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SUMMARY

HYlight is a genetically encoded fluorescent biosensor that ratiometrically monitors fructose 1,6-bisphos-
phate (FBP), a key glycolytic metabolite. Given the role of glucose in liver cancer metabolism, we expressed
HYlight in human liver cancer cells and primary mouse hepatocytes. Through in vitro, in silico, and in cellulo
experiments, we showed HYlight’s ability to monitor FBP changes linked to glycolysis, not gluconeogenesis.
HYlight’s affinity for FBP was �1 mM and stable within physiological pH range. HYlight demonstrated weak
binding to dihydroxyacetone phosphate, and its ratiometric response was influenced by both ionic strength
and phosphate. Therefore, simulating cytosolic conditions in vitro was necessary to establish a reliable cor-
relation between HYlight’s cellular responses and FBP concentrations. FBP concentrations were found to be
in the lower micromolar range, far lower than previous millimolar estimates. Altogether, this biosensor
approach offers real-time monitoring of FBP concentrations at single-cell resolution, making it an invaluable
tool for the understanding of cancer metabolism.

INTRODUCTION

HYlight is a circularly permuted green fluorescent protein

(cpGFP)-based biosensor that operates similarly to the HyPer

family probes.1,2 It incorporates cpGFP into the transcription

factor CggR (PDB: 2OKG), which binds to upper glycolytic in-

termediates, particularly fructose 1,6-bisphosphate (FBP).3,4

Metabolite binding induces a conformational shift in the

ligand binding domain, altering the proton network around

cpGFP’s chromophore, and producing a ratiometric response

linked to changes in FBP concentration.5 FBP, generated by

phosphofructokinase-1 (PFK-1), represents the rate-limiting

step of glycolysis,5,6 enabling HYlight to assess glycolytic

flux. HYlight has already been employed in pancreatic and kid-

ney cell lines, primary mouse b cells, and in vivo in C. elegans

neurons, revealing cell-to-cell heterogeneity and autonomously

regulated glycolysis.5,7 These findings suggest HYlight’s po-

tential for advancing our understanding of glycolytic activity

across different cellular contexts.

The metabolic reprogramming of liver cancer cells poses a

major challenge that current methods struggle to address.8–10

The extracellular acidification rate (ECAR) offers an indirect mea-

sure of glycolysis but lacks single-cell resolution and centers

on the final glycolytic product, lactate.11 Similarly, monitoring

glucose uptake focuses on the initial step of glycolysis, after

which glucose can enter alternative pathways like the pentose

phosphate pathway.4,12 Although isotope tracing is a precise

method,8,13 it requires cell lysis and lacks single-cell resolution,

overlooking cell-to-cell heterogeneity.

In this study, we demonstrate the use of HYlight to accurately

measure changes in FBP levels in liver cells. Given the

critical role of glucose metabolism in liver function and hepato-

cellular carcinoma, understanding this process in metabolic

cell reprogramming is essential.4,14 Through methods like

confocal microscopy and glycolytic stress tests, HYlight was

found to specifically track FBP changes linked to glycolysis. Us-

ing AlphaFold2, fluorometry, and mass spectrometry, we stud-

ied HYlight’s optical and structural properties. We discovered

that HYlight’s ratiometric response is mainly driven by FBP,

with minimal interference from dihydroxyacetone phosphate.

Phosphate and ionic strength also impacted HYlight’s sensitivity

to FBP. By replicating cytosolic conditions in vitro, we found FBP

concentrations in liver cells to be 100 times lower than previously

thought. Taken together, HYlight offers a powerful tool for moni-

toring FBP dynamics and glycolytic activity in both primary and

cancerous liver cells.
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RESULTS

HYlight monitors changes in fructose 1,6-bisphosphate
levels in hepatocytes and liver cancer cells
To evaluate the capability of HYlight to detect changes in FBP

levels in livercells,weexpressed it in thecytosol of isolatedprimary

mouse hepatocytes and examined its functionality and sensitivity

to external stimuli. We designed an assay to correlate externally-

added glucose concentrations with the ratiometric response

of HYlight, as well as to determine the dynamic range of this

response. To this end, hepatocytes were starved of glucose for 1

h, followedbya treatmentover timewith increasingconcentrations

of glucose (0–40 mM) to stimulate glycolysis, and finally with

2-deoxy-D-glucose (2-DG) to inhibit glycolysis (Figure 1A).15 To

extend our experiments to human liver cancer cell lines, we first

codon-optimized HYlight for use in human cells and expressed it

Figure 1. HYlight monitors fructose 1,6-bi-

sphosphate (FBP) in hepatocytes and liver

cancer cells

(A) Min-max normalized ratio changes of HYlight in

primary mouse hepatocytes after 1 h of glucose

starvation upon sequential addition of increasing

concentrations of glucose every 10 min and

2-deoxy-D-glucose (2-DG) at the end of the

experiment. Data are presented as mean ± SEM.

Averaged fluorescence ratio upon compound

addition. Mean ± SD. Single-cell fluorescence ratio

upon compound addition. n = 3 and at least 10 cells

per replicate.

(B) Fluorescence ratio changes of codon-optimized

HYlight in HLE, Huh6, and HepG2 cell lines as well

as primary mouse hepatocytes following 1 h of

glucose starvation. This was followed by the

sequential addition of increasing concentrations of

glucose every 10 min, and subsequent addition of

2-deoxy-D-glucose (2-DG). Data are presented

as mean ± SEM. n = 3 and at least 50 cells per

replicate.

(C) The HYlight fluorescence ratio as a function

of glucose concentration exhibits a hyperbolic

response curve in HLE, HepG2, and Huh6 cell lines,

as well as primary mouse hepatocytes. n = 3 and at

least 50 cells per replicate.

(D) Fluorescence ratiometric images (fusion of 488

and 405 nm wavelength) of HepG2 cells after 1 h of

glucose starvation and after the addition of glucose,

oligomycin, and 2-DG. Scale bar, 100 mm. Inner

scale bar, 50 mm. Below, the normalized min-max

ratiometric change and the averaged ratio change

of HYlight in HepG2 cells under physiological

stimuli. n = 3 and at least 50 cells per replicate. Data

on the left graph are presented as mean ± SEM and

on the right graph as mean ± SD. Scale bar: 200 mm

ns: Not significant; *<0.05; **<0.005; ***<0.0005;

****<0.00005. Ordinary One-Way ANOVA �Sı́dák’s

Multiple Comparisons Test. See also data S1 and

Figure S1 for additional details.

in the cytosol of HepG2, HLE, and Huh6

cells (SI Appendix, Data S1). We then

applied the same glucose titration, and

observed a different response between the cell types, illustrating

the above-mentioned cellular heterogeneity8 (Figures 1B and

S1A).Unlike inmousehepatocytes,where changesweredetected

after adding 20mMglucose (Figure 1A), only 5mMwas needed in

the hepatoma cell lines (Figures 1B and S1A). In all cases,

even 40mMglucose did not lead to HYlight saturation. Treatment

with 2-DG decreased HYlight’s ratiometric fluorescence

response, demonstrating its reversibility.Plotting theobtainedHY-

light ratio against the glucose concentration added (Figure 1C), we

observedahyperbolic ratiometric responsewithahill coefficientof

approximately 1. These results confirm the efficacy of HYlight in

detecting changes of FBP levels across different hepatocyte cell

types, while distinguishing their varying glycolytic responses.

Next, we performed a glycolytic stress test15,16 in which cells

were glucose starved for 1 h, and sequentially subjected to

10 mM glucose, 2.5 mM of oligomycin, and 50 mM 2-DG. In
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HepG2 cells, glucose induced an upsurge of the FBP levels, oli-

gomycin intensified it, and 2-DG decreased it, again indicating

that HYlight is reversible in liver cells (Figure 1D). Interestingly,

in HLE cells, the maximum response to HYlight was achieved

30 min after the addition of 10 mM glucose (SI Appendix, Fig-

ure S1B), unlike in Huh6 and HepG2 cell lines, which required oli-

gomycin to achieve the maximum response. This also indicates

heterogeneity in reaching FBP steady-state levels among

different liver cancer cell lines. To rule out the possibility of the

response being elicited by factors other than FBP, we made

use of HYlight Null, a fluorescent variant lacking the ability to

bind FBP5 (SI Appendix, Figure S1C). The basal fluorescence

of HYlight Null (around 0.7) did not change upon the addition

of either glucose, oligomycin, or 2-DG, indicating that the

response is due to FBP binding.

Finally,we checkedwhether oligomycin or 2-DGcould affect the

readout of HYlight by direct interaction with the protein-based

sensor. Therefore, HYlight was expressed in E. coli and purified

to homogeneity using immobilized metal affinity chromatography

(IMAC) and size exclusion chromatography (SEC) (SI Appendix,

Figure S1D). Then, we titrated purified HYlight protein with

increasing concentrations of oligomycin or 2-DG (SI Appendix,

Figure 2. HYlight does not affect fructose

1,6-bisphosphate (FBP) levels in liver cells,

and its response is linked to glycolysis

(A) ECAR of HepG2 liver cancer cells after 1 h of

glucose starvation and following the addition of

10 mM glucose, 10 mM oligomycin, and 100 mM

2-DG in two steps. The ECAR readout is in milli-pH

units per min and normalized to cell number.

Sample size is n = 3.

(B) OCR assay of HepG2 liver cancer cells after 1 h

of glucose starvation and following the addition of

10 mM glucose, 10 mM oligomycin, and 100 mM

2DG in two steps. The OCR is in picomoles of ox-

ygen per min and normalized to cell number.

Sample size is n = 3.

(C) Fluorescence ratiometric images of HepG2 cells

under 15 mM glucose with or without gluconeo-

genic stimulation. Scale bar: 200 mm.

(D) FBP generation is catalyzed by phosphofruc-

tokinase 1 (PFK1) in glycolysis and its destruction is

mediated by fructose 1,6-bisphosphatase 1 (FBP1)

in gluconeogenesis. Below, changes in the fluo-

rescence ratio of HYlight in HepG2 liver cancer cells

after 1 h of glucose starvation and sequential

addition of 50 mM dexamethasone, 100 nM

glucagon, and 15 mM glucose. Comparison be-

tween gluconeogenic medium (GNG) and normal

media in the presence or absence of either 20 mM

FBP1 inhibitor (top) or 20 mMPFK inhibitor (bottom).

Data are presented as mean ± SEM. n = 3, with

approximately 50 cells per condition and replicate.

See also Figure S2 for additional details. Figure 2D

can also be accessed through BioRender: Bio-

Render.com/e27y335.

Figure S1E). No changes in the ratiometric

responsiveness of HYlight were observed,

indicating that oligomycin and 2-DG do not

directly interactwithHYlight (SIAppendix, FigureS1E). Insummary,

this suggests that the HYlight response is caused by alterations in

FBP concentrations and not by direct interaction with other com-

pounds used in the glycolytic stress test.

Expressing HYlight in liver cells does not affect cellular
metabolism
Due to the ability of HYlight to bind FBP, we next addressed the

question of whether its expression in liver cells could potentially

interfere with enzymes participating in the glycolytic pathway or,

more generally, perturb cellular functionality. We, therefore, con-

ducted an ECAR and an oxygen consumption rate (OCR)

experiments on liver cells expressing HYlight or HYlight Null

with similar transfection efficiencies of around 60% (data not

shown)11 (Figures 2A, 2B, and S2A). These experiments were

performed under similar conditions as the glycolytic stress test

(Figure 1D). We observed similar patterns in the presence and

absence of HYlight, meaning that the expression of HYlight

has no effect on the extracellular acidification rate, which

is caused by lactate production during glycolytic activity

(Figures 2A and S2A). In the OCR experiment we also observed

the expected cellular behavior independent of HYlight
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expression: a decrease in oxygen consumption with both

glucose and oligomycin (conditions of glycolysis stimulation)11,17

and an increase in the OCR upon inactivation of glycolysis with

2-DG (Figures 2B and S2A). Thus, we concluded that the expres-

sion of HYlight in HepG2 cells does not alter cellular metabolism.

HYlight monitors glycolysis, not gluconeogenesis
Considering that FBP is also found in the opposing pathway of

glycolysis, gluconeogenesis, we hypothesized that the readout

of HYlight could also provide insights into the fluxwithin the gluco-

neogenesis pathway.4 To address this, we induced gluconeogen-

esis in HepG2 cells for two days. This was achieved through a

combinatory treatment involving lactate, pyruvate, dexametha-

sone, and glucagon—a well-established and effective regimen

for stimulating gluconeogenesis (SI Appendix, Figure S2B).18,19

Upon examination via confocal microscopy (Figure 2C), the 488/

405 nm ratio revealed that under gluconeogenesis conditions

following glucose addition, there was only a slight increase of

FBP, whereas in standard glycolytic media (DMEM GlutaMAX),

there was a notable increase in FBP concentration, suggesting

an enhanced glycolytic flux (Figures 2C, 2D, and S2C).

To further confirmgluconeogenesis activation, the correlation

between FBP and glycolytic flux, and to rule out that the

lack of FBP increase was due to a decrease in cell fitness,

we inhibited the dephosphorylation of FBP to fructose

6-phosphate by inhibiting FBP1—a key enzyme in the gluco-

neogenic pathway, whose inhibition would cause the inactiva-

tion of the pathway (Figure 2D)20 – with 5-chloro-2-(N-(2,5-

dichlorobenzenesulfonamide))-benzoxazole. Glucose addition

to cells grown in gluconeogenic medium while inhibiting FBP1,

led to an increase of FBP to levels comparable to those seen

with standard media (Figures 2D and S2C). This result shows

that the absence of an increase of FBP levels (Figure 2C) was

not due to diminished cell fitness but rather suggests a shift

from gluconeogenesis to glycolysis.

Additionally, we inhibited phosphofructokinase (PFKFB3), an

enzyme involved in generating FBP from fructose 6-phosphate

via fructose 2,6-bisphosphate,21 with -(3-pyridinyl)-1-(4-pyri-

dinyl)-2-propen-1-one (3PO). In normal media, a 24 h treatment

with 20 mM 3PO followed by glucose addition, led to a significant

decrease in the FBP levels. However, this effect was not

observed in gluconeogenic media (Figures 2D and S2C).

Taken together, while HYlight effectively monitors changes in

FBP levels associated with glycolytic flux, it is unaffected by

gluconeogenesis.

Hypoxia enhances basal glycolytic activity
We next sought to determine whether HYlight could detect sub-

tle changes in FBP dynamics under pathophysiological condi-

tions, such as hypoxia, which disrupts cellular respiration and

shifts metabolism toward glycolysis.22

To mimic hypoxia, we treated cells with dimethyloxalylglycine

(DMOG), which induces the accumulation of hypoxia-inducible

factor (HIF-1a).23 After overnight incubation with 1 mM DMOG

and 1 h of starvation, we observed a significant increase in basal

fluorescence in both mouse hepatocytes and HepG2 cells

(Figures 3A and 3B). Interestingly, cells treated with DMOG

had a diminished or absent response to glucose, suggesting

maximal glycolytic capacity.

Overall, hypoxia not only increases basal glycolytic activity but

also alters the cell’s glycolytic response. This is interesting as it

demonstrates the sensitivity of HYlight and its utility in studying

FBP dynamics.

HYlight reacts with fructose 1,6-bisphosphate and with
dihydroxyacetone phosphate
To find out whether HYlight can serve as a tool to quantify cellular

concentrations of FBP, we first checked whether the response

recorded in hepatocytes is specific. As CggR (PDB: 2OKG),

the transcription factor responsible for the binding of FBP

Figure 3. Hypoxia increases basal glycolytic

activity

(A) Fluorescence ratio changes of HYlight in primary

mouse hepatocytes after 24 h treatment with 1 mM

DMOG, 1 h of glucose starvation, and sequential

addition of glucose and 2-DG. Data are presented

as mean ± SEM. Next, averaged fluorescence ratio

upon starvation, and glucose addition. Data are

presented as mean ± SEM. Glucose response is

expressed as the percentage increase from star-

vation to glucose addition. Data are presented as

mean ± SD. n = 3 with at least 10 cells per replicate.

(B) Fluorescence ratio changes of HYlight in HepG2

cells after 24 h of 1 mM DMOG treatment, 1 h of

glucose starvation, and sequential addition of

glucose over 35 min. Data shown as mean ± SD.

The bar graphs depict the averaged fluorescence

ratio upon starvation, and glucose addition. Data

are presented as mean ± SEM. Glucose response is

expressed as the percentage increase from star-

vation to glucose addition. Data are presented as

mean ± SD. Sample size is n = 5, with at least 50

cells per replicate. ns: Not significant; *<0.05;

**<0.005; ***<0.0005; ****<0.00005. Ordinary One-

Way ANOVA �Sı́dák’s Multiple Comparisons Test.
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(PDB: 3BXF) in HYlight, has been reported to bind several glyco-

lytic intermediates, such as glucose 6-phosphate (G6P) (PDB:

3BXG), fructose 6-phosphate (F6P) (PDB: 3BXH), glyceralde-

hyde 3-phosphate (G3P) (PDB: 3BXG) and dihydroxyacetone

phosphate (DHAP) (PDB: 3BXE),3 we decided to test the

response of purified recombinantly expressed HYlight to various

metabolites from both glycolysis and the tricarboxylic acid (TCA)

cycle, as well as other biologically important metabolites at their

reported cytosolic concentrations (Figure 4A). In addition, we

performed a comprehensive titration of several key glycolytic in-

termediates (SI Appendix, Figure S3A). We confirmed that

HYlight responds to FBP, as it elicited a ratiometric response

of the excitation spectrum, increasing the ratio between the

two maxima from 0.42 to 1.95. Additionally, a noticeable albeit

subdued reaction with DHAP (ratio increase from 0.42 to 0.64)

and ATP (ratio decrease from 0.42 to 0.27) was observed (Fig-

ure 4B). However, the ATP response was likely induced by

changes in ionic strength, as its presence affected HYlight Null

in a similar manner (SI Appendix, Figure S3B).

Dihydroxyacetone phosphate competes with FBP for
interaction with HYlight
To get structural insights into the difference in binding of FBP and

DHAP, we generated a structural model of HYlight using Alpha-

Figure 4. HYlight reacts with fructose 1,6-bi-

sphosphate (FBP) and dihydroxyacetone

phosphate (DHAP)

(A) HYlight was tested toward several metabolites

from different metabolic pathways.

(B) Comparison of the ratio change in HYlight

upon different metabolites at physiological con-

centrations. ns: Not significant; *<0.05; **<0.005;

***<0.0005; ****<0.00005. Ordinary One-Way

ANOVA �Sı́dák’s Multiple Comparisons Test. Data

are presented as mean ± SD. n = 3. GTP: guano-

sine-50-triphosphate (1 mM); GDP: guanosine

diphosphate (1 mM); glucose 1-phosphate (1 mM);

6-phosphogluconate (0.5 mM); a-ketoglutarate

(0.79 mM); succinate (6.8 mm); succinyl-CoA

(6.8 mM); pyruvate (16 mM); oxaloacetate (2 mM);

malate (1.39 mM); fumarate (0.38 mM); citrate

(32 mM); acetyl-CoA (28 mM); xilose (5 mM), ribose

(5 mM); maltose (5 mM); manose (5 mM); lactose

(5 mM); glucose (5 mM); fructose (5 mM); ATP

(4.67 mM); NADPH (65 mM); NADH (75 mM); NAD+

(0.5mM); 3PG: 3-phosphoglycerate (0.37mM); 2,3-

BPG: 2,3-bisphosphoglycerate (0.23 mM); G3P:

glyceraldehyde 3-phosphate (0.14 mM); DHAP

(1.63 mM); FBP (1.52 mM); phosphoenolpyruvate

(16 mM); G6P: glucose 6-phosphate (0.67 mM);

F6P: fructose 6-phosphate (96 mM); SEC: size

exclusion chromatography buffer: 50 mM Tris pH

7.5; 125 mM NaCl. Sample size is n = 3. See also

Figure S3 for additional details. Figure 4A can also

be accessed through BioRender: BioRender.com/

b12m469.

Fold2.24 We obtained a highly confident

predicted structure with an average per

residue model confidence score (pLDDT)

of 89.6 (Figure 5A) in which we positioned FBP and DHAP by

structural alignment with CggR (Figure 5B). DHAP engaged in

a fewer number of H-bonding contacts with amino acids in the

ligand binding site of HYlight compared to FBP, which might

explain its lower response.

As we observed a low but significant response while testing

DHAP at its reported cytosolic concentration of 1.63 mM (Fig-

ure 4B),25 we decided to compare the response of HYlight toward

DHAP to that of FBP. Therefore, we performed a titration of both

metabolites on purified HYlight ranging from low mM range to mM

range (Figure 5C). We observed a notably reduced reactivity of

HYlight toward DHAP, exhibiting a maximum fluorescence ratio

of 0.75, whereas with FBP, it peaked at 2. Moreover, the apparent

KD for FBP was found to be 0.5 mM, whereas for DHAP, it was

144 mM, i.e., HYlight is considerably less sensitive to DHAP.

To investigate direct competition, we added increasing con-

centrations of DHAP to purified HYlight in the presence of

100 mM of FBP (Figure 5D). Significant competition was only

observed at DHAP concentrations above 2.5 mM, which is

much higher than the levels typically found in the mammalian

cytosol.25

Altogether, these findings suggest that DHAP has a minimal

impact on the fluorescence of HYlight, and even in cases where

competition occurs, its influence would be negligible.
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The KD of HYlight for FBP remains �1 mM in the
physiological pH range
Probes based on a circularly permutated fluorescent protein

(cpFP), such as HYlight (Figure 5A), or HyPer probes, tend to

be sensitive to pH fluctuations. This sensitivity stems from the

inherent characteristics of the chromophore, wherein spectral

changes depend on alterations in its protonation state. Through

circular permutation of the b-barrel structure of cpFP to bring

the N- and C-termini closer, the chromophore becomes

more exposed, thereby increasing its susceptibility to pH

changes.26,27 In a previous study, HYlight characterization and

pH titration were conducted in the phosphate buffer solution

PBS, wherein no sensitivity to pH changes was observed.5 In

our experiments, we noted a decline in the HYlight response

within PBS in comparison to a sulfonic acid zwitterionic buffer

system. This transition led from a fluorescence ratio of nearly

3 in MES-CHES-HEPES to only 2 in PBS, or 1 in Britton-

Robinson phosphate buffer (Figure 6A), indicating approximately

a 66% reduction in the ratiometric response. PBS could there-

fore potentially have masked the sensor’s reactivity to pH varia-

tions. Therefore, we re-evaluated the responsiveness of HYlight

in physiological pH range, from pH 6 to pH 8.8, using the above-

mentioned sulfonic acid buffer mixture (Figure 6A). We observed

pH-dependent changes in the maximum DR/DR0 values in the

pH 6 to 8.8 range when titrating with increasing concentrations

of FBP (Figure 6B). However, altering pH conditions did not

impact the KD value, which remained approximately 1 mM.

Further, HYlight Null was also found to be pH insensitive in this

pH range (SI Appendix, Figure S4A), rendering it suitable as an

FBP-insensitive control for HYlight. Overall, these results sug-

gest that HYlight can effectively operate within the physiological

pH range.

Figure 5. Dihydroxyacetone phosphate

competes fructose 1,6-bisphosphate (FBP)

for the binding in HYlight

(A) AlphaFold2 prediction of HYlight color-coded

by per-residue model confidence score (pLDDT).

(B) Ligand binding pocket of HYlight with FBP (10

H-bonds), and DHAP (6 H-bonds). Colored by el-

ements: CHNOS. Ligand binding pocket com-

parison were based on the structures of CggRwith

FBP (PDB: 3BXF) and DHAP (PDB: 3BXE).

(C) Change of the fluorescence ratio of purified

HYlight as a function of FBP and DHAP concen-

trations, and relative to their absence, is shown.

Numeric values represent the apparent KD. Sam-

ple size is n = 3.

(D) Fluorescence ratio change of purified HYlight

in the presence of 100 mM FBP and increasing

DHAP concentrations. R = Ratio 500 nm/400 nm

DR/R0=(Rx-R0)/R0. Data are presented as mean ±

SD. Sample size is n = 3.

HYlight is sensitive to phosphate,
shifting the KD for FBP to �10 mM
Given that FBP possesses two phosphate

groups that interact with residues T67,

T66, K473, and R414 in the ligand binding

site of HYlight (Figure 5B), we speculated that variations in re-

sponsivity observed in PBS might stem from competition with

phosphate. Our findings supported this hypothesis, as we wit-

nessed a decrease in sensor response to FBP in both PBS and

Britton-phosphate buffer (resulting in a displacement of KD

from 1 to 9 to 17 mM), alongside a decline in the maximum ratio-

metric value, dropping from 3 to 2 to 1 (Figure 6A). In conclusion,

phosphate buffers are causing a one log shift in the KD of HYlight

for FBP to�10 mM, while simultaneously reducing its ratiometric

response.

To further confirm the role of phosphate, we compared the

steady state ratio of HYlight in PBS to Tris/HCl (TBS buffer

solution). As can be seen in Figure 6C, the fluorescence ratio

of HYlight was higher in PBS than in TBS, which was not

observed for HYlight Null. This suggests that phosphate groups

cause a conformational change of the sensor by binding to HY-

light’s ligand binding site.

Furthermore, phosphate titration in the presence of FBP led to a

decrease in fluorescence response, indicating sensor saturation.

In the absence of FBP, we observed an increase in the 500/400

fluorescence ratio, confirming the binding of phosphate and our

previous conclusions (SI Appendix, Figures S4B and S4C).

Protein phosphorylation could also potentially influence the

functionality of HYlight. However, mass spectrometry analysis

in HepG2 cells did not detect any post-translational modifica-

tions in HYlight (PRIDE: PXD051879).

Ionic strength affects the responsiveness of HYlight
Given that HYlight functionality may be sensitive to specific

metal binding, as observed in various enzymes,28 we used

AlphaFill29 to predict potential metal binding sites based on

HYlight’s AlphaFold2 predicted structure (Figure 5A). Our
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analysis showed possible interaction sites for Na+, K+, and diva-

lent ions (data not shown). However, increasing the concentra-

tion of Na+ or K+ or the addition of EDTA did not alter the

response or the apparent KD value of HYlight (SI Appendix,

Figures S4D and S4E).

After ruling out metal binding and noting an effect of different

buffer composition on the fluorescence ratio, we focused on

the impact of ionic strength on the response of HYlight. Since

changes in ionic strength can affect protein behavior and func-

tion through shifts in electrostatic interactions,30 we tested the

impact on the response to FBP by comparing HYlight in TBS

with increasing concentration of NaCl (0–150 mM) (Figure 6D).

With 0 mM NaCl, the average fluorescence ratio was 1.87, while

it dropped to 0.94 with 150 mM NaCl (Figure 6D). Additionally,

titration of FBP revealed changes in the apparent KD values,

which increased from 0.5 mM (no NaCl) to 3 mM (150 mM NaCl)

(Figure 6E), suggesting that ionic strength affects the function-

ality of the sensor.

Metabolite competition and ionic strength displace the
apparent KD for FBP
To evaluate HYlight’s reactivity to FBP under cytosolic condi-

tions, we performed an in vitro study using purified recombinant

Figure 6. The KD of HYlight for fructose 1,6-

bisphosphate (FBP) is�1mM, is not changing

in the physiological pH range, and is affected

by phosphorous compounds and changes in

ionic strength

(A) Relative change of the fluorescence ratio as a

function of increasing FBP concentrations and

different buffers.

(B) Relative change of the fluorescence ratio as a

function of increasing FBP concentrations and pH

variation with the MES/CHES/HEPES buffer.

(C) Comparison of the ratio change in HYlight and

HYlight Null in PBS, and TBS without FBP.

(D) Comparison of the ratio change in HYlight in the

presence of 1 mM FBP and increasing NaCl con-

centrations.

(E) Relative change of the fluorescence ratio as a

function of increasing FBP concentrations and

increasing concentrations of NaCl. ns: Not signifi-

cant; *<0.05; **<0.005; ***<0.0005; ****<0.00005.

Ordinary One-Way ANOVA �Sı́dák’s Multiple Com-

parisons Test. PBS: 137 mM NaCl, 2.7 mM KCl,

10 mM Na2HPO4, 1.8 mM KH2PO4; TBS: 150 mM

NaCl, 50 mM Tris-HCl, pH 7.6; MES/CHES/HEPES

25 mM; Britton-Robinson phosphate: acid mixture

of NaOH, CH3COOH, H3PO4, H3BO3, KCl. Data are

presented as the mean ± SD. Sample size is n = 3 in

all cases. See also Figure S4 for additional details.

HYlight. We determined the KD for FBP in

a cytosolic ionic strength (CIS) solution,30

a metabolic mix solution and our working

buffer (50 mM Tris pH 7.5, 125 mM NaCl).

The metabolic mix solution consisted

of physiological concentrations of com-

pounds known to affect HYlight, or

CggR (4.67 mM ATP, 96 mM fructose

6-phosphate, 0.67 mM glucose 6-phosphate, 1.63 mM dihy-

droxyacetone phosphate, 0.14 mM glyceraldehyde 3-phos-

phate).3,5,25 Our results showed that HYlight’s apparent KD

for FBP was 0.5 mM in 125 mM NaCl (Figure 7A). CIS

(140 mM KCl and 12 mM NaCl) slightly altered KD to 1 mM

and increased the fluorescence from 2 to 3.5. Competition

with phosphate-containing metabolites (metabolic mix solu-

tion) further shifted the KD to 28 mM, while the combination of

CIS and metabolic mix solution increased the KD to 44 mM

with an increased fluorescence ratio of 3.5 (Figure 7A).

To confirm that our in vitro method mimics conditions in live

cells, we examined the response of HepG2 cells expressing HY-

light to increasing concentrations of FBP in the media. HYlight’s

fluorescence ratio remained unchanged, as FBP could not cross

themembrane (SI Appendix, Figure S5A). To ensure that the addi-

tion of FBP in the medium would reach the cytosolic expressed

biosensor, we permeabilized the cells with 50 mM of saponin.31,32

The HYlight ratiometric response increased with increasing FBP

concentrations, while cells expressing HYlight Null showed only

minor changes,most likely due to changes in ionic strength (SI Ap-

pendix, Figure S5B). We calculated an apparent KD for FBP within

the cellular environment to be 61 mM, close to the in vitro value of

44 mM (Figure 7B).
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HYlight accurately measures fructose 1,6-bisphosphate
concentrations in liver cells
By simulating the cellular ionic strength and metabolic condi-

tions that impact the response of HYlight, we correlated

HYlight’s ratiometric response with specific FBP concentrations

in vitro (Figure 7C—open circles). To bring HYlight’s response to

the cellular ratiometric scale, we used metabolomics to deter-

mine the minimum FBP concentration in HepG2 cells. By

combining the mass spectrometry results with the average vol-

ume of hepatocytes,33–36 we calculated the FBP concentrations

per cell after 2-DG treatment (SI Appendix, Table S1) and

estimated an FBP concentration of 11 ± 1 mM. We normalized

HYlight’s ratiometric response by using this FBP basal value.

Then, we used the in vitro established correlation curve with

HYlight readouts from individual HepG2 cells to determine the

FBP concentration after the addition of 10 mM glucose, 2.5 mM

of oligomycin, 50 mM of 2-DG (Figure 7C—blue circles). After

starvation, FBP concentrations in HepG2 cells were 16 mM,

which increased to 35 mM after glucose addition, reached

45 mMafter oligomycin, and decreased to 11 mMafter 2-DG (Fig-

ure 7C—blue circles).

To verify our approach, we turned again to metabolomics. We

determined the FBP concentrations in HepG2 cells under the

same conditions now by using mass spectrometry (see STAR

Methods). The FBP concentrations obtained from HepG2 cells

with HYlight aligned closely with those measured by mass spec-

trometry, confirming HYlight’s accuracy in quantifying specific

FBP concentrations in liver cells (Figure 7C—gray circles).

Using the established biosensor approach, we determined the

FBP concentration of single HepG2 cells. After 10 mM glucose

addition and 2.5 mM oligomycin stimulation, we observed a

high cell-to-cell heterogeneity, finding some cells with 12 mM,

33 mM, 200 mM, or even reaching the saturation of the sensor

(>1 mM) (Figure 7D).

Finally, we measured FBP concentrations in primary mouse

hepatocytes, as well as in Huh6 and HLE liver cancer cell lines

(Figure 7E). This assay further confirmed the significant meta-

bolic heterogeneity observed in Figure 1B. Following the addition

Figure 7. HYlight quantifies fructose 1,6-bi-

sphosphate (FBP) concentrations in liver

cells

(A) Changes in relative fluorescence ratio were

observed as a function of FBP concentration in

various buffers that simulate cellular ionic strength

and metabolic composition. Sample size is n = 3.

(B)Relativefluorescence ratiochangeasa functionof

FBP concentration in HepG2 cells under saponin

permeabilization and comparison with recombinant

HYlightwithCIS+metabolicmix.Samplesize isn=6.

(C) Comparison of FBP concentrations in HepG2

cells under glucose starvation, 10 mM glucose,

2.5 mM oligomycin, 50 mM 2-DG obtained via mass

spectrometry (gray) and compared to normalized

fluorescent ratios (DR/R10) of HYlight in HepG2

cells (blue), correlated with recombinant HYlight

(open circles). Sample size of metabolomics anal-

ysis is n = 1 with 3 technical replicates.

(D) Fluorescence ratiometric images (fusion of 488

and 405 nm wavelength) of HepG2 cells after 1 h of

glucose starvation and after the addition of glucose,

and oligomycin. FBP quantification via correlation of

normalizedfluorescent ratioofHYlight inHepG2cells

with normalized fluorescence ratio DR/R10 of re-

combinant HYlight. Scale bar, 100 mm.

(E) FBP quantification in mouse hepatocytes, Huh6

and HLE cell after 10 mM glucose addition via

correlation of normalized fluorescent ratio of

HYlight in HepG2 cells with normalized fluores-

cence ratio DR/R10 of recombinant HYlight. Sample

size is n = 3 with a minimum of 50 cells per repli-

cate. CIS: cytosolic ionic strength. 140 mM KCl,

12 mM NaCl; PBS: 137 mM NaCl, 2.7 mM KCl,

10 mM Na2HPO4, 1.8 mM KH2PO4; TBS: 150 mM

NaCl, 50 mM Tris-HCl; SEC (size exclusion

chromatography) buffer: 50 mM Tris pH 7.5,

125 mM NaCl; metabolic mix: 4.67 mM ATP,

0.096 mM fructose 6-phosphate, 0.67 mM glucose

6-phosphate, 1.63 mM dihydroxyacetone phos-

phate, 0.14 mM glyceraldehyde 3-phosphate. DR/

R10=(ratio 500/400 – ratio 500/40010 mM FBP)/ratio

500/40010 mM FBP where ratio 500/40010 mM FBP is the ratio with 10 mM FBP. Data are presented as the mean ± SD. See also Figure S5 and Table S1 for additional

details. (C–E) can be also accessed through BioRender: BioRender.com/l93y325; BioRender.com/r87j960; BioRender.com/c21p293.
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of 10 mM glucose, FBP concentrations increased from 15 mM to

21 mM in primary mouse hepatocytes, from 15 mM to 78 mM in

HLE cells, and from 21 mM to 33 mM in Huh6 cells.

DISCUSSION

One of the hallmarks of liver cancer is upregulated glycolytic ac-

tivity.15,37 This upregulation emerges at the onset of the disease

to fulfill the energetic and biosynthetic demands of the cancer

cell.37–39 Given its importance in cancer development, it is hardly

surprising that glycolytic quantification and experimentation

have been a debated topic for the last hundred years. Despite

persistent efforts, there remains a significant gap in understand-

ing themechanisms behind the transition tometabolic cancer re-

programming.10 Due to the link between the onset of liver cancer

and glycolysis, an accurate quantification of this pathway is

imperative. However, the prevalent metabolic heterogeneity be-

tween cells poses a significant challenge to this quantification,8,9

and presently, there exists no method to effectively overcome

this limitation.40

In this study, using HYlight, we developed an innovative

approach for measuring concentrations of FBP within individual

liver cells. The generation of FBP directly aligns with glycolytic

activity,6 and its concentrations therefore exhibit similar cell-to-

cell variability. Some sources claim that mammalian cells have

a concentration of 1.52 mM of FBP in the cytosol,25 while others

report variations that range from the micromolar to the milli-

molar.41–46 This variation may be due not only to inherent cellular

variability but also to the diverse methods used for quantifying

FBP concentrations or glycolytic flux, many of which lack sin-

gle-cell resolution.40With our approach, HYlight offers an oppor-

tunity to precisely measure variations in FBP, and therefore

glycolytic activity, at the level of individual cells, reporting glyco-

lytic activity in a reliable way.

To ensure that HYlight reliably reports on cellular FBP levels,

we conducted a complete characterization of the biosensor.

We performed a comparative analysis between HYlight and a

well-established method for glycolytic measurement, the extra-

cellular acidification rate (ECAR).11 While HYlight exhibited a

response pattern similar to ECAR, we observed an enhanced

glycolytic activity with HYlight at lower concentrations of oligo-

mycin, a phenomenon not observed with ECAR. Since the

readout of HYlight is directly related to glycolytic activity while

ECAR addresses media acidification by lactate production, this

finding suggests that HYlight may have a greater sensitivity

than ECAR, enabling it to detect changes in glycolytic flux

more accurately.

Then, as gluconeogenesismirrors the pathway of glycolysis, we

were interested in observing whether HYlight could detect any al-

terations in FBP concentration linked to gluconeogenesis. We

showed that FBP changes are only correlated with glycolysis.

We corroborated this by the addition of an inhibitor of phospho-

fructokinase, the enzyme directly linked with FBP production,21

whose inhibition resulted in a decrease in the response to glucose

stimulation. Additionally, after adding an inhibitor of FBP1, the

enzyme that uses FBP as substrate,20 we did not observe an in-

crease in FBP. Instead, this increase was only observed following

the addition of both the inhibitor and glucose. This suggests that

inactivating FBP1 alone cannot cause an automatic accumulation

of FBPwithin the cell. However, it is plausible that any FBPpresent

is swiftly metabolized through glycolysis, suggesting a potential

futile cycle of FBP that remains undetectable by the sensor. These

findings are further supported by the enzyme activities involved in

both metabolic pathways. The turnover rate (111 s�1) and speci-

ficity constant of PFK-1 (BRENDA:EC2.7.1.11; Zheng and

Kemp47) toward FBP are higher than the turnover rate (8.2 s�1)

and specificity constant of aldolase toward glyceraldehyde

3-phosphate (BRENDA:EC4.1.2.13; Plater et al.48). These factors

explain why PFK-1 has a high conversion rate toward FBP in

both high and low concentrations of fructose 6-phosphate,

while aldolase’s conversion rate of FBP to glyceraldehyde

3-phosphate and dihydroxyacetone phosphate is lower, leading

to FBP accumulation. Under gluconeogenic conditions,

FBPase-1 (BRENDA.1.3.11) has a turnover rate similar to that of

aldolase in converting FBP.49 However, the specificity constant

of FBPase-1 (23 mM⁻1s⁻1) for FBP is higher than that of

aldolase (4.7 mM⁻1s⁻1).49 This indicates that any FBP generated

during gluconeogenesis is rapidly metabolized into fructose

6-phosphate, preventing its accumulation during the gluconeo-

genic process.

In testing HYlight’s ability to detect subtle changes in glycol-

ysis under pathophysiological conditions, under hypoxia, we

observed an increase in basal glycolytic activity but a reduced

response to glucose. This aligns with findings by Urrutia et al.

and Khan et al.,23,50,51 which suggest that while DMOG in-

creases glycolytic activity due to HIF-1a accumulation, signifi-

cant metabolic changes might deplete the NADH reserves,

creating a bottleneck for glycolysis. Altogether, these findings

in hypoxia enhance the sensor’s potential not only for monitoring

glycolytic activity and FBP dynamics but also for detecting

cellular metabolic alterations.

While evaluating the selectivity of HYlight, we found a note-

worthy response for DHAP, albeit with significantly higher KD.

However, this DHAP response was not significant in competing

with FBP, as only unphysiologically high DHAP concentrations

would influence FBP binding. In addition, HYlight can also bind

to fructose 2,6-bisphosphate.5 However, the cellular concentra-

tion of fructose 2,6-bisphosphate is markedly lower than that of

FBP. In HeLa cells, FBP concentrations of 380 mMwere detected

while only 4.2 mM of fructose 2,6-bisphosphate.52 Moreover,

fructose 2,6-bisphosphate contributes to FBP generation

implying that its presence correlates with heightened FBP pro-

duction and underscoring the suitability of HYlight for assessing

glycolysis.53

The biosensor also showed notable resistance to pH changes.

cpFPs are generally sensitive to pH shifts because their chromo-

phores are vulnerable to protonation. The circular permutation

exposes the chromophore to the cellular cytosol, increasing its

susceptibility to protonation.26,27 Similar to Hyper7, a H2O2 spe-

cific biosensor,2 HYlight’s KD for FBP remains stable within the

physiological pH range. The reason for this stability is unclear.

To gain deeper insights into the phenomenon of ratiometric pH

stability, X-ray structures are needed, which could guide the

development of more resilient biosensors.

Through a comprehensive characterization of HYlight, we

identified key factors that impact its functionality in the cytosol,
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overlooked in other studies.5,7 Understanding the effects of ionic

strength and metabolite competition, as well as their dynamics,

allowed us to replicate cytosolic conditions in vitro. We validated

the reliability of this approach with a metabolomics study, and

were able to correlate fluorescence ratios with specific FBP con-

centrations in the cytosol of primary mouse hepatocytes and

various liver cancer cell lines. This resolved a key question not

addressed in a previous study with HYlight,5 where despite the

sensor’s low KD, it could report changes in FBP concentrations

in mammalian cells, traditionally thought to be in the millimolar

range. Likewise, we also observed no saturation in the cytosol.

We resolved this contradiction by determining that liver FBP

concentrations are in fact 100 times lower than previous

estimates.5,25

In summary, HYlight enables themeasurement of FBP concen-

trations in real-time within living cells, with single-cell precision.

The biosensor’s readout is directly linked to changes in the

cellular glycolytic flux, offering several advantages over existing

methods.40 (1) Unlike ECAR, which measures lactate-induced

medium acidification, HYlight directly targets FBP at single-cell

resolution.11 (2) While metabolomics is specific, it lacks single-

cell resolution and requires cell lysis.13 (3) HYlight also addresses

cell-to-cell heterogeneity, although calibration for different vol-

ume cell types is necessary to define minimum FBP concentra-

tions. Nevertheless, the methodology used with HYlight can be

extended to other protein-based biosensors for precise metabo-

lite quantification. We believe HYlight’s proven effectiveness can

advance liver cancer research by shedding light on FBP dy-

namics and glycolytic activity during hepatocarcinogenesis.

This tool can identify cells with increased glycolytic activity at

the onset of liver cancer, potentially uncovering new genes or

metabolic pathways altered in the early stages of the disease.

Limitations of the study
d Potential rapid metabolism of fructose 1,6-bisphosphate

(FBP) through glycolysis may hinder detection

d HYlight shows some response to DHAP, but with a signif-

icantly higher dissociation constant (KD)

d HYlight can bind to fructose 2,6-bisphosphate, although its

cellular concentration is much lower than FBP

d Cell-to-cell heterogeneity affects HYlight readings,

requiring calibration for various cell types to determine

minimum FBP concentrations
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Santa Cruz Biotechnology Cat# sc-221608

Seahorse XFp Cell Culture Miniplate Agilent Technologies Cat# 103025-100

Sodium L-lactate,�98% Sigma-Aldrich Cat# L7022-5G

Sodium pyruvate, ReagentPlus�, R99% Sigma-Aldrich Cat# P2256-100G
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PMSF Protease Inhibitor Thermofisher Scientific Cat# 36978

Leupeptin Protease Inhibitor Thermofisher Scientific Cat# 78435
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Adenosine 50-triphosphate disodium salt solution Sigma-Aldrich Cat# A6559
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reduced tetrasodium salt hydrate

Sigma-Aldrich Cat# N1630

b-Nicotinamide adenine dinucleotide,

reduced disodium salt hydrate

Sigma-Aldrich Cat# N8129

b-Nicotinamide adenine dinucleotide hydrate Sigma-Aldrich Cat# N7004

Glucose 6-phosphate Roche Cat# 10127647001

Saponin Sigma-Aldrich Cat# 47036
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Dmog,R98% (hplc) (Dimethyloxalylglycine) Sigma-Aldrich Cat# D3695
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Critical commercial assays

PierceTM BCA Protein Assay Kits Thermofisher Scientific Cat# 23225

PureYieldTM Plasmid Miniprep System Promega Cat# A1222

Wizard� SV Gel and PCR Clean-Up System Promega Cat# A9282

Deposited data

Fructose 1,6-bisphosphate quantification Metabolomics Workbench

(NMDR)

NMDR: https://doi.org/10.21228/M8WB25

HYlight Mass Spectrometry ProteomeXchange PRIDE: PXD051879

Experimental models: Cell lines

HepG2 hepatoma cell line (Male) ATCC Cat# HB-8065; RRID: CVCL_0027

Huh6 hepatoma cell line (Male) – RRID: CVCL_4381

HLE hepatoma cell line (Male) – RRID: CVCL_1281

Experimental models: Organisms/strains

C57BL6N Mice Janvier-Labs Cat# C57BL/6NRj Mouse

RRID: IMSR_RJ:C57BL-6NRJ

Oligonucleotides

Fwd PCS2+/PQE30 EcoRI/BamHI HYlight Human E. coli primer:

GGCACGTAGAATTCGGATCCATGGGCAGCAAAGACGTGCT

This paper. N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rev PCS2+/PQE30 XhoI/HindIII HYlight Human E. coli primer:

GGCACGTACTCGAGAAGCTTTTAGCCGCTTTCATCGCGCA

This paper. N/A

Forward Sequencing HYlight primer:

GATCTACCAGAACCGTCAGATCCG

This paper. N/A

Reverse Sequencing HYlight primer:

GATGTTCTAGAGTCCGGAAGCTG

This paper. N/A

pCS2+ vector Forward Sequencing primer:

TGTTCTTTTTGCAGGATCCCATCG

This paper. N/A

pCS2+ vector Reverse Sequencing primer:

TCACTGCATTCTAGTTGTGGTTTG

This paper. N/A

pQE-30 vector Forward Sequencing primer:

AGGAGAAATTAACTATGAGAGG

This paper. N/A

pQE-30 vector Reverse Sequencing plasmid:

CCAGATGGAGTTCTGAGGTC

This paper. N/A

Recombinant DNA

HYlight codon-optimized E. coli/H. sapiens This paper, generated by

Twist Bioscience

https://www.twistbioscience.com/

pQE-30 vector Qiagen https://www.qiagen.com/ko-us

pCS2+ vector pCS2+HyPer7 was a

gift from Vsevolod Belousov

Addgene plasmid # 136466;

http://n2t.net/addgene:136466;

RRID:Addgene_136466

HYlight codon-optimized M. musculus Provided by John N.

Koberstein

Koberstein et al.5

Software and algorithms

Snapgene Snapgene https://www.snapgene.com/;

RRID: SCR_015052

TubeSeq Services Eurofins Genomics Eurofins Genomics https://eurofinsgenomics.eu/en/

custom-dna-sequencing/

eurofins-services/tubeseq-

services/

NIS-Elements Nikon https://www.microscope.

healthcare.nikon.com/products/

software/nis-elements;

RRID: SCR_014329

Fiji https://doi.org/10.1038/

nmeth.2019

https://fiji.sc/; RRID:

SCR_002285

GraphPad Prism GraphPad Software https://www.graphpad.com/;

RRID: SCR_002798

SoftMax Pro Molecular Devices https://es.moleculardevices.

com/products/microplate-

readers/acquisition-and-

analysis-software/softmax-

pro-software; RRID:

SCR_014240

Amersham ImageQuant 800 Cytiva https://www.cytivalifesciences.

com/en/be/shop/protein-

analysis/molecular-imaging-

for-proteins/imaging-systems/

amersham-imagequant-800-

systems-p-11546

Xcalibur software Thermo Scientific Cat# OPTON-30965;

RRID: SCR_014593

ColabFold Milot Mirdita https://github.com/sokrypton/

ColabFold; RRID: SCR_025453

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
C57BL/6J mice were housed and managed in compliance with the Belgian Regulations for Animal Care, and the animal protocols

underwent approval from the Commision d’Ethicque du Bien-Être Animal (CEBEA), Faculté de Médecine, Université libre de Brux-

elles (dossier No. 732). Animals were housed at 22�C on a 12:12-h light-dark cycle with ad libitum access to food and water.

Male or female mouse primary hepatocytes were isolated utilizing a two-step collagenase perfusion method through the vena

cava. 5 3 104 were cultured in m-Slide 8 Well ibiTreat plate in William’s Medium with Glutamax (Sigma-Aldrich), 10% heat-inacti-

vated FBS, 1% Penicillin-Streptomycin, and 10 mM HEPES. Cell death was assessed using Hoechst 33342/Propidium Iodide (PI)

(Sigma-Aldrich).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AlphaFold2 Google DeepMind https://deepmind.google/

technologies/alphafold/;

RRID: SCR_025454

AlphaFill Netherlands Cancer Institute https://alphafill.eu/

PyMOL Schrödinger https://www.pymol.org/;

RRID: SCR_000305

Proteome Discoverer Software Thermofisher Scientific https://www.thermofisher.com/

be/en/home/industrial/

mass spectrometry/liquid-

chromatography-mass-

spectrometry-lc-ms/lc-ms-

software/multi-omics-data-analysis/

proteome-discoverer-software.

html; RRID: SCR_014477

FragPipe 20.0 Alexey Nesvizhskii’s proteome

bioinformatics group

https://fragpipe.nesvilab.org/;

RRID: SCR_022864

Other

m-Slide 8 Well high ibiTreat cell plate Ibidi Cat# 80806

LipofectamineTM 3000 Transfection Reagent Thermofisher Scientific Cat# L3000001

Nb207 Agarose Beads Kindly provided by Jan

Steyaert Laboratory

https://doi.org/10.1038/

s41592-020-01001-6

Cytiva Disposable PD-10 Columns Cytiva Cat# GE17-0851-01

4–15% Mini-PROTEAN� TGXTM

Precast Protein Gels

Bio-rad Cat# 4561086

InstantBlue� Coomassie Protein

Stain (ISB1L)

Abcam Cat# ab119211

Filtropur S 0.45 mm Sarstedt Cat# 83.1826

Ni2+-Sepharose High-Performance

Agarose Beads

Cytiva Cat# 17526802

Vivaspin� 20 Centrifugal Concentrator

Polyethersulfone 10 kDa

Sartorius Cat# VS2001

HiLoad 16/600 Superdex 200 pg Cytiva Cat# 28989335

MICROPLATE, 96 WELL, UV-STAR�,

COC, F-BOTTOM

Greiner Bio-one Cat# 655809

6-well plates, TC treated VWR Cat# 7341599

U(H)PLC Column ACQUITY HSS T3

C18, 100 Å, 1.8 mm, 2.1 3 150 mm

Waters Cat# WT186003540

AcclaimTM PepMapTM 100 C18 HPLC Columns Thermofisher Scientific Cat# 164946

Acclaim PepMap RSLC, 0.075 3 250 mm Thermofisher Scientific Cat# 164569

Lab VisionTM Ultra V Block Thermofisher Scientific Cat# TA-060-UB

VECTASHIELD� Antifade Mounting

Medium with DAPI

VectorLabs Cat# H-1200
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Tumor cell lines
A total of 53 104 HepG2, HLE, or HuH-6 (often abbreviated as Huh6, which we will use in our paper) hepatoma cells were seeded per

well of a m-Slide 8 Well ibiTreat plate (Ibidi). Cell lines were cultured using DMEMGlutamax (Thermo Fisher Scientific) with 10% heat-

inactivated fetal bovine serum (FBS) and 1% Penicillin-Streptomycin at 37�C with 5% CO2. Cell lines have not been authenticated.

Cell lines have been tested for mycoplasma contamination.

Bacterial strains
XL1-Blue E. coli strain was used for the expression and purification of HYlight and HYlight Null.

METHOD DETAILS

Gene design and cloning
The sequence of HYlight/HYlight Null was codon optimized for simultaneous improved expression in E. coli and H. sapiens

(SnapGene) and modified to include EcoRI, BamHI, HindIII, and XhoI restriction sites. The genes were ordered (Twist Bioscience),

amplified, and cloned into the pQE-30 vector (N-terminally 6xHis-tagged) (Qiagen) for bacterial expression using BamHI/HindIII re-

striction sites. For expression in human cell lines, HYlight and HYlight Null were cloned into the pCS2+ vector (Addgene plasmid

#136466) using EcoRI/XhoI sites. For expression in primary mouse hepatocytes, the original constructs optimized for

M. musculus, were used.5 Insertion was checked by sequencing (TubeSeq Services; Eurofins Genomics).

Cell lines transfection
A total of 53104HepG2,HLE, orHuh6cellswere seededperwell of am-Slide 8Well ibiTreat plate. Thenext day, cellswere transfected

with pCS2+ plasmid encoding HYlight or HYlight Null. Transfection was performed using the Lipofectamine 3000 kit (Thermo Fisher

Scientific) following the standard protocol provided by the manufacturer. Media was replaced 24 h post transfection. For primary

mouse hepatocytes, cells were transfected 2 h after seeding following the same protocol. Media was replaced 12 h post transfection.

Imaging and quantification
Mouse primary hepatocytes, HepG2, HLE, or Huh6 cells were deprived of glucose 1 h before imaging using Seahorse XF DMEMme-

dium (Agilent) with a pH of 7.4, 2 mM glutamine, no phenol red, and no glucose. Media was changed once again prior to the assay.

Cell imagingwas conducted using a Nikon Eclipse Ti2 invertedmicroscope, whichwas outfittedwith a Nikon AX confocal system and

a 203 objective (NA 0.8, Plan Apo lD 203 OFN 25 DIC N2). Cells expressing HYlight were imaged using 488 nm and 405 nm wave-

lengths, emission was captured from 510 to 530 nm and cells were maintained at 37�C without CO2. Images were acquired every

2 min. Image processing was performed by using NIS-Elements (Nikon) and single-cell regions of interest (ROIs) were manually

selected. The fluorescence intensity at 488 and 405 channels wasmeasured for each ROI over time, extracted, and used to calculate

the excitation ratio (R = F488/F405). The fluorescence ratio was normalized using the lowest value of each dataset as 0 and the

maximum value as 1. Further image processing was carried out using FIJI. In the glycolytic stress test, cells underwent imaging

for 10 min, followed by sequential treatments: 10 mM Glucose (Sigma-Aldrich) for 30 min, 2.5 mM oligomycin (MedChem Express)

for the next 30 min, and 50 mM 2-deoxy-D-glucose (2-DG) (Sigma-Aldrich) for the final 30 min. For the glucose titration in primary

hepatocytes, HepG2, Huh6 and HLE cell lines, cells were imaged for 10 min, then treated with increasing concentrations of glucose

every 10 min, until 40 mMwas reached. Then, cells were treated with 50 mM 2-DG (cell lines) or 100 mM 2-DG (mouse hepatocytes).

For addressing the response of HYlight toward gluconeogenic increase, cells were imaged for 10 min, followed by sequential

treatments: 50 mM Dexamethasone (Sigma-Aldrich) for 60 min, 100 nM Glucagon (Sigma-Aldrich) for 60 min, 20 mM Fructose 1,6-

bisphosphatase-1 Inhibitor (Santa Cruz Biotechnology) for 30 min and 15 mM Glucose for 25 min. When testing the effect of phos-

phofructokinase inhibition, a constant presence of 20 mM (2E)-3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) (Sigma-Aldrich)

was maintained from 24 h before the assay. In the case of the cell lines, a minimum of n = 3 with 50 cells per replicate were analyzed.

In the case of mouse hepatocytes, a minimum of n = 3 with 10 cells per replicate was analyzed.

Extracellular acidification rates measurement during glycolytic stress test
The glycolytic stress test was performed in a XFp Flux Analyzer from Seahorse Bioscience (Agilent). Prior to the assay, transfection

efficiencywas evaluated via immunocytochemistry. Cells were seeded in Seahorse XF cell culture plates (Agilent) and transfected the

following day. 24 h post-transfection, cells were glucose starved for 1 h in Seahorse XF DMEMmedium (pH 7.4, 2 mMGlutamine, no

phenol red, no glucose) (Agilent) in a CO2-depleted incubator. Prior to the assay, the media was changed once again. The test

involved the addition of 10 mM glucose, 10 mM of oligomycin, and 100 mM of 2-DG in two 50 mM steps. Extracellular acidification

rate (ECAR) and oxygen consumption rate (OCR) data were normalized against cell number by BCA protein assay (Thermo Scientific

Pierce). n = 3 per condition.

Immunocytochemistry (ICC)
HepG2 cells were permeabilized for 10 min with 0.5% Triton in PBS. Upon permeabilization, cells were washed with PBS and incu-

bated for 10 min with Lab Vision Ultra V Block (Thermo Scientific). Cells were then incubated O/N at 4�C with Anti-H7 v2 Rabbit
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(1:1000) primary polyclonal antibody for HYlight detection. Wells were washed with PBS and Donkey anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (1:500), was added. Finally, for staining of the nucleus, VECTASHIELD Anti-

fade Mounting Medium with DAPI (VectorLabs), was added. Imaging was performed at 488 nm and 405 nm in a Nikon Eclipse Ti2

inverted microscope. n = 3 with over 500 nuclei counted per replicate.

Gluconeogenesis induction
HepG2 cells set for gluconeogenesis induction were incubated in standard DMEM Glutamax supplemented with 25 mM lactate

(Sigma-Aldrich) and 0.65 mM pyruvate (Sigma-Aldrich). Upon transfection with HYlight/HYlight Null, the media was supplemented

with 50 mM Dexamethasone (Sigma-Aldrich) and 100 nM Glucagon (Sigma-Aldrich). Gluconeogenesis induction was validated by

glucose production using the GlucCell Glucose Monitoring System (Esco VacciXcell). Additional validation was carried out by acute

fructose 1,6-bisphosphatase-1 inhibition with 20 mM of 5-chloro-2-(N-(2,5-dichlorobenzenesulfonamide))-benzoxazole (Santa Cruz

Biotechnology), and chronic phosphofructokinase inhibition (PFK) with 20 mM (2E)-3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one

(3PO) (Sigma-Aldrich) 24 h before the assay. A minimum of n = 3 with 50 cells per replicate were analyzed.

Hypoxia induction assay
Mouse hepatocytes and HepG2 cells were cultured and transfected as previously described. 24 h before the assay, 1 mM of Dime-

thyloxalylglycine (DMOG) (Sigma-Aldrich) was added andmaintained throughout the assay. DMSOwas added as a blank. Formouse

hepatocytes, during the assay, a sequential addition of 20 mM of Glucose (Sigma-Aldrich) for 35 min, 20 mM of glucose for 10 min,

and 100mM 2-deoxy-D-glucose (2-DG) (Sigma-Aldrich) for 10 min, was performed. For HepG2 cells, imaging for 30 min after 10 mM

Glucose was performed. In the case of HepG2 cells, a minimum of n = 5 with 50 cells per replicate were analyzed. In the case of

mouse hepatocytes, a minimum of n = 5 with 10 cells per replicate were analyzed.

Co-immunoprecipitation
107 HepG2 Cells expressing HYlight were manually lysed using cell Lysis Buffer (Cell Signaling Technology) supplemented with Halt

protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). 50 mL of Nb 207 Agarose Beads (kindly provided by Steyaert

Lab54) were incubated head over head for 40min with 700 mL of lysate supernatant. The lysate was passed by a PD10 column (Cytiva)

and washed 2 times with ice-cold co-IP buffer (pH 7.4, 50 mM Tris, 200 mM NaCl, and 1 mM tris(2-carboxyethyl)phosphine (TCEP)).

Beads were collected and spun for 1 min at 14,000 rpm (5430/5430R, Eppendorf). The supernatant was discarded and beads were

resuspended in 50 mL of co-IP buffer. The sample was loaded in a 4–15%Mini-PROTEAN TGX Precast Protein Gel (Bio-rad) and the

gel was stained with InstantBlue Coomassie Protein Stain (ISB1L) (Abcam). After destaining, samples were excised from the gel for

LC/MS.

Protein expression and purification
For protein expression, HYlight-pQE-30 was transformed into the XL1-Blue E. coli strain. Cells were grown in lysogeny broth (LB)-

medium with 100 mg/mL ampicillin at 37�C until an OD600 of �0.3 was reached. The protein expression was induced with 0.5 mM

isopropyl ß-D-1-thiogalactopyranoside (IPTG) overnight at 30�C. The cultures were harvested by centrifuging at 4000 3 g, 4�C,
for 20 min. Cell pellets were resuspended in 3 mL/g of lysis buffer (50 mM Tris/HCl pH 8, 0.5 M NaCl, 20 mM MgCl2, 2 mM (phenyl-

methylsulfonyl fluoride) PMSF, 0.1 mg/mL Leupeptin, 50 mg/mLDNaseI, 1mMdithiothreitol (DTT)). Cells were sonicated on ice using a

VCX 130 (Sonicsª) with 20 s pulses ON cycle, 60 s OFF cycle, and 70% amplitude, for a total of 5 repetitions. Lysates were centri-

fuged at 25000 3 g for 30 min at 4�C. and the supernatant was filtered through a 0.45 mm filter and incubated for 1 h with 2 mL/L of

Ni2+-Sepharose High-Performance Agarose Beads (Cytiva) equilibrated with 50 mM Tris/HCl pH 8, 0.5 M NaCl, 20 mM imidazole,

1 mM DTT at 4�C. The flowthrough was manually eluted, and the beads were packed in a column, which was washed 3 times

with the buffer solution, and then eluted in the same buffer solution containing 1 M imidazole. The eluted fractions were analyzed

on a 12%SDS-PAGE gel. Fractions were pooled and concentrated on a Vivaspin20 PES concentrator (Sartorius) with a 10 kDamem-

brane until a final volume of 2mL. The concentrated fraction was injected on aHiLoad Superdex 200 pg 16/600 (Cytiva) column equil-

ibrated with 50mMTris/HCl pH 8, 125mMNaCl, 1mMDTT (Size Exclusion Chromatography buffer (SEC)). For FBP saturation, 1mM

of final concentration was added. The elution fractions were evaluated with 12% SDS-PAGE, pooled, and the final protein concen-

tration was determined in a Bradford assay (Bio-rad).

In vitro excitation spectra assessment
Purified HYlight and HYlight null proteins were measured at 200 nM in 200 mL using Greiner 96-well Black/Clear Bottom Microplates

(Greiner). The excitation spectra were recorded from 350 to 520 nm in a SpectraMax iD5 plate reader (Molecular Devices) using an

emission wavelength of 560 nm at 25�C. Response to different stimuli was recorded as changes in (R = F500/F400). The change in

excitation ratio was calculated asDR/R=(Rt�Rt=0)/Rt=0 where Rt=0 is the excitation ratio at the start of the experiment. n = 3 replicates.

HYlight selectivity assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’. For the initial testing, cellular average metab-

olite concentrations were used.25 Metabolites found to be significantly altering the fluorescence ratio of the sensor were titrated from
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the nM to the mM range in both HYlight and HYlight null. Guanosine 50-triphosphate (GTP), guanosine diphosphate (GDP), glucose

1-phosphate, 6-phosphogluconate, a-ketoglutarate, succinate, succinyl-CoA, pyruvate, oxaloacetate, malate, fumarate, citrate,

acetyl-CoA, xilose, sucrose, ribose, maltose, manose, lactose, glucose, fructose, 3-phosphoglycerate (3PG), 2,3-bisphosphoglycer-

ate (2,3-BPG), lactate, DHAP, FBP, phosphoenolpyruvate, F6P, Glyceraldehyde 3-phosphate (G3P), ATP, NADPH, NADH and NAD+

from Sigma-Aldrich. G6P from Roche. n = 3 replicates.

Buffer titration assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’, using MES/CHES/HEPES 25 mM; PBS

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4); and Britton-Robinson pH 8 buffers, adjusted for pH with

NaOH. n = 3 replicates.

pH titration assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’, with buffers at different pH. MES/CHES/

HEPES 25 mM buffers were prepared, adjusted for pH with NaOH and with NaCl for conductivity. n = 3 replicates.

Phosphate titration assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’, usingHYligth/HYlight Null in SEC buffer pH 8

in the presence of TBS/PBS. Additionally, 200 mM of Sorensen’s phosphate buffer pH 8 buffer was titrated from the nM to the mM

range in HYlight with Tris 50mMpH 8. This was performed in the absence or presence of 100 mMFBP, ensuring stable conductivity in

all steps. n = 3 replicates.

Ionic strength titration assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’, comparing the response of HYlight titrated

with FBP toward different concentrations of NaCl. HYlight was diluted in TBS (0 mM NaCl, 50 mM Tris-HCl, pH 7.6) and titrated

against FBP and increasing concentrations of NaCl (0–150 mM). n = 3 replicates.

Metal binding assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’, comparing the response of HYlight toward

FBP in the presence of K+ and Na+, as well as its chelation by ethylenediaminetetraacetic acid (EDTA). 150 mM solutions of either

NaCl or KCl, in the presence or absence of 0.1 mM EDTA were used. n = 3 replicates.

Apparent KD displacement assay
The assay was carried out as described in the ‘‘in vitro excitation spectra assessment’’, comparing the response of HYlight toward

different concentrations of FBP in the presence or absence of 140 mMK+, 12 mMNa+ (Cytosolic Ionic Strength); and in the presence

or absence of a Metabolic Mix: ATP 4.67 mM, Fructose 6-phosphate 0.096 mM, Glucose 6-phosphate 0.67 mM, Dihydroxyacetone

phosphate 1.63 mM, Glyceraldehyde 3-phosphate 0.14 mM n = 3 replicates.

Dihydroxyacetone phosphate competition assay
The assay was carried out as describe in the ‘‘in vitro excitation spectra assessment’’, comparing the response of HYlight toward

different concentrations of DHAP in the presence or absence of Fructose 1,6-bisphosphate 100 mM, and in the presence or absence

of 140 mM K+, 12 mMNa+ (Cytosolic Ionic Strength), and a Metabolic Mix: ATP 4.67 mM, Fructose 6-phosphate 0.096 mM, Glucose

6-phosphate 0.67 mM, Fructose 1,6-bisphosphate 100 mM, Glyceraldehyde 3-phosphate 0.14 mM n = 3 replicates.

Cell permeabilization by saponin
HepG2 cells expressing HYlight/HYlight Null were grown and imaged by confocal microscopy. Cells were glucose starved for 1 h in

Seahorse XF DMEMmedium (Agilent) (pH 7.4, 2 mMGlutamine, no phenol red, no glucose) in a CO2-depleted incubator. Prior to the

assay, the media was changed once again. The test, previously optimized, involved the addition of different concentrations of FBP in

the mM-mM range before the addition of 50 mM of saponin (Sigma-Aldrich). The fluorescence intensity at 488 and 405 channels was

measured for each ROI over time, extracted, and used to calculate the excitation ratio (R = F488/F405) until the fluorescence signal

disappeared. For each condition, the ROIs with the maximum excitation ratio were selected. The change in excitation ratio was ad-

dressed as saponin presence increased the excitation ratio. It was calculated as DR/R=(Rt�Rt=0)/Rt=0 where Rt=0 is the excitation

ratio at the start of the experiment. n = 6 replicates with 30 cells per replicate.

Single cells FBP quantification with HYlight
4 3 105 HepG2 cells per well were seeded in a 6-well plate (VWR). Cells were cultured using DMEM Glutamax (Thermo Fisher Sci-

entific) with 10% heat-inactivated fetal bovine serum (FBS) and 1% Penicillin-Streptomycin. 4 days after seeding, cells were glucose

starved for 1 h in Seahorse XF DMEMmedium (pH 7.4, 2 mMGlutamine, no phenol red, no glucose) (Agilent) in a CO2-depleted incu-

bator. Prior to the assay, the media was changed once again. The test involved the addition of 10 mM glucose, 2.5 mMof oligomycin,
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and 50 mM of 2-DG. Three replicates per condition were used each replicate containing a minimum of 1 3 106 cells. After media

change and starvation, cells without treatment were trypsinized for detachment (5 min at 37�C). Trypsin was neutralized with media

and cells were harvested at 100 3 g for 5 min. The pellet was resuspended in 1 mL 0.9% NaCl. Cells were counted in a Luna

Cell Counter (Logos Biosystems) and samples were placed on ice. Cells were pelleted for 5 min at 4 �C at 1500 3 g. The

pellet was then resuspended in 100 mL of extraction buffer (80% Methanol/20% mQ water +2 mM Fructose-1,6-bisphosphate

(U-1 3C₆)(Buchem)). Cells were then incubated for 3 min on ice and then spun at 20000 3 g 4�C for 20 min. The supernatant was

then collected and stored at �80�C until metabolomics analysis. This procedure was repeated in samples after glucose addition,

oligomycin and 2-DG addition. Metabolomics Analysis by mass Spectrometry measurements were performed using a Dionex

UltiMate 3000 LC System (Thermo Scientific Bremen, Germany) coupled via heated electrospray ionization to a Q Exactive Orbitrap

mass spectrometer (Thermo Scientific). 10 mL sample was taken from an MS vial and injected onto a 15 cm C-18 column (Acquity

UPLC -HSS T3 1.8 mm; 2.1 3 150 mm, Waters). A step gradient was carried out using solvent A (10 mM TBA and 15 mM acetic

acid in 95/5 milliQ/MeOH) and solvent B (100% methanol). The gradient started with 100% solvent A until 13 min post-injection. A

linear gradient to 33.3% B was carried out until 14 min and increased to 36.4% until 25 min. Between 25 and 26 min the gradient

increased to 90.9% of B and kept at this % for 4 min. At 30 min the gradient returned to 100% solvent A. The chromatography

was stopped at 40 min. The flow was kept constant at 0.25 mL/min and the column was kept at 40�C throughout the analysis.

The HESI-source operated at negative polarity mode using a spray voltage of 4.8 kV, sheath gas at 40�C, auxiliary gas at 10�C,
the latter heated to 260�C. The ion transfer capillary temperature was 300�C. The mass spectrometer operated in full scan (range

[70.0000–1050.0000]) and AGC target was set at 3.0E+006 using a resolution of 140000. Data collection was performed using the

Xcalibur software (Thermo Scientific). The data analyses were performed by integrating the peak areas (El-Maven – Polly - Elucidata).

After FBP quantification per condition. Total cellular volume was quantified based on cell number and average hepatocyte size.33–36

Knowing the initial cellular volume of HepG2 cells (2.70–3.2 pL),33–36 FBP concentration per cell was derived from the quantified con-

tent of FBP in 100 mL of extraction buffer. Taking into account that the minimum FBP concentration was found in the condition after

50 mM 2-DG addition (11 mM), the standard curve obtained with HYlight against FBP by mimicking in vitro the ionic strength and the

metabolic competition was normalized against 10 mM. DR/R10=(Ratio 500/400 – Ratio 500/40010 mM FBP)/Ratio 500/40010 mM FBP

where Ratio 500/40010 mM FBP is the ratio with 10 mM FBP. In the same manner, fluorescent ratio values (488/405 nm) obtained by

confocal microscopy with HYlight in HepG2 cells, were normalized against the values after 2-DG addition. The obtained values

were plotted against the in vitro standard curve and FBP concentrations in HepG2 cells were obtained. The same approach was

used for quantifying FBP in primary mouse hepatocytes, HLE, and Huh6 liver cancer cell lines. n = 1 with 3 technical replicates

per condition.

Structural model
The ColabFold interface55 was used to construct Multiple Sequence Alignments (MSA) for HYLight and ColabFold sequence data-

bases with MMSeq2.56 The MSA was used as input for structure prediction with AlphaFold224 using the following settings (colab-

fold_batch –model-type alphafold2 –num-recycle 48 –amber –use-gpu-relax). In the prediction process, 48 recycling steps were em-

ployed, serving as iterations where the model fine-tuned its predictions to enhance accuracy. The refinement stage utilized AMBER

(Assisted Model Building with Energy Refinement), a force field commonly used in molecular dynamics simulations. Additionally, a

relaxation process was implemented, optimizing the predicted structures further to attain more realistic and energetically favorable

conformations. Visualization was performed using PyMol software (https://pymol.org). AlphaFill29 was used to identify potential li-

gands and cofactors in HYlight.

Mass spectrometry
Proteins bands were digested overnight trypsin at 37�C, peptides were extracted from the gel and dried by SpeedVac and resus-

pended in 3% (v/v) acetonitrile with 0.1% (v/v) TFA.

Peptides were directly loaded onto reversed-phase pre-column (Acclaim PepMap 100, Thermo Scientific) and eluted in back-

flush mode. Peptide separation was performed using a reversed-phase analytical column (Acclaim PepMap RSLC, 0.075 3

250 mm, Thermo Scientific) with a linear gradient of 4%–27.5% solvent B (0.1% FA in 98% ACN) for 60 min, 27.5%–40% solvent

B for 10 min, 40%–95% solvent B for 1 min and holding at 95% for the last 10 min at a constant flow rate of 300 nL/min on an

Ultimate 3000 RSLC system. The peptides were analyzed by an Orbitrap Fusion Lumos tribrid mass spectrometer

(ThermoFisher Scientific). The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Fusion

Lumos coupled online to the nano-LC. Intact peptides were detected in the Orbitrap at a resolution of 120,000. Peptides were

selected for MS/MS using HCD setting at 30; ion fragments were detected in the Orbitrap at a resolution of 30,000. A data-depen-

dent procedure that alternated between one MS scan followed by MS/MS scans was applied for 3 s for ions above a threshold ion

count of 2.0E4 in the MS survey scan with 40.0 s dynamic exclusion. The electrospray voltage applied was 2.1 kV MS1 spectra

were obtained with an AGC target of 4E5 ions and a maximum injection time of 50 ms, MS2 spectra were acquired with an

AGC target of 5E4 ions and a maximum injection time set to dynamic. For MS scans, the m/z scan range was 375–1800. The re-

sulting MS/MS data was processed using Sequest HT search engine within Proteome Discoverer 2.5 SP1 against a Homo sapiens

protein database obtained from Uniprot (78,787 entries) and the HYlight protein sequence. Trypsin was specified as cleavage

enzyme allowing up to 2 missed cleavages, 4 modifications per peptide and up to 5 charges. Mass error was set to 10 ppm for
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precursor ions and 0.02 Da for fragment ions. Oxidation on Met (+15.995 Da), phosphorylation on Ser, Thr and Tyr (+79.966 Da),

ubiquitin remnant on Lys (+114.043 Da), pyro-Glu formation fromGln or Glu (�17.027 Da or – 18.011 Da respectively) were consid-

ered as variable modifications. False discovery rate (FDR) was assessed using Percolator and thresholds for protein, peptide and

modification site were specified at 1%. For PTMs open search, raw MS data were processed by the software package FragPipe

20.0 using MsFragger 3.8 and PTMShepperd using the Open workflow with default settings. n = 1 replicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software 10.2.0 (GraphPad) was used for statistical analysis. All the data are expressed either as mean ± standard

error of the mean (SEM) or standard deviation (SD), unless otherwise specified. Statistical analysis between 2 groups was performed

via unpaired, two-tailed Student’s t test. Statistical analysis between 2 or more groups was performed via Ordinary One-Way ANOVA

with �Sı́dák’s Multiple Comparisons Test. Statistically significant differences are indicated as follows: *p < 0.05, **p < 0.005,

***p < 0.0005, and ****p < 0.00005.
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