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Measuring the intracellular concentration of ATP

Visualization of ATP levels inside single living cells
with fluorescence resonance energy transfer-based

genetically encoded indicators

• See pdf of paper for better resolution version of figures shown in the following slides

• Reference of paper: http://www.ncbi.nlm.nih.gov/pubmed/19720993

http://www.ncbi.nlm.nih.gov/pubmed/19720993


Structure of ATP synthase

Composition F1: (a3, b3, g, d, e)

Composition F0: 10-14 subunits c and one subunit a

F0 is inserted into the membrane whereas F0 and F1 can be 
dissociated from the complex and be purified















Snifits: semisynthetic fluorescent sensor proteins



Snifits: semisynthetic fluorescent sensor proteins

Sensing with Snifits

Semisynthesis of Snifits



Self-labeling proteins

Keppler et al. Nature Biotech. 2003, 21, 86;

Gautier et al. Chem. Biol. 2008, 15, 128;

Los et. al. ACS Chem. Biol., 2008, 3, 373
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Glu-Snifit for sensing glutamate

J Am Chem Soc 134,  7676 (2012)



Snifits: competitive or cooperative binding of tethered ligand

Competitive binding

Cooperative binding



Snifits based on unnatural amino acid technology



From FRET to BRET: Turning Snifits into Luciferase-based indicators

Nat Chem Biol 10, 598 (2014) 
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Paper-based BRET assays

Nat Chem Biol 10, 598 (2014) 



Turning antibodies into Snifits; semisynthetic bioluminescent antibodies



Nicotinamide adenine dinucleotides
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NAD+-dependent deacteylation of proteins through sirtuins

N

NN

N
NH2

O

OHOH

OPO
O-

NO

OHOH

OP-O
O

NH2

O

O

N

NN

N
NH2

O

OHOH

OPO
O-

O-PO
O

O

O

O OH

H
N Protein

N

NH2

O

NAM

NAD+

HO

O

+H3N Protein
O

O-acetyl ADP-ribose  (OAADPr)

+



NAD+ as a central cofactor and biomarker



Biosynthesis of NAD+

QPRT: Quinolinic acid  phosphoribosyl- 
transferase
NMNAT: NMN adenylyltransferase
NADSYN: NAD+ synthetase
NRK: NR kinase
NAMPT: NAM  phosphoribosyl-transferase
NAPRT: NA phosphoribosyl transferase
 NAPRNAPR
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A genetically encoded sensor for [NAD+]

X. Cambronne et al.
Science 352, 6292 (2016)

• Excited at 405/485 nm, 2 x maximum ratio change, pH sensitive
• based on a bipartite NAD+-binding domain from a bacterial DNA ligase 



How do generate a Snifit to measure NADPH/NADP+



Inhibition of sepiapterin reductase (SPR) by sulfa drugs
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Binding of sulfa drugs to SPR requires the presence of NADP+

Science 2013, 340, 987;
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NADP-Snifit: A semisynthetic biosensor for measuring NADPH/NADP+

eLife 2018; 7:e32638



NADP-Snifit: a sensor for [NADPH]/[NADP+]  

eLife 2018; 7:e32638



Engineering NADP-Snifit into NAD-Snifit



NADP- and NAD-Snifit can be labeled in different organelles

• Overnight incubation of cells with substrates results in labeling efficiencies of > 90%
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Quantification of free [NADPH]/[NADP+] in U2OS cells

eLife 2018; 7:e32638



Oxidative stress lowers free cytosolic [NADPH]/[NADP+] in U2OS cells
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Oxidative stress lowers free cytosolic [NADPH]/[NADP+] in U2OS cells

eLife 2018; 7:e32638



Pharmacological control of [NADPH]/[NADP+] and [NAD+]
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Pharmacological control of [NADPH]/[NADP+] and [NAD+]
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Improving labeling of NAD(P)-Snifits

Labeling with 500 nM substrate and 200 nM Halo-SiR for 16h; U2OS cells expressing cytosolic NAD-Snifit

CP-TMR-C6-SMX

CP-MaP555-C6-SMX



A genetically encoded sensor for [NAD+]

X. Cambronne et al.
Science 352, 6292 (2016)

• Excited at 405/485 nm, 2 x maximum ratio change, pH sensitive
• based on a bipartite NAD+-binding domain from a bacterial DNA ligase 



Snifits: competitive or cooperative binding of tethered ligand

Competitive binding

Cooperative binding



How can we quantify biomarker and drug 
concentrations from a drop of blood at home?



Therapeutic Drug Monitoring

J. S. Kang, M. H. Lee, The Korean journal of internal medicine 24, 1 (2009).
R. Cristodorescu, G. Deutsch, S. Dragan, Medecine interne 27, 25 (1989).
W. D. Hooper, J. H. Tyrer, M. J. Eadie, Aust Nz J Med 4, 449 (1974).



A suitable biosensor for POC diagnostics

- uses unprocessed samples  (capillary blood, salvia or urine)

- no washing or mixing step

- no operator intervention needed

- quantitative

- automated readout by low-cost device

- device needs to be portable

- no training required



From FRET to BRET: Turning Snifits into Luciferase-based indicators

Nat Chem Biol 10, 598 (2014) 
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A Snifit for methotrexate based on dihydrofolate reductase and tethered methotrexate

Methotrexate

DHFR



A Snifit for methotrexate based on dihydrofolate reductase and tethered methotrexate

DHFR



A Snifit for methotrexate based on dihydrofolate reductase and tethered methotrexate



A Snifit for methotrexate based on dihydrofolate reductase and tethered methotrexate



Ratiometric sensors and matrix effects



Measurement on paper reduces matrix effects

Nat Chem Biol 10, 598 (2014) 



Paper-based BRET assays

Nat Chem Biol 10, 598 (2014) 



Measuring Methotrexate in Patient Samples



FKBP12

LUCID for Tacrolimus (FK506) and Sirolimus (rapamycin)



Snifits for other drugs



Measuring phenylalanine at the point-of-care for phenylketonuria management

• 1/10’000 newborns diagnosed with phenylketonuria

• Phe basal level: < 80 µM; > 1200 µM in PKU patients

• Increased Phe levels during development lead to intellectual disability

• Phe levels measured in centralized labs (mass spec or chromatography)

Qiuliyang Yu, Lin Xue, Julian Hiblot, Sebastian Fabritz



Measuring phenylalanine at the point-of-care for phenylketonuria management



Generating a Snifit for phenylalanine

+H3N COO-

H



An enzymatic assay for detection of phenylalanine

• Use of this reaction for point-of-care applications requires detection of NADPH 
in blood samples

O COO-
+    NAD(P)+  +  H2O +    NAD(P)H  +  NH4

+  +  H+
+H3N COO-

H

Phenylalanine
Dehydrogenase



A BRET sensor for NADPH based on dihydrofolate reductase

SNAP 
substrate

Yu et al., Science, 361, 112, 2018



A BRET sensor for NADPH based on dihydrofolate reductase

Increasing NADPH

Yu et al., Science, 361, 112, 2018



Engineering cooperativity into DHFR



Measuring phenylalanine in unprocessed blood sampes

0.5 μL blood is added to 
24.5 μL reaction buffer.

5 μL of mixture is spotted 
on paper containing 
freeze-dried sensor.

The sample is incubated 
for 10 minutes

The signal is measured 
by digital camera.

Yu et al., Science, 361, 112, 2018



Validation with patient samples at University Hospital Heidelberg

8 spiked blood samples 4 patient samples at the POC

Yu et al., Science, 361, 112, 2018



Analytes Normal conc. Abnormal conc. Sample Medical relavance NADP-based assay
Phenylalanine 50-80 uM 570-1023 uM Blood Phenylketonuria L-Phenylalanine + H2O + NAD+ <=> Phenylpyruvate + Ammonia + NADH + H+
Glutamate 20 uM 80-156 uM Blood Schizophrenia L-Glutamate + NADP+ + H2O <=> 2-Oxoglutarate + Ammonia + NADPH + H+
Glucose 3-5 mM >10 mM Blood Diabetes ATP + D-Glucose <=> D-Glucose 6-phosphate + NADP+ <=> D-Glucono-1,5-lactone 6-P + NADPH
Alanine 134-502 uM 156-1503 uM Blood Pearson Syndrome L-Alanine + NAD+ + H2O <=> Pyruvate + Ammonia + NADH + H+
Leucine 136-182 uM 78-652 uM Blood Maple syrup urine disease L-Leucine + H2O + NAD+ <=> 4-Methyl-2-oxopentanoate + Ammonia + NADH + H+
Tyrosine 108-196 uM >220 uM Blood Tyrosinemia L-Tyrosine + H2O + NAD+ <=> 3-(4-Hydroxyphenyl)pyruvate + Ammonia + NADH + H+
Lysine 113-269 uM 1208-1472 uM Blood Hyperlysinemia I L-Lysine + NAD+ + H2O <=> L-2-Aminoadipate 6-semialdehyde + NADH + Ammonia + H+
Arginine 73-112 uM 68-422 uM Blood Argininemia 5-Guanidino-2-oxopentanoate + NADPH + H+ + Ammonia <=> L-Arginine + NADP+ + H2O
Glycine 147-321 uM 3464 uM Blood Glucoglycinuria Glycine + H2O + NAD+ <=> Glyoxylate + Ammonia + NADH + H+
Proline 108-228 uM 208-1746 uM Blood Hyperprolinemia, Glutathione synthetase deficiency L-Proline + NADP+ <=> 1-Pyrroline-2-carboxylate + NADPH + H+
Aspartate 15-27 uM 42-70 uM Blood Environmental enteric dysfunction L-Aspartate + H2O + NADP+ <=> Oxaloacetate + Ammonia + NADPH + H+
Galactose 40-140 uM 921-2070 uM Blood Galactosemia D-Galactose + NADP+ <=> D-Galactono-1,5-lactone + NADPH + H+
Fructose 8 uM 8-16 uM Blood Diabetes D-Fructose + NADP+ <=> 5-Dehydro-D-fructose + NADPH + H+
Lactate 500-2200 uM 1200-13000 uM Blood Pyruvate dehydrogenase deficiency D-Lactate + NAD+ <=> Pyruvate + NADH + H+
Cholesterol 4500-6700 uM 13000-15000 uM Blood Cholesterol stones Cholesterol + NADP+ <=> Desmosterol + H+ + NADPH
Bilirubin 13-17 uM 47-233 uM Blood Infantile Liver Failure Bilirubin + NADP+ <=> Biliverdin + NADPH + H+
Ammonia 15-45 uM 140-503 uM Blood Mitochondrial trifunctional protein deficiency Ammonia + 3 NADP+ + 2 H2O <=> Nitrite + 3 NADPH + 3 H+
Carnitine 25-88 uM 22000-50000 uM Blood 3-Hydroxy-3-Methylglutaryl-CoA Synthase Deficiency Carnitine + NAD+ <=> 3-Dehydrocarnitine + NADH + H+
Xanthine <1 uM 40-118 uM Blood Lesch-Nyhan syndrome, Xanthinuria, Xanthine + NAD+ + H2O <=> Urate + NADH + H+
Acetoacetate 10-80 uM 50-1280 uM Blood 2-Ketoglutarate dehydrogenase complex deficiency Coenzyme M + Acetoacetate + NADP+ <=> 2-Oxopropyl-CoM + CO2 + NADPH + H+
Hydroxyproline 16-53 uM 340 uM Blood Hydroxyprolinemia Hydroxyproline + NADP+ <=> 4-Oxoproline + NADPH + H+
Glycerate 0-24 uM 186-315 uM Blood D-Glyceric acidura D-Glycerate + NADP+ <=> Hydroxypyruvate + NADPH + H+
Ethanol 0-80 uM 10-170 uM Blood Chronic renal insufficiency Ethanol + NADP+ <=> Acetaldehyde + NADPH + H+
Glycolate 50-123 uM 0 uM Blood Branched-chain Keto Acid Dehydrog. Kinase Def. Glycolate + NADP+ <=> Glyoxylate + NADPH + H+
Tryptophan 62-94 uM 30-34 uM Blood Epilepsy L-Tryptophan + NADP+ + H2O <=> Indolepyruvate + Ammonia + NADPH + H+
Ascorbate 18-54 uM 0-130 uM Blood Hyperoxalemia NAD+ + 2 Ascorbate <=> NADH + 2 Monodehydroascorbate + H+
4-Hydroxybutanoate 0-96 uM 2110-2920 uM Blood Succinic semialdehyde dehydrogenase deficiency 4-Hydroxybutanoic acid + NADP+ <=> Succinate semialdehyde + H+ + NADPH
3-Hydroxybutanoate 40-80 uM 1800 uM Blood Pyruvate dehydrogenase phosphatase deficiency 3-Hydroxybutanoate + NAD+ <=> Acetoacetate + NADH + H+
Salicylate Expected but not quantified 1680 uM Blood Mitochondrial complex I deficiency Benzoate + NADPH + Oxygen <=> Salicylate + NADP+ + H2O
D-Arabitol 0-5 uM 32 - 198 uM Blood Ribose-5-Phosphate Isomerase Deficiency D-Arabitol + NADP+ <=> D-Xylulose + NADPH + H+
Triglyceride <150mg/dL >200mg/dL Blood Cardiovescular risk, hypothyroidism Triglycerides + H2O <=> glycerol + free fatty acids, Glycerol + NADP+ <=> D-Glyceraldehyde + NADPH 
2-Hydroxyadipate 0-20 umol/mmol creatinine 80-170 umol/mmol creatinine Urine alpha-Aminoadipic aciduria 2-Oxoadipate + NADH + H+ <=> 2-Hydroxyadipate + NAD+
2-Hydroxybutanoate 1-7 umol/mmol creatinine 250 umol/mmol creatinine Urine Dihydrolipoamide Dehydrogenase Deficiency 2-Hydroxybutanoic acid + NAD+ <=> 2-Oxobutanoate + NADH + H+
2-Hydroxyglutarate 13-78 umol/mmol creatinine 630-1420 umol/mmol creatinine Urine L-2-hydroxyglutaric aciduria 2-Hydroxyglutarate + NAD+ <=> 2-Oxoglutarate + NADH + H+
Succinate 1-16 umol/mmol creatinine 749-784 umol/mmol creatinine Urine D-2-hydroxyglutaric aciduria Succinate + NAD+ <=> Fumarate + NADH + H+
5,6-Dihydrouracil 2-8 umol/mmol creatinine 630 umol/mmol creatinine Urine Dihydropyrimidine dehydrogenase (DPD) deficiency 5,6-Dihydrouracil + NADP+ <=> Uracil + NADPH + H+
Trimethylamine <10 umol/mmol creatinine 90-320 umol/mmol creatinine Urine Trimethylaminuria Trimethylamine + NAD+ + H2O <=> Trimethylamine N-oxide + NADH + H+
Hypoxanthine 4-10 umol/mmol creatinine 60-140 umol/mmol creatinine Urine Xanthinuria type 1 Hypoxanthine + NAD+ + H2O <=> Xanthine + NADH + H+
D-Threitol 0-7 uM 30-70 uM CSF Ribose-5-Phosphate Isomerase Deficiency D-Threitol + NADP+ <=> D-Erythrulose + NADPH + H+
D-Ribose 0-5 uM 50-150 uM CSF Ribose-5-phosphate isomerase deficiency D-Ribose + NADP+ + H2O <=> D-Ribonate + NADPH + H+
Xylitol 0-5 uM 30-100 uM CSF Ribose-5-Phosphate Isomerase Deficiency Xylitol + NADP+ <=> D-Xylose + NADPH + H+
Nitrite 1-2 uM 20 uM CSF Preeclampsia Nitrite + NADP+ + H2O <=> Nitrate + NADPH + H+



One biosensor for many metabolic assays

Yu et al., Science, 361, 112, 2018



Multiplexing

Yu et al., Science, 361, 112, 2018



Measuring phenylalanine levels with smartphones
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