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Cellular metabolism is regulated over space and time to ensure that energy production is
efficiently matched with consumption. Fluorescent biosensors are useful tools for study-
ing metabolism as they enable real-time detection of metabolite abundance with single-
cell resolution. For monitoring glycolysis, the intermediate fructose 1,6-bisphosphate
(FBP) is a particularly informative signal as its concentration is strongly correlated with
flux through the whole pathway. Using GFP insertion into the ligand-binding domain
of the Bacillus subtilis transcriptional regulator CggR, we developed a fluorescent biosen-
sor for FBP termed HYlight. We demonstrate that HYlight can reliably report the real-
time dynamics of glycolysis in living cells and tissues, driven by various metabolic or
pharmacological perturbations, alone or in combination with other physiologically rele-
vant signals. Using this sensor, we uncovered previously unknown aspects of f-cell glyco-
Iytic heterogeneity and dynamics.
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Glycolysis is used by nearly all living organisms for the production of energy and bio-
synthetic precursors. Given its central role, it is not surprising that the glycolytic path-
way, elucidated by Embden, Meyerhof, and Parnas in the 1920s, comprise some of
the best-studied reactions in all of biochemistry. Perhaps equally important was the
earlier demonstration in 1910 by Harden and Young that orthophosphoric acid,
needed for the production of fructose 1,6-bisphosphate (FBP), was required for glycolysis
to proceed (1).

FBP production by phosphofructokinase (PFK) sits at an important juncture in the
glycolytic pathway and represents the commitment of glucose metabolism to pyruvate
formation. Additionally, the final step of glycolysis is catalyzed by pyruvate kinase
(PK), one isoform of which is activated by FBP. The kinetics and allosteric regulation
of glycolytic enzymes collectively result in a correlation between the concentration of
FBP and the overall flux through the pathway (2—4) that has been detected across
diverse lifeforms, including bacteria (3), yeast (4), and mammals (5).

The role of FBP in signaling glycolytic flux has perhaps best been demonstrated in
the bacterium Bacillus subtilis, where the transcription factor CggR (central glycolytic
gene repressor) is regulated by FBP binding. In the absence of FBP, CggR represses the
expression of multiple glycolytic enzymes (2, 3, 6), thereby allowing FBP to serve as a
readout of glycolytic flux induced by glucose availability. Yeast have been engineered
that utilize CggR to regulate transcription of a fluorescent protein, thus enabling evalu-
ation of glycolytic flux in single cells by fluorescence microscopy (4). This method is
limited, however, by slow kinetics and a lack of subcellular resolution. Similarly, a fluo-
rescence resonance energy transfer (FRET) sensor based on FBP-induced changes in
PK quaternization has an extremely narrow dynamic range, limiting its use. Single fluo-
rescent protein biosensors containing a circularly permuted fluorescent protein (cpFP)
inserted directly into a ligand-binding domain (LBD), such that ligand binding results
in altered fluorescence intensity (7—11), are typically more sensitive than FRET sensors.
Here, we describe the development of such a sensor, based on CggR, that can monitor
real-time change in intracellular FBP levels in living cells. This biosensor was named
HYlight after Harden and Young, the discoverers of FBP.

We chose pancreatic B-cells as a model system because of the essential role of glycolytic
metabolism in coupling glucose stimulus to insulin secretion. As in other cells, the eleva-
tion of plasma glucose leads to enhanced glycolysis and oxidative phosphorylation. In
B-cells, the increase in ATP/ADP ratio subsequently closes ATP-sensitive K™ (Karp)
channels, triggering plasma membrane electrical activity, Ca®* influx into the cytosol, and
insulin secretion (12-14). Notably, p-cell glucose handling is adjusted to sense the sub-
strate availability rather than responding to energy demand, thereby enabling the glucose
sensor role for the cell. In particular, glucose uptake is not rate-limiting for glycolytic flux,
and glucose phosphorylation is mediated by glucokinase (hexokinase IV), which exhibits a
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Cells respond to shifts in glucose
supply or fluctuations in energetic
demand through regulated
changes in glycolytic metabolism.
The rate at which glucose is
converted to pyruvate is of
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measuring this property at single-
cell resolution is fundamentally
difficult. The glycolytic
intermediate fructose
1,6-bisphosphate (FBP) exhibits
large changes in concentration
that track with changes in flux. We
developed a fluorescent biosensor
for FBP exploiting this correlation
to monitor rapid changes in
glycolysis within single cells.
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glycolytic regulation, dynamics
and heterogeneity. Given the
conservation and importance of
glycolysis, we believe this new
biosensor will be broadly useful in
a variety of tissues and organisms.
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higher K, than other hexokinases and lacks product inhibition
(15). These adaptations result in glycolytic flux remaining
sensitive to physiologically relevant concentrations of plasma
glucose in the millimolar range. Additionally, the low levels of
lactate production and transport produce a tight relationship
between extracellular glucose and the rates of glycolysis and
oxidative metabolism (15). We show here that B-cell FBP lev-
els, monitored by HYlight, increase with glucose concentration
in a dose-dependent manner and decrease upon the inhibition
of glycolysis, providing compelling evidence that FBP can serve
as an indicator of glycolytic flux in these cells. B-Cell lines
exhibit metabolic and ionic oscillations, which were detected by
HYlight coexpressed with the calcium sensor R-GECO1 (16) in
single cells, uncovering the temporal relationship between FBP
and Ca** dynamics.

Finally, we observed an unexpected degree of cell-to-cell het-
erogeneity in the magnitude of the FBP response upon exposure
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to glucose present in both MING as well as p-cells within intact
islets. Nevertheless, in MING6 and HEK293 cells, FBP levels
averaged across a population of cells recapitulated the well-
established importance of glucokinase and hexokinase as regula-
tors of glycolytic rate.

Results

Development of the FBP Biosensor HYlight. To construct our
sensor, we used a truncation of B. subrilis CggR (residues 89
to 340) (Fig. 14 and SI Appendix, Fig. S1A) that excludes the
N-terminal DNA-binding domain (residues 1 to 88) to prevent
unnecessary DNA binding (6). We used a cpGFP variant derived
from a series of maltose biosensors (9, 10). High-throughput
assays were used to characterize the brightness and dynamic range
for libraries containing random variations in the site of GFP
insertion and composition of the linker amino acids (Fig. 1B).
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Fig. 1.

Discovery of a high dynamic-range FBP biosensor by sort-seq assay. (A) Structural comparison of CggR in apo state (PDB ID code 20KG, orange) vs.

FBP bound (PDB ID code 3BXF, blue) reveals a loop (residues 177 to 183) that undergoes a disorder-to-order transition upon binding FBP (6). (B) A library of
linker variants were assayed for function in HEK293T Landing Pad cells. Circularly permuted GFP was inserted into CggR at residue 180 with two flanking
linker amino acids on either side. Linker amino acids were encoded by the degenerate codon VST, which translates to a limited set of 8 amino acids, or by
the fully degenerate codon NNK, which includes all 20 amino acids. The library was placed into an attB plasmid that enables genomic recombination into
the HEK293T Landing Pad genome by the Bxb1 recombinase. (C) Fluorescence distributions of the CggR-180-NNK library expressed in HEK293T cells exposed
to 0 mM or 25 mM glucose. Dotted lines indicate the bins used for sort-seq. (D) The number of cells sorted into each bin is indicated by bar height along
with the maximum-likelihood density estimates for the variant with the highest dynamic range, CggR-180-PP-cpGFP-KE (HYlight). (E) Dynamic-range (AF/F)
estimates for all variants after screening libraries with linker residues substituted with amino acids encoded by a limited set using VST codons (Left) or fully

degenerate NNK codons (Right). See also S/ Appendix, Fig. S1.
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To measure the FBP-induced changes in fluorescence for hun-
dreds of sequence variants in parallel, we utilized sort-seq, a high-
throughput functional assay combining fluorescence-activated cell
sorting (FACS) and DNA sequencing (17-19). To ensure that
expression was limited to a single sequence variant per cell (a
requirement of this assay) we employed the HEK293T Landing
Pad cell line, which enables genomic integration of the DNA
library into a single Bxb1 recombination site (Fig. 1B) (20). To
characterize FBP-induced changes in fluorescence, we performed
sort-seq assays in the presence and absence of 25 mM glucose,
which produces high and low intracellular FBP concentrations,
respectively. Recombined cells were sorted into four bins span-
ning the range of the observed library fluorescence intensity (Fig.
1C and SI Appendix, Fig. S1B). Read counts for variants in each
bin generated by DNA sequencing provided a view of the log-
normal fluorescence distribution analogous to a histogram, from
which the mean was inferred using a maximum-likelihood estima-
tor (Fig. 1D). Biosensor dynamic range [AF F = (Figand — Finin)/
FE_;.] was then calculated as the relative difference between the
estimated mean fluorescence in the glucose fed (Figana) and
starved (F,,;,) states for each variant.

A key challenge of biosensor design is identifying a site in
which cpGFP insertion is tolerated, allowing both domains to
fold, while also potentially permitting allosteric coupling
between ligand binding and fluorescence. Initially, multiple
CggR positions (156 of 251 possible) were tested for permissi-
bility of cpGFP insertion using a transposon-mediated domain-
insertion cloning strategy called Domain Insertion Profiling
(SI Appendix, Fig. S1A). None of the insertion-site variants
responded to changes in glucose (|AF/ F < 0.3 for all tested
insertion-site variants) (S/ Appendix, Fig. S1C and Dataset S1).
Nonetheless, insertions into the loop comprising residues 177
to 183 (numbered according to the full-length protein) were
relatively bright compared to the other tested sites (Fpi, = 2.1 +
0.04 logAFU, P < 0.005 Mann—Whitney U test), prompting us
to focus on this region. Structures of the CggR LBD in the apo-
and FBP-bound states indicated that this loop undergoes an
FBP-dependent disordered-to-ordered transition (Fig. 14). To
minimize disruption of the FBP-binding site, we placed cpGFP
at the apex of the loop for further optimization of linker amino
acids.

Only a fraction of the possible linkers will produce strong allo-
steric coupling between a given cpFP and LBD. We designed a
library containing cpGFP inserted between residues 180 and 181
of CggR with short linkers on either side consisting of two amino
acids each (Fig. 1B). The linker amino acids were encoded by
either the degenerate codons VST (amino acids A, G, P, R, S, T)
or NNK (all 20 amino acids). The NNK library contains a greater
number of combinations (20* = 160,000) than what could read-
ily be characterized. To reduce the number of combinations to an
experimentally tractable number, 10,000 cells from the top 10%
by brightness were sorted in the presence of glucose, expanded,
and used as input for subsequent assays using this library.

After filtering out low-abundance variants and those outside
the expected range, we estimated the brightness and dynamic
range for 900 linker variants between the two linker libraries
(Fig. 1F and Dataset S1). Although most variants did not dis-
play glucose-dependent alterations in fluorescence, both librar-
ies contained rare variants that showed large fluorescence
changes. The fully degenerate NNK library produced more
high dynamic-range variants than the more limited VST library
(Fig. 1E). Notably, biosensors with fluorescence increases
(turn-on) and decreases (turn-off) upon addition of glucose
were both identified (Fig. 1£). The variant with the largest
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dynamic range (AFF = 0.92) contained the linker pairs
Pro-Pro and Lys-Glu on the N- and C-terminal ends of
cpGFP, respectively. This variant, named HYlight, was used to
explore FBP dynamics in vitro and in live pancreatic B-cells.

In Vitro Characterization of HYlight. When excited by 488-nm
light, purified HYlight protein exhibited an increase in emission
at 510 nm with increasing [FBP] (AF/F = 1.5) (Fig. 2 A-O).
An additional major excitation peak was discovered at 400 nm,
which produced a slightly red-shifted emission (Fig. 2B). This
latter signal decreased with increasing [FBP] (Fig. 2 A-C). The
ratio of the emission values from the two excitation wave-
lengths provided a readout with increased sensitivity (AR/R =
3.0) (Fig. 2D) and reduced variability resulting from differences
in biosensor concentration (S/ Appendix, Fig. S2A) and pH
(Fig. 2E and SI Appendix, Fig. S2B). Excitation at 400 nm is a
characteristic of wtGFP caused by excited state proton transfer
(ESPT) from the neutral state of the fluorophore to nearby resi-
dues (21). Given that the cpGFP used in HYlight contains the
well-characterized mutation S65T that disrupts EPST when
introduced into wtGFP, we hypothesized that a relatively
uncommon mutation present in HYlight, H148Y, might con-
tribute to the strong excitation at 400 nm due to the proximity
of this residue to fluorophore. Reverting this mutation back to
the wild-type His148 indeed produced a biosensor with signifi-
cantly diminished 400-nm excitation (S Appendix, Fig. S2C).

The apparent affinity of HYlight for FBP (11 pM) (87
Appendix, Fig. 2D) (variability among batches of purified pro-
tein resulted in Kj estimates ranging from 3.8 to 12.5 pM) is
comparable to previously reported measurements by isothermal
calorimetry using only the CggR LBD (6). However, this bind-
ing is tighter than that reported using the full-length protein in
thermal-shift assays (2, 4). The range of FBP concentrations
sensed by HYlight in vitro (~1 pM to 100 pM) is well suited for
the range of FBP concentrations measured in a p-cell line stimu-
lated by 11 mM glucose following starvation (22). However,
metabolomic measurements in mammalian iBMK cells continu-
ously cultured in high glucose indicate that FBP is present at 1.5
mM (23). Given this discrepancy, it is possible that HYlight
binding could be saturated in some contexts or cell types.

While binding to FBP has been well characterized, it has
not been determined whether CggR also binds fructose 2,6-
bisphosphate (F2,6BP), which is not produced in B. subtilis but
is present in eukaryotic cells at much lower concentrations than
FBP. F2,6BP affected HYlight fluorescence similarly to FBP
but with slightly weaker affinity (S7 Appendix, Fig. S2D) (K =
7.2 uM for F2,6BP and 3.8 pM for FBP). Given the consider-
ably lower cytosolic concentration of F2,6BP, it is unlikely that
it influences the observed fluorescence in cells.

To examine HYlight specificity, we tested other glycolytic
metabolites, namely dihydroxyacetone phosphate (DHAP),
glyceraldehyde 3-phosphate (G3P), fructose 6-phosphate (F6P),
glucose 6-phosphate (G6P), and glucose. Minimal changes in
the HYlight fluorescence ratio were observed in the presence of
supraphysiological concentrations of these other metabolites
(Fig. 2F). The absence of a fluorescence response to other ligands
does not necessarily preclude binding, however. In the presence
of 100 pM F6P, 675 pM G6P, or 1.6 mM DHAP, the FBP
dose—response curve for HYlight was shifted rightward, suggest-
ing competition for the same binding site (S/ Appendix, Fig.
S2E). When combined, these competing ligands produce a larger
shift in the Kj of HYlight for FBP to 33.0 pM (87 Appendix, Fig.
S2E). Competition for the binding site precludes HYlight from
reporting absolute concentrations and may enable HYlight to
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Fig. 2.

In vitro characterization of HYlight. (A) Excitation spectra from HYlight in the presence (solid) and absence (dashed) of 1 mM FBP. (B) Emission spec-

tra from HYlight in the presence and absence of 1 mM FBP. Dashed lines indicate excitation set at 405 nm while solid lines indicate excitation set at
488 nm. (C) Normalized HYlight emission induced by excitation at 405 nm (purple) or 488 nm (cyan) as a function of FBP concentration. (D) Relative change
of the fluorescence ratio (AR/R) resulting from 488- and 405-nm excitation as a function of [FBP]. (E) Fluorescence ratio as a function of pH across FBP
concentrations. (F) Relative HYlight fluorescence ratio for FBP compared to other glycolytic metabolites. See also S/ Appendix, Fig. S2.

sense higher FBP levels than those suggested from the Kj deter-
mined in vitro.

While the fluorescence ratio of HYlight is largely insensitive
to pH, this results from similar changes in fluorescence inten-
sity for both 405- and 488-nm excitation across the pH range
tested. As an additional control, we generated a variant incapa-
ble of binding FBP. We hypothesized that replacing the CggR
residue Thr152 with Glu would result in the charged side chain
of Glu occupying the region of the binding site normally occu-
pied by the 6-phosphate. This T152E variant exhibited no
changes in fluorescence ratio across FBP concentrations (57
Appendix, Fig. S2B). In addition, the T152E variant exhibited
similar sensitivity to pH changes as HYlight. This “binding dead”
HYlight was used as an experimental control to detect artifactual
changes in fluorescence caused by factors other than FBP.

In Vivo Characterization of HYlight. We examined the relation-
ship between the extracellular glucose and intracellular FBP levels
by measuring HYlight fluorescence in live HEK293 cells and
insulin-secreting MING B-cells using flow cytometry. Fluores-
cence was monitored using 405- and 488-nm excitation and the
relative change (AR/Ry) in fluorescence ratio (R = Fjgg/ Fyos) was
calculated relative to the no glucose condition (&p). In both cell
types, the median AR/ R, exhibited a glucose-dependent increase,
but the concentration of glucose that elicited a half-maximal AR/R,
(Rys) differed between cell types (Fig. 3 A and B). In MING cells,
Rys was achieved at 6.4 + 1.6 mM glucose (Fig. 3B), which is
close to the glucose concentration reported for half-maximal acti-
vation of glucokinase (24). In contrast, the Rys occurred at a
much lower glucose concentration in HEK293 cells (1.0 + 0.2 mM
glucose, P < 0.05 vs. MING). This is consistent with a key role
for hexokinase (HKI Ky 5 = 41 pM, HKII K 5 = 340 mM) and
a lack of glucokinase in HEK293 cells (25, 26). The glucokinase
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activator dorzagliatin (10 pM) significantly lowered the concen-
tration eliciting half-maximal activation (Ry5 = 1.7 + 0.4 mM
glucose, P < 0.05 vs. untreated cells) in MING cells.

HYlight Can Differentiate Cell Types Based on Response to
Metabolic Perturbations. We next examined the use of HYlight
for detecting cell type-specific differences in FBP dynamics in
HEK293 and MING cells monitored by time-lapse confocal
microscopy (Fig. 3C). Cells were starved of glucose for 1 h prior
to imaging, followed by the sequential addition of 11 mM glu-
cose, 2.5 UM oligomycin, and 16.7 mM 2-deoxyglucose (2-DG)
to mimic a common Seahorse XF protocol referred to as the
Glycolytic Stress Test. Fluorescence was monitored using 405-
and 488-nm excitation and the change in fluorescence ratio
(AR/R,) was calculated relative to the ratio at the start of experi-
ment (Ry). In response to 11 mM glucose, HEK293 cells exhib-
ited a transient spike in fluorescence ratio, which rapidly declined
to a steady plateau (AR/R = 0.41 + 0.20) (Fig. 3 Cand D), pos-
sibly due to ATP feedback inhibition of PFK. The glucose-
induced increase in fluorescence ratio exhibited a slower increase
but plateaued at a higher level in MING cells (AR'R = 0.83 +
0.19, P < 0.05 vs. HEK293 cells) (Fig. 3D). In contrast, glucose-
starved MING cells expressing the HYlight-T152E variant exhib-
ited no change in fluorescence ratio upon exposure to 11 mM
glucose (SI Appendix, Fig. S3). Oligomycin, an inhibitor of the
mitochondrial ATP-synthase, produced a further, sustained
increase in fluorescence ratio in HEK293 cells, presumably
reflecting an increased anaerobic glycolytic capacity of HEK293
cells when oxidative phosphorylation is inhibited. In contrast, the
glucose-induced increase in fluorescence ratio was largely reversed
by oligomycin in MING cells. This likely reflects the inability of
P-cells to metabolize glucose to lactate (27, 28), which results in
insufficient glycolytic ATP for FBP production by PFK. Finally,
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Fig. 3. HYlight imaging reveals differences in metabolic phenotype between HEK293 and MING cells. (A) HYlight fluorescence ratio as a function of glucose con-
centration follows Michaelis-Menten kinetics. Differences in the magnitude of maximal change and Ry s are observed between HEK293 (purple), MIN6 (blue), and
MING cells treated with dorzagliatin (orange). Each point represents the median fluorescence ratio across cells measured by flow cytometry relative to cells incu-
bated in 0 mM glucose. Lines indicate fitted Michaelis-Menten equation with Rys shown as a vertical dashed line. (B) Comparison of Rys estimates + SE for
HEK293 (1.0 + 0.24 mM), MIN6 (6.4 + 1.6mM), and MING6 cells treated with 10 uM dorzagliatin (1.28 + 0.22 mM). (C) Example of fluorescence ratiometric images
in HEK293 cells (Upper) and MING cells (Lower) after 1 h of glucose starvation and following addition of 11 mM glucose, 2.5 uM oligomycin, and 16.7 mM 2-DG.
The scale bars in the photomicrographs represent 10 microns. (D) Quantification of the change in fluorescence ratio (AR/R) for HEK293 cells (Upper, n = 67 cells
over 3 separate experiments) and MING6 cells (Lower, n = 222 cells over 3 separate experiments) following the metabolic perturbations shown in C. AR/R was nor-
malized to the glucose-starved state at the beginning of each experiment. Solid line represents the mean across cells while shaded ribbon represents the mean
+ SD. In MING cells, oscillations around the mean contribute to the increased cell-to-cell variability in fluorescence ratio over time. See also S/ Appendix, Fig. S3.

2-DG reduced glycolysis in HEK293 cells, as evidenced by a rapid
decline in fluorescence ratio back to baseline (Fig. 3D), while only
minimally decreasing the already low FBP levels in MING cells.

Multiplexed Imaging with HYlight Resolves Temporal
Relationship between Oscillating Signals. In addition to the
sustained increase in FBP upon exposure of MING cells to
11 mM glucose, HYlight also uncovered large amplitude oscilla-
tions in FBP, consistent with properties of a glycolytic oscillator
(29). B-Cell lines are known to exhibit glucose-induced oscilla-
tions in plasma membrane electrical potential and cytosolic
Ca®*, but the temporal relationship between ionic and glycolytic
oscillations is unclear. We examined the relationship between
FBP and Ca** dynamics in individual MING cells by coexpress-
ing HYlight and a spectrally compatible Ca** sensor, R-GECO1
(16). As expected, the initial increase in FBP stimulated by glu-
cose preceded the increase in Ca%t (Fig. 4 A and B). The
glucose-induced oscillations of FBP and Ca®* in individual cells
were in phase, with a periodicity of ~60 s (Fig. 40). Cross-
correlation analysis of the two signals averaged over all cells indi-
cated the two signals were maximally correlated with little (15 s)
or no time offset (Fig. 4D).

PNAS 2022 Vol. 119 No.31 2204407119

HYlight Reveals Differences in Glycolytic Dynamics at the
Single-Cell Level in Intact Islets. A key advantage of fluorescent
biosensor imaging is the high spatial resolution, which permits
evaluation of the metabolic properties of single cells. In MIN6
p-cells, the FBP response to elevated glucose was highly hetero-
geneous (Figs. 3D and 44). Glucose-induced increases in FBP
were also readily detected in individual B-cells within isolated
mouse islets expressing HYlight, delivered via a p-cell specific
adeno-associated virus (AAV) vector. As in MING cells, the
individual FBP responses of primary islet B-cells were heteroge-
neous (Fig. 5 A and B). To determine whether the variability in
FBP response in individual cells persisted over multiple stimu-
lations, we treated islets with cycles of low (I mM) and high
(11 mM) glucose. The per cell magnitude of HYlight increase
was highly correlated between sequential rounds of glucose
stimulation (R = 0.75) (Fig. 50).

Discussion

We developed HYlight to monitor FBP dynamics with cellular
resolution, an effort motivated by a growing appreciation for
the role of this metabolite in reflecting the state of the
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Fig. 4. Multiplexed fluorescence imaging of HYlight and R-GECO uncovers temporal relationships between FBP and Ca®* in MING6 cells. (4) HYlight fluores-
cence ratio measured in MIN6 cells following an increase from 1 to 11 mM glucose. (B) R-GECO fluorescence measured in the same cells as A revealed a
delayed increase in Ca* relative to FBP. (C) The HYlight fluorescence ratio and R-GECO fluorescence for a single cell indicated by white boxes in A and B.
Oscillations in both signals occur synchronously. (D) The cross-correlation of R-GECO and HYlight signal following glucose stimulation (t = 20 to 40 min) aver-
aged over all cells with a shaded ribbon representing the mean + the SD. The maximum cross-correlation occurs in simultaneous frames or at a one-frame

(15 s) lag with the R-GECO signal preceding HYlight.

glycolytic pathway. CggR, a transcription factor that enables
bacteria to sense and respond to changes in glycolytic flux, was
utilized to engineer our sensor via high-throughput functional
assays in live cells. Inserting cpGFP into a loop of CggR
that undergoes a structural transition with ligand binding pro-
duced a relatively bright construct, but one that lacked respon-
siveness to FBP. High-throughput characterization of the linker
amino acids connecting cpGFP to CggR revealed multiple high

160,000 possible linker amino acid combinations were tested,
it is likely that linker variants with improved performance
remain undiscovered. The many pairs of biosensor sequence
and associated dynamic range collected in this study might
prove useful as training data for emerging machine-learning
methods to predict the function for untested sequences. More-
over, the ratiometric signal and high dynamic range of HYlight
combined with the large changes in FBP that track with altera-

dynamic-range FBP biosensors. Given that only 900 of the  tions of flux (30) make this sensor an especially useful tool for
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A imm 1

0.3{°
w 0.2
L
< 0.1
0.0
0 10 20 30 40 50
Cc
B S
L w
~ 50.24
[T
<o
% o
A @ 2011
3 E §
®0.0

00 01 02
mean AF/F
first perfusion

0 10 20 30 40 50
time (minutes)

Fig. 5. HYlight uncovers heterogeneity among p-cells in response to glucose. (A) p-Cells within an isolated islet imaged with repeated cycling between 1 and
10 mM glucose. The solid black line and the gray-shaded region represent the mean + SD, respectively. Four traces from example cells are shown as colored
lines corresponding to the maximum (red) and minimum (blue) glucose-stimulated fluorescence change along with two cells exhibiting intermediates
responses (orange and green). (B) Heatmap of fluorescence changes (AF/F represented by color) where each row represents a single cell quantified over
time. Cells are ordered from numerical ranks on the y axis. (C) The mean change in fluorescence ratio during the first and second exposure to 10 mM glu-
cose is heterogeneous across cells but consistent within individual cells over time (R = 0.75). The blue line represents a linear regression fit, while dotted
black indicates the unity line.
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monitoring metabolism in live cells. HYlight thus complements
existing fluorescent biosensors covering the major glycolytic
pathway inputs [glucose (31)], outputs [pyruvate (32) and
lactate (33, 34)], and cofactors [NAD":NADH (35) and
ATP:ADP (8)].

Pancreatic B-cells, whose glycolytic rate depends on glucose
supply, provided an ideal system to test HYlight and an oppor-
tunity to detect FBP dynamics in relation to normal physiol-
ogy. HYlight detected changes in FBP across a range of glucose
concentrations in MING cells and isolated islets. Additionally,
perturbations thought to increase glycolytic flux, either by
increasing glucokinase activity in MING cells or inhibiting
mitochondrial function in HEK293 cells, were associated with
an increased HYlight fluorescence ratio, providing further evi-
dence that FBP levels reflect glycolytic flux. Different p-cells
within the same islet exhibited heterogeneous responses to glu-
cose that were maintained over time, indicating a cell intrinsic
source of variability. Despite the high variability in FBP levels
among individual HEK293 and MING cells, the median
HYlight fluorescence ratio in response to different concentra-
tions of glucose, revealed by flow cytometry, conformed to the
known properties of hexokinase and glucokinase. The detection
of fast (~1-min period) oscillations in FBP in MING cells, in
synchrony with those of Ca®* likely reflects the hierarchy of
metabolic and electrical signaling in the B-cell. The concurrence
of FBP and Ca®* peaks that we observed contrasts with prior
studies using PKAR, a considerably less-sensitive FRET sensor
for PKM2 tetramerization, which showed, also in MING cells,
that FBP oscillated out of phase with Ca** (36).

Beyond the example of B-cells, HYlight should be useful for
monitoring glycolysis across a range of cell types, tissues, and
organisms. Precise measurement of glycolytic flux, however,
requires metabolic labeling followed by destructive analytical
chemistry techniques (37). To monitor metabolic flux in live
cells, instruments that measure the rate of oxygen consumption
and extracellular acidification have been developed, most nota-
bly the Seahorse XF analyzer (37). However, these methods are
limited to measuring bulk properties of cell populations,
thereby obscuring the heterogeneity among individual cells.
Additionally, Seahorse assays do not lend themselves to perfu-
sion experiments, making it difficult to assess effects of remov-
ing an agent. While HYlight measurement of FBP does not
provide absolute quantification of flux, our qualitative findings
from flow cytometry and fluorescence microscopy reflect the
known metabolic properties elucidated through bulk assays,
with enhanced spatiotemporal resolution. These advantages,
combined with the relative affordability and flexibility of a fluo-
rescent biosensor, suggest that HYlight could be broadly useful
for metabolic assays in a wide variety of biological contexts.

In cancer biology, it has become apparent that cellular
metabolic heterogeneity contributes to disease progression and
therapeutic response. The preference of cancer cells for aerobic
fermentation (Warburg effect) varies from cell to cell in solid
tumors, depending on the level of hypoxia and interactions
with the tumor microenvironment (38, 39). Imaging of
HYlight-expressing cells using a fluorescence microscope should
be able to detect metabolic characteristics of individual cells.
Additionally, subcellular compartmentalization of glycolysis,
well-known in trypanosomes, where glycolytic enzymes are seg-
regated into discrete organelles, and yeast, where glycolytic
enzymes are enriched in liquid condensates known as G bodies,
is emerging as an important response of neurons to activity-
dependent energy demands (40, 41). We anticipate that
HYlight will be useful in characterizing glycolytic regulation at
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the subcellular level in addition to the examples provided in the
present work.

Materials and Methods

Detailed descriptions of all materials and methods are available in S/ Appendiix.
All primer sequences can be found in S/ Appendix, Table S1. Information related
to fluorescence activated cell sorting experiments can be found in SI Appendix,
Table S2.

FACS. Sort-seq experiments were conducted using a BD Influx instrument. Cells
transfected with the biosensor library (CggR-DIP or CggR-180-VST/NNK) and Bxb1
recombinase were sorted to collect GFP*, BFP™ cells. For second-round FACS, four
equal-width gates were set to span the range of log(AFU) covered by the distribu-
tion of each library. The + glucose samples were sorted using the same gates for
~1.5 h each. Cells for each bin were collected, individually pelleted, resuspended,
and plated for expansion. Genomic DNA from 5 M cells was extracted.

Linker Library DNA Sequencing. The entire ORF was PCR-amplified with a
forward primer specific to the genome and a reverse primer in sequence derived
from the plasmid. The linker regions flanking cpGFP were PCR amplified in a
second round to add partial lllumina adapters and then amplified a third time
with primer i5-IPE2p and a unique indexed primer per sample (i7- iPE2p-XX).
The library was sequenced using 2 x 75-bp paired-end reads on an Illumina
MiSeq (v3 Reagent kit) loaded at a final concentration of 14 pM with 15% PhiX
spiked in.

Imaging and Quantification. One hour prior to imaging, HEK293 or MIN6
cells were glucose starved (0 mM or low glucose, 145 mM NaCl, 5 mM KCl,
1.2 mM MgCly, 2.6 mM CaCl,, 10 mM Hepes, pH 7.4). Live cells were imaged
on a Nikon Eclipse TiE inverted microscope with a Yokogawa CSU-W1 spinning
disk confocal unit and a 60x oil-based objective (NA 1.4, Plan Apo VC OFN 25)
using the perfect focus system. Cells were excited at 488 nm and 405 nm with
emission wheel 525/25 nm and maintained in 5% CO, at 37 °C. Intracellular
FBP in islets was reported by exciting HYlight at 485 nm with emission at
575nm using a Zeiss Axiozoom.V16 microscope (2.3/0.56 objective) or Zeiss Axi-
oskop microscope (20/1.0 objective).

Flow Cytometry. MIN6 cells were transduced with a p-cell-specific AAV encod-
ing HYlight. HEK293T were transfected using Lipofectamine 2000. All cells were
incubated with 5% CO, at 37 °C for 24 to 48 h. One hour prior to harvest, MIN6
or HEK293 culture media was exchanged for media containing 145 mM Nadl,
5 mM KCl, 1.2 mM MgCl,, 2.6 mM CaCly, 10 mM Hepes, and glucose ranging
from 0 to 25 mM. Dorzagliatin (10 uM, Selleckchem, Cat. #56921) was added
for 1 h. Cells were trypsinized, pelleted, and resuspended in media containing
the same concentration of glucose prior to harvest, with or without dorzagliatin.
Cells were kept at room temperature. Data were collected on a BD Symphony
Flow Cytometer using lasers 488-1 (excitation 488 nm, Emission 530/30 nm)
and 405-2 (excitation 405 nm, emission 525/50 nm).

Data Availability. All study data are included in the main text and supporting
information.
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