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[Abstract] Cyclic di-GMP (c-di-GMP) is a ubiquitous second messenger that regulates many processes 

in bacteria including biofilm formation, motility, and virulence (Hengge, 2009). Analysis of c-di-GMP 

binding properties of bacterial proteins is an important step to characterize c-di-GMP signaling pathways. 

C-di-GMP binds numerous proteins such as transcription factors, enzymes, and multimeric protein 

complexes (Hickman and Harwood, 2008, Ryjenkov et al., 2006, Weinhouse et al., 1997).  The c-di-GMP 

binding assay described here is a relatively simple and cost effective method to characterize c-di-GMP 

binding to a protein using [32P]-labeled c-di-GMP. Radiolabeled c-di-GMP is readily synthesized with a 

purified GGDEF enzyme [such as WspR from Pseudomonas aeruginosa (P. aeruginosa)] and [a-32P]-

GTP (Srivastava et al., 2013). After incubation of the labeled c-di-GMP with the protein of interest in 

solution, the resulting mixture is filtered through a nitrocellulose protein binding membrane. The amount 

of labeled c-di-GMP that is retained on the membrane indicates the interaction between the signal and 

protein. The specificity of c-di-GMP binding can be tested by competing with unlabeled c-di-GMP or other 

nucleotides such as GTP in the reaction. By examining binding of a fixed protein concentration to 

increasing concentrations of c-di-GMP, this method is able to determine the dissociation constant of c-di-

GMP-protein interaction.  

 

Materials and Reagents 

 

1. Purified proteins to be tested 

Note: Any kind of buffer can be used to prepare protein samples. We have tested this for sodium 

phosphate and Tris based buffers. 

2. [α-32P]-GTP (800 Ci/mmol, 10 mCi/ml, 250 µCi) (PerkinElmer, catalog number: BLU006X250UC) 

3. c-di-GMP unlabeled (Axxora) 

4. GTP (Sigma-Aldrich, catalog number: 51120) 

5. Purified diguanylate cyclase [WspR (R242A mutant), P. aeruginosa (Sambanthamoorthy et al., 

2012)] 

6. Antarctic phosphatase (New England Biolabs, catalog number: M0289S)  

7. Bovine serum albumin (BSA) (Sigma-Aldrich, catalog number: A9418)  
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8. Bradford reagent for protein concentration estimation (Bio-Rad Laboratories, catalog number: 

500-0205) 

9. Safety-Solve™ complete counting cocktail (RPI, catalog number: 111177) 

10. Protein purification buffer (see Recipes) 

11. Binding buffer (see Recipes) 

 

Equipment 

 

1. Nitrocellulose paper (0.2 µm) (Whatman, Optitran®, catalog number: BA-S 83) 

2. Whatman filter paper (Whatman, catalog number: 3MM)  

3. Radioactive working area containing a centrifuge and heat block 

4. Scintillation vials (20 ml, with Poly screw caps, case of 500) 

(PerkinElmer, Econo Glass Vial, catalog number: 6000097) 

5. Scintillation counter (Beckman Coulter, model: LS 6500) 

6. Biorad slot blot (Hybri Dot Manifold) (Bristol Robotics Laboratory, catalog number: 1050MM) 

7. 1.5 ml eppendorf tubes 

8. Filter tips  

9. Forceps and scissors  

 

Software 

 

1. GraphPad Prism 5.0 

 

Procedure 

 

1. Proteins to be tested are purified using the manufacturer’s instructions. We have used this assay 

to test binding to both 6x HIS tagged proteins (cloned and expressed from pET28b vectors) and 

untagged protein (cloned and expressed from pTXB1). Purified proteins are quantified using a 

Bradford assay (Bio-Rad Laboratories).  

2. A positive control protein that is known to bind to c-di-GMP such as YcgR from Escherichia coli 

should be included in the experiment. The purification of the positive control is performed similar 

to the test protein. BSA can be used as a negative control.  

3. Radiolabeled c-di-GMP is synthesized using a purified diguanylate cyclase enzyme with [a-32P]-

GTP as a substrate. We have successfully used WspR (R242A mutant), a GGDEF protein from 
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Pseudomonas aeruginosa for c-di-GMP synthesis (Sambanthamoorthy et al., 2012). The activity 

of the enzyme is tested as described (Hunter et al., 2014).  

4. Before starting the experiment, all buffers should be prepared and adjusted to the appropriate pH 

as described below.  

5. Synthesis of labeled c-di-GMP 

a. Thaw the [α-32P]-GTP.  

b. The reaction for c-di-GMP synthesis is set up as shown below:  

Constituent Volume (µl) 

NaCl (1 M) 2.05 

Tris (1 M, pH 7.6) 1.2 

MgCl2 (1 M) 0.25 

[α-32P]-GTP or unlabeled GTP (12.5 µM) 42.5 

WspR* ~100 µM 

*The activity of the enzyme is previously determined to assess the amount to be added. 

The total volume of the reaction is 50 µl. 

c. A reaction using unlabeled c-di-GMP is performed side by side to the reaction using labeled 

c-di-GMP for subsequent quantification of reaction efficiency.  

d. The reaction is incubated at room temperature overnight.  

e. 1 µl of Antarctic phosphatase (NEB) is added to the reaction to hydrolyze the leftover [a-32P]-

GTP. 

f. The reaction is boiled for 10 min at 100 °C and precipitated protein is removing by 

centrifugation at 16,000 x g for 10 min at room temperature followed by removal of the 

supernatant. 

g. The reaction is transferred to another eppendorf tube and stored at -20 °C until further use.  

6. The concentration of c-di-GMP in the unlabeled control reaction is measured using ultra high-

pressure liquid chromatography (UPLC)–tandem mass spectrometry (MS-MS) as previously 

described (Massie et al., 2012). The labeled reaction is assumed to be equivalent. Typically, the 

in vitro diguanylate cyclase reaction generates near 100% maximum yield based on the starting 

concentration of c-di-GMP. 

7. For binding reactions, 100 to 500 nM protein is incubated with varying amounts of [32P]-c-di-GMP 

(0.125 µM to 1.5 µM) in a 20 µl volume as shown below for 30 min at room temperature. The 

range of labeled c-di-GMP used is dependent on the particular binding parameters for the test 
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protein.  Each sample is tested in duplicate. Equivalent amounts of YcgR and BSA are included 

as positive and negative controls, respectively.  

Constituent Amount/Volume (µl)  

Protein 100-500 nM 

Binding buffer 5 

[α-32P] c-di-GMP 0.125 µM to 1.5 µM 

Water Up to 20 µl 

 

8. As the binding reactions are incubating, the slot blot apparatus is prepared. A nitrocellulose 

membrane and whatman filter paper are cut to size of the dot blot assembly. The membrane and 

filter paper are immersed briefly in binding buffer to wet them. The dot blot apparatus is 

connected to vacuum and the membrane and filter paper are placed on the pore side with the 

vacuum turned on. The assembly is then completed by securely screwing in the top layer of the 

apparatus. This assures the correct vacuum sealing of the apparatus. 

 

 

Figure 1. Hybri dot manifold assembly 

 

9. Preparations are then loaded onto a nitrocellulose membrane through a vacuum dot blot. The 

samples loaded on the dot blot should be well separated (one well on each side of sample well 

should be empty). The orientation of the blot should be marked before loading. This prevents 

contamination of counts during the processing step. After 5 min of sample loading, the sample 

wells are washed with 3 ml binding buffer (adding 200 µl of binding buffer at a time, 15 
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subsequent washes) in order to wash away unbound [32P]-c-di-GMP. The vacuum is kept on for 5 

min after washing to dry the assembly out.  

10. The membrane is then removed from assembly and dried for 15 min on a dry filter paper, the 

spots containing sample are cut into square pieces and added to 5 ml scintillation fluid in a 

scintillation vial.  

11. The bound [32P]-c-di-GMP of individual wells is quantified by liquid scintillation counting (cpm/min). 

12. For competition experiments with unlabeled c-di-GMP and GTP, following incubation of the 

protein with [32P]-c-di-GMP for 15 min, 3 µM unlabeled nucleotides (unlabeled c-di-GMP and GTP) 

are added and the reaction is incubated for another 15 min and processed similarly. 

13. The data from the binding experiments is analyzed with GraphPad Prism 5.0 using non-linear 

regression analysis [a representative experiment is shown in Srivastava et al. (2013)]. 

 

Representative data 

 

A representative experiment demonstrating c-di-GMP binding to V. cholerae transcription factor FlrA 

is shown in Srivastava et al. (2013).  

 

Notes 

 

1. We have tested this protocol for transcription factors, which are mostly cytoplasmic proteins. But, 

in principle, this protocol should work for any bacterial proteins. 

2. To ensure that the Slot Blot assembly is securely tightened, use a dilute colored dye solution 

(such as Bromophenol Blue) to run through a few interspersed wells. The color should remain 

within the well and not spread out if the slot blot is sealed well and no bleed through is occurring 

between wells.  

 

Recipes 

 

1. Protein purification buffer 

As per the manufacturer’s directions  

2. Binding buffer  

10 mM MgCl2  

20 mM Tris (pH 7.8)  

50 mM NaCl 
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