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1 | INTRODUCTION

Abstract

In solid organs, cells of the same “type” can vary in their molecular phenotype.
The basis of this state variation is being revealed by characterizing cell features
including the expression pattern of mRNAs and the internal distribution of pro-
teins. Here, the variability of metabolic state between cells is probed by enzyme
activity profiling. We study individual cells of types that can be identified during
the post-mitotic phase of oogenesis in Xenopus laevis. Whole-cell homogenates
of isolated oocytes are used for kinetic analysis of enzymes, with a focus on the
initial reaction rate. For each oocyte type studied, the activity signatures of glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) and malate dehydrogenase 1
(MDH1) vary more between the homogenates of single oocytes than between re-
peat samplings of control homogenates. Unexpectedly, the activity signatures of
GAPDH and MDHI strongly co-vary between oocytes of each type and change
in strength of correlation during oogenesis. Therefore, variability of the kinetic
behavior of these housekeeping enzymes between “identical” cells is physiologi-
cally programmed. Based on these findings, we propose that single-cell profiling
of enzyme kinetics will improve understanding of how metabolic state heteroge-
neity is related to heterogeneity revealed by omics methods including proteomics,
epigenomics, and metabolomics.
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hepatocytes varies according to their location along the axis

Much of what is being done to understand organ func-
tions focuses on characterization of the “types” of cells
they include. A recent development has been to try to deci-
pher how single cells of the same type can diverge in their
“state.”’ We already know that variability of state is phys-
iologically meaningful. For example, the metabolic state of

of liver lobules that extends between the central and por-
tal veins, and this diversity of state is a hallmark of normal
liver function.* This paper focuses on the potential utility of
single-cell analysis of enzyme kinetics for probing the diver-
sity of metabolic state of post-mitotic cells of the same type.

The nature of state differences between individual cells
is now being explored using a plethora of high throughput
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analytical methods. With respect to metabolism, charac-
terization of cell state can involve integration of data ob-
tained by single-cell measurements of metabolite, mRNA,
and protein abundance with existing knowledge of metab-
olism, including the kinetic properties of enzymes revealed
by studying purified proteins.>® Biochemical estimation
of enzyme kinetics for individual cells could conceivably
complement such approaches,” but has not been widely
used since an early proof of concept study using lysates
of isolated hepatocytes.8 Therefore, it remains unclear if
whole-cell biochemical profiling of enzyme kinetics will
yield much more than a catalog of enzymes that can vary
in state between cells of a specific type. Most importantly,
it is not known if this approach can be used to distinguish
variability as biochemical noise buffered by crosstalk in
the control system of metabolism from variability that is
programmed to increase cell fitness. Here, we address this
knowledge gap using a model system approach.

In our approach, the cell type used for enzyme analysis
is the Xenopus laevis oocyte.9 At full size, it has the same
volume as approximately 10° typical somatic cells.'® Pilot
work revealed that size is an important advantage of this
model cell type. Specifically, we found that the homoge-
nate of one isolated full-sized oocyte is sufficient for ki-
netic analysis of multiple enzymes. A further benefit of
using frog oocytes to study single-cell metabolism relates
to how oogenesis is programmed in Xenopus. Newborn
oocytes replicate their DNA and arrest in a G2-like divi-
sion state. Their subsequent growth and developmental
progress are reflected in three overt phenotypes: volume,
yolk granule content, and pattern of pigmentation. Based
on these phenotypes, oogenesis has been divided into six
successive stages (I-VI)."' The overt changes that mark
progression through these stages are accompanied by
changes of internal molecular phenotype related to met-
abolic wiring. Progression of cells from stage II to stage
IIT of oogenesis is characterized by a switch in how ATP
is generated for glycogen synthesis. Specifically, the fuel
source is glucose in stage II and stored yolk proteins there-
after."? A hallmark of the stage IV to V transition is acqui-
sition of competence to undergo hormonally stimulated
“maturation”. In stage VI oocytes treated with progester-
one, this process includes metabolic reprogramming.'***

We reasoned that cell-to-cell variability of metabolic state
could arise during oogenesis because this process involves
rewiring of metabolism between developmental stages. To
explore this possibility, we probed the metabolic state of
individual isolated oocytes at the same stage of oogenesis.
Metabolic state was assessed by assaying enzyme activity
in whole-cell homogenates. These assays yielded estimates
of three Michaelis-Menten parameters: initial reaction rate
Vo K, and V... They are referred to as “'v,, “'K,, and
CellVmax. The values obtained for these parameters are taken

as signatures of enzyme activity. They are not used to de-
velop mechanistic models of catalysis because enzyme iso-
types with different kinetic properties may make up the
whole-cell population of an enzyme. Nor are they taken
to reveal in vivo flux through GAPDH and MDHI1. Rather,
their values are compared to address a biological hypothe-
sis related to the proposition that multienzyme activity pro-
filing will advance understanding of cell heterogeneity. The
null statement of the biological hypothesis is straightfor-
ward: in oocytes of the same type, the potential of a house-
keeping enzyme to contribute to metabolism as a catalyst
does not vary between individual cells.

Single-cell activity signatures have been obtained for
the highly conserved enzymes glyceraldehyde 3-phosphate
dehydrogenase and malate dehydrogenase 1 (GAPDH and
MDH]1). GAPDH is a glycolytic enzyme, and MDH1 is a
component of the malate aspartate shuttle.">'® Both are
present at high concentrations in the cytosol and nucleus
of stage VI oocytes (Figure 1A)."”'® There were five im-
portant reasons for focusing this test case study on GAPDH
and MDHI. 1. Robust activity of these enzymes is detect-
able upon dilution of whole oocyte lysates into a reaction
cocktail based on a physiological homogenization and reac-
tion (HR) buffer. 2. The initial rates of GAPDH and MDH1
can be measured non-invasively by spectrophotometric
quantitation of their shared reaction component, NADH
(Figure 1A, v, =340nm). 3. The potential for variability
of GAPDH and MDH1 activity state is high because their
catalytic properties are controlled by multiple mechanisms.
These include acetylation, methylation, and redox state
in the case of MDH1.2 Phosphorylation, acetylation,
succination, methylation, malonylation, palmitoylation,
RNA binding, and redox state affect GAPDH activity.* >
4. Covariation of GAPDH and MDH1 activity, which could
reflect physiological coupling in the context of metabo-
lism, is highly plausible: both are NAD*/NADH-dependent
and several existing reports are consistent with their co-
regulation.*** 5. Finally, GAPDH and MDH1 are ex-
pressed in all analyzed tissues of the human body.** What is
learned about the oocyte enzymes might therefore inform
work aimed at characterizing metabolic heterogeneity of
other cell types. The results reported below for triplicate as-
says of GAPDH and MDHI1 in 144 individual oocytes from
four adult animals indeed encourage this expectation.

2 | MATERIALS AND METHODS
2.1 | Oocyte isolation, maintenance, and
imaging

All procedures were performed at room temperature.
Ovaries were removed from adult females (Xenopus
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FIGURE 1 Experimental approach for analysis of enzyme
activity in single oocytes. (A) Reactions catalyzed by cytosolic GAPDH
and MDH1. Enzyme concentrations in the oocyte nucleus and
cytoplasm are from Kirli et al. (B) GAPDH (35,698 kDa) and MDH1
(36,425kDa) are abundant in the oocyte. Isolated stage VI oocytes
were dissected to remove the nucleus and therefore obtain samples of
whole nuclei (Nuc) and whole cytoplasms (Cyto) for Western blotting
analysis. As expected, both enzymes are present in the nucleus and
cytoplasm.'”'® Sample amount 1 =content of 1 nucleus or cytoplasm.
*cross-reacting bands likely are processing products of vitellogenin,
which oocytes take up by endocytosis. The GAPDH lanes are from a
single blot. (C) Representative progress curves for GAPDH (left) and
MDH]1 (right) activity in homogenate of a single-stage VI oocyte. The
pullouts show NADH synthesis (GAPDH) and consumption (MDH1)
during the first 5 min of the reactions; these data were obtained in
triplicate and the slopes of the linear trendlines averaged to obtain
the initial reaction rate for the pool of an enzyme in a whole cell. This
estimate is referred to as “,. The A,,, readings for MDH1 progress
curves are brought into the negative range by subtraction of the
blanks. (D) Homogenates of six stage VI oocytes. Samples of these
turbid homogenates were diluted for enzyme assays.

One, MI, U.S.A.) according to a protocol approved by the
Health Sciences Animal Care and Use Committee of the
University of Alberta (AUP 00000942). In this protocol,

ASEBsioAdvances o WILEYE

animals are anesthetized using tricaine methanesulfonate
and then euthanized by decapitation. Oocytes were re-
leased from their follicles by collagenase treatment (2 h
with 3 mg/ml collagenase and 1 mg/ml bovine serum
albumin [BSA] in OR-2 medium; 5mM Hepes-NaOH
pH 7.8, 82.5mM NaCl, 2.5mM KCI, 1mM MgCl,, 1 mM
CaCl,, 1mM Na,HPO,).*> Somatic cells still associated
with oocytes were then removed by gentle rocking on
a sandpaper surface under OR-2 medium (Liu and Liu,
2006).*° DAPI staining (1 mg/ml) of randomly selected
oocytes confirmed detachment of somatic cells. Oocytes
were maintained in OR-2 with penicillin and streptomy-
cin (100 pg/ml each) until use within 3 day after isolation.
They were imaged using a MZ6 dissecting microscope,
IC90 E camera, and Application Suite v.4.12.0 (Leica).
Oocyte diameter was estimated from these images.

2.2 | Preparation of single-cell
homogenates

Individual oocytes were washed in fresh OR-2 and then
placed into “Homogenization and Reaction” (HR) buffer.
HR buffer is “Isolation Medium with Mg*™” (IM; 83.0mM
KCl, 17.0mM NacCl, 6.5mM Na,HPO,, 3.5mM KH,PO,,
1.0mM MgCl,, pH 7.4)*’ supplemented with 20% glycerol
and 1mM dithiothreitol (DTT). Stage IV and VI cells in
13.4 and 50 pl HR, respectively, were dispersed by 5 gen-
tle up-and-down pipettings into a 200 pl pipette tip and
then 5 s of vortexing at 3200 rpm. Stage II cells were pro-
cessed differently because of their small size. They were
manually broken open in 5 pl HR using a P10 pipette tip
(this was done under a dissecting microscope). This was
followed by 5 gentle up-and-down pipettings into a P10
tip, addition of a further 5 pl of HR, and 5 s of vortexing at
3200 rpm. Homogenates of individual oocytes were stored
at —80°C until use.

2.3 | Enzyme activity measurement and
estimation of kinetic parameters

All assays were performed in Corning® 384 Well Deep
Well Plates (Sigma CLS3347) using a BioTek Synergy 4
with Hybrid Technology™ plate reader. After thawing,
oocyte homogenates were diluted on ice with HR buffer
(ice-cold) and manually added to plate wells. The frac-
tion of a single cell (by volume) that was assayed is as fol-
lows. GAPDH: Stage II—0.0512; stage IV—0.0032; stage
VI—0.0032. MDH1: Stage II—0.0512; stage IV—0.0064;
stage VI—0.0064. These cell amounts were dispensed in
10 and 20 pl for GAPDH and MDH]1, respectively. The
reader was configured to inject a cocktail containing the
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additional required reagents (substrates) and bring the
final reaction volume to 40 pl. All reactions were per-
formed in triplicate at room temperature, and absorb-
ance at 340 nm was recorded every minute. For GAPDH,
all assays were in IM containing 5% glycerol, 10mM
arsenate, and 1mM DTT. Arsenate was included to in-
hibit GAP consumption.*® The substrate concentrations
used were 6mM NAD'/2mM GAP (animals 1, 4) and
1mM NAD*/1mM GAP (animals 2,3). The blanks for
the GAPDH activity assay contained oocyte homogen-
ate but no substrates. All MDH1 assays were performed
in IM with 10% glycerol and 1mM DTT. The substrate
concentrations used were 0.25mM NADH/0.075mM
OAA (animals 1, 4) and 0.2mM NADH/0.25mM OAA
(animals 2,3). The MDH1 blanks contained substrates
but no cell homogenate (animals 2, 3) or cell homoge-
nate and NADH, but no OAA (animals 1, 4). To assess
technical reproducibility, enzyme assays were performed
in 18 wells (in triplicate) loaded with the same whole-
cell extract. Initial reaction rates were obtained from the
data for the first five minutes of a reaction. The plots of
MDH1 !y, at different OAA concentrations were ana-
lyzed using a nonlinear regression method for estimation
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of Michaelis-Menten kinetic parameters (GraphPad
Prism 9). A thorough discussion of the merits of this fit-
ting method for estimating K, and V., is available in
Kemmer and Keller (2010).* Varying the conditions of
assay did not affect any of the conclusions drawn in this
study. Importantly, technical reproducibility for stage
VI homogenates varied little between the sets of condi-
tions used (GAPDH for animals 1, 4 and 2, 3: relative
standard deviation of v, =2.08 and 2.70%, respectively;
MDH]1 for animals 1, 4 and 2, 3: relative standard devia-
tion of v, =2.77 and 2.74%, respectively). Interestingly
in the experiment in Figure 2A, the average activity of
MDH]1 for samples of the technical replicate homogen-
ate (0.027 AA;,y,n/min) was higher than the average ac-
tivity for the 18 individual cell homogenates (0.010 and
0.009 AA,,0,/min, animals 2 and 3). This difference
may be due to the subtly different physical conditions
for homogenization of individual cells (single-cell anal-
ysis) and pools of 18 cells (technical replicate sample).
For single-cell analysis, oocytes were homogenized in a
small volume of buffer in 600 pl tubes. The technical rep-
licate samples were prepared in an 18-fold more buffer in
a 1.5 ml tube. Thus, the preparation of the single-cell and
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FIGURE 2 Variability of GAPDH and MDH1 ', (whole-cell initial rate) in individual stage VI oocytes. (A) Two sets of 18 oocytes
were analyzed, each from a different animal. Each oocyte homogenate was assayed separately for GAPDH and MDHI1 activity to obtain
celly - as the change in absorbance at 340 nm with time (AA,,,/min). The !, data for GAPDH and MDH1 are shown in the left and middle
panels, respectively. Technical reproducibility (right panel) was assessed by assaying enzyme activity in 18 aliquots of a control homogenate
prepared from multiple oocytes. RSD, relative standard deviation (shaded in gray). (B) Relationship between variability of GAPDH and
MDHI “; in individual stage VI oocytes of animal 2 of this study. (C) Relationship between variability of GAPDH and MDH1 v, in
individual stage VI oocytes of animal 3 of this study. In panels B and C, dot colors for individual cells were randomly assigned by Excel.
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technical replicate homogenates differed with respect to
homogenization tube size, geometry, and homogenate
volume relative to tube volume. These differences could
have affected the amount of MDH1 activity detectable in
the lysates. No such effect is observed for GAPDH, which
served as the test enzyme when we developed the ho-
mogenization methods. We have not tested alternative
methods for preparing the technical replicate sample.

2.4 | Western blotting

Whole oocyte nuclei and cytoplasms were dispersed and
diluted in HR buffer. After addition of 5X load buffer
(0.25M Tris-HCI pH 6.8, 10% wt/vol SDS, 50% vol/vol glyc-
erol, 0.5 M DTT, 0.25% wt/vol bromophenol blue), 12.5 pl
samples were denatured for 15min at 65°C and resolved
in SDS-12% polyacrylamide gels. Proteins were blotted to
nitrocellulose in 25mM Tris base, 190mM glycine, 20%
methanol (pH 8.2) using a Bio-Rad submarine transfer
module (GAPDH, overnight in cold cabinet; MDH1, 1 hr
with ice cooling). TBS with 0.1% Tween 20 and 4% BSA
(TBST) was used for blocking (GAPDH, 1 hr at room tem-
perature; MDHI, overnight in cold cabinet). Blots were in-
cubated for 30min in primary antibody in blocking buffer
at room temperature. GAPDH: 1:2000 mouse monoclo-
nal antibody raised against recombinant human GAPDH
(sc-47724, Santa Cruz Biotechnology Inc., note that human
and X. laevis GAPDH are 81% identical and 90% similar).*’
MDH1, 1:500 mouse monoclonal antibody raised against
a segment of human MDH1 with 91% identity to X. laevis
MDH]1 (sc-166879, Santa Cruz Biotechnology Inc., details
courtesy of the supplier). The secondary antibody was goat
anti-mouse IgG (H +L)-HRP conjugate (1706516, Bio-Rad)
at 1:2000 (GAPDH) and 1:8000 (MDH1) in TBST. Signals
generated by incubation in Amersham™ ECL™ Western
Blotting Detection Reagents were captured on film.

2.5 | Oocyte fractionation and
proteome analysis

Isolated stage V oocytes (end of stage V in pigmentation
and start of stage VI in size) were dissected under min-
eral oil (Sigma M-5904) according to Paine et al. to obtain
near-native nuclei and cytoplasms.*’ Whole cytoplasms
were dispersed in HR buffer (1 cytoplasm/25 pl HR buffer)
and centrifuged at 4°C (7,500 x g, 15min) for collection of
the S7500 supernatant. The proteome of six individual cy-
toplasmic S7500s was determined by LC-MS as previously
described for whole cells.** Relative abundance values as %
of total Y #PSMs were ranked using the PERCENTRANK.
EXC function in Excel 2016.
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3 | RESULTS
3.1 | Cellisolation, homogenate
preparation, and enzyme assays

Oocytes were isolated from animals by collagenase diges-
tion of ovary fragments and rolling on sandpaper to remove
all adherent somatic cells.*® The latter step minimized pos-
sible corruption of oocyte enzyme activity data by enzymes
in other cells. Oocytes are spherical cells. They were photo-
graphed before homogenization so that their volumes could
be determined and related to enzyme activity on a cell-by-
cell basis. Consistent with recent characterizations of the
Xenopus oocyte proteome,'® full-length GAPDH and
MDH]1 were readily detected by Western blotting analysis of
ensemble homogenates (Figure 1B).

In vitro assays for GAPDH and MDH1 activity were es-
tablished using representative homogenates of stage 11, IV,
and VI oocytes. The amount of HR buffer for homogeniza-
tion of stage IV cells was scaled to obtain the same buffer:
cell volume ratio as one stage VI oocyte/50 pl buffer. Cell
dispersion was limited to gentle pipetting and vortexing.
GAPDH was assayed in the direction of NADH synthesis
(GAP consumption), and MDH1 activity was assayed in
the direction of NADH and OAA consumption. Forty pl
assays were performed in 384-well plates with automated
substrate injection. For each enzyme, addition of both
substrates was required to detect activity. Reactions for
comparing Cellv0 between oocytes were performed under
saturating conditions of substrate and used amounts of
homogenate that yielded activity in the midrange of titra-
tions of lysate amount. All progress curves were generated
by averaging the data from three reaction replicates. Cellv0
data obtained in substrate titrations were used to calculate
cellg and 'V, using nonlinear regression for data fit-
ting® as implemented in GraphPad Prism. Representative
kinetic data for GAPDH and MDH1 in the homogenate
of a single-stage VI oocyte are shown in Figure 1C. The
full progress curves are for repeat assays using the same
amount of homogenate. The pullouts are NADH abun-
dance change during the linear phase of each reaction
(Figure S1 shows such plots for GAPDH and MDH1 in
18 oocyte homogenates). These results met our expecta-
tion that GAPDH and MDHI1 activity would be readily
detected in assays of diluted whole oocyte homogenate.
This expectation was encouraged by three facts. First,
GAPDH and MDHI1 are highly expressed in the oocyte
(Figure 1A). Second, metabolic tracer studies of isolated
oocytes have revealed high flux through GAPDH, and
high respiratory activity which would require operation of
the MDH1-dependent malate aspartate shuttle (Dworkin
and Dworkin-Rastl, 1989)."* Finally, robust activity of
NAD*/NADH-dependent enzymes has been obtained
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using whole-cell homogenates of mammalian cell popu-
lations (Board et al., 1990).*

3.2 | Assessment of variability

Sets of 18 cells at the indicated stages of oogenesis were
used to assess variation of . This sample size was cho-
sen based on the results of a study in which cell-to-cell het-
erogeneity of the response to progesterone was revealed by
studying groups of 14-19 oocytes.* The variation of Cellv0
between cell homogenates is reported as relative stand-
ard deviation, “'RSD. To evaluate the possible biological
meaning of any particular clIRSD value, it is necessary to
know the technical reproducibility of the assay ("RSD).
"RSD could be obtained from v, measurements of sam-
ples from a stock solution of purified enzyme. Such an es-
timate, however, is unlikely to be meaningful with regard
to enzyme activity in homogenates. That is because oocyte
lysates are very inhomogeneous compared to solutions of
purified enzyme. They contain the entire contents of the
cell and are turbid to the naked eye (Figure 1D shows six
stage VI homogenates). Therefore, in our experiments,
RSD was obtained from 18 measurements of v, for a sin-
gle control homogenate. Separate "RSD estimates were
made for stage II, IV, and VI control homogenates.

3.3 | Cell-to-cell variability of enzyme
activity signatures in isolated stage
VI oocytes

Estimates of “v, for GAPDH and MDHI1 in full-grown
oocytes of two animals are shown in the box and whisker
plots in Figure 2A (left and middle panels). The right panel
shows v, data for the technical replicates. We first con-
sider GAPDH (Figure 2A, red plots). The mean v, for the
18 technical replicate determinations of GAPDH activity is
similar to the mean v, for each set of 18 homogenates (0.016
compared to 0.017 and 0.019 AA,,, nm/min). Despite this
similarity, the variability of v, is much higher for each set
of individual oocytes than for repeat sampling of the single
control homogenate. Specifically, the “'RSDs are 6.74 and
12.6% while the "RSD is 2.70% (Figure 2A, gray boxes). For
animals 2 and 3, respectively, the variability of GAPDH “y,
is 2.5- and 4.7-fold higher than technical variability. It fol-
lows that oocytes at the same stage of development and cell
cycle position are not uniform with regard to the activity
signature of their whole population of GAPDH molecules.
The homogenates that were used to assess GAPDH
activity were also assayed for MDH1 activity (Figure 2A,
blue plots). The control homogenate has a higher mean v,
for MDH1 than GAPDH (Figure 2A, right panel). Assay

reproducibility, however, is similar for these enzymes
("RSDs of 2.70 and 2.74%, respectively). The variabil-
ity of MDH1 'y, between oocyte homogenates is 8.5-
and 5.9-fold higher than technical variability for MDH1
(Figure 2A, compare RSD values in middle and right-most
panels). Therefore, stage VI oocytes vary in the activity sig-
natures of both MDH1 and GAPDH.

From the data for each enzyme on its own, we cannot
say if the variability of !y, is likely: (1) to underlie physio-
logically meaningful divergence of metabolic programming
between cells, or (2) reflect in vivo biochemical noise. We
therefore generated scatterplots of the data for animals 2 and
3 tovisualize the extent of covariation of GAPDH and MDH1
celly, (Figures 2B,C; each data point is a cell). The cell-by-cell
correlation of GAPDH and MDHI1 activity is very high for
both animals (R* =0.7226, 0.7139). In other words, when
GAPDH activity is high in a cell, so is MDH1 activity. This
correlation would not be observed if v, for these enzymes
fluctuates randomly. We conclude that a biochemical con-
trol mechanism couples GAPDH and MDH]1 activity state in
isolated stage VI oocytes. It follows that variability of meta-
bolic state revealed by estimating the ce“v0 of housekeeping
enzymes GAPDH and MDH1 is a physiologically meaning-
ful axis of phenotypic heterogeneity of the full-grown oocyte.

One mechanism that could at least partly underlie
the covariance of “v, for GAPDH and MDHI in oocytes
would be co-regulation of enzyme expression. This pos-
sibility is supported by the results of an experiment in
which the proteomes of a low-speed supernatant from in-
dividual cytoplasms were characterized by liquid chroma-
tography coupled to tandem mass spectrometry (LC-MS;
data in Table S1). Late-stage V oocytes were used. They
were dissected under oil to obtain whole nuclei and cyto-
plasms.*! Centrifugation of cytoplasmic homogenates at
7500 x g yielded the low-speed supernatants (S7500s) for
analysis of cytoplasmic proteins. Analysis of cytoplasmic
S7500s was advantageous because yolk granule depletion
reduces the signal from vitellogenins which comprise ap-
proximately 90% of total oocyte protein.*>*® The relative
abundance of a protein was estimated by spectral count-
ing; for each sample, it is expressed as % of total Z# peptide
spectral matches (PSMs). The within-sample ranking of
these abundance estimates was also determined (% rank).

In this sample set, cross-contamination of cytoplasm
with nuclear material was minimal (compartment mark-
ers NASP and EEF2.1, Figure 3A). All cytoplasmic S7500s
contained GAPDH and MDHI1, and the abundance of
each enzyme differed substantially between many individ-
ual cytoplasmic S7500s (Figure 3B). Considering this vari-
ability, it is striking that MDH1 expression is lower than
GAPDH in every cytoplasm, and that GAPDH and MDH1
strongly co-vary in abundance. For example, GAPDH
abundance is at its highest and lowest in cytoplasms 1 and
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expected expression level in the cytoplasm. Six oocytes (late stage V) were dissected to obtain near-native nuclei and cytoplasms. The low-

speed supernatants of individual cytoplasms (cyto S7500) were then analyzed by LC-MS to obtain their proteomes. Protein abundance was

estimated by spectral counting (% of total X# PSMs) and ranked according to these estimates (%rank). (B) Relative expression of GAPDH and
MDHL1 in isolated cytoplasms (GAPDH, red dots; MDH1 blue dots). Fluctuation of GAPDH abundance is matched by fluctuation of MDH1
abundance. TKTL2, a pentose phosphate pathway enzyme, does not co-vary with either GAPDH or MDHI. For example, TKTL2 expression

is lower than GAPDH and MDH1 in cytoplasm 1, but higher than both in cytoplasm 3. The expression level of translation factor EEF2.1
is remarkably similar in the cytoplasms analyzed. (C) Relationship between the abundance of GAPDH and MDHI1 (% of total Z# PSMs)

cell

in isolated cytoplasms. (D) Relationship between

v, and cell volume for 18 stage VI oocytes (animal 3). Each dot is an individual cell.

Equations for the lines of best fit in 3C and D are presented in Table S2A,B.

3, respectively. These cytoplasms also rank as the highest
and lowest for MDH1 expression. The positive correlation
of GAPDH and MDHI1 abundance is readily apparent in
a scatterplot of the data (Figure 3C, R* =0.8895). Since
celly | for GAPDH and MDHI also co-vary (Figure 2B, C),
it is plausible that co-regulation of enzyme expression
level in the cytoplasm (Figure 3C) partly underlies the
co-regulation of v, for GAPDH and MDHI1 in whole-cell
homogenates. This possibility is strengthened by the fact
that the cytoplasmic pools of GAPDH and MDH1 account
for 96 and 94%, respectively, of the total cellular amount
of these enzymes (calculations based on published ensem-
ble protein concentration data and compartment volume
estimates).'” Interestingly, a study of 16 individual stage
VI oocytes revealed low cell-to-cell variability of GAPDH
mRNA expression compared to several other genes that
have not been assigned housekeeping functions (e.g., stat3
and pdk3).*” Post-transcriptional mechanisms may there-
fore underlie the heterogeneity of GAPDH protein expres-
sion revealed by our analysis.

For GAPDH and MDH], the strength of correlation of
celly ) (R? =0.7226 and 0.7139; Figure 2B, C) is lower than
for abundance of these enzymes (R* =0.890; Figure 3C).

This fact raises the possibility that the activity of either
GAPDH or MDH1 is limited (or induced) by a mechanism
unrelated to its abundance. Based on the observed cor-
relation of enzyme abundance and activity, we predicted
that v, for GAPDH and MDH1 would be positively cor-
related with cell volume. That is, large cells would contain
more GAPDH and MDHI1 than small cells and therefore
yield homogenates with higher values of “v,. Plots of cell
volume against “v, for GAPDH and MDHI reveal this
not to be true at stage VI of oogenesis (Figure 3D).

3.4 | Developmental

regulation of metabolic state variation:
evidence from the analysis of enzyme
activity signatures of isolated stage II,
IV, and VI oocytes

Some differentiation processes are characterized by dy-
namic changes in the variability of mRNA expression.**™>2
This fact prompted us to explore the possibility that fluc-
tuation of variability of GAPDH and MDH1 “v is a hall-
mark of oocyte development. Homogenates were prepared
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from cells at stages II, IV, and VI of oogenesis.11 Some
important distinguishing features of stage II, IV, and VI
oocytes are as follows. Stage II oocytes are 300-450 pm in
diameter. They are translucent because their content of
yolk and pigment granules is very low. Stage IV oocytes
are 600-1000 pm in diameter and heavily pigmented. They
contain an abundance of yolk granules. Stage VI oocytes
have reached the full size of the lineage (1200-1300 pm
diameter). Their pattern of pigmentation and yolk granule
content are stable over time. Developmental regulation of
enzyme activity signature was studied in cells from two
animals (Figure 4, animals 1 and 4; note that stage VI cells
analyzed in Figures 2 and 3 above were from animals 2
and 3). For each animal, staged oocytes were processed at
the same time after isolation.

The workflow for collection of stage-specific “'v, data
started with standardization experiments using stage-
specific control lysates. These titration experiments estab-
lished the volume of homogenate that yielded a midrange
v, value for each enzyme at each developmental stage.
These volumes differed between stages, and for the same
control lysate, the volumes differed between GAPDH and
MDHI1. Our goal to characterize cell-to-cell variability of
whole-cell enzyme activity (rather than enzyme mecha-
nisms) is not affected by these differences. It is worth not-
ing that standardization to lysate protein concentration is
not appropriate for comparison of cells at different stages
of oogenesis. That is because the total protein content of
oocytes increases dramatically after stage II owing mainly
to yolk protein (vitellogenin) accumulation in membrane-
bound yolk granules. These organelles are virtually ab-
sent at stage II but occupy half the volume of the oocyte
at stage VL.*® It follows that assaying the same protein
amount of stage II and stage VI homogenate would be as-
sociated with severe under-sampling of cytosolic proteins
at stage VI.

The developmental analysis of variability of GAPDH
and MDH1 “, in different oocyte types included stage-
matched control experiments. These technical replicate
experiments assessed initial rate variation associated with
repeat sampling of ensemble homogenates of each oo-
cyte type. The latter were prepared from pools of staged
oocytes by scaled up versions of the methods used to pro-
cess single cells. Eighteen aliquots were taken from each
technical replicate homogenate. These aliquots were then
subsampled for assay of GAPDH and MDH1 activity. For
each enzyme, the volume of control lysate assayed was the
same as the volume used to assay single-cell homogenates.

The !y, data for stage II, IV, and VI oocytes of animals
1 and 4 are shown in Figure 4A, along with the data for
the technical replicate controls. Figure 4B is a bar graph of
the “"RSD and "RSD values in Figure 4A (“'RSD as solid
bars compared to "RSD as hatched bars; GAPDH in red

and MDH1 in blue). At each development stage examined,
the heterogeneity of GAPDH and MDH1 activity obtained
by measuring Ce”vo of individual oocytes is greater than
the heterogeneity observed for multiple samples of a con-
trol homogenate (Figure 4B). High variability of “v, for
GAPDH and MDH]1 is therefore a general feature of cells
in the oocyte lineage. Remarkably, the magnitude of vari-
ability is not fixed during development. The strong trend
is for Ce“vo heterogeneity to decline as oocytes progress
from stage II to stage VI of oogenesis. This is true for both
MDH1 and GAPDH. In the case of MDHI1, the decline is
steady (Figure 4B, middle panel, blue plots). The decline
of “!'RSD for GAPDH is characterized by a sharp drop be-
tween stage II and IV (Figure 4B, red plots in left panel).
For animal 1, MDH1 “"RSD at stages I and IV is 5.57- and
2.34-fold higher than at stage VI of oogenesis. For animal
4, “IRSD at stages II and IV is 6.87- and 2.25-fold higher
than at stage VI. A provocative conclusion supported by
these data is that a programmed reduction of cell-to-cell
heterogeneity of metabolic state is a hallmark of the de-
velopment of G2-arrested oocytes.

3.5 | The strength of covariation of
GAPDH and MDH]1 activity signatures
depends on oocyte developmental stage

Covariation of GAPDH and MDH1 “!'v; was visualized for
the stage II, IV, and VI oocytes of animals 1 and 4 and the
corresponding technical replicate homogenates (Figure 5).
No covariation of GAPDH and MDHI1 v, was associated
with subsampling of any control homogenate (Figure 5,
plots at right; the highest R* was 0.0983). On the contrary,
covariation of GAPDH and MDH1 v, was a prominent
within-group feature of oocytes at the three developmental
stages examined (Figure 5, left-most and middle columns).
That is, the strength of the positive linear correlation be-
tween GAPDH and MDH1 “v, was as high as R* =0.9312
(stage II, animal 1) and not lower than R* =0.3927 (stage
IV, animal 4). Surprisingly, the strength of covariation of
Cellvo depended on developmental stage. It was highest in
stage II oocytes of both animals (R* =0.9312 and 0.7662;
Figure 5, top row of plots). For animal 1, the strength of
covariation of “, declined progressively to a minimum
at stage VI, while the R* values for stage IV and VI oocytes
of animal 4 were similar to one another (0.3927, 0.4044)
and lower than at stage II. The trend for strength of Cellvo
correlation for GAPDH and MDHI to decrease with stage
of development (Figure 5) is accompanied by a strong
trend of decreasing heterogeneity of GAPDH and MDH1
celly, (Figure 4). Thus, stage II oocytes which have the
highest variability of GAPDH and MDH1 !y, (Figure 4B,
cllRSD = 27.7 and 37.6%) also have the most robust
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type of oocyte, the variability of enzyme activity between individual cells was higher than the variability between replicate samples from the
corresponding control homogenate. For example, the RSD for GAPDH in the 18 stage II cells of animal 1 was 27.7% (top panel, left-most
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GILL AND SCHULTZ

1I—WILEY FASEB:oAdvances ——

Animal 1 Animal 4 Technical replicates
R2=0.9312 R2 = 0.7662 R2 =0.0003
0.04 - 0.06 - 0.032 -
] ° ] ] ©
— 0.05 - o~
SE 0.03 - ‘ ] ., SE 0.03 - %Oo .
S op ] 5 0.04 ; o TE s | OO
Stage Il S . s I s
T3 ] & 0.03 - Vi | a3 { 0@
. . = o)
=3 001 . - S 0026 -
~ ] 002 7 ..‘ ~ i O
0 , . 0.01 .'5. —_— 0.024 +— —_
0 0.02 0.04 0.01 0.02 0.03 0.04 0.035 0.038
R2 = 0.8324 R2 = 0.3927 R2 = 0.0205
0.045 - 0.045 - 0.043 -
— 004 oe? ] o0 . 0.042 1 %0
L. E o 0.04 - o =S 0.041 |
7 £ 0035 - % ' 0. FE 041y ~Bagg
StagelV . E 1 Q. 0.035 - — E  0.04 4 o 0 O
T S 003 &t 1 b ¢ L g 1 o
og ] of 0.03 ] o ° Eg‘" 0.039
E ] . - . -
S 00254 @ JCXC < 0.038 1 e
0.02 ————— 0025 +¥———r 0.037 +————
0.0225 0.0325 0018 0.021  0.024 0.027 0.0285 0.03
R? = 0.4869 R? = 0.4044 R2 =0.0983
0.06 - 0.062 - 0.058 -
1 1 ©
o€ 0.055 4 0.0585 ® o..-’ < 00564 o
= L 2.1 5
3 E 1 00c9.& = E 1 0
StageVI = E 0051 @ g 0.055 1 ¥ T E 0.054 - o'"@;o
g 1 = > 0 o3 1 - el
=5 o045 { -¢% 00515 { ® o =3 o052 © o ©
= | o ~ i © @]
0.04 ——————  0.048 +H——"r— 0.05 +———————
0.029 0.035 0.022  0.027  0.032 0.031 0.033 0.035
GAPDH celly,, GAPDH celly,, GAPDH trv,,

(AA3400m/Min)

(AA3400m/min) (AA3400m/min)

FIGURE 5 Covariation of GAPDH and MDH1 Cellv0 for oocytes at three stages of development. The data for individual cells from two
animals are shown in the left and middle columns. For the technical replicate controls (plots at right), eighteen aliquots of an ensemble
homogenate of the indicated oocyte type were subsampled for separate assays of MDH1 and GAPDH activity. The highest variability of Cellv0
was for GAPDH in stage 1I cells (R* =0.9312). For the corresponding control homogenate R* =0.0003. Equations for the lines of best fit are

provided in Table S2C.

covariation of GAPDH and MDH1 'y, (Figure 5; stage II
R* =0.9312 and 0.8753 compared to stage IV R* =0.8324
and 0.3927). This pattern of association between variability
among observations and strength of correlation is expected
when the conditions appropriate for use of the Pearson
product-moment correlation coefficient are fully met.>

3.6 | The relationship between cell
size and enzyme activity signature at
different stages of oocyte development

Plots of cell volume against GAPDH and MDH1 “'ly,
for stage II, IV, and VI oocytes of animal 1 are shown

in Figure 6. As for animal 3 (Figure 3D), the whole-cell
activity signature of GAPDH and MDHI1 did not co-vary
with cell size at stage VI of oogenesis (Figure 6, bottom
row). Cell volume and “'v, were also poorly correlated at
stage II (Figure 6, top row). At stage IV, however, there
was a very robust linear correlation between cell vol-
ume and the “; of both GAPDH and MDH1 (Figure 6,
middle row). To summarize, cell volume and Cellvo were
poorly correlated at stage II, highly correlated at stage IV,
and poorly correlated at stage VI. Therefore, in addition
to programmed reduction of cell-to-cell heterogeneity
of GAPDH and MDH1 “; (Figure 4B), oogenesis may
be characterized by a transient increase (at stage IV) of
coupling between cell size control and the operation of
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Equations for the lines of best fit are presented in Table S2D.

Note that the R values shown here for stage VI oocytes of animal

1 approach those determined for stage VI oocytes of animal 3
(Figure 3D).

a module of metabolism that depends on GAPDH and
MDH]1 activity.

3.7 | ComHarison of estimates of

cellg  and °"V__ between single oocytes
celly is a signature of the kinetic behavior of the whole
population of an enzyme in a cell. It can be used to gain
insight into heterogeneity of the metabolic state of cells
(Figures 1-6). Theoretically, profiling of Michaelis-
Menten parameters such as K, and V., might also re-
port on metabolic state variability (even if the existence
of multiple enzyme isotypes in a cell precludes rigorous
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analysis of catalytic mechanisms). To explore this pos-
sibility, Michaelis-Menten plots of substrate titrations
into homogenates were used to obtain estimates of
cellg and v . for MDHI in two stage VI cells (cells
8 and 16 of animal 2; Ce“vo data in Figure 2). As exem-
plified by the data for cell 8, OAA titration into whole-
cell homogenate yields a robust set of progress curves
(Figure 7A). The values of “"K_ and “'v _, obtained
from these curves differ between the oocytes by 3.12-
fold and 2.63-fold, respectively (Figure 7B). Therefore,
the usefulness of kinetic analysis for exploring cell-to-
cell variability of metabolic state extends beyond assess-
ment of initial rate.

4 | DISCUSSION

The key finding of this study is that whole-cell biochemical
profiling of two metabolic enzymes can reveal physiologi-
cal variation of enzyme activity state between individual
cells of the same type. This variation is manifest in iso-
lated oocytes as variation of GAPDH “v, between cells
and variation of MDH1 Ceuvo between cells. The activity
signatures of GAPDH and MDHI1 do not vary indepen-
dently. Rather, they are positively correlated in three types
of oocyte (at stages II, IV, and VI of development). It fol-
lows that the same regulatory system programs the “v, of
GAPDH and MDH1.

The observed variability of enzyme activity signature
between isolated oocytes of the same type is consistent
with two working models of causation. One is that single-
cell variability of “''v, is observed in isolated oocytes be-
cause this variability is a feature of normal oogenesis (that
is, isolated oocytes preserve normal in vivo variability of
enzyme programming). In the second model, the variabil-
ity is attributed to differences between cells in the pen-
etrance of a response triggered by cell isolation and/or
primary culture. This response modulates v, and varies
in strength between oocytes of the same type.

In terms of mechanism, both models of the cause of
co-regulation of GAPDH and MDH]1 activity can be ex-
tended to incorporate the concept of single-cell regulation
by niche or microenvironment. The precedent here is that
differences of in vivo niche can contribute to differences
of metabolic programming between normal somatic cells
of the same type and between cancer cells in a solid tu-
mor.>*® Variability of niche between oocytes is plausible
considering the architecture of the oocyte follicle. Each
follicle contains one oocyte and associated connective
tissue elements, follicle cells, blood vessels, and nerves
that are not directly shared with any other oocyte.”**’
Variability of any one of these features between oocyte
follicles could underlie single-cell variability of regulatory
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FIGURE 7 Profiling of MDHI “'K and ®!V, . from titrations of OAA into homogenates of two stage VI oocytes. (A) Representative
set of progress curves at increasing concentrations of OAA (cell 8). The expected dependence of NADH consumption on OAA concentration
is readily apparent. (B) Michaelis-Menten plot of data from OAA titration curves for the same amount of homogenate of cells 8 and 16. K,

and V., were estimated using nonlinear regression for data fitting.

mechanisms that influence the activity signatures of oo-
cyte GAPDH and MDHI1.

The way that niche is expected to template oocyte to oo-
cyte variability of GAPDH and MDH]1 activity signatures
differs between the model invoking Cellvo heterogeneity as
hallmark of normal oogenesis (the developmental model)
and the model in which ', variability reflects variabil-
ity of the response to isolation/primary culture (the stress
model). Under the developmental model, matching of
each oocyte to its in vivo niche partly involves metabolic
adaptation by co-regulation of GAPDH and MDHI1 v,.
Under the stress model, matching of each oocyte to its
niche shapes the wiring of cell defense systems that have
GAPDH and MDH1 as their targets. Cell-to-cell variabil-
ity of this wiring could account for the generation of vari-
ability of GAPDH and MDH1 “'v; upon oocyte isolation.
In addition, the higher correlation of GAPDH and MDH1
activity signatures in stage I compared to stage VI oocytes
could reflect niche maturation during oogenesis. The lat-
ter process (as described for mammalian oocytesss) would
reduce niche variability and promote a metabolic state
that does not demand tight coupling between GAPDH and
MDH1 activity signatures, or does not effectively prime
cell stress pathways that impinge on GAPDH and MDHI1.

Many physiological inputs could contribute to the
programming of GAPDH and MDH1 . The following
speculations highlight one possibility. As noted in the in-
troduction, enzyme oxidation state at redox-sensitive cys-
teines tunes the activity of both GAPDH and MDH1.*"*
Therefore, in addition to modulation of abundance
(Figure 3B, C), control of enzyme oxidation state is a plau-
sible mechanism for setting the strength of covariation of
celly . Metabolic activity in the cell is linked to control of
protein oxidation state in many ways. One is exposure to
redox reactive chemical species (RRS). The intensity of

this exposure depends on the steady state level of RRS in
the cell, which in turn depends on how they originate how
and how they are removed. Cell-to-cell variability of niche
could influence these processes in a way that affects co-
variation of GAPDH and MDH1 activity. Protein oxidation
state is also controlled by systems that remove oxidative
post-translational modifications. Cell-to-cell variability
of niche could influence the function of proteins in these
redox eraser systems. A difference between GAPDH and
MDHI1 in how strongly their activity is affected by oxida-
tion could account for the weakness of the correlation of
cell for GAPDH and MDH1 compared to their correlation
of abundance.

The physiological significance of coordinate regulation
of GAPDH and MDHI activity in oocytes has not been
determined, but clear possibilities are suggested by what
is known about metabolic programming in other cells.
For example, in an osteosarcoma cell line the activity of
MDHI1 as a component of the malate aspartate shuttle
partly depends on NADH produced by GAPDH. This de-
pendency intensifies under conditions of mitochondrial
dysfunction, as does the interaction of GAPDH and MDH1
measured by co-immunoprecipitation and co-localization
assays.**> Coordinated fluctuation of GAPDH and MDH1
activity may function in this context to integrate the pro-
gramming of cytosolic and mitochondrial metabolism.

In the present study, activity profiling of just two en-
zymes in whole-cell lysates has revealed a previously un-
known axis of variability between oocytes of the same
type. This success encourages further use of multienzyme
activity profiling to characterize cell-to-cell variability
of metabolic phenotypes. Work using the oocyte system
could be extended to address two general questions. 1.
Can it be informative to know the activity signatures of
more than two enzymes? The answer to this question
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could be obtained by studying isocitrate dehydrogenase
I and the pentose phosphate pathway enzymes glucose
6-phopshate dehydrogenase and phosphogluconate dehy-
drogenase (respectively, IDH1, G6PD, and PGD; in pilot
studies, all exhibited robust activity in ensemble homoge-
nates of stage V/VI oocytes). 2. Can understanding of cell-
to-cell variability of enzyme activity signatures be refined
by separately characterizing the nuclear and cytoplasmic
pools of enzymes? This question will be straightforward to
answer because GAPDH, MDH1, IDH1, G6PD, and PGD
are abundant in the oocyte nucleus'”'® and in our hands
exhibit high activity in homogenates of oil-isolated whole
nucleus and whole cytoplasm. A possibility we have not
addressed is whether the cells of a type exist in a contin-
uum of states defined by the activity profile of an enzyme,
as opposed to a set of distinct sub-states with sub-groups
of cells clustering around different averages of enzyme ac-
tivity (e.g., high- and low-activity subpopulations of stage
VI oocytes). In future work, profiling of larger numbers of
cells could expose such discontinuous distributions.

What has already been discovered using the oocyte
system encourages our expectation that multienzyme ac-
tivity signature profiling will also advance understanding
of developmental processes in mammals. Such a research
program could reasonably build on recent advances in ul-
trahigh throughput methods for directed evolution of en-
zymes. These advances include assay of enzyme activity
in lysates of single E. coli cells using a chemical sensor of
NADH and the use of a fluorescent protein-based sensor
of the NAD":NADH ratio to detect enzyme activity in re-
action droplets.”>*
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