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[Abstract] Nicotinamide adenine dinucleotide is a coenzyme present in all kingdoms of life and exists in
two forms: oxidized (NAD+) and reduced (NADH). NAD(H) is involved in a multitude of essential
metabolic redox reactions, providing oxidizing or reducing equivalents. The ratio of free intracellular
NAD+/NADH is fundamentally important in the maintenance of cellular redox homeostasis (Ying, 2008).
Various chromogenic cycling assays have been used to determine the ratio of NAD+/NADH in both
bacterial and mammalian cells for more than forty years (Bernofsky and Swan, 1973; Nisselbaum and
Green, 1969).
Here, we describe in detail an assay to determine the ratio of free intracellular NAD+ to NADH in
Streptococcus mutans. This cycling assay is a modified version of the protocol first described by
Bernofsky and Swan (Bernofsky and Swan, 1973), using the extraction buffer described by Frezza et al.
(2011), followed by the reduced MTT precipitation described by Gibbon and Larher (Gibon and Larher,
1997). As depicted in Figure 1, alcohol dehydrogenase is used to drive a series of redox reactions
utilizing exogenously added ethanol and NAD+ from sample extracts as initial substrates, phenazine
ethosulfate (PES) as an electron carrier, and thiazolyl blue tetrazolium bromide (MTT) as a terminal
electron acceptor. 6 M NaCl is used to stop the reaction. The reduced MTT (formazan dye) is purple in
color and can be quantified by measuring absorbance at 570 nm. This protocol is divided into three
steps: A. Preparation of cell pellets of S. mutans; B. Preparation of deproteinated cell extracts containing
NADtotal or NADH; C. NAD+/NADH cycling assay. This method has proven robust in measuring the
NAD+/NADH ratio in S. mutans under a variety of conditions, and should be applicable to other
Gram-positive bacteria.
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Figure 1. Flowchart illustrating protocol Procedure parts B-C

Materials and Reagents

1. Glass test tubes, 18 x 150 mm (VWR International, catalog number: 60825-443)
2. 50 ml centrifuge tubes (Corning, catalog number: 430829)
3. Screw-top microcentrifuge tubes with O-ring, 2.0 ml (Laboratory Product Sales, catalog number:
L233072)
4. Glass beads, 0.1 mm (BioSpec Products, catalog number: 11079101)
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5. Centrifugal Filters, 0.5 ml, 10,000 MWCO (Merck Millipore Corporation, Amicon, catalog
number: UFC501024)
6. Microcentrifuge tubes, 1.7 ml (Laboratory Product Sales, catalog number: L211511)
7. Streptococcus mutans bacterial strains of interest
8. Brain Heart Infusion medium (BHI) (BD, DifcoTM, catalog number: 299070)
9. Bacto-agar (BD, DifcoTM, catalog number: 214010)
10. Tricine (Sigma-Aldrich, catalog number: T5816)
11. Sodium hydroxide (Sigma-Aldrich, catalog number: S5881)
12. Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich, catalog number: E5134)
13. Sodium chloride (J.T. Baker, catalog number: 3624-01)
14. Thiazolyl blue tetrazolium bromide (MTT) (Sigma-Aldrich, catalog number: M2128)
15. Phenazine ethosulfate (PES) (Sigma-Aldrich, catalog number: P4544)
16. Alcohol dehydrogenase from Saccharomyces cerevisiae (Adh) (Sigma-Aldrich, catalog number:
A3263)
17. Ethanol, 200 proof (VWR International, Koptec, catalog number: 64175)
18. Sodium bicarbonate (Sigma-Aldrich, catalog number: S8875)
19. Sodium carbonate (J.T. Baker, catalog number: 3602-01)
20. Triton X-100 (Sigma-Aldrich, catalog number: T8787)
21. Nicotinamide (Sigma-Aldrich, catalog number: N3376)
22. Hydrochloric acid (J.T. Baker, catalog number: 9535)
23. β-Nicotinamide adenine dinucleotide, reduced disodium salt hydrate (NADH) (Sigma-Aldrich,
catalog number: N8129)
24. 1 M tricine-NaOH (see Recipes)
25. 40 mM EDTA solution (see Recipes)
26. 6 M NaCl (see Recipes)
27. 0.1 M NaCl (see Recipes)
28. 4.2 mM MTT (see Recipes)
29. 16.6 mM PES (see Recipes)
30. 100 U/ml Adh (see Recipes)
31. NAD+/NADH master mix (see Recipes)
32. NAD+/NADH extraction buffer (see Recipes)
33. 2 µM NADH (see Recipes)

Equipment

1. 3 mm (1 µl) inoculation loops (VWR, catalog number: 50807-020)
2. CO2 incubator (LABEQUIP) (VWR Scientific, catalog number: 10810-744)
3. Erlenmeyer flasks, 250 ml (Pyrex)
4. Mini Beadbeater 8 (BioSpec Products, model: Mini Beadbeater 8)
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5. Microcentrifuge (Eppendorf, model: 5424)
6. Centrifuge (Fisher Scientific, model: Legend RT) with Thermo swinging bucket rotor (Thermo
Fisher Scientific, model: TX-750)
7. 60 °C water bath
8. 37 °C water bath
9. Vortexer (Vortex Genie 2) (Scientific Industries, model: G560)
10. Dark room

Procedure

A. Preparation of S. mutans cell pellets (Note 1)
1. The S. mutans bacterial strains of interest were streaked for isolation from frozen culture stocks,
on BHI plates (37 g/L BHI; 15 g/L Bacto agar) using 1 µl loops and incubated overnight at 37 °C
in a 5% (v/v) CO2/95% air incubator.
2. Using sterile technique, an isolated colony was picked with a 1 µl loop and used to inoculate 5
ml BHI in a sterile glass test tube. Cultures were grown overnight 37 °C in a 5% (v/v) CO2/95%
air incubator (Note 2).
3. Using sterile technique, the 5 ml overnight culture was used to inoculate 45 ml BHI in a sterile
125 ml culture flask. Cultures were grown at 37 °C in a 5% (v/v) CO2/95% air incubator until the
absorbance of the culture at 600 nm (OD600) reached ~0.6 (mid-log phase growth, roughly 4 h
for type strain UA159).
4. Cultures were transferred to 50 ml conical centrifuge tubes and cells were harvested by
centrifugation at 4,000 rpm (2,272 x g) for 15 min at 4 °C. Cell pellets were placed at -80 °C
until the assays were performed.

B. Preparation of cell extracts from S. mutans
1. Frozen cell pellets were thawed on ice and resuspended in 1 ml ice-cold NAD+/NADH
extraction buffer (Frezza et al., 2011).
2. Samples were transferred into 2.0 ml screw-capped microcentrifuge tubes containing 0.5 g
glass beads.
3. Samples were homogenized twice in a Mini Beadbeater on the “homogenize” speed setting at
4 °C for a 30 sec cycle, followed by a 2 min incubation on ice, then another 30 sec cycle.
4. Homogenized samples were centrifuged at 4 °C in a microcentrifuge at 14,000 x g for 5 min.
5. Supernatants were removed and transferred to a 10,000 MWCO centrifugal filter (Note 3).
6. Supernatant was passed through the filter by centrifugation at 14,000 x g at 4 °C. With the
sample size used, the filtration typically took about 30 min.
7. The filtrate was split into two equal volumes in fresh microcentrifuge tubes (~400 µl each), one
for determination of total NAD/NADH (NADtotal), and one for determination of NADH. From this
point until step C7, the protocol must be carried out in a dark room (Note 4).
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8. The sample aliquot for NADH only was incubated in a 60 °C water bath for 30 min to remove
NAD+ then transferred to ice (NAD+ is heat labile, NADH is not). The aliquot for determination of
NADtotal was maintained on ice throughout this step (Note 5).
C. NAD+/NADH cycling assay
1. Aliquot 500 µl of master mix (Gibon and Larher, 1997) into an appropriate number of
microcentrifuge tubes (Note 5).
2. Add 100 µl of sample, NADH standard, or NAD+/NADH extraction buffer (for blank) to each
microcentrifuge tube containing master mix.
3. Bring each reaction volume to 900 µl with 0.1 M NaCl and vortex briefly.
4. Incubate reactions in a 37 °C water bath for 5 min (Note 6).
5. Add 100 µl of Adh (containing 10 U) to each reaction and vortex briefly.
6. Incubate reactions in a 37 °C water bath for 40 min.
7. Add 500 µl of 6 M NaCl to stop each reaction and precipitate the reduced MTT. Vortex briefly.
The reactions are no longer light sensitive and the remainder of the protocol may be carried out
under standard lighting conditions.
8. Centrifuge stopped reactions at 4 °C and 10,000 x g for 5 min.
9. Decant tubes (Note 7) and resuspend pellets in 1 ml 200 proof ethanol.
10. Analyze samples and standards for absorbance at 570 nm, using the sample containing 100 µl
NAD+/NADH extraction buffer as a blank. Generate a standard curve using known quantities of
NADH (added in step C2 above) and use to calculate the concentration of unknown samples.
Calculate NAD+ via NADtotal-NADH.

Notes

1. Part A of this protocol describes preparing S. mutans cells grown in batch culture, however the
authors expect the downstream portion of the protocol (Part B and further) to function for any
Gram-positive bacterial species and growth condition. In addition to S. mutans batch cultures,
the authors have also successfully performed the assay on samples of S. mutans grown in
continuous cultures.
2. As a facultative anaerobe, Streptococcus mutans is typically grown without agitation.
3. This step removes cell debris and protein from the cell extracts, preventing sequestration,
degradation, oxidation, or reduction of the NAD(H).
4. From this point forward until step C7, the protocol must be performed in a dark room, with only
an indirect light source to prevent oxidation of NAD(H), MTT, and PES.
5. The NAD+/NADH master mix and NADH standards were prepared fresh for every assay as
described in Recipes during the 30 min incubation described in step B8. An assay should be
performed on several dilutions of each sample to ensure that the resulting absorbance values
fall in within the linear range of the generated standard curve. A representative standard curve is
Copyright © 2016 The Authors; exclusive licensee Bio-protocol LLC.
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displayed in Figure 2. The authors used solutions of 0 pmol, 10 pmol, 25 pmol, 50 pmol, 100
pmol, and 200 pmol to generate the standard curve. As there is generally a greater proportion of
free intracellular NAD+ than NADH, it is likely the NADtotal samples will need to be diluted to a
greater extent than the NADH samples. In addition to 100 µl of non-diluted sample, the authors
recommend performing assays on 100 µl of 1:5, 1:10, and 1:50 dilutions of NADtotal samples and
100 µl of 1:2, 1:5 and 1:10 dilutions for NADH samples. For each sample and standard, three
replicate assays are performed. A negative control reaction must also be performed (to use as a
blank in the spectrophotometer) using 100 µl NAD+/NADH extraction buffer.

Figure 2. Example of standard curve generated by several known concentrations of
NADH
6. Incubation at 37 °C results in oxidization of all the NADH into NAD+.
7. Samples are no longer highly light-sensitive following this step and the remainder of the protocol
can be performed in standard lighting conditions.

Recipes

1. 1 M tricine-NaOH (pH 8)
Add 17.92 g tricine to 80 ml H2O
Adjust pH to 8.0 with NaOH
Bring volume of solution to 100 ml with H2O. Store at RT.
2. 40 mM EDTA
Add 1.49 g EDTA to 80 ml H2O
Bring volume of solution to 100 ml with H2O. Store at RT.
3. 6 M NaCl
Add 35.04 g NaCl to 80 ml H2O
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Bring volume of solution to 100 ml with H2O. Store at RT.
4. 0.1 M NaCl
Add 0.584 g NaCl to 80 ml H2O
Bring volume of solution to 100 ml with H2O. Store at RT.
5. 4.2 mM MTT
Add 0.0087 g MTT to 5 ml H2O
Prepare fresh each time the protocol is performed and keep in the dark.
6. 16.6 mM PES
Add 0.028 g PES to 5 ml H2O
Prepare fresh each time the protocol is performed and keep in the dark.
7. 100 U/ml Adh
Add appropriate amount of Adh powder to 0.1 M tricine-NaOH (pH 8) to get 100 U/ml (units of
activity per mg solid can be calculated from provided total units and mg solid provided on the
label of each tube of enzyme).
Prepare fresh each time the protocol is performed.
8. NAD+/NADH master mix
Prepare fresh each time the protocol is performed.
Prepare a volume based upon the number of reactions to be performed (500 µl for each
reaction).
Must be mixed and stored in the dark.
Per reaction add:
100 µl 1 M tricine-NaOH (pH 8)
100 µl 40 mM EDTA
100 µl 0.1 M NaCl
100 µl 4.2 mM MTT
100 µl 16.6 mM PES
100 µl 200 proof ethanol
9. NAD+/NADH extraction buffer pH 10.3 (100 ml)
To 80 ml H2O add:
0.168 g sodium bicarbonate (final concentration of 20 mM)
1.06 g sodium carbonate (final concentration of 100 mM)
50 µl Triton-X 100 (final concentration of 0.05%)
0.122 g nicotinamide (final concentration of 10 mM)
After reagents are dissolved, adjust pH to 10.3 with 1 M HCl.
Bring to 100 ml final volume.
Store at RT.
10. 2 µM NADH (for standard curve preparation)
Add 0.007 mg to 5 ml H2O
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This quantity results in a 1,000x solution, so 3 serial dilutions (100 µl into 900 µl H2O) are
necessary in order to get a 1x working stock.
Standard curve
0 pmol NADH = 1 ml H2O
10 pmol NADH = 5 µl of 2 µM NADH into 995 µl H2O
25 pmol NADH = 12.5 µl of 2 µM NADH into 987.5 µl H2O
50 pmol NADH = 25 µl of 2 µM NADH into 975 µl H2O
100 pmol NADH = 50 µl of 2 µM NADH into 950 µl H2O
200 pmol NADH = 100 µl of 2 µM NADH into 900 µl H2O
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