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Abstract

Neurons experience brief, intense periods of energy demand when they are excited, but how
they rapidly coordinate energy expenditure with production is incompletely understood. Part of
the difficulty has been measuring the levels of molecules involved in this metabolic response
with spatiotemporal precision in single live cells. Here we engineered a quantitative fluorescent
biosensor to monitor cytosolic inorganic phosphate (P;), a fundamental component of energy
metabolism that has a classically proposed but largely neglected role in activating glycolysis.
Using two-photon fluorescence lifetime imaging, we observed millimolar increases in P; within
seconds of stimulating mouse neurons both ex vivoand in vivo. Drawing on results from
metabolic modeling, biosensor imaging, and enzymology, we argue that P; is a sensitive reporter
of energy usage that potently links metabolic energy supply with demand in neurons. Quantitative
live-cell imaging of P;j should be a valuable approach for studying bioenergetics more generally.

INTRODUCTION

Neuronal excitation is very energy-intensive, requiring adenosine triphosphate (ATP) to
pump ions against their electrochemical gradients. To meet this demand, neurons rapidly
mobilize metabolic energy, which comes from two major pathways.1=> The first is
glycolysis, which rapidly breaks down glucose into pyruvate or lactate in the cytosol and
produces two molecules of ATP. The second is oxidative phosphorylation, which oxidizes
pyruvate (or other fuels) in mitochondria to generate a larger amount of ATP. In neurons,
glycolysis temporarily outstrips oxidative phosphorylation in response to stimulation,
providing fast and local energy resupply.1:6-12

What are the signals that link energy expenditure with the rapid activation of glycolysis
in neurons? The textbook view of glycolysis regulation, derived almost entirely from in
vitro experiments, is that metabolites associated with energy sufficiency (such as ATP,
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citrate, and glucose-6-phosphate) inhibit glycolysis enzymes, while metabolites associated
with energy use (such as products of ATP hydrolysis and fructose bisphosphates) activate
them. In excitable cells including neurons, most of this regulation is suspected to occur at
the phosphofructokinase (PFK) step, which phosphorylates fructose-6-phosphate (F6P) to
fructose-1,6-bisphosphate. The PFK reaction is a committed step of glycolysis, and PFK can
sense many small-molecule signals associated with energy state.1:13-15

However, how this regulatory model pertains to glycolysis activation in living cells is
unclear. One limitation is that the concentrations and dynamics of the candidate small-
molecule regulators of glycolysis are poorly understood in neurons. For these putative
effectors to actually regulate glycolysis, their concentrations should (1) resemble those
required to have effects on glycolysis enzymes in vitro and (2) change with neuronal
stimulation.1# We previously showed that cytosolic citrate meets these criteria,1® but making
spatiotemporally precise metabolite measurements in complex physiological contexts is
generally an unsolved problem. Ultimately, many such measurements will be required to
assemble a fuller view of how neuronal glycolysis is activated during stimulation.

We focus in this paper on inorganic phosphate (P;), a fundamental byproduct of ATP
hydrolysis that is well poised to help coordinate the metabolic response to neuronal
stimulation. Although P; is now often neglected in regulatory schemes for eukaryotic
glycolysis, 13 many decades ago P; was shown to activate yeast, liver, and muscle PFKs

in vitro. 1t is very likely that P; also activates PFK from mammalian brain too, but this effect
is incompletely understood.14.17-22

Evaluating the extent to which P; regulates neuronal glycolysis requires knowing the
concentration of P; in the cytosol of neurons over the course of stimulation. Making

this measurement has not been possible with existing techniques. Historically, magnetic
resonance (MR) spectroscopy was used to measure changes in P; /77 vivo, but this approach
lacks cellular resolution and is difficult to quantify absolutely.23-2% Coupled enzymatic
assays and mass spectrometry have also been used to measure P;, but these assays in general
also lack cellular resolution and are destructive. Having a genetically encoded fluorescent
biosensor for P; could resolve these issues, as such a sensor could be targeted to specific
subcellular spaces including the cytosol and monitored in single live cells over time.26
Ideally, such a sensor would have only a single fluorescent protein and a pH-resistant,
fluorescence-lifetime readout, permitting robust quantitation in complex contexts.2”-28 Only
a dual-color P; biosensor with small fluorescence changes currently exists, precluding
quantitative imaging of neuronal P;.29:30

Here, we engineered a quantitative single-color fluorescent biosensor for measuring P; in the
cytosol of single live cells and then used our measurements to argue that P; helps to activate
glycolysis during neuronal stimulation.
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Inorganic phosphate is a sensitive indicator of energy utilization

Inorganic phosphate has a central role in neuronal energy metabolism: the ATPases that
convert the energy of ATP hydrolysis into useful work yield both adenosine diphosphate
(ADP) and Pj as products. P; is the more durable product of ATPase action, because

ADP is rapidly consumed by two other enzymes in cells (Fig. 1A). Creatine kinase (CK)
rephosphorylates ADP to ATP by direct phosphate transfer from phosphocreatine (PCr). CK
is highly expressed in all single neurons and neuron types in cortex and hippocampus, as
well as in muscle cells.31-33 This reaction mostly restores the ATP and ADP concentrations
to their original values, but it does not reverse the P; mobilization. Similarly, adenylate
kinase (AK) takes two molecules of ADP and produces one of ATP and one of adenosine
monophosphate (AMP). This temporarily restores the ATP concentration and the ATP/ADP

ratio, but, because it involves direct phosphoryl transfer, it does not restore the mobilized
p,.34.35

Building on classic work by Connett36, we formalized the effect of these enzyme systems
with a simple equilibrium model to show the evolution of changes in their substrates with
various degrees of energy depletion (spreadsheet in Supporting Information). The coupled
AKI/CK equilibrium illustrates the sensitivity of P; as an indicator of energy consumption.
As energy is consumed, PCr reserves are depleted first, and then ATP reserves are depleted
afterwards (Fig. 1B), consistent with observations in the brain during hypoxia and in single
stimulated muscle fibers.37-41 Across both of these phases in our model, P; changes linearly.
During periods of acute energy use, changes in P; are likely several-millimolar while those
of other ATP hydrolysis products such as AMP are likely very low-micromolar (Fig. 1C).
The model is certainly a simplification because it does not include the effects of other
enzymes like AMP deaminase (which prevents accumulation of AMP, preserving the energy
available from ATP hydrolysis; Fig. S1), or of possible ADP buffering by binding to cellular
enzymes.*2 Nevertheless, it motivates measuring P; as signal of energy usage in neurons.36

Pi-Tq, a quantitative lifetime-readout biosensor for inorganic phosphate

Despite the centrality of P; in energy metabolism, measuring it in single living cells has
been challenging. To address this issue, we engineered a quantitative biosensor for P; with

a fluorescence-lifetime readout. We began with a previously reported Forster resonance
energy transfer biosensor for P;, which had only a marginal change in fluorescence lifetime
in response to P; (Fig. S2A).2% We converted this sensor into a single-color lifetime-readout
sensor for P;j by inserting circularly permuted mTurquoise (a fluorescent protein commonly
used in lifetime-readout biosensors) into a predicted Pj-sensitive loop region of a phosphate-
binding protein (PiBP) scaffold (Fig. 2A).16:43-45 We varied the position, lengths, and
identities of the connections between the fluorescent protein and the PiBP to generate a P;
biosensor with fluorescence-lifetime contrast.

After several rounds of screening, we obtained a sensor with a ~0.5 ns increase in
fluorescence lifetime in response to Pj, which we named Pi-Tq (Fig. 2B, S3). Pi-Tq was
pH-resistant between pH 6.8 — 7.7 and bound to P; with a Kapparent 0f ~3 mM at room
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temperature, making it well-suited for use in the cytosol (Fig. 2B).46 The sensor was
specific for Pj relative to the related polyatomic ions sulfate and nitrate as well as to
pyrophosphate and PCr, which have terminal phosphate groups (Figs. 2C,D). The sensor is
used most effectively with a fluorescence-lifetime readout, but it also has modest changes
in fluorescence intensity, similar to other sensors built from cyan fluorescent proteins (Figs.
S2C-E).

To enable sensor quantitation in physiological contexts, we performed a series of Pi-

Tq calibrations using two-photon fluorescence lifetime imaging (2pFLI1M) at elevated
temperatures. Such calibrations are important because both binding affinity and fluorescence
lifetime can be temperature-sensitive in lifetime-readout biosensors.18 At 34°C, Pi-Tq bound
to Pj with a Kgpparent 0f ~4 mM; the Pj-free and Pj-saturated Pi-Tq lifetimes measured for
purified protein and for permeabilized HEK293T cells were very similar (Fig. 2E). Although
the Pj-free and Pj-saturated lifetimes were temperature-sensitive (declining 0.02-0.03 ns/°C
increase), the Kgpparent Of the sensor was relatively temperature-insensitive within the tested
temperature range (Fig. S4). These results set the stage for quantitative imaging of P;.

Activity-dependent inorganic phosphate dynamics in neurons

We deployed Pi-Tq to measure P; in the cytosol of neurons. We focused almost entirely

on dentate granule cells (DGCs), which have been a model system for understanding

the relationship between neuronal activity and metabolism.®7-11.16 \We prepared acute
hippocampal brain slices from juvenile mice previously injected with an adeno-associated
virus (AAV) expressing Pi-Tq and imaged them with 2pFLIM, allowing quantitative single-
color imaging. The baseline Pi-Tq lifetime in DGCs was 1.71 £ 0.02 ns (Fig. S5A). This
lifetime corresponds to a baseline P; concentration of ~4 mM, consistent with prior estimates
of brain P; (Fig. 2E).3546-48 The baseline fluorescence lifetimes did not vary systematically
with the starting fluorescence intensity of Pi-Tq, suggesting that sensor expression is not
limiting for accurate lifetime estimation in this preparation (Fig. S5B). Decreasing or
increasing extracellular P; led to small, slow decreases and increases in sensor lifetime,
respectively, likely reflecting P; transport (Figs. S5C,D).46 These experiments demonstrate
the suitability of Pi-Tq for studying neuronal P; metabolism.

Inorganic phosphate dynamics in mouse neurons ex vivo: We asked how
neuronal activity affects P; levels in the neuronal cytosol. We suspected that stimulation
would increase P; levels as energy is consumed (Fig. 1B), but the magnitude and dynamics
of this increase were not known. Neuronal activity in physiological conditions often evokes
little-to-no changes in fluorescent biosensors for cytosolic ATP or the ATP:ADP ratio,
perhaps because these parameters actually change little or because the sensors for them are
suboptimally tuned for use in physiology (Fig. 1B).4%-57

To determine how neuronal activity changes cytosolic P;j, we imaged Pi-Tg-expressing
DGCs over the course of two different types of stimulation, co-monitoring the red Ca2*
sensor RCaMP1h as a control (stimulation elevates cytosolic Ca2*).58 We first strongly
depolarized neurons with a 1 min pulse of artificial cerebrospinal fluid (aCSF) containing
50 mM KCl, leading within seconds to an increase in Pi-Tq lifetime from 1.72 + 0.04 to
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1.77 £ 0.04 ns (Figs. 3A,B). Applying our purified protein calibration, we estimate that this
increase corresponds to a change in cytosolic Pj from ~4 mM to ~8 mM (Fig. 2E). The size
of the KCl-evoked change in Pi-Tq lifetime was not related to the starting Pi-Tq lifetime
(Fig. S5E). Curiously, we almost always observed that after rising sharply in response to
stimulation and then decaying, the Pi-Tq lifetime undershoots its initial baseline before
normalizing over a few minutes (Fig. 3A). We also stimulated neurons electrically, providing
a brief and mild depolarization relative to KCI. Electrical stimulation elicited slightly a
smaller transient than did KCI, with the Pi-Tq lifetime promptly rising from 1.72 £ 0.02 to
1.75 £ 0.01 ns (Figs. 3C,D), which corresponds with a change in P; from ~4 mM to ~6 mM.

Inorganic phosphate dynamics in mouse neurons in vivo: We obtained similar
results when we imaged Pi-Tq /n vivo using 2pFLIM. We expressed Pi-Tq in adult mice
implanted with a cranial window, and then imaged barrel cortex in awake head-fixed mice.
Similar to DGCs in brain slices, the baseline lifetime of Pi-Tq lifetime expressed in cortical
neurons /n vivowas ~1.7 ns (Fig. 4A), indicating that the sensor could detect both increases
and decreases in P;j.

We used an optogenetic approach to test how neuronal activity changes P; levels /n vivo.
We co-expressed Pi-Tq along with the opsin ChrimsonR, which depolarizes neurons in
response to red light illumination.>® Brief (30s) optogenetic stimulation promptly led to a
millimolar-level increase in P;, as the Pi-Tq lifetime increased by 0.08 + 0.02 ns (Figs.
4B,C). Similar to our observations in KCl-stimulated DGCs, the initial rise in Pi-Tq lifetime
was quickly followed by a pronounced undershoot before the lifetime returned to baseline
over a few minutes. Red light did not evoke a change in Pi-Tq lifetime in the absence of
opsin expression, indicating that the lifetime changes are due to optogenetic stimulation
of neuronal activity and not to off-target effects of illumination (Fig. S6). Taken together,
these experiments demonstrate that neuronal activation rapidly leads to several-millimolar
increases in cytosolic P;.

Inorganic phosphate and the regulation of neuronal glycolysis

To what extent, if any, might the stimulation-induced changes in P; contribute to the
activation of glycolysis in neurons? We addressed this question in two ways. First, neuronal
activity leads to a dip in the cytosolic concentration of the glycolysis inhibitor citrate, which
could in theory be the major regulatory signal for glycolysis in neurons.16 We asked whether
it is necessary to invoke the actions of effectors beyond citrate to explain the activation of
neuronal glycolysis. Second, we compared the P; concentration changes that we measured to
the biochemical properties of P;-sensitive glycolytic enzymes.

Multiple controls of glycolysis in neurons: To test whether the stimulation-dependent
dip in citrate is necessary for glycolysis activation in neurons, we needed an experimental
system where we could selectively remove the citrate change in response to stimulation.

We built on our prior work where we showed that depleting the mitochondrial calcium
uniporter (MCU) diminished the stimulation-induced change in citrate.18 However, the
citrate transient was not completely eliminated in these experiments, probably because there
was some remaining MCU activity.
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We reasoned that depolarization in the absence of extracellular Ca2* might completely
abolish the citrate transient, which would permit a clearer test of the necessity of citrate
changes in neuronal glycolysis activation. We therefore performed a series of stimulation
experiments in the presence or absence of Ca2*. As readouts, we monitored in parallel
experiments four different quantitative fluorescent biosensors: for citrate, Pj, and two
components of glycolysis.

We began by testing whether we could eliminate the decrease in citrate caused by neuronal
activity. Consistent with our prior work, stimulating neurons in the presence of external Ca*
led to a strong dip in citrate, but without external CaZ* there was remarkably no detectable
stimulation-dependent change in citrate (Figs. 5A, S7A).16 Under the same conditions,

we found that the P; change was largely intact (Fig. 5B, S7B), consistent with previous
observations that changes in calcium are less important than Na*/K*-ATPase activity for
activating glycolysis in DGCs.”3% Therefore, while the stimulation-induced change in citrate
depends on Ca?*, the P; change does not.

Was glycolysis still activated even in the absence of a dip in cytosolic citrate levels? We
imaged two lifetime-readout biosensors probing different aspects of glycolysis to address
this question. We first imaged the cytosolic NADH/NAD™ ratio (which increases when
glycolysis is activated) using the lifetime-readout biosensor Peredox.8 Similar to previous
results, there was a clear NADH/NAD™ transient in response to stimulation both in the
presence and absence of extracellular Ca2*, although the transient was ~50% smaller
without external Ca2* (Fig. 5C, S7C).” As an orthogonal measure of glycolysis activation,
we also imaged a lifetime-readout glucose biosensor in our stimulation paradigm (Fig.
S8). Previously, we observed small dips in glucose when neurons are activated, reflecting
increased glucose consumption as a result of increased glycolysis.® Glucose levels dipped
in response to stimulation, both in the presence and absence of extracellular Ca2* (Figs.
5D, S7D). Taken together, these results are consistent with the interpretation that factors in
addition to citrate regulate glycolysis in neurons.

Beyond P; (which changes largely CaZ*-independently), there are not many plausible options
for what such effectors might be. Clearly the change in citrate is not required for the rapid
activation of glycolysis in neurons (Fig. 5), and we previously ruled out a requirement for
changes in cytosolic Ca* and AMPK signaling in this process, as well.” In many neuronal
preparations, baseline ATP levels are 3 — 4 mM, which will inhibit PFK; stimulation elicits
only small dips in [ATP].51:52:56.60.61 Others have argued that because neurons have very
low levels of PFKFB3, they may lack appreciable fructose-2,6-bisphosphate (F2,6bP), a
potent activator of PFK.13.14.62 Finally, AMP levels are likely too low to meaningfully
regulate glycolysis enzymes in acute settings (Figs. 1C, S1C).1722.63 p, is therefore a strong
candidate for regulating neuronal glycolysis.

Activation of brain PFK by inorganic phosphate: If P; indeed stimulates neuronal
glycolysis, where in glycolysis might it act? According to the literature, P; can stimulate

at least four distinct steps in glycolysis (Fig. 6A). We focused on one of these steps: the
activation of PFK by P;. Although P; can activate PFK in vitro, whether P; does activate PFK
in neuron-like conditions is not clear.17-22
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We asked how P; activates brain PFK under near-physiological conditions. We used a
coupled enzyme assay to test how Pj activates recombinant platelet PFK isoform (PFKP),
which is likely the dominant isoform in mouse brain.31:64 We performed our assays with
high ATP (3.5 mM), low F6P (0.1 mM), and 0.1 mM free citrate to mimic the baseline state
of the neuronal cytosol to the best of our knowledge.16:35.51,52,60,65,66

Remarkably, P; alone was sufficient to activate PFKP more than sixty-fold (Fig. 6B), even
in the complete absence of other activators such as F2,6bP and AMP. The Kgpparent for P;
was ~4 mM, which overlaps well with the levels that we measured in neurons. Going from a
~4 mM Pj baseline to a 6-8 mM peak level would strongly activate PFK. The Pj-dependent
activation of PFKP was highly cooperative (Hill coefficient of ~7.5), which is consistent
with previous observations and reflects the strongly inhibited state of the enzyme in the
absence of P; in our experimental conditions. Although a physiological decrease in citrate
strongly activated PFK at low Pj, it did not activate much at higher P;, possibly because

one of the PFK Pj-binding sites overlaps with the citrate-binding site (Fig. 6C).87-70 The
enzymology supports an important role for P; in the activation of neuronal glycolysis.

DISCUSSION

By engineering Pi-Tq, a biosensor for P; with a quantitative fluorescence-lifetime readout
(Fig. 2), we were able to measure cytosolic P; levels in neurons over the course of
stimulation (Figs. 3,4). The P; changes that we measured are consistent with the proposal
that Pj, an obligate and sensitive signal of energy demand, functions as a feed-forward signal
to activate neuronal glycolysis (Figs. 1, 3—-6). Despite having been studied for many years,
there are still many rich outstanding questions about P;.71-79

Features of the Pj transients seen with neuronal stimulation

The initial ATP consumption in an excitable cell containing the PCr/CK system is offset

by rephosphorylation of ADP at the expense of PCr, such that [PCr] declines in advance

of [ATP], as seen in MR spectroscopy experiments both in muscle and brain.38-41 This
behavior makes ATP a late reporter of energy stress — but, as shown in Figs. 1, 3, and 4, P;
changes very promptly and by millimolar increments. This makes P; an excellent indicator
(both to scientists and to the cell) of fast energy mobilization in neurons, particularly at early
stages.

A curious feature of P; behavior, following its increase with strong stimulation, is an
undershoot below the original level. We doubt that this undershoot is an artifact since

we observed it both in DGCs stimulated with KCI in acute brain slices and in cortical
neurons stimulated optogenetically /in vivo (Figs. 4A,5C). It is not surprising that previous
methods to detect P;, which basically cannot resolve levels in single cells over time, would
have missed such a phenomenon. Assuming that it is real, the origins of the undershoot

are not trivial to explain. One possibility is that mitochondrial Ca2* influx leads to the
formation of insoluble Ca-phosphate complexes, which sequester P; in the matrix and

then are slow to re-dissolve.80:81 Testing this idea is challenging, given the absence of
methods to dynamically quantify Ca-phosphates in cells. A second, not-mutually-exclusive
possibility is that after the initial transient, there is a brief “overcharging” of energy reserves
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in the cytosol, post-stimulation, that leads to increased sequestration of P; in ATP and PCr.
Consistent with this idea, others have observed transient overshoots in phosphocreatine
levels after stimulation using MR spectroscopy.82 Future work will be required to develop
orthogonal means to test the reality of the P; undershoot and then to distinguish between
these (and other) mechanistic possibilities.

P; regulation of PFK

PFK is generally considered a key control point for glycolysis, and consistent with earlier
reports, we see strong activation of PFK by P;.17-22 With physiological concentrations of
ATP, citrate, and F6P, P; changes within the physiological range activate PFKP steeply.

This high cooperativity (Hill coefficient ~7.5, Fig. 6B) is remarkable but not completely
surprising, as P; binds to two sites on each monomer of PFKP and the protein is
tetrameric.58:69 Others have seen strong cooperativity of PFK with respect to its substrate
FeP.17.18.20.22.62 Because the effect of PFK activators is typically to oppose the effect of
PFK inhibitors, the presence of ATP and citrate is critical to observe the P; cooperativity;

in fact, one of the Pj-binding sites is almost certainly overlapping with the citrate inhibitory
site.58 Learning the molecular details of how P; can activate PFK is an important future goal.

The details of the P; dependence of PFK are exquisitely sensitive to the concentrations of
activators, inhibitors, and substrate. One can imagine that slower forms of regulation, both of
baseline P;j and of other ligand concentrations (such as F2,6bP), may tune the position of this
Pi-dependence curve to match the basal metabolic needs and to poise the transient response
to be a steep function of energy usage as reported by P; accumulation. At a physiological
level, it will be of interest to understand how cells execute this calibration (both acutely

by small molecules and more slowly by signaling), and whether different types of cells

have different P;-response setpoints. Addressing this question will almost certainly require
measurements of additional PFK effectors, to more tightly constrain the conditions for in
vitro assays. Whether there is a finer level of PFK regulation within particular regions of the
cytosol (as has been proposed) also remains to be determined.83.84

Inorganic phosphate as a distributed regulator of the fast response to energy demand

PFK is not always the key regulatory and control step in glycolysis. As metabolic control
analysis and many experiments demonstrate, control and regulation of glycolysis can occur
at multiple steps in the pathway.8° The exact steps with strong metabolic control are
controversial, partly because which steps exert flux control depends critically on the detailed
physiological state of the cell (e.g. the concentrations of all the metabolic intermediates and
regulators). For instance, phosphoglycerate kinase (PGK) can be a control point in neurons
incubated in very low glucose levels, and GAPDH has been reported to be a control point in
cancer cells.86:87

Because Pj can influence many of these steps (Fig. 6A), it may act a robust distributed
regulator of glycolysis.

. We have shown here that P;j can directly act on PFKP (and probably on
heteromers of different PFK isoforms, as well). The low reported PFKFB3
activity will actually tend to give PFK more control of flux, by throttling its
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activity to a lower baseline level. Citrate also acts on this step, as can F2,6bP and
AMP, if they were to get high enough.14:16.61

. The PGK step shown to exert flux control with low [glucose] is not a direct
target of P;, but P;j can increase PGK flux by shifting the preceding GAPDH
equilibrium (even if that step is so rapid as to not itself have any flux control).
P; is a substrate of GAPDH and pushes the equilibrium toward the product
1,3-bisphosphoglycerate, which is a substrate for PGK. Several other factors,
including the NADH/NAD* ratio and the ATP/ADP ratio, could also influence
flux control at the PGK step.48:86.88

. Glycogenolysis in neurons is not widely appreciated, but it clearly plays a
vital role in neuronal energy management.8%-91 Glycogen phosphorylase uses
P; directly as a substrate and it is sensitive to P; in the millimolar range.%2
This step is also influenced by AMP and by calcium-calmodulin effects both on
phosphorylase and on the regulatory phosphorylase kinase.93:94

. Product inhibition of hexokinase by glucose-6-phosphate can possibly be strong
enough to give HK a measure of flux control, and the degree of product
inhibition is reported to be regulated by P; (though this may not occur much
in the physiological range).9>-97

P; can influence all of these steps, while other effectors affect only one or two steps at most.
If chronic influences augment AMP or F2,6bP, then their targets would have less influence
on flux, shifting acute flux regulation to the other steps that are (still) P; dependent.

We focused on a role for Pj in stimulating glycolysis as part of the mechanism linking
energy expenditure with energy production, but P; is well known to stimulate mitochondrial
metabolism as well. Although the mechanistic details of this stimulation are not completely
understood, P; likely directly stimulates the electron transport chain and glutaminase within
mitochondria.?8:99 Disentangling these additional effects will require measuring P; within
the mitochondrial matrix. Even though we were able to use Pi-Tq effectively in the cytosol
of stimulated neurons, it would benefit from additional engineering to enlarge its change in
fluorescence lifetime and signal-to-noise ratio to help address this and other questions.

Future needs for a thorough understanding of the rapid mobilization of metabolic energy

in neurons

While Pj is the best available monitor for fast energy utilization, studies of brain metabolism
would benefit from additional biosensor tools. PCr levels are an excellent measure of
immediate energy reserve and its depletion. While MR spectroscopy can reveal these

levels in brain at a coarse spatial scale, and mass spectrometry imaging can see them at
near-cellular resolution, there are no tools for measuring PCr dynamically at a cellular or
subcellular level100.101 A flyorescent biosensor to measure PCr concentration would report
on energy reserve, and a sensor to measure the ratio of PCr/Cr, roughly in the range of

4 to 0.2, might report energy status more reliably than the corresponding high ATP/ADP
ratios likely to prevail in the cytosol (the CK equilibrium keeps the ATP/ADP ratio ~100x
higher than the PCr/Cr ratio).34-36 Existing ATP/ADP ratio sensors are saturated at such
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high levels.*® A sensor for free ADP in the low micromolar range might also be revealing
for local energy usage.*2 Making sensors to measure these and other molecules relevant
for bioenergetics is required for a thorough and panoramic view of both neuronal energy
budgets and energy dynamics in physiological settings.102

There is also a need for studies of the allosteric behavior of glycolytic enzymes under
near-physiological conditions. Elegant enzymological studies of glycolytic enzymes over
many decades have focused (appropriately) on discovering the full range of regulation and
the mechanisms of interaction between allosteric effects. This has led, for instance, to

the use of non-physiological concentrations of regulatory ligands (e.g. 0.1-0.3 mM ATP,
to avoid too much inhibition, and >0.25 mM F6P, to observe effects of other ligands on
Vmax)-1~22:63.66 Byt looking forward, more focus is needed on studies that use ligand
concentrations within the physiologic range, so far as we can determine them. Much as
Connett (in 1988!) advocated for increased study of P; as a regulator of PFK, we hope that
such future studies can facilitate better understanding of the physiological behavior of many
glycolytic enzymes.36

METHODS

Modeling:

The equilibrium model largely reproduced previous work by Connett, who considered
the coupled equilibrium between creatine kinase (CK) and adenylate kinase (AK) with
adjustments for H*, Mg2*, and K*. We corrected an inversion error in one equation of ref.
36. The model parameters and calculations are in an Excel file (Software S1).

Kinetic modeling was performed using COPASI193, with initial concentrations and
equilibrium constants matching the Connett model. We incorporated AMP deaminase in

our model and had ATP hydrolysis begin at t=0 while not allowing ATP re-synthesis (so that
ATP could be consumed). We assumed that all enzymes are sub-saturation and that CK and
AK are fast compared with ATP hydrolysis. The parameters for the kinetic model are given
in the form of a COPASI file and an equivalent SBML file in the Supporting Information
(Software S2).

Molecular biology:

Chemicals were obtained from Sigma-Aldrich, unless otherwise noted. Oligonucleotides
were obtained from Integrated DNA Technologies or Azenta Life Sciences. Plasmids

were verified by whole-plasmid sequencing. pRsetB-TEV-PiTq (#248768), pAAV-CAG-
PiTq (#248769), pAAV-CAG-SweetieTS2 (#252286), and pAAV-hSyn-PiTq (#248770) are
available from Addgene.

Sensor development:

We engineered a lifetime-readout phosphate sensor by fusing a PiBP from Synechococcus
with mTurquoise. We used the 1.6 m variant as starting scaffold for sensor construction,
given its predicted suitability for sensing physiological concentrations of cytosolic
phosphate. We used AlphaFold3 (https://alphafoldserver.com/welcome) to predict the PiBP

Proc Natl Acad Sci U S A. Author manuscript; available in PMC 2026 March 25.


https://alphafoldserver.com/welcome

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosen et al.

Page 11

structure (iPTM = 0.81).104 We targeted a loop region at the back of the putative phosphate-
binding pocket for coupling to the fluorescent protein. We varied the lengths and identities
of the engineered amino acid connections between the PiBP and the fluorescent protein,
preparing variable linker libraries by Gibson Assembly and expressed them in 96-well plate
format in Escherichia coli BL21(DE3), as described. For screening, we used a 96-well crude
purification method that we have previously described in detail.18 Fluorescence lifetimes
were measured in the absence and then in the presence of P;. Variants exhibiting lifetime
changes were Sanger sequenced, guiding the design of the next round of linker variants to
screen.

Initially, we circularly permuted the PiBP and inserted it into split mTurquoise. After several
rounds of screening, we obtained a prototype sensor that exhibited changes in fluorescence
lifetime in response to Pj, but only over many minutes. We then inverted the topology of the
sensor, inserting circularly permuted mTurquoise into the PiBP instead. Re-optimizing the
linkers connecting mTurquoise with PiBP in this configuration eventually led to a variant
with a ~0.5 ns change in fluorescence lifetime in response to P;j, which we named Pi-Tq. The
sequence of the sensor is given in Fig. S3.

Protein purification:

Sensor protein was expressed recombinantly in £. coli BL21(DE3), largely as we have
described before.18 We expressed both a standard 6xHis-tagged version and a version
where the N-terminal affinity tag could be cleaved off by tobacco etch virus (TEV)
protease; the tagged and tag-free versions had identical binding properties to each other.
Sensor-expressing bacteria were grown in 100 mL of either Luria Broth or Terrific Broth
with shaking at 200 rpm at 37°C overnight. Protein production was induced with 0.5 mM
isopropyl p-D-1-thiogalactopyranoside at room temperature with shaking at 200 rpm for an
additional 24 h. After induction, bacteria were harvested by centrifugation at 4,000 x g for
15 min.

An important modification to our prior procedure is that all proteins were purified in Pi-free
buffers. We re-suspended bacterial pellets in 10 mL of lysis buffer [50 mM HEPES (pH
8.0), 300 mM NacCl, 10 mM imidazole], supplemented with 1 tab cOmplete mini EDTA-free
protease inhibitor cocktail per 10 mL lysis buffer and ~0.1 mg/mL lysozyme. After brief
sonication on ice, we added 1 uL Pierce Universal Nuclease to the lysate, which was then
incubated on ice for ~15 min.

The lysate was centrifuged for 10 min at 21,000 x g, and the supernatant was applied to
NiZ*-nitrilotriacetic acid resin by gravity flow (Qiagen). Bound protein was washed with
10 mL of lysis buffer, followed by 10 mL of lysis buffer with 30 mM imidazole. Pi-Tq

was eluted with 5 mL of lysis buffer supplemented with 500 mM imidazole, concentrated
using 30 kDa-cutoff spin concentrators (Amicon), and then exchanged into assay buffer [25
mM MOPS (pH 7.4), 50 mM KCI, 50 mM NacCl, 0.5 mM MgCls, 2.5% glycerol, 0.5 mM
dithiothreitol]. A typical yield was 5-10 mg of sensor per 100 mL of expression culture.

For tag-cleaved preps, we exchanged purified, TEV-cleavable protein into a TEV cleavage
buffer [50 mM Tris-HCI (pH 7.5), 0.5 mM EDTA, 1 mM DTT]. Cleavage was performed
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overnight at room temperature with 50 units of TEV protease (New England Biolabs). Tag-
cleaved Pi-Tq was purified by reverse Ni2*-affinity chromatography and then concentrated
and buffer-exchanged. All assays were performed with freshly purified protein.

One-photon excitation fluorescence lifetime assays:

Binding assays were performed in black 96-well plates with ~500 nM sensor protein
resuspended in assay buffer with varying amounts of sodium phosphate. We used the assay
buffer described above, supplemented with sodium phosphate and adjusted to the desired
pH. As previously described, fluorescence lifetimes were measured using a PR1 plate reader
connected to a FLS 980 Spectrometer and illuminated with a Fianium WhiteLase Micro
pulsed supercontinuum laser filtered by an adjustable bandpass interference filter (excitation
wavelength set to 435 + 17 nm and the emission set to 505 £ 20 nm). Fluorescence lifetimes
were determined using double-exponential fitting in MATLAB R2014b; we did not restrict
the fits to the first 8 ns of arrived photons. Binding data were fit using a Hill equation (fixed
Hill slope of 1) in GraphPad Prism 10.

Photophysical characterization:

Two-photon

Excitation (excitation from 350-480 nm, with emission fixed at 520 nm, 2 nm step size)
and emission (excitation fixed at 400 nm, monitoring emission from 440-650 nm, 2 nm step
size) spectra were collected using Biotek Synergy H1 plate reader. Fluorescence intensity
phosphate titrations were also performed using a Biotek Synergy H1 plate reader, with
excitation at 440 nm and emission at 500 nm. Extinction coefficients were determined
using Beer’s law (A=ecl), using absorbance at 440 nm measured via a Nanodrop UV-Vis
spectrophotometer and protein concentration as determined by using a bicinchoninic acid
assay, so the reported extinction coefficient may be a slight underestimate. P;-free and
Pj-saturated (100 mM) quantum yields were determined using a Photon Technologies
International fluorometer in relation to a calcium-saturated TqFLIiTS reference (QY =
0.75).44 We used Pi-Tq that had not been TEV-cleaved for photophysical assays.

excitation calibration:

Calibrations of purified, tagless Pi-Tq were performed in sealed glass capillaries, loaded
with 1-10 uM protein in assay buffer and with varying levels of P;. The capillaries were
heated to 32, 34, or 37°C. Three independent protein preparations were imaged using a
customized two-photon excitation fluorescence lifetime microscope, which has previously
been described in detail. Briefly, the objective lens was an Olympus 60X LUMPIlanFL (NA
1.0), with digital zoom set to 1x. Fluorescence emission was split using a FF562-Di03
dichroic mirror, and then bandpass filtered for green (FF01-510/84) and red (FF01-641/75)
channels. Excitation was at 820 nm. Fluorescence lifetimes were determined by double-
exponential fitting in MATLAB R2014b as described previously, and the binding titration
was fit with a Hill equation in GraphPad Prism 10.

We also performed a rough in-cell calibration of Pi-Tq at low and high P;, adapting

a previously used approach.16:105 HEK293T cells were maintained at 37°C, 5% CO,

in DMEM supplemented with 10% serum, 100 1U mL~1 penicillin, and 100 pug mL™1
streptomycin. The day before transfection, ~100,000 cells were plated on clean, protamine-
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coated glass coverslips in a six-well plate. The next day, the cells were transfected with
~500ng/well of pAAV-CAG-PiTq using a 3:1 ratio of X-tremeGene9 and then imaged 2-5
days post-transfection. Cells were permeabilized at 34°C in an in-cell calibration buffer
[140 mM K-Gluconate, 10 mM NaCl, 10 mM HEPES, 1 mM EGTA, 1.324 mM MgCl,,
0.346 mM CaCl,, pH 7.35] with 45 uM B-escin for ~10 min, until the cells had rounded
completely. The permeabilized cells were then incubated at 34°C in in-cell calibration buffer
containing either 0- or 100-mM sodium phosphate for ~15 additional minutes, until the
fluorescence lifetime stabilized. The imaging set-up was the same as for the purified protein
calibration, except that the excitation wavelength was 790 nm.

Acute brain slice imaging:

Female and male wild-type C57BL/6N mice between the ages of P14 and P28 were used.
Animals were bred in-house in ventilated cages within a barrier facility, which maintained
12 hr light/dark cycle, regulated cage temperature (24°C) and humidity (53%) and provided
ad libitum access to water and food (Picolab Rodent Diet 5053). All experiments followed
approved IACUC protocols and the NIH Guide for the Care and Use of Laboratory Animals
and Animal Welfare Act. All procedures were approved by the Harvard Medical Area
Standing Committee on Animals.

Brain slice imaging was performed similarly to prior studies.”16 Adeno-associated viruses
for pAAV-CAG-PiTq (AAV8S serotype, 3.1E13 GC/mL), pAAV-CAG-CitA-Tg-LR (AAVS
serotype, 4.8E13 GC/mL), pAAV-CAG-Peredox (AAV8 serotype, 1.4E13 GC/mL), pAAV-
CAG-SweetieTS2 (AAVS serotype, 1.1E13 GC/mL), and pAAV-hSyn-RCaMP1h (AAV9
serotype, 1.2E13 GC/ml) were obtained from the Boston Children’s Hospital viral vector
core. The SweetieTS2 sensor is a modestly improved version of a lifetime-readout glucose
sensor that we reported previously; see Fig. $8.19° Intracranial injections for juvenile mice
and hippocampal slice preparation were performed as previously described. Experiments
were performed at ~34°C in a recording chamber continuously supplied with oxygenated
artificial cerebrospinal fluid (aCSF) [120 mM NacCl, 2.5 mM KCI, 1 mM NaH,PQy,, 26 mM
NaHCO3, 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose] at the beginning. For P;j titrations,
we used aCSF modified with either 0 or 5 MM NaH,POQOg,.

For our stimulation experiments, we only used slices where we could observe a stable
baseline Pi-Tq lifetime and analyzed only cells with low baseline Ca2* levels when we
co-monitored RCaMP1h. For stimulation with 50 mM KCI, we used a modified aCSF with
50 mM KCI and 72.5 mM NaCl (to preserve osmolarity), which we applied for 1 minute.
For electrical stimulation experiments, DGCs were stimulated synaptically (60 pulses, 20
Hz, 100-500 pA) by placing the electrode in the molecular layer, as previously described.

For 0-Ca2* experiments, we used a calcium-free aCSF [120 mM NaCl, 2.5 mM KCI, 1 mM
NaH,PO,4, 26 mM NaHCO3, 10 mM glucose, 4.1 mM MgCl,, 1 mM EGTA] for baseline
recordings, based on our prior work.1! We stimulated cells with a 1 min application of 50
mM KCl in the presence or absence of external CaZ*, performing only a single stimulation
per slice to avoid potential confounding effects of repeated stimulations.
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Brain slice experiments were performed using the customized two-photon microscope
described above, as in our prior work. We used a digital zoom factor of 1.5 — 3x,

the excitation wavelength was 790 nm, and images were acquired every 15-30 seconds.

We imaged soma in these experiments. Data were analyzed in custom MATLAB

R2014b software. We adjusted the measured green fluorescence lifetimes in experiments
where RCaMP1h were co-expressed because there is a small amount of a low-lifetime
RCaMP1h intermediate with green fluorescence. We did not observe differences in baseline
fluorescence lifetime between cells expressing Pi-Tq alone and Pi-Tq along with RCaMP1h
(Figs. 4, S4).

In vivo imaging:

In vivo imaging experiments were conducted in awake, unanesthetized mice. Mice (postnatal
day ~60-80) underwent surgical procedures as described previously.® Cranial window
surgeries were conducted over the primary somatosensory (barrel field) cortex.196 Four
intracranial injections (~150 nl per injection, ~8 min per injection) of a solution containing
either a 1:1 mixture of AAV2/9.hSyn.Pi-Tq (obtained from the Janelia Viral Tools facility,
1.8E13 GC/ml) and AAV2/9.hSyn.ChrimsonR-tdTomato (Addgene #59171, 2.2E13 GC/ml)
or AAV2/9.hSyn.Pi-Tq alone were made near the center of the craniotomy, ~400 um apart,
at a depth of ~450-500 pum below the dural surface. The surface of the exposed tissue

was then covered with a 4 mm diameter coverslip glued to a 5 mm diameter coverslip and
cemented to the skull. Imaging experiments began approximately 20 days post-surgery to
allow for proper recovery, habituation, and steady-state expression of sensors. Mice whose
windows showed significant regrowth were excluded. Imaging sessions lasted 1-2 hours.
The viral expression strategy permitted recording of different FOVs in the same mice over
different days (at least 2 days apart).

Optogenetic activation in the cortex was conducted using full-field red light delivered
through the objective at 10 ms pulse duration and 20 Hz for 30 s at a power of ~8-11

mW at the objective; stimulation was repeated over 4 to 8 trials, triggered using custom
Arduino scripts. Lifetime imaging data were acquired with a modified Thorlabs Bergamo

I microscope equipped with hybrid photodetectors. The two-photon excitation light source
was a tunable SpectraPhysics MaiTai DeepSee mode-locked at 80 MHz. The objective

lens used for in vivo imaging was a Nikon 16x LWD 0.8 NA objective. An excitation
wavelength of 800 nm was used for imaging Pi-Tq. Emission light was split with an FF562-
Di03 dichroic mirror and bandpass filtered for Pi-Tq (FF01-475/35) and tdTomato (FFO1-
641/75) channels. Fluorescence lifetimes were determined from time-correlated single
photon counting data as previously described. ChrimsonR-tdTomato expression lowered the
apparent Pi-Tq lifetime, likely because of immature red fluorescent protein that produces
green fluorescence.107 We therefore reported changes in Pi-Tq lifetime relative to baseline,
rather than absolute lifetime, for our optogenetic stimulation experiments. For our /in vivo
experiments, we did not extrapolate the measured lifetime to P; concentration because we
did not rigorously co-monitor temperature.
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Enzymatic assays:

Recombinant human PFKP (kind gift of B. Webb, WV U) was used for enzyme assays.
Coupled enzymatic reactions were performed at ~25°C and at pH 7.4. For Fig. 6B,

the reactions contained 3.5 mM ATP, 0.1 mM fructose 6-phosphate, 0.5-10 mM sodium
phosphate, 0.15 mM NADH, 1 mM DTT, 5 mM MgCls, and 0.24 mM sodium citrate (giving
free [Mg?*] of ~0.6 mM and free [citrate] of ~0.1 mM). For Fig. 6C, we lowered free citrate
to ~35 pM. In all cases, we used a coupled enzyme assay with 0.675 U/mL aldolase from
rabbit muscle, 5 U/mL triose phosphate isomerase from rabbit muscle, and 2 U/mL glycerol
phosphate dehydrogenase from rabbit muscle; auxiliary enzymes were desalted before use,
as described.53:69 Reactions were initiated with the addition of PFKP, and then absorbance
at 340 nm was monitored for 15-20 minutes using a BioTek Synergy H1 plate reader. Initial
velocities were measured, and kinetic parameters were determined by nonlinear regression
in GraphPad Prism 10 using a Hill equation with variable slope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

Neurons rapidly change their metabolism to meet the energy demands caused by
depolarization. Understanding the mechanism of this fast response has been challenging
due in part to the difficulty in measuring the small-molecule regulators of metabolism
dynamically in living cells. We engineered a quantitative fluorescent biosensor to
measure Pj, a sensitive indicator of energy demand that can activate glycolysis. Within
seconds of stimulating neurons, there are millimolar increases in cytosolic Pj, consistent
with the P;j concentrations required to strongly activate glycolysis enzymes in vitro. Pj is
thus an attractive candidate for quickly linking energy consumption with energy resupply
in neurons.
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Figure 1: Inorganic phosphate is a sensitive indicator of energy demand
A) The coupled equilibrium between adenylate kinase (AK) and creatine kinase (CK),

which responds to energy demand in excitable cells. B,C) Inorganic phosphate is a sensitive
indicator of energy demand. Considering only the AK/CK equilibrium, inorganic phosphate
(abbreviated as P;, red line) increases linearly with energy demand, while ATP (light green
line) is only depleted after phosphocreatine (abbreviated as PCr, dark green line) is. The
buffering phase, corresponding to AG(ATP) values that will sustain the function of the Na*/
K*-ATPase with nominal ion gradients (roughly =51 kJ/mol), is shown in light gray. The
normalized potential energy pool reflects the fraction of available high-energy phosphate
bonds. C) Inorganic phosphate levels are predicted to be in the low millimolar range (based
on the pool sizes of phosphocreatine and ATP), while AMP levels are in the low micromolar
range (based on the equilibrium constant of AK).
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Figure 2: A robust single-color fluorescence-lifetime readout biosensor for inorganic phosphate
A) AlphaFold3-predicted model of PiBP from Synechococcus, with the 1.6m affinity

mutations described in Ref. 29. The loop region at the back of the putative inorganic
phosphate binding site (denoted with a *) that we targeted for cpTq insertion is highlighted
in red spheres. B) Pi-Tq is pH-resistant within the physiological pH range for the cytosol

(2 independent protein preparations). C) Inorganic phosphate, but not the related ligands
sulfate, nitrate, pyrophosphate, or phosphocreatine (shown in gray), leads to an increase
Pi-Tq lifetime. D) These ligands also do not compete with the ability of P; to elicit a
fluorescence change in Pi-Tq. The fluorescence lifetimes at 0- and 100-mM phosphate

are demarcated with dotted lines. The results for C and D represent mean + SEM for a
representative protein preparation. E) Calibration of purified Pi-Tq protein at 34°C using
two-photon excitation (mean + SD, n=3 independent protein preparations). In permeabilized
HEK?293T cells transfected with pAAV-CAG-Pi-Tq, the lifetime in 0 mM extracellular P;
was 1.58 £ 0.03 ns while the lifetime in 100 mM extracellular P; was 1.83 + 0.03 ns (mean +
SD, n=3 independent transfections imaged on separate days), similar to the purified protein
calibration. The limiting in-cell lifetimes are marked with dotted lines.
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Figure 3: Activity-dependent inorganic phosphate transients in acute mouse brain slices
A,B) DGCs were depolarized with a 1-min pulse of 50 mM KCI, leading to a prompt rise

in cytosolic P; in soma that recovered back to baseline over a few minutes. A representative
trace is shown in A; the calcium sensor RCaMP1h was co-monitored as a control for
stimulation. Individual cells are shown as thin lines, and the mean for all cells in the slice

is shown as a thick line. For clarity, the baseline lifetime in the Pi-Tq trace is marked with
a dotted line. The undershoot in phosphate after strong stimulation is highly reproducible.
Quantitation is shown in B, with each replicate reflecting a slice (mean + SD; Npice = 5,
Nglices = 7, Neells = 44). C,D) DGCs were electrically stimulated, eliciting a small, transient
increase in cytosolic P;. A representative trace is shown in C, and the results are quantified
in D (mean = SD; Npice = 3, Ngjices = 6, Ngelis = 35). P-values in B and D were calculated
using paired, two-tailed Student’s t-tests.
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A) Baseline lifetime of Pi-Tq expressed in neurons in awake, head-fixed mouse barrel

cortex imaged using 2pFLIM. B,C) Phosphate dynamics upon optogenetic stimulation. Mice
were co-injected with AAVs expressing ChrimsonR-tdTomato and Pi-Tqg. Neurons were
optogenetically stimulated with a 30 sec pulse of red light (20Hz, 10ms pulses, pink shaded
region), leading to a prompt rise in inorganic phosphate, followed by an undershoot, and
then recovery back to baseline over 2-3 min. B shows traces from 9 individual cells (thin
gray lines, with the mean shown as a thicker black line) from a representative field of view
(FOV), while C shows a mean trace compiled from 6 mice (average trace per mouse in thin

gray lines; overall mean as a thicker black line).
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Figure 5: Signals beyond citrate regulate neuronal glycolysis
DGCs in acute mouse brain slices were depolarized with a 1-min pulse of aCSF containing

50 mM KCI in the presence (empty circles) and absence (black filled circles) of extracellular
Ca?*. A) Depolarization in the absence of Ca?* eliminated the stimulation-induced dip

in cytosolic citrate that we measured using CitA-Tg-LR (+ Ca2*: Npice = 3, Nslices = 4,
Neells = 21; - Ca2*: Nmice = 3, Nglices = 6, Neelis = 40), B) but not the stimulation-induced
rise in cytosolic P; that we measured using Pi-Tq, (+ Ca?*: Npice =5, Nslices =7, Neells=
44 [data from Fig. 4B]; - Ca2*: Npice =4, Nslices =7, Neelis= 35). C,D) Glycolysis is
activated by depolarization in both the presence and absence of extracellular Ca?*, based
on measurements of C) the cytosolic NADH/NAD* ratio using Peredox (+ Ca2*: Nice
=4, Ngjices =7, Neells= 35; - Ca2*: Nimice =4, Ngjices =7, Neeiis= 35) and D) glucose using
SweetieTS2 (Nmice =3, Ngiices =6, Neells= 26; - Ca2*: Niice =3, Ngices =4, Neeiis= 16). In
all cases, each replicate reflects a single slice, the mean + SD is shown, and p-values were
calculated using unpaired two-tailed Student’s t-tests.
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Figure 6: Inorganic phosphate activates phosphofructokinase

A) Inorganic phosphate (highlighted in yellow) activates four steps in glycolysis.

As a regulator, P; could relieve product inhibition in hexokinase or allosterically

activate phosphofructokinase to increase glycolysis. As a substrate for glycogen
phosphorylase (PYG) and GAPDH, P; could also increase glycogenolysis and flux through
phosphoglycerate kinase (PGK). B) Inorganic phosphate is a potent regulator of human
PFKP under near-physiological conditions, activating it with a Kg 5 of 4.1 mM with strong
cooperativity (Hill coefficient of 7.5). The results reflect mean £ SEM of 6 technical
replicates. C) Physiological changes in citrate and P; both activate PFK. The results reflect
mean + SEM of 5-6 technical replicates, and the points for 100 uM free citrate are the same
as in B (normalized to the 100 uM citrate/3 mM P; condition).
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