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Figures and figure supplements

A highly responsive pyruvate sensor reveals pathway-regulatory role of the
mitochondrial pyruvate carrier MPC
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Figure 1. Characterization of PyronicSF. (A) PyronicSF. cpGFP flanked by linkers was inserted between amino acid residues 188 and 189 of PdhR. DNA
sequence in Figure 1—figure supplement 1). (B) Excitation spectra of PyronicSF in the absence and presence of 10 mM pyruvate. Data are mean + s.e.
m. from 3 protein extracts. (C) PyronicSF emission (488 nm excitation) as a function of pyruvate concentration. Data are mean + s.e.m. from 3 protein
extracts. The best fit of a rectangular hyperbola to the data is shown, Ky = 480 + 65 uM, maximum fluorescence change was 247%. The in vitro
saturation curve of the FRET sensor Pyronic is plotted in gray (San Martin et al., 2014a). (D) PyronicSF emission in the presence of metabolites and
transport inhibitors. Data are mean + s.e.m. from 3 protein extracts. (E) Pyruvate dynamics in mammalian cells. HEK293 cells expressing PyronicSF were
exposed to 10 mM pyruvate. Images show cells before and during exposure to pyruvate. Bar represents 20 um. Bar graphs summarize data (mean +s.e

20f 17

Arce-Molina et al. eLife 2020;9:e53917. DOI: https://doi.org/10.7554/eLife.53917


https://doi.org/10.7554/eLife.53917

ELlfe Tools and resources Cell Biology

| PdhR

Bl Linkers [ cpGFP

Figure 1—figure supplement 1. Nucleotide sequence of PyronicSF.
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Figure 1—figure supplement 2. Correction of the effect of pH on PyronicSF and a mutant of PyronicSF with reduced response to pyruvate but

conserved response to pH.
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Figure 2. MPC-mediated mitochondrial pyruvate transport in astrocytes. (A) Astrocytes co-expressing mito-PyronicSF (green) and mito-mCherry
(magenta). Bars represent 10 um. (B) Cultures were exposed to 3 mM pyruvate. Data correspond to mean +s.e.m. (4 cells in a representative
experiment). (C) Cultures were exposed to 3 mM pyruvate in the absence (black symbols) and presence of 10 uM UK-5099 (white symbols). Data are
mean + s.e.m. of 31 cells from eight experiments. Initial rates (%/min), estimated by fitting a single exponential function to the data (continuous lines),
were 32 + 4 (control) and 10 = 5 (UK-5099). (D) Cultures were exposed to 3 mM pyruvate in the absence (black symbols) and presence of 30 uM
rosiglitazone (white symbols). Data are mean + s.e.m. of 51 cells from nine experiments. Initial rates (%/min), estimated by fitting a single exponential

function to the data (continuous lines), were 78 + 6 (control) and 26 + 3 (rosiglitazone).
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Figure 2—figure supplement 1. Expression of mito-PyronicSF and mito-Pyronic in various cell types.
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Figure 2—figure supplement 2. Mitochondrial localization of mito-PyronicSF in astrocytes.
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Figure 2—figure supplement 3. Mitochondrial pyruvate uptake is slower than cytosolic pyruvate uptake.
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Figure 3. Steady-state mitochondrial and cytosolic pyruvate. Astrocytes expressing PyronicSF or Pyronic in mitochondria or cytosol were first incubated
in a buffer containing physiological concentrations of glucose (2 mM), lactate (2 mM) and pyruvate (0.2 mM), followed by removal of pyruvate by
accelerated-exchange with 10 mM lactate and exposure to 10 mM pyruvate. (A) Representative trace from a single astrocyte expressing mito-PyronicSF.
Data are shown as percentage of the maximum change (left) and pyruvate concentration (right), with reference to the response of the sensor obtained
in vitro (Figure 1C). (B) Representative trace from a single astrocyte expressing mito-Pyronic. Data are shown as percentage of the maximum change
(left) and pyruvate concentration (right), with reference to the response of the sensor obtained in vitro (San Martin et al., 2014a). (C) Steady-state
mitochondrial and cytosolic pyruvate concentrations measured with PyronicSF or Pyronic at physiological concentrations of glucose, lactate and
pyruvate, as illustrated in panels A and B. Data are from 131 cells in ten experiments (mito-PyronicSF), 59 cells in four experiments (cytosolic PyronicSF),
20 cells in seven experiments (mito-Pyronic), and 50 cells in five experiments (cytosolic Pyronic). (D) Mitochondrial pyruvate dynamics. Pyruvate enters
mitochondria (blue compartment) and is metabolized by PDH and the tricarboxylic acid cycle (TCA), or is carboxylated by PC. (E) Simulation of pyruvate
dynamics in response to PDH and MPC modulation. The effects of activating PDH and MPC by 100% on mitochondrial pyruvate concentration (top
panel) and on the fluxes of PDH and PC (bottom panel) are shown. Steady-state cytosolic and mitochondrial pyruvate were 33 uM and 21 uM. Cytosolic
and mitochondrial pH were 7.2 and 7.8. Steady-state PDH and PC fluxes were 0.91 and 0.29 uM/s. (F) Ultrasensitive modulation of PC flux by the MPC.
The curves show the degree of flux increase at PC and PDH relative to the degree of MPC activation. The shaded area under the PC curve indicates the
range of pyruvate concentrations at which PC flux increases more than 1% when MPC is activated by 1%. MPC dosage was normalized at 3.24 pM. (G)
Synergic effect of cytosolic pyruvate and MPC activity on PC flux. The effects of increasing cytosolic pyruvate and MPC activity by 100% on
mitochondrial pyruvate concentration (top panel) and on the fluxes of PDH and PC (bottom panel) are shown. The sums of the independent effects are
indicated by interrupted lines.
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Figure 3—figure supplement 1. Functional expression of the FRET sensor Pyronic in mitochondria.
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Figure 3—figure supplement 2. Intra- and inter-experimental contributions to cell-to-cell metabolic heterogeneity of astrocytes.
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Figure 3—figure supplement 3. No apparent correlation between PyronicSF expression and mitochondrial pyruvate concentration and consumption.
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Figure 3—figure supplement 4. Performance of PyronicSF in the low micromolar range.
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Figure 3—figure supplement 5. Sensitivity of PyronicSF and Pyronic.
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Figure 4. Measurement of mitochondrial pyruvate consumption rate in individual cells. (A) Time course of mitochondrial pyruvate level after an
astrocyte was exposed 5 mM pyruvate and then to 10 uM UK-5099. The new steady-state is represented on the right, as percentage of the level before
addition of UK-5099. Median = 62%. Data are from 29 cells in ten experiments. (B) An astrocyte incubated in 5 mM pyruvate was exposed three times
for 30 s to 0.5 uM UK-5099. Rates of pyruvate depletion are shown in red. The result of three similar experiments (9 cells) is shown below. (C) The rate of
mitochondrial pyruvate depletion induced with 10 uM UK-5099 was monitored before and after exposure to the proton ionophore FCCP (1 uM). Data
are mean = s.e.m (29 cells in three experiments). (D) The rate of mitochondrial pyruvate depletion induced with 10 uM UK-5099 was monitored before,
during and after exposure to the cytochrome oxidase inhibitor azide (5 mM; 16 cells in three experiments). (E) An astrocyte superfused with 3 mM
pyruvate was exposed to 10 uM UK-5099, resulting in a rate of depletion of 1.2 uM/s. The right panel represents the summary of sixteen experiments

(44 cells).
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Figure 5. Pyruvate concentration and consumption in discrete mitochondria. Mito-PyronicSF (gray) in an astrocyte
expressing mito-PyronicSF and mito-mCherry (left). Bar represents 10 um. The righthand image shows three
regions of interest colored according to the look-up table in the inset (0 to 250 UM pyruvate, calibrated as
described for Figure 3). The three graphs show pyruvate consumption rates in the regions of interest, determined

with 10 uM UK-5099 in cells incubated with 3 mM pyruvate.
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Figure 6. Pyruvate dynamics in glial cells of Drosophila melanogaster. Brains were acutely dissected from Drosophila melanogaster larvae expressing
PyronicSF in the cytosol or mitochondria of perineurial glial cells. (A) PyronicSF in the cytosol of perineurial cells. Bar represents 100 um. (B) Mito-
PyronicSF in perineurial cells. Bar represents 10 um. An area containing clearly identifiable mitochondria is shown under higher magnification on the
right. Bar represents 5 um. (C) A brain expressing cytosolic PyronicSF in perineurial cells was superfused with HL3 buffer containing 5 mM glucose, 1
mM lactate and 0.5 mM pyruvate. After removal of the substrates, the tissue was sequentially exposed to 0.1, 1 and 10 mM pyruvate. Data are

mean + s.e.m. (20 cells). (D) A brain expressing mito-PyronicSF in perineurial cells was superfused with HL3 buffer containing 5 mM glucose, 1 mM
lactate and 0.5 mM pyruvate. After removal of the substrates, the tissue was sequentially exposed to 1 and 10 mM pyruvate. Data are mean +s.e.m. (20
cells). (E) Rates of PyronicSF fluorescence increase in response to 10 mM pyruvate. Data are mean + s.e.m. (60 cells from three experiments similar to
those shown in C-D).
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