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i. Summary 

The electrophoretic mobility shift assay (EMSA) is commonly used for the study of 

nucleic acid binding proteins. The technique can be used to demonstrate that a 

protein is binding to RNA or DNA through visualization of a shift in electrophoretic 

mobility of the nucleic acid band. A major disadvantage of the EMSA is that it does 

not always provide an absolute certitude that the band shift is due to the protein 

under scrutiny, as contaminants in the sample could also cause the band shift. Here 

we describe a variation of the standard EMSA allowing to visualize with added 

certitude, the co-localized band shifts of a GFP-tagged protein binding to its cognate 

nucleic acid target sequence stained with an intercalator such as GelRed. Herein, we 

present an illustrative protocol of this useful technique called GFP-EMSA along with 

specific notes on its advantages and limitations. 
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1 Introduction 

The interaction of proteins with nucleic acids is fundamental to transcription, post-

transcriptional modification, translation, DNA replication, repair and recombination. 

Due to their central function in such a wide variety of essential cellular processes 



and their role in disease development, nucleic acid-binding proteins have become 

desired therapeutic targets [1,2]. Characterization of essential protein:nucleic acid 

interactions is important for both fundamental research purposes, and as a basis for 

drug development. The EMSA has long been an important staple tool in the 

detection and characterisation of nucleic acid binding proteins and their target 

sequences [3]. In a typical EMSA, target nucleic acid sequences can be labeled with a 

fluorescent probe, radioactive isotopes nuclei, or stained for detection. The presence 

of the cognate binding protein is indirectly visualized through its effect on the 

mobility of its target sequence [3].  GFP-EMSA is a unique technique that allows the 

concomitant detection of the protein and its target sequence. GFP-EMSA can be 

performed with relatively safe nucleic acid binding dyes post-electrophoresis. This 

technique is particularly useful for the definitive characterization of protein:nucleic 

acid interactions [4-8].  

 

2 Materials 

2.1 Reagents 

1. GFP-tagged nucleic acid binding protein (see Note 1). 

2. Oligonucleotides (see Note 2). 

3. Appropriate fluorescent label/intercalating dye (see Note 3). 

4. Annealing buffer: 20 mM Tris-HCl pH 8.0, 100 mM NaCl. 

5. Binding buffer (dependent on cofactors and strength of interaction if known, see 

Note 4; if unknown: 10 mM Tris pH 8.0, 1% glycerol, 50 mM NaCl).  



6. 50% glycerol. 

7. Loading buffer (any 5-6x loading buffer with dye to indicate progression). 

 

2.2 Gel Electrophoresis 

1. Molecular biology grade agarose (see Note 5). 

2. Glass flask or bottle sufficient for volume of gel required (dependent on number of 

reactions desired and electrophoresis equipment available). 

3. Microwave. 

4. Gel electrophoresis systems, gel molds, combs, electrophoresis tank and power 

pack (see Note 6). 

5. Running buffer: Tris-borate-EDTA (TBE), 89 mM Tris, 89 mM boric acid, 2 mM 

EDTA  [9]. 

 

2.3 Gel Imaging 

1. UV transilluminator and camera with adequate filter or Gel documentation 

system capable of emitting UV, blue and green light, with appropriate filters for 

red/green imaging (e.g. Syngene G:BOX). 

2. Nucleic acid stain if required for oligonucleotide detection (e.g. Biotium GelRed). 

 

3 Methods 

3.1 Reagent preparation 



The following sample protocol is typically applied for a GFP-tagged protein binding 

to a double stranded (ds) DNA target sequence with post-electrophoretic GelRed 

staining. 

1. Combine equal volumes of both oligonucleotides (1 μM each) in annealing buffer 

and heat for 2 min at 80°C. 

2. Allow to cool slowly to room temperature (RT). The volume to prepare will 

depend on the number of reactions required. Reactions are typically 10 μL volume 

containing 1 μM GFP-tagged DNA binding protein and target DNA sequence at 

desired ratio. 

 

3.2 Gel electrophoresis 

1. Prepare a thin 1% agarose gel in TBE without nucleic acid stain (see Note 7). 

2. Mix equal volumes (5 μl each) of GFP-tagged protein (1 μM) with ds DNA (1 μM) 

in binding buffer (see Note 8). 

3. Include two control reactions that contain protein only and ds DNA only for 

comparison of their respective electrophoretic mobility (see Note 9). 

4. Incubate reactions at RT for 10 min. 

5. Add 2.5 μL 50% glycerol to reactions if binding buffer contained less than 5% 

glycerol (see Note 10). 

6. Load 10 μL samples into the TBE gel with an additional lane of generic coloured 

loading buffer to enable visualization of progression (see Note 11). 



7. Subject gel to electrophoresis at 80 V for sufficient time to separate bands (see 

Note 12). 

 

3.3 Gel imaging 

1. The gel can be exposed to UV or blue light to excite the GFP chromophore (see 

Note 13). If a GFP fusion protein band shift is apparent then incubate gel with 1x 

GelRed in water for 30 min with rocking at RT (see Note 14). 

2. Expose gel with adequate excitation wavelengths (i.e. for GFP and GelRed) and 

capture emitted light with a CCD camera using appropriate filters (see Note 15, Fig. 

1). 

3. Analyse image results (see Note 16) 

 

[Fig 1 near here] 

 

4 Notes 

1. The GFP-tagged protein can be produced recombinantly using typical E. coli 

expression systems [14,15]. Alternatively, the GFP-tagged protein can be purified 

from prokaryotic or eukaryotic systems where it is being used as a reporter of gene 

expression [16] and localisation in vivo [17]. GFP-tagged DNA binding proteins have 

been expressed in vivo in all domains of life [18-21] . Production using in vitro 

transcription-translation is also an option [22]. We have successfully applied the 

technique with cycle 3 GFP [10,11] as well as mCherry  [12] fusion proteins and 



expect it to work with proteins tagged with any fluorescent protein as long as 

appropriate excitation wavelengths and filters are used and care has been taken to 

choose an appropriate DNA fluorescent dye (i.e. the fluorescent protein and DNA 

dye do not have overlapping emission spectra or excitation maxima).  We typically 

use proteins with a C-terminal GFP tag, however if this is likely to interfere with 

binding, an N-terminal tag could be used instead. Dual fluorophore EMSAs can be 

performed if the imaging system has multiple excitation wavelengths and filters. 

2. GFP-EMSA can be performed with DNA and RNA in single or ds form. Many 

oligonucleotide binding proteins will require flanking sequences to enable optimal 

protein binding. We typically use 5 nt flanking sequences both at 5’ and 3’ ends of 

the target sequence. Nucleic acid binding proteins have varying affinity and 

specificity for nucleic acids. The length of oligonucleotides will be dependent on the 

binding protein. We have successfully performed GFP-EMSA with oligonucleotides 

ranging from 20-115 bp. It is worth noting that the longer the nucleic acid the less 

shift in mobility will be observed with a stoichiometric binding mode. 

3. Generic fluorescent intercalating dyes can be used such as GelRed (Biotium) or 

ethidium bromide. Other more specific nucleic acid binding dyes, such as SYBR 

Green I or II can be used if required.  Alternatively an oligonucleotide can be 

labelled with a fluorescent dye (e.g. Cy3 or Cy5). 

4. GFP-EMSA has been performed with a wide range of buffers and salt 

concentrations. Thus, binding buffer composition will be dependent on the DNA 

binding conditions that are to be tested (e.g. salt or pH dependence [13]). A typical 



binding reaction can be performed in PBS, but other buffer systems such as Tris can 

be used, and salt concentrations can also be altered depending on application. Some 

proteins may require the addition of divalent cations such as Mg2+ or other cofactors 

such as ATP. 

5. High quality agarose has very low background fluorescence and is sufficiently 

transparent for performing GFP-EMSA. However, polyacrylamide (8-10% gel) can be 

used as an alternative when higher sensitivity is required.  

6. It is important to use gel electrophoresis equipment that has not been in contact 

with intercalating nucleic acid dyes, or it will need to be cleaned thoroughly after 

previous use to remove any trace of such dyes. This is because intercalating nucleic 

acid dyes interfere with protein binding. 

7. A thin gel improves resolution and reduces background. Pour a gel as thin as 

possible with sufficient depth to accommodate a 10 μL reaction volume. 

Polyacrylamide gels can be used (8-12%) in either horizontal or vertical formats. 

With vertical systems, the unbound protein might not be visible depending on its pI. 

8. The amount of protein required can be dependent on the quantum yield of the 

fluorophore and sensitivity of the imaging equipment. We find that 1 μM GFP-

tagged protein is generally sufficient for fluorescence capture. If the stoichiometry of 

the complex is not known, it can be estimated by trialing different ratios of proteins 

and oligonucleotides. 



9. Control reactions will demonstrate the mobility of each component in isolation 

and enable visualization of any band shifts produced by the interaction between the 

protein and nucleic acid (Fig. 1). 

10. Glycerol is added to increase the density of the sample to assist with gel loading. 

It also increases protein stability [23]. 

11. A coloured loading dye is added to a separate well to use as a marker during 

electrophoresis. It is not added to the samples themselves as it may migrate at the 

same position as the oligonucleotide/s and/or protein, making imaging difficult. 

12. The time taken for electrophoresis will be dependent on the size of the 

oligonucleotides as well as percentage of agarose and buffer system. For most 

proteins 30-60 min will be sufficient. Longer oligonucleotides may require longer 

electrophoresis for sufficient separation. GFP-EMSA can be paused at any time to 

check the fluorescent protein band progression using an adequate excitation 

wavelength. For cycle 3 GFP simply excite with UV or blue light using a 525 nm 

filter. A standard “black light” flashlight is often sufficient to check progression 

during electrophoresis. If using a polyacrylamide gel for electrophoresis, use chilled 

TBE, keep cool during electrophoresis and do not exceed 8 V/cm. 

13. Cycle 3 GFP has bimodal absorption spectra and can be excited with light 

ranging from UV to blue (350-480 nm) with an emission maximum at 509 nm.  

14. GelRed does not require de-staining. The gel can be rinsed with water to reduce 

background if necessary. However, this has not been an issue with GFP-EMSA using 



the protocol described. The same procedure can be used for other dyes such as SYBR 

Green II (use at 1:10,000 in TBE). 

15. This protocol is based on the Syngene G:BOX XRQ. Other imaging systems can 

be used if the light sources and filters are similar. For imaging cycle 3 GFP alone 

expose gel to either blue Epi LED (465 nm) or long wave UV light (365 nm) using a 

FILT525 filter (516-539 nm) (Fig.1). For imaging GelRed stained nucleic acid, expose 

gel to medium wave UV (MW UV) light (302 nm) using a UV06 filter (572-625 nm) or 

FILT605M filter (594-610 nm)(Fig. 1). For imaging mCherry, expose gel to green Epi 

LED (525 nm) using a FILT605M filter (594-610 nm). Possible fluorophores will be 

dependent on the available equipment. 

16. Integrate fluorescent bands with image analysis software (e.g. ImageJ). Overlay 

images to illustrate and confirm co-localization of GFP and DNA bands in the gel.  
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Figure 1: Example GFP-EMSA 

In E. coli, the bifunctional BirA protein is responsible for biotinylation of proteins 

and regulation of biotin synthesis through binding to the biotin operator (bioO) 

[24,25]. In this example 5 μL bioO (0.8 μM) was combined with different 

concentrations of BirA-GFP (0.4, 0.8 and 1.2 μM) in PBS, pH 7.4 with 0.6 mM ATP 

and biotin and 3 mM MgCl2 to demonstrate complex formation, similarly as 

described previously [5]. A band shift can be seen with BirA-GFP in the presence of 

bioO (+). Images were captured using a G:BOX Chemi XRQ (excitation, filter and 

exposure times detailed below each image) and recoloured to highlight differential 

visualization of GFP (green) and GelRed stained DNA (orange). MW UV denotes 

medium range UV (302 nm). 
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