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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
Materials 
Custom gene synthesis was performed by GenScript. Standard oligonucleotides were from Integrated 

DNA Technologies. Custom doped oligonucleotides were from Alpha DNA. Error prone PCR was 

performed using GeneMorph II Random Mutagenesis Kit from Stratagene. Chemicals and reagents 

were from Sigma unless otherwise noted. Lactate dehydrogenase (EC 1.1.1.27, rabbit-muscle, NAD+-

dependent) was from Worthington. 

 

Gene Construction 
A synthetic gene encoding two tandem subunits of Rex from Thermus aquaticus (T-Rex) was 

designed with mammalian codon bias and selected restriction sites. The first subunit was from Met1 

to Trp205 (wild type T-Rex numbering), and the second subunit was from Lys2 to Gly211. To 

minimize potential interactions with DNA or NADPH, both subunits contained the mutations S30A, 

R46D, K58D, E116G, and K117M. A synthetic gene encoding T-Sapphire was designed with 

restriction sites to facilitate circular permutation. Circularly permuted monomeric T-Sapphire (cpmTS) 

had its N terminus at Phe145 (standard GFP numbering); the mutation A206K; and a linker Gly-Gly-

Thr-Gly-Gly-Ser between the original N and C termini. Using nested PCR, cpmTS was inserted 

between the two Rex subunits. The P0 construct contained the mutation K204T in the first Rex 

subunit; a linker Ser-Ala-Ala-Gly-Gly-His-Gly between the first Rex subunit and the N terminus of 

cpmTS; mutations N146T S147A in T-Sapphire; an amino acid Thr inserted between the C terminus 

of cpmTS and the second Rex subunit; and the mutation K47E in the second Rex subunit. A linker 

Ser-Gly-Thr-Gly-Gly-Asn-Ala-Ser-Asp-Gly-Gly-Gly-Ser-Gly-Gly connected the Rex-cpmTS chimera to 

mCherry (Figure S1A). To create Peredox, three additional mutations (Y98W and F189I in the first 

Rex subunit and Y98W in the second Rex subunit) were introduced. The complete protein and DNA 

coding sequence of Peredox has been submitted to Addgene. For purified protein measurements, 

Peredox was subcloned with an N-terminal 7His tag into the bacterial expression vector pRSET B 

(Invitrogen). For cell imaging experiments, Peredox was subcloned into the mammalian expression 

vector GW1 (British Biotechnology). Peredox-NLS was created by adding the nuclear localization 

signal Pro-Lys-Lys-Lys-Arg-Lys-Val-Glu-Asp-Ala to the sensor C terminus (Nagai et al., 2001). 

 

Protein Purification and Characterization 
Standard DH5α bacteria expressing the constructs were grown in YT media in 96-well deep well 

plates at 37°C for 24 hr, then at room temperature for 1–4 days. Bacteria were then centrifuged, lysed 

with CelLytic B, and incubated in 96-well HIS-Select high capacity nickel-coated plates at room 

temperature overnight. Wells were washed with Tris buffered saline with Tween 20 at pH 8.0, and with 



the MOPS buffer containing (in mM): 100 MOPS, 50 KCl, 5 NaCl, and 0.5 MgCl2, pH 7.3 (KOH). For 

spectroscopic and kinetic measurements, proteins were eluted using the MOPS buffer supplemented 

with 20 mM EGTA. Fluorescence was measured with a Fluorolog-3 spectrofluorometer (Horiba Jobin 

Yvon). Rapid mixing was done with a stopped-flow unit RX.2000 (Applied Photophysics). For 

microplate experiments, 0.1% bovine serum albumin (BSA) was added to the elution buffer. Eluted 

samples were transferred to 96-well microplates pre-blocked with the BSA-containing elution buffer. 

Fluorescence was measured with a Synergy 4 microplate reader (BioTek) using the following 

excitation and emission filters (BioTek): 400/30 nm and 528/20 nm for green; 575/15 nm and 635/32 

nm for red. After background subtraction, all green to red fluorescence ratios were normalized by a 

common factor to yield a signal of 1 in the absence of pyridine nucleotides at pH 7.2. Solutions of ATP 

and ADP were added with Mg2+ to maintain a concentration of free Mg2+ of 0.5 mM at pH 7.3. For 

experiments where the chloride concentration was modified (Fig. S3F), potassium gluconate was 

added to balance the osmolarity. For determination of extinction coefficient and quantum yield, 

proteins were purified using Ni-NTA spin columns (QIAGEN) and dialyzed into the MOPS buffer with 

three buffer changes at 4°C. Protein concentrations were determined independently with both the 

BCA assay (Pierce) and the alkali denaturation method, using the absorbance of alkali denatured 

Aequorea chromophores (44,100 M–1 cm–1 at 447 nm; Ward, 1981). Extinction coefficients were 

estimated using absorbance measurements and Beer’s law. Quantum yields were determined using 

as the reference standards both fluorescein in 0.1 M NaOH (Lakowicz, 1999) and 9-aminoacridine in 

water (Weber and Teale, 1957). For comparison, the photophysical properties of NAD(P)H 

autofluorescence was taken from published values (Scott et al., 1970). To determine Peredox 

specificity against compounds structurally related to NADH, before NADH-NAD+ titration other 

metabolites were applied at concentrations at or above the published estimates of physiological 

concentrations listed below: adenosine, 200 μM (Smolenski et al., 1991); ADP-ribose, 10 μM (Perraud 

et al., 2005); AMP, 200 μM (Ballard, 1970); free NADP+ and NADPH, <1 μM (Zhang et al., 2002); 

nicotinamide mononucleotide, 100 μM (Revollo et al., 2007); and nicotinamide, 400 μM (Bitterman et 

al., 2002). 
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Figure S1. Design of a Fluorescent NADH Reporter 

(A) Schematic representation of P0, encoding a cpFP variant of T-Sapphire (cpmTS) inserted into 
a tandem dimer of Rex from Thermus aquaticus (T-Rex). The first subunit of T-Rex contained 
residues Met1 to Trp205 (wild type T-Rex numbering), and the second subunit contained residues 
Lys2 to Gly211. To minimize potential interactions with DNA or NADPH, both subunits contained 
the mutations S30A, R46D, K58D, E116G and K117M. T-Sapphire was circularly permuted, 
beginning at Phe145 (standard GFP numbering) and ending at Asn144; the mutation A206K was 
introduced to minimize potential aggregation to yield cpmTS. To normalize for sensor 
concentration, mCherry was attached with a linker to the C-terminus of the Rex-cpmTS chimera. 
Three additional mutations (Y98W and F189I in the first Rex subunit and Y98W in the second Rex 
subunit) were introduced in P0 to create Peredox. 

(B) In this model, the green cpFP (PDB: 3evp) interposed between the two Rex subunits (blue and 
orange) changed its fluorescence upon NADH binding (balls and sticks). The open (left) and closed 
(right) conformations of Rex were from the crystal structures of B-Rex (PDB: 2vt2) and T-Rex 
(PDB: 1xcb), respectively. The green cpFP signal was normalized by the red fluorescence of 
mCherry (PDB: 2h5q). 

R-linker L-linker 
T-Rex 1st subunit T-Rex 2nd subunitcpmTS 

L-linker:    PTW205–SAAGGHG–F145TAHNV 

R-linker:   HKLEYN144–T–K2VPE 

mCherry 

T-Rex 1st subunit mutations:    S30A, R46D, K58D, E116G, K117M, K204T 

T-Rex 2nd subunit mutations:    S30A, R46D, K47E, K58D, E116G, K117M 

Linker for circular permutation within cpmTS:    DELYK238–GGTGGS–M1VSKG 

mC-linker:    PKWREEMMG211–SGTGGNASDGGGSGG–M1VSKG 

mC-linker 

cpmTS mutations:    N146T S147A A206K 

NADH 

B 
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Figure S2. Additional Characterization of Purified P0 

(A) Excitation and emission spectra of the mCherry tandemly attached to Rex-cpmTS in the control 
condition (solid black), after addition of 100 µM NAD+ (dash purple), or 100 µM NAD+ and 0.2 μM 
NADH (solid green), normalized to the peak intensity in the control condition. For excitation 
spectra, emission was measured at 610 ± 5 nm; for emission spectra, excitation was at 580 ± 2.5 
nm. 

(B) NADH affinity. Fluorescence response to NADH at 25°C, normalized to initial and final values. 
The affinity of P0 for NADH was under 5 nM. 
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Figure S3. Additional Characterization of Purified Peredox 

(A) and (B) Excitation and emission spectra of Peredox in the control condition (solid black), after 
addition of 100 µM NAD+ (dash purple), or 100 µM NAD+ and 1.5 µM NADH (solid green), 
normalized to the peak intensity in the control condition. In (A), for excitation spectra, emission was 
measured at 510 ± 5 nm; for emission spectra, excitation was at 400 ± 2.5 nm. In (B), for excitation 
spectra, emission was measured at 610 ± 5 nm; for emission spectra, excitation was at 580 ± 2.5 
nm. 

(C) Fluorescence ratios in the control condition, after addition of 170 µM NAD+, 4 µM NADH, or 170 
µM NAD+ and 4 µM NADH in the pH range between 4.0 and 8.4. 

(D) Fluorescence ratios at indicated pH plotted against R′ or R, with NAD+ of 0.08 mM or 0.23 mM. 

(E) Fluorescence ratios plotted against concentrations of metabolite applied to the sensor alone. 

(F) Fluorescence ratios in the presence of ADP ribose (10 µM), NADP+ (4 µM), NADPH (4 µM), 
nicotinamide (400 µM), β-nicotinamide mononucleotide NMN (400 µM), or chloride (5 mM, 55 mM, 
and 105 mM) plotted against R′ or R, with 0.08 mM NAD+. 

(G) Fluorescence ratios in the presence of AMP (200 µM) or adenosine (1 mM) plotted against R′ 
or R, with 0.08 mM NAD+. 

(H) Fluorescence ratios in the presence of indicated ADP and ATP plotted against R′ or R, with 
0.08 mM NAD+ at 25°C. Fluorescence ratios (mean ± SEM, n = 3) were normalized to the control 
condition in the absence of pyridine nucleotides at pH 7.2 at 25°C. 
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Figure S3 (continued). Additional Characterization of Purified Peredox 

(I-L) Fluorescence ratios at the indicated ATP:ADP ratios (low, 0.3; high, 3.6), NAD+ and total 
adenine nucleotide concentrations, pH, and temperature plotted against R′. Fluorescence ratios 
(mean ± SEM, n = 3) were normalized to the control condition in the absence of pyridine 
nucleotides at pH 7.2. 
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Figure S4. Comparison of Fluorescence Intensity between Transfected and Control Cells  

Cumulative fraction plotted against green and red fluorescence pixel intensity for Neuro-2a cells 
transfected with Peredox (solid) or non-transfected control (dotted). For each set, multiple images 
were collected, and 5,000 of the brightest pixels were plotted. Data had not been background 
subtracted, with the region below the threshold for ratio analysis highlighted in grey. Compared to 
autofluorescence in the control, both green and red fluorescence signals in transfected cells were 
far higher. 



 
 
 
 
  

Figure S5. Imaging Cytosolic NADH-NAD+ Redox Dynamics by Varying Glucose Supply or 
during Metabolic Challenge 

(A) Time course of fluorescence responses of four Neuro-2a cells (top) or average response 
(bottom; mean ± SEM, n = 9) perfused with glucose concentration as indicated. 

(B) Time course of fluorescence responses of four Neuro-2a cells (top) or average response 
(bottom; mean ± SEM, n = 9) challenged with 0.5 mM iodoacetate (IAA) as indicated. 
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Figure S6. Cultured Rat Glioma C6 Cells Supplied with Glucose Showed a More Reduced 
Cytosolic NADH-NAD+ Redox State 

Steady state fluorescence responses of cultured rat glioma C6 cells, plotted against total 
concentrations of extracellular lactate and pyruvate, with a constant lactate:pyruvate ratio of 10, 
and glucose of 10 mM or 0 mM (mean ± SEM, n = 5 cells from four independent experiments). For 
the alternate y axis, the predicted NAD+:NADH ratio was calculated from purified protein 
measurements. * p < 0.05 and ** p < 0.01 (paired t-test) vs. corresponding condition with 0 mM 
glucose. 

Rat glioma C6 



 

0.4 0.02 6,200 460 340 NAD(P)H 

45 0.39 39,000 510 400 Peredox + NADH 

23 0.21 36,000 510 400 Peredox 

Brightness (%) QY EC (M−1 cm−1) Em (nm) Ex (nm)  

Table S1. Summary of the Photophysical Properties of Peredox as Compared to the NAD(P)H 
Autofluorescence 

Excitation wavelength maximum (Ex), emission wavelength maximum (Em), extinction coefficient 
(EC), quantum yield (QY), and brightness (percentage as compared to EGFP) for Peredox in the 
apo state, or saturated with NADH, as well as for free NAD(P)H autofluorescence (Scott et al., 
1970). In this case, mCherry was not attached to the NADH biosensor to minimize the interference 
of RFP on the measurements of the green signal. 


