillary electrophoresis (CE) mass spectrometry (MS) enabling

metabolic comparison of the left dorsal-animal (D1L) and left ventral-animal (V1L) cell in
the same 8-cell Xenopus laevis embryo. Scale = 250 pm.
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Figure 2.

m/z

Identification of metabolites based on accurate mass, fragmentation fingerprint, and
migration time information. This example shows the identification of a molecular feature

that was detected in the D1L cell as asparagine.
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Figure 3.
Metabolite detection in single cells by microprobe single-cell CE-ESI-MS. The

electropherograms exemplify the separation of select metabolites in a single D1L and V1L

ce

Il. The ion traces were normalized to the total ion signal in each experiment. Migration

times were aligned to a custom-built metabolite database using chemical standards.36 Key:
SAM, S-adenosylmethionine; AcCho, acetylcholine; AcCar, acetylcarnitine; CR, creatine;
HPX, hypoxanthine; GB, glycine betaine; HYP, hydroxyproline; GSH, glutathione.
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Figure 4.

Multivariate data analysis of metabolites in dorsal-animal (D1L) vs. ventral-animal (V1L)
cells. (A) Unsupervised principal component analysis score plot revealed similar global
metabolic composition. (B) A supervised model based on partial least squares discriminant
analysis (PLSDA) successfully discriminated D1L from V1L cells (left panel). The scatter
plot shows the top 20 most significant metabolic features that discriminated the cell types
(right panel). Molecular features pending identification are labeled as UNKO1 (17/290.0550
at 16.31 min), UNKO02 (/772 106.0859 at 17.28 min), and UNKO03 (/7/2101.0083 at 11.30
min). Key to score plots: Numbers represent the order in which the cells were microprobed
in this study; Technical duplicate measurements are connected. Ellipses mark 95%
confidence intervals.
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Figure 5.

VIL DIL

Metabolic markers for V1L and D1L cells detected by microprobe single-cell CE-ESI-MS.
Comparison of signal abundance for metabolites that were differentially enriched with
statistical significance (p < 0.05, fold change > 1.5). The metabolite labeled as UNKO01

measured /7772 90.0550 at 16.31 min.
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Table 1

Metabolites with differential enrichment between D1L vs. V1L cells. Key: p < 0.05 (Student’s t-test) marks
statistical significance; FDR, false discovery rate.

Metabolite t.stat p -10xlogl0(p) FDR

Asparagine 3.3891 0.0080 20.96 0.30025
UNKO1 3.3549 0.0085 20.73 0.30025
Glycine betaine  2.3318 0.0446 13.50 0.53214
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