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SUMMARY:
We describe a simple method for rapid quantification of inorganic polyphosphate in diverse bacteria, including Gram-negative, Gram-positive, and mycobacterial species.

ABSTRACT:
Inorganic polyphosphate (polyP) is a biological polymer found in cells from all domains of life, and is required for virulence and stress response in many bacteria. There are a variety of methods for quantifying polyP in biological materials, many of which are either labor-intensive or insensitive, limiting their usefulness. We present here a streamlined method for polyP quantification in bacteria, using a silica membrane column extraction optimized for rapid processing of multiple samples, digestion of polyP with the polyP-specific exopolyphosphatase ScPPX, and detection of the resulting free phosphate with a sensitive ascorbic acid-based colorimetric assay. This procedure is straightforward, inexpensive, and allows reliable polyP quantification in diverse bacterial species. We present representative polyP quantification from the Gram-negative bacterium (Escherichia coli), the Gram-positive lactic acid bacterium (Lactobacillus reuteri), and the mycobacterial species (Mycobacterium smegmatis). We also include a simple protocol for nickel affinity purification of mg quantities of ScPPX, which is not currently commercially available. 

INTRODUCTION:
Inorganic polyphosphate (polyP) is a linear biopolymer of phosphoanhydride-linked phosphate units that is found in all domains of life1-3. In diverse bacteria, polyP is essential for stress response, motility, biofilm formation, cell cycle control, antibiotic resistance, and virulence4-11. Studies of polyP metabolism in bacteria therefore have the potential to yield fundamental insights into the ability of bacteria to cause disease and thrive in diverse environments. In many cases, however, the methods available for quantifying polyP in bacterial cells are a limiting factor in these studies.

There are several methods currently used to measure polyP levels in biological materials. These methods typically involve two distinct steps: extracting polyP and quantifying the polyP present in those extracts. The current gold standard method, developed for the yeast Saccharomyces cerevisiae by Bru and colleagues12, extracts polyP along with DNA and RNA using phenol and chloroform, followed by ethanol precipitation, treatment with deoxyribonuclease (DNase) and ribonuclease (RNase), and digestion of the resulting purified polyP with the S. cerevisiae polyP-degrading enzyme exopolyphosphatase (ScPPX)13 to yield free phosphate, which is then quantified using a malachite green-based colorimetric assay. This procedure is highly quantitative but labor-intensive, limiting the number of samples that can be processed in a single experiment, and is not optimized for bacterial samples. Others have reported extracting polyP from a variety of cells and tissues using silica beads (“glassmilk”) or silica membrane columns6,14-18. These methods do not efficiently extract short chain polyP (less than 60 phosphate units)12,14,15, although this is of less concern for bacteria, which are generally thought to synthesize primarily long-chain polyP3. Older methods of polyP extraction using strong acids19,20 are no longer widely used, since polyP is unstable under acidic conditions12.

There are also a variety of reported methods for quantifying polyP. Among the most common is 4′,6-diamidino-2-phenylindole (DAPI), a fluorescent dye more typically used to stain DNA. DAPI-polyP complexes have different fluorescence excitation and emission maxima than DAPI-DNA complexes21,22, but there is considerable interference from other cellular components, including RNA, nucleotides, and inositol phosphates12,15,16,23, reducing the specificity and sensitivity of polyP measurements made using this method. Alternatively, polyP and adenosine diphosphate (ADP) can be converted into adenosine triphosphate (ATP) using purified Escherichia coli polyP kinase (PPK) and the resulting ATP quantified using luciferase14,17,18. This allows the detection of very small amounts of polyP, but requires two enzymatic reaction steps and both luciferin and very pure ADP, which are expensive reagents. ScPPX specifically digests polyP into free phosphate6,12,13,24, which can be detected using simpler methods, but ScPPX is inhibited by DNA and RNA12, necessitating DNase and RNase treatment of polyP-containing extracts. Neither PPK nor ScPPX are commercially available, and PPK purification is relatively complex25,26.

PolyP in cell lysates or extracts can also be visualized on polyacrylamide gels by DAPI negative staining27-30, a method that does allow assessment of chain length, but is low-throughput and poorly quantitative. 

We now report a fast, inexpensive, medium-throughput polyP assay that allows rapid quantification of polyP levels in diverse bacterial species. This method begins by lysing bacterial cells at 95 °C in 4 M guanidine isothiocyanate (GITC)14 to inactivate cellular phosphatases, followed by a silica membrane column extraction optimized for rapid processing of multiple samples. The resulting polyP-containing extract is then digested with a large excess of ScPPX, eliminating the need for DNase and RNase treatment. We include a protocol for straightforward nickel affinity purification of mg quantities of ScPPX. Finally, polyP-derived free phosphate is quantified with a simple, sensitive, ascorbic acid-based colorimetric assay24 and normalized to total cellular protein. This method streamlines the measurement of polyP in bacterial cells, and we demonstrate its use with representative species of Gram-negative bacteria, Gram-positive bacteria, and mycobacteria.

PROTOCOL:

1. Purifying Yeast Exopolyphosphatase (ScPPX)

1.1. Transform the E. coli protein overexpression strain BL21(DE3)31 with plasmid pScPPX26 by electroporation32 or chemical transformation33.

1.2. Inoculate 1 L of lysogeny broth (LB) containing 100 µg mL-1 ampicillin in a 2 L unbaffled flask with a single colony of BL21(DE3) containing pScPPX2 and incubate overnight at 37 °C without shaking, to an absorbance at 600 nm (A600) of approximately 0.3, as measured in a spectrophotometer.

1.3. Start the culture shaking (180 rpm) and incubate for 30 min at 37 °C, during which time the cells will grow to an A600 of 0.4 - 0.5.

1.4. Add isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM and an additional 100 µg mL-1 ampicillin, then incubate for 4 h at 37 °C with shaking at 180 rpm.

NOTE: This overexpression protocol generates a large amount of soluble ScPPX. However, ScPPX overexpression is very forgiving, and a variety of other common protein overexpression protocols have been used to successfully purify ScPPX.

1.5. Transfer the cells to a 1 L centrifuge bottle and harvest them by centrifuging for 20 min at 5000 x g at 4 °C. Remove the supernatant and transfer the cell pellet to a 50 mL conical tube. 

NOTE: Cell pellets can be stored indefinitely at -80 °C.

1.6. Thaw the pellet on ice, then resuspend it in 9 mL of 50 mM HEPES, 0.5 M NaCl, and 5 mM imidazole (pH 8) for a total volume of about 10 mL.

1.7. Add (final concentrations) 1 mg mL-1 lysozyme, 2 mM MgCl2, and 50 units mL-1 of an RNA- and DNA-degrading endonuclease (see Table of Materials) and incubate for 30 min on ice. 

NOTE: ScPPX binds nucleic acids (data not shown), so nuclease treatment is essential during purification.

1.8. Using a sonicator with a microtip (see Table of Materials), lyse the cells by 2 cycles of sonication on ice at 50% power, pulsing 5 s on and 5 s off, with a 2 min rest between cycles.

NOTE: Use appropriate hearing protection during sonication. Similarly to the case with overexpression, a variety of cell lysis methods are acceptable for ScPPX purification. 

1.9. Remove insoluble debris by centrifuging the lysate for 20 min at 20,000 x g at 4 °C. Filter the resulting supernatant (approximately 10 mL) through a 0.8 µm pore size cellulose acetate syringe filter.

1.10. Load the lysate onto a nickel-charged 5 mL chelating column (see Table of Materials) using either a peristaltic pump or a large syringe.

1.11. Rinse the column with 50 mL of 50 mM HEPES, 0.5 M NaCl, 5 mM imidazole (pH 8).

1.12. Rinse the column with 50 mL of 50 mM HEPES, 0.5 M NaCl, 20 mM imidazole (pH 8).

1.13. Elute ScPPX with 50 mM HEPES, 0.5 M NaCl, and 0.5 M imidazole (pH 8), collecting 15 1-mL fractions. Test these elution fractions for protein content with the Bradford protein assay34 (see Table of Materials) and run an SDS-PAGE gel35 to confirm which fractions contain purified ScPPX (molecular weight = 45 kDa).

1.14. Pool the fractions containing pure ScPPX and adjust the concentration of the pooled protein to about 2 mg mL-1 with 50 mM HEPES and 0.5 M NaCl. Higher protein concentrations may precipitate in the next step.

1.15. Exchange the purified ScPPX into storage buffer (20 mM Tris-HCl [pH 7.5], 50 mM KCl, 10% [v/v] glycerol) by dialysis. Place pooled ScPPX fractions in a sealed length of 12,000 - 14,000 Da molecular weight cutoff dialysis membrane tubing (see Table of Materials) and suspend in 1 L of storage buffer with continuous stirring at 4 °C for at least 4 h. Repeat this step with fresh storage buffer for a total of 3 buffer changes.

1.16. Transfer the purified, dialyzed protein to a centrifuge tube or tubes and centrifuge for 20 min at 20,000 x g at 4 °C to remove any insoluble aggregates. Carefully transfer the supernatant to a clean 15 mL conical tube.

1.17. Adjust the concentration of the purified ScPPX to 1 mg mL-1 with storage buffer, add 0.1% (w/v) protease-free bovine serum albumin (BSA; final concentration), and store for up to 6 months at 4 °C. 

NOTE: ScPPX loses more than 90% of its activity when it is frozen13.

2. Harvesting Samples for Polyphosphate Extraction

2.1. Grow bacteria under the conditions of interest for determining polyP content. For this protocol, grow Lactobacillus reuteri36 overnight at 37 °C without shaking in malic enzyme induction (MEI) medium37 without cysteine (MEI-C).

2.2. Harvest enough cells by centrifugation in a 1.5 mL microcentrifuge tube to total 50 – 100 µg of cellular protein (see step 3 below). For E. coli, this is 1 mL of a log phase culture at an A600 of 0.2 - 0.4. For L. reuteri, this is 1 mL of an overnight culture. Adjust as necessary for other species of interest.

2.3. Completely remove the supernatant from the cell pellets.

2.4. Resuspend the cell pellets in 250 µL of GITC lysis buffer (4 M guanidine isothiocyanate, 50 mM Tris-HCl, pH 7) and lyse by incubation at 95 °C for 10 min. Store lysates at -80 °C. 

NOTE: Be consistent with lysis time, since extended incubation at high temperature may result in degradation of polyP by hydrolysis38. Lysates can be stored indefinitely at -80 °C.

CAUTION: Guanidine isothiocyanate is a chaotropic salt and should be handled with gloves and disposed of as hazardous waste.

3. Measuring the Protein Content of Cell Lysates

3.1. Prepare BSA standards containing 0, 0.1, 0.2, and 0.4 mg mL-1 of BSA in GITC lysis buffer. 

NOTE: It is important to make the BSA standards in GITC, since GITC influences the color development of the Bradford assay. BSA standards can be stored indefinitely at -20 °C.

3.2. Aliquot 5 µL of thawed, well-mixed cell lysates and of BSA standards to separate wells in a clear 96-well plate.

3.3. Add 195 µL of Bradford reagent34 to each well and measure absorbance at 595 nm (A595) in a plate reader (see Table of Materials).

3.4. Calculate the amount of protein in each well by comparison to the BSA standard curve, using the formula y = mx + b, where y is A595, x is µg of BSA, m is the slope of the standard curve, and b is the y-intercept of the standard curve. Multiply the resulting value by 0.05 to determine the total mg of protein in each sample.

4. Extracting Polyphosphate

4.1. Add 250 µL of 95% ethanol to each GITC-lysed sample and vortex to mix.

4.2. Apply that mixture to a silica membrane spin column and centrifuge for 30 s at 16,100 x g.

4.3. Discard the flow-through, then add 750 µL of 5 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM EDTA, 50% ethanol and centrifuge for 30 s at 16,100 x g.

4.4. Discard the flow-through and centrifuge for 2 min at 16,100 x g.

4.5. Place the column in a clean 1.5 mL microfuge tube and add 150 µL of 50 mM Tris-HCl (pH 8).

4.6. Incubate at room temperature for 5 min, then elute polyP by centrifuging for 2 min at 8,000 x g.

NOTE: If desired, the eluates can be stored at -20 °C for at least 1 week.

5. Digesting Polyphosphate

5.1. Prepare standards containing 0, 5, 50, or 200 µM potassium phosphate in 50 mM Tris-HCl (pH 8). 

NOTE: Potassium phosphate standards can be stored indefinitely at room temperature.

5.2. Aliquot 100 µL of each phosphate standard and of extracted polyP samples into separate wells of a clear 96-well plate.

5.3. Prepare a master mix containing (per sample): 30 µL of 5x ScPPX reaction buffer (100 mM Tris-HCl, 25 mM MgCl2, 250 mM ammonium acetate, pH 7.5)13, 19 µL of H2O, and 1 µL of purified ScPPX (1 mg mL-1). 

5.4. Add 50 µL of the master mix to each well of the 96-well plate. Incubate for 15 min at 37 °C.

NOTE: If desired, the digested polyP samples can be stored at -20 °C indefinitely.

6. Detecting Free Phosphate24

6.1. Prepare detection solution base by dissolving 0.185 g of antimony potassium tartrate in 200 mL of water, adding 150 mL of 4 N H2SO4, then adding 1.49 g of ammonium heptamolybdate. Stir to dissolve and then bring to a final volume of 456 mL. Filter the solution to remove particulates and store protected from light at 4 °C for up to 1 month.

6.2. Prepare a stock solution of 1 M ascorbic acid. Store protected from light at 4 °C for up to 1 month.

6.3. Prepare a fresh working stock of detection solution each day by mixing 9.12 mL of detection solution base with 0.88 mL of 1 M ascorbic acid. Allow the detection solution to come to room temperature before use.

6.4. Add 50 µL of detection solution to each sample and standard in the 96-well plate and incubate at room temperature for about 2 min to allow color development.

6.5. Measure absorbance at 882 nm with a plate reader and calculate the phosphate concentration of each sample by comparison to the potassium phosphate standard curve.

CAUTION: The detection solution contains toxic salts and strong acids. Wear gloves and treat excess solution as toxic waste.

7. Calculating Cellular Polyphosphate Content

7.1. Convert the phosphate concentrations determined in step 6.5 to nanomoles of polyP-derived phosphate in each entire cell lysate according to the following formula: 

nmol polyP = 1.5 x (µM phosphate / 10)

NOTE: The standard curve-based method in step 6 determines the concentration of phosphate (in µM) in each 100 µL polyP sample aliquoted in step 5.2. To convert this concentration to a number of nmol, 100 µL is divided by 106 to give a volume in L, multiplied by the concentration (µmol L-1), then multiplied by 1000 (the number of nmol in a µmol). This reduces to dividing the concentration by 10. The total extract volume prepared in step 4 is 150 µL, so it is necessary to multiply the resulting value by 1.5 to calculate the nmol of phosphate present in the entire extract.

7.2. Normalize cellular polyP content to total cellular protein by dividing nmol polyP by the mg total protein in each sample determined in step 3.4. PolyP levels are expressed in terms of the concentration of individual polyP-derived free phosphate.

NOTE: In some cases, the amount of polyP-derived phosphate present in a sample may fall outside the linear range of the phosphate standard curve (step 6.5). If the levels of polyP are very high, the excess polyP-containing eluate from step 4.6 can be diluted 1:10 or 1:100, as necessary, and then measured again as described in steps 5 through 7. 

REPRESENTATIVE RESULTS:
The key steps of the protocol are diagrammed in simplified form in Figure 1. 

To demonstrate the use of this protocol with Gram-negative bacteria, wild-type E. coli MG165539 was grown to mid-log phase in LB rich medium at 37 °C with shaking (200 rpm), then rinsed and incubated for an additional 2 h in morpholinopropanesulfonate-buffered (MOPS) minimal medium40 containing 4 g L-1 glucose and 0.1 mM K2HPO4, a condition known to induce production of polyP14,29. As shown in Figure 2A, we detected no polyP in wild-type E. coli grown in LB and 192 ± 14 (mean ± standard deviation [SD]) nmol polyP mg-1 total protein in MOPS, consistent with previous reports14,29. As expected, a ∆ppk mutant6, which lacks polyP kinase41, produced no polyP in either medium, a ∆ppx mutant6, which lacks exopolyphosphatase42, produced approximately the same amount of polyP as the wild-type, and a ∆phoB mutant29, which is defective in phosphate transport, produced significantly less polyP than the wild-type14,29,43.

To demonstrate the use of this protocol with Gram-positive bacteria, wild-type L. reuteri ATCC PTA 647536 and an isogenic ppk1 null mutant lacking polyP kinase, constructed using oligo-directed recombineering44, were grown overnight in MEI-C at 37 °C without shaking. As shown in Figure 2B, the wild-type accumulated 51 ± 6 nmol polyP mg-1 total protein under these conditions, while the ppk1 mutant contained less than half this amount. L. reuteri contains a second polyP kinase, encoded by the ppk2 gene45, which presumably accounts for the polyP present in the ppk1 null mutant. 

To demonstrate the use of this protocol with mycobacteria, Mycobacterium smegmatis strain SMR546 was grown to mid-log phase in Hartmans-de Bont (HdB) medium47, then rinsed and diluted five-fold in HdB or HdB with 2% ethanol. These cultures were then incubated overnight at 37 °C with shaking (180 rpm). As shown in Figure 2C, in the absence of ethanol, M. smegmatis accumulated 141 ± 52 nmol polyP mg-1 total protein, while ethanol treatment resulted in a three-fold increase to 437 ± 102 nmol polyP mg-1 total protein. This result was expected, since ethanol has previously been reported to elevate polyP levels in M. smegmatis48.
 
FIGURE AND TABLE LEGENDS:

Figure 1: Diagram of polyphosphate extraction and measurement procedure. The essential steps of the polyP quantification protocol are illustrated. Bacterial cell pellets are lysed at 95 °C in GITC (guanidine isothiocyanate). Small aliquots of the lysates are assayed for protein content using the Bradford assay. PolyP is extracted using silica membrane columns and then digested with ScPPX. The resulting free phosphate is quantified using the ascorbic acid assay. Total polyP-derived phosphate is normalized to total protein for each sample. A595 = absorbance at 595 nm; A882 = absorbance at 882 nm.

Figure 2: Representative results with diverse bacteria. (A) E. coli MG1655 wild-type and isogenic ∆ppk, ∆ppx, and ∆phoB mutants were grown at 37 °C with shaking (200 rpm) to A600 = 0.2 - 0.4 in rich LB medium (black circles) and then shifted to minimal medium (MOPS containing 4 g L-1 glucose and 0.1 mM K2HPO4) for 2 h (white circles; n = 3, ± SD). (B) L. reuteri ATCC PTA 6475 (circles) and an isogenic ppk1 null mutant (triangles) were grown overnight at 37 °C in MEI-C medium without shaking (n = 3, ± SD). (C) M. smegmatis SMR5 was grown at 37 °C with shaking (180 rpm) to A600 = 1 in HdB medium with (closed squares) or without (open squares) 2% ethanol (n = 3, ± SD). PolyP levels are expressed in terms of the concentration of individual polyP-derived free phosphate.

DISCUSSION: 
The protocol described here simplifies and accelerates quantification of polyP levels in diverse bacteria, with a typical set of 24 samples taking about 1.5 h to fully process. This permits rapid screening of samples and analysis of mutant libraries, and simplifies kinetic experiments measuring the accumulation of polyP over time. We have demonstrated that the protocol works effectively on representatives of three different phyla: proteobacteria, firmicutes, and actinobacteria, which are notorious for their resilient, difficult nature to lyse cell walls49.

Detection of polyP by digestion with ScPPX is more specific and more sensitive than fluorescence detection with DAPI, and is cheaper, more technically straightforward than conversion of polyP to ATP using PPK. Although ScPPX is inhibited by DNA and RNA12, we have overcome this by using a very large excess of enzyme (1 µg per sample) to achieve complete digestion even in bacteria containing more than 6000 nmol polyP mg-1 protein29. Other published methods use 10 to 15 ng of ScPPX per reaction12,24. Our protocol for ScPPX purification typically yields more than 5 mg of pure ScPPX per liter of overexpression culture, which is enough for more than 5000 assays. We have found that several different protocols for nickel-affinity purification of His-tagged proteins work well to purify ScPPX overexpressed from pScPPX2 (data not shown), and there are a wide variety of such protocols available to suit labs with varying technical capacities. 

Previous protocols using ScPPX digestion for polyP detection have often relied on malachite green-based colorimetric assays to quantify free phosphate6,12. These assays are sensitive, but typically require carefully timed sequential addition of two or three separate reagents to make accurate measurements24,50,51. The ascorbic acid-based detection system used here24 has a wider linear range of detection than malachite green with no loss of sensitivity, only involves addition of a single reagent, and does not require precise timing.

There are several steps that are critical to the success of this protocol. First, bacterial samples should be lysed in GITC immediately after harvesting, to ensure that polyP levels do not change after the time of sampling and to rapidly inactivate cellular phosphatases. Second, do not incubate GITC lysates at 95 °C for more than 10 min, and store them immediately afterwards at -80 °C to minimize possible polyP hydrolysis. Third, be careful when pipetting samples into 96-well plates for either protein or phosphate measurements not to splash or drip anything from one sample into another. The colorimetric assays, particularly for phosphate, are very sensitive, and small amounts of contamination can strongly skew the results. Finally, some reagents used in this protocol (i.e. ScPPX, detection solution) have limited shelf lives. Prepare fresh ScPPX every 6 months and fresh detection solution every month.

One limitation of our method is that silica columns do not bind polyP less than 60 phosphate units long very well12,14,15. Although bacteria typically synthesize mostly long-chain polyP3, we recommend preliminary experiments using polyacrylamide gel electrophoresis27,30 to assess chain length in a given bacterial species before using our procedure. For species where short-chain polyP makes up a substantial fraction of the polyP pool, our protocol is not appropriate and we recommend extracting polyP by a different method (e.g., phenol-chloroform extraction12), and would also recommend supplementing ScPPX digestion with commercially available S. cereviseae pyrophosphatase (PPA1)24, since ScPPX does not digest pyrophosphate13 and this has a proportionally higher impact on measurements of shorter-chain polyP. As an alternative to ScPPX, acid hydrolysis38 could be used to hydrolyze polyP to free phosphate, but this would require additional DNase, RNase, and purification steps to ensure that only polyP-derived phosphate was being measured. In some cases, it may be useful to use an alternative extraction method to test whether the efficiency of polyP extraction with GITC varies between strains or conditions, particularly with bacteria known to have thick cell walls, such as mycobacteria. If levels of polyP below the limit of detection of this assay are important for studies of a particular species, it may be necessary to use a different detection scheme, such as using PPK to convert polyP to ATP, which can be detected extremely sensitively using commercially available luciferase-based assays14,17,18. 
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