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i. Summary/Abstract  

The Bacterial Adenylate Cyclase-based Two-Hybrid (BACTH) system is a robust and 

simple genetic assay to monitor protein-protein interactions in vivo. This system is based 

on functional complementation between two fragments from the catalytic domain of 

Bordetella pertussis adenylate cyclase (AC) to reconstitute a cyclic AMP (cAMP)-

signaling cascade in Escherichia coli. Interaction between two chimeric proteins results 

in synthesis of cAMP that activates transcription of various catabolite operons leading to 

selectable phenotypes. One advantageous feature of this signalling cascade is that the 

physical association between the two interacting hybrid proteins is spatially separated 

from the transcriptional activation readout. Consequently the BACTH system can detect 

protein-protein interactions occurring at various subcellular localizations. The system 

has been used to characterize interactions between soluble or membrane proteins, from 

prokaryotic, eukaryotic, or viral origin. The BACTH assay can be used to uncover the 

region(s), domain(s) or amino acid residue(s) of a  protein involved in the interaction with 

a specific partner.  The BACTH system can also be adapted for high-thoughput 

screening of small mecules able to interfere with protein-protein interactions.  

 

ii. Key Words  

Bacterial two-hybrid system, Escherichia coli, cyclic AMP, protein interaction, 

multimolecular complex, membrane proteins.  
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1. Introduction  

 

Two-hybrid systems are genetic assays that permit the detection and characterization of 

protein-protein interactions in vivo. Specific protein-protein interactions are implicated in 

most biological processes. Characterization of such interactions is therefore essential for 

better understanding of living organisms at the molecular level [1]. Various two-hybrid 

systems or protein-complementation assays (PCA) have been elaborated in the past 

decades [2,3], following the pioneering work of Fields & Song who designed the yeast 

two-hybrid [4]. All these techniques are based on the co-expression, in the same cell, of 

two hybrid proteins that produce a characteristic trait when they associate [2]. In the 

bacterial two-hybrid system (BACTH, for "Bacterial Adenylate Cyclase-based Two-

Hybrid”), the interactions result in the functional complementation between two 

fragments from an adenylate cyclase enzyme, to reconstitute a cAMP signaling cascade 

in E. coli [5]. The BACTH system is particularly appropriate to analyze interactions 

between membrane proteins and is now widely used in the scientific community as a 

tool to characterize protein-protein interactions in vivo [6–9]. I describe below the basic 

principles of this genetic system and provide robust protocols for a rapid set up and 

application of the technique to particular research project. Advantages and potential 

problems/difficulties of the technique for the characterization of specifc protein-protein 

interactions (PPI) are briefly discussed as well as possible application in high-thoughput 

screening of small molecule able to inhibit a PPI of interest.  

 

Principle of the BACTH system 

 The BACTH system takes advantage of the biochemical properties of the catalytic 

domain of the adenylate cyclase (AC) from Bordetella pertussis, the causative agent of 

whooping cough [10]. AC has a modular structure, made of two complementary 

fragments, T25 and T18 [11–13]. As the enzyme active site is located at the T25/T18 

interface, the fragments are inactive when physically separated. When the T25 and T18 

fragments are expressed in an E. coli cya strain (i.e. lacking endogenous adenylate 

cyclase) as separate entities, they are unable to recognize each other and cannot 

reconstitute a functional enzyme (Figure 1A). When the T25 and T18 moieties are 
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genetically fused to interacting polypeptides, say X and Y, heterodimerization of these 

hybrid proteins results in a functional complementation between the T25 and T18 

fragments leading to cAMP synthesis (Figure 1B). Cyclic AMP produced by the 

reconstituted chimeric enzyme binds to the catabolite activator protein, CAP. The 

cAMP/CAP complex is a pleiotropic regulator of gene transcription in E. coli [14]: it 

activates the transcription of several resident genes, including genes of the lac and mal 

operons involved in lactose and maltose catabolism (Figure 1C). Therefore, bacteria that 

express interacting hybrid proteins become able to utilize lactose or maltose. This can 

be easily monitored on indicator and/or selective media. Moreover, quantification of the 

relative efficiency of complementation can be easily achieved by measuring the β-

galactosidase activity in bacterial cultures, as the expression of this E. coli workhorse 

enzyme is strongly cAMP-dependent [5,9,15].  

 

Overview of the procedure  

Characterization of in vivo interactions between two proteins of interest is easily 

achieved with the BACTH system following a three-step procedure (Figure 2), involving:  

1 - Construction of recombinant plasmids expressing the two proteins of interest (e.g. X 

and Y) as fusions with T25 or T18. This is performed via standard molecular genetic 

techniques. Various vectors can be used to express the T25 (pKT25 or pKNT25), or the 

T18 (pUT18 or pUT18C) hybrid proteins with fusions at either the N or the C terminus 

end of the cyclase moieties. 

2 - Co-transformation of a pair of recombinant plasmids encoding the T25 and T18 

fusions into an E. coli cya reporter strain. The co-transformed cells are plated on 

indicator or selective media to reveal the resulting Cya+ phenotype (Figure 2). 

Appropriate controls with parental empty BACTH vectors for example or with BACTH 

plasmids expressing non-interacting fusions should be run in parallel to ascertain the 

validity of the assay.  

3 - The efficiency of complementation between specific hybrid proteins can be then 

easily quantified by measuring the β-galactosidase enzymatic activities in bacterial 

extracts, using many well-known, colored (ONPG, X-gal) or fluorescent substrates. The 

cAMP production (the direct readout of the reconstituted adenylate cyclase enzymatic 
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activity) can also be monitored although the assay is more tedious and rarely done 

[5,15].  

The hybrid proteins expressed in E. coli can be further characterized by using diverse 

biochemical approaches, such as immunodetection, immunoprecipitation, copurification, 

etc, to better define the interacting proteins. 

 

The BACTH system is now commonly used by many laboratories to reveal a wide 

variety of interactions between small polypeptides, bacterial, eukaryotic, or viral proteins 

[9,16]. A major advantage of this genetic assay is that, thanks to the use a cAMP 

signaling cascade, the interaction between the two hybrid proteins can be spatially 

separated from the transcriptional readout. Hence, the BACTH system has gained 

popularity to study interactions between membrane proteins and is currently widely 

exploited to characterize multimolecular bacterial machineries involved in secretion, 

signaling, cell division, cell wall biogenesis, etc (for some selected references see [9]).  

 

2. Materials  

 

2.1. Solutions and Buffers 

2.1.1 Ampicillin: 100 mg/mL in water, stored at −20 °C. 

2.1.2 Kanamycin: 50 mg/mL in water, stored at −20 °C. 

2.1.3 Maltose (glucose-free) : 20% in water, sterilized by filtration, stored at room 

temperature. 

2.1.4 IPTG (isopropyl-b-D-thiogalactopyranoside) : stock solution of 100 mM in 

deionized water, sterilized by filtration, stored at −20 °C. 

2.1.5 X-gal (5-Bromo-4-chloro-3-indolyl-b-D-galactopyranoside ; β-galactosidase	
chromogenic substrate) :  stock solution of 20 mg/ml in dimethyl formamide, stored at 

−20 °C.  

2.1.6 ONPG (o-nitrophenol-β-galactoside ; β-galactosidase	chromogenic 

substrate) :  stock solution of 4 mg/ mL in PM2 buffer, stored at −20 °C.   

2.1.7 PM2 buffer (β-galactosidase assay medium) : 70 mM Na2HPO4.12 H2O, 30 

mM NaH2PO4 H2O, 1 mM MgSO4, 0.2 mM MnSO4, pH 7.0, stored at room 
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temperature, and supplemented with 100 mM β-mercaptoethanol just before use. 

2.1.8  Chloroform.  

2.1.9 20% sodium dodecyl sulfate (SDS).  

2.1.10 1 M Na2CO3.  

 

2.2. Bacterial media 

2.2.1 Luria-Bertani (LB) broth : 5 (or 10) g/L NaCl, 10 g/L tryptone, 10 g/L yeast 

extract, pH adjusted to 7.0 with NaOH, sterilized with an autoclave, kept at room 

temperature. 

2.2.2. M63 minimal medium  (5 times concentrated) : 10 g/L (NH4)2SO4, 68 

g/L KH2PO4, 2.5 mg/L FeSO4.7H2O, 5 mg/L vitamin B1, pH adjusted to 7.0 with 

KOH, sterilized with an autoclave, kept at room temperature. 

2.2.3 MacConkey agar base medium: preferentially from Difco Laboratories 

(cat # 216830) 

 

2.3. Bacterial strains and plasmids 

. 2.3.1. E. coli reporter strain carrying a deletion of the cya gene : Table 1 lists 

several strains that have been used in BACTH assays but other E. coli cya strains 

(see E. coli strain collection at http://cgsc.biology.yale.edu) can also be used. 

Other recently described strains include, oxi-BTH a cya strain that carries 

additional mutations allowing disulfide bonds formation in the cytoplasm and KV1, 

a cya strain that harbors the Photorhabdus luminescens luxCDABE operon under 

contol of the LacZ promoter, to monitor protein-protein interactions by light 

emission [17,18].   

. 2.3.2. BACTH vectors for expression of the hybrid proteins in BACTH cya 

bacteria. Two sets of compatible BACTH plasmids are available (Table 2 and Fig. 

3) to construct genetic fusions of the proteins of interest at either the N- or the C-

terminus of the T25 fragment (pKT25, pKNT25 and other derivatives) or T18 

fragment (pUT18, pUT18C, and other derivatives). In both cases, the T25 

fragment (corresponding to the first 224 amino acids of B. pertussis cyclase 

CyaA) and T18 fragment (amino acids 225 to 399 of CyaA) are expressed under 
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the control of a lac promoter and are appended to a multi-cloning site sequence 

(MCS) to allow construction of in-frame fusions at either their N-terminal or C-

terminal extremities (Fig 3). Various derivatives of these plasmids have been 

designed and their characteristics are summarized in Table 2. Of note, a serie of 

plasmid can be used to probe periplasmic proteins thanks to the insertion of a 

hydrophobic transmembrane segment between the cyclase fragments and the 

MCS [19] .  

 

2.4 Materials and equipments for microbiology and standard molecular biology 

techniques   

. Biosafety cabinet, chemical fume hood, Incubators, shakers, heat block, PCR 

thermocycler, electroporator, spectrophotometer, equipment for gel 

electrophoresis, gel imaging system, centrifuge, and other common equipments 

for molecular biology (plasticware, micropipets, tubes,  etc…).  

 

 

3. Methods  

 

The general methodology to analyze interactions between two proteins of interest with 

the BACTH system is schematized in Figure 2. Readers are expected to have a 

background knowledge in basic molecular biology techniques (including common 

microbiological techniques, DNA manipulations, basic enzymology, etc) or should seek 

appropriate advices and/or training otherwise. Additional protocols for molecular cloning, 

PCR, DNA analysis, and transformation can be found in many textbooks [20,21] or on 

Internet.   

 

3.1 : Step 1: construction of recombinant plasmids expressing the two proteins of 

interest (say, X and Y) as fusions with T25 and T18. This is achieved by cloning the 

corresponding genes into the T25 and T18 expressing vectors (described in Table 2 and 

Figure 3) using a standard cloning approach [21].  
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1- Design appropriate primers to amplify the genes X and Y. The primers 

should contain specific restriction sites (ideally unique ones, e.g. BamHI 

on 5′ primer and KpnI on 3′ primer for example) so that the PCR 

amplified DNA fragment can be cloned in proper orientation into the 

BACTH vectors.  It is critical to correctly position these cloning sites to 

insert the genes X and Y in frame with the T25 and T18 coding region.   

2- PCR amplify the genes encoding X and Y using a standard protocol  

(Note 1)  and purify the DNA fragments using any commercial PCR 

purification kit available from various companies (for example, MinElute 

PCR Purification Kit from Qiagen, https://www.qiagen.com/). 

3- Digest the amplified fragments as well as the BACTH vectors with the 

appropriate restriction enzymes (e.g., BamHI and KpnI); check for full 

digestion by gel electrophosresis, then inactivate the enzymes (usually 

by heating) and finally ligate the digested fragments and vectors with T4 

DNA ligase (Note 2).  

4- Transform the ligation mixtures into E. coli competent cells (any 

standard E. coli K-12 cloning strain can be used, preferentially recA – to 

increase plasmid stability - and lacIq – to repress expression of hybrid 

proteins) and plate transformants on LB plates supplemented with 

appropriate antibiotics. Incubate plates at 30 °C for 24 - 36 h.   

5- Pick few colonies (4–12) for each construction and grow them overnight 

at 30 °C in 4 mL of LB medium plus antibiotics. Purifiy plasmid DNA 

using a standard kit (e.g., QIAprep Spin Miniprep Kit from Qiagen), and 

identify recombinant plasmids by restriction analysis (Note 3). Verify by 

DNA sequencing that the PCR amplification and cloning steps have not 

introduced any unwanted mutations in the genes of interest.  

 

Alternative methods to construct the BACTH plasmids using the Gibson cloning 

methods [22] or the Gateway recombineering techniques [23,24] are described in Note 4 

and Note 5, respectively.  
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Control plasmids encoding the unfused T25 and T18 fragments, as well as 

plasmids encoding the T25 and T18 fused to control interacting proteins (e.g. the leucine 

zipper motifs from GCN4) should also be prepared in parallel in order to serve as 

negative and positive contols in BACTH assays [5,25].  

 

3. 2 : Step 2:  Assay of interaction between hybrid proteins in E. coli cya  cells. 

 Probing of interactions is straigthforwardly achieved by simple co-transformation 

of a pair of recombinant plasmids encoding the T25-X (or X-T25) and T18-Y (or Y-T18) 

hybrid proteins into competent BACTH cells (Table 1) and plating the transformed cells 

on indicator plates (supplemented with appropriate antibiotics) to reveal the resulting 

Cya+ phenotype (Figure 2).  

 

1 - Prepare electro-competent or chemically competent E. coli Δcya cells (e.g., DHM1 

strain) using a standard procedure [20,21] (see Note 6).  

2 – To co-transform the competent cells (e.g. DHM1) with the purified pKT25-X and 

pUT18C-Y plasmid DNA, chill a microcentrifuge tube in ice, add 50 µl of chemically 

competent cells, 1 µl (or 5-10 ng) of purified pKT25-X, and 1 µl (or 5-10 ng) of purified 

pUT18C-Y plasmid, and incubate about 20-30 min at 4°C. Transfer the tube to a heat 

block equilibrated at 42°C for 2 min, add 1 ml of LB broth and incubate the cell 

suspension 60 to 90 min at 30 - 37 °C (to permit expression of the antibiotic resistance 

marker).   

3 - Plate the transformation mixture on either LB-X-gal-IPTG or on MacConkey-maltose-

IPTG agar plates supplemented with appropriate antibiotics (Note 7).  Depending upon 

the competency level of the prepared competent cells, different volumes of the 

transformation mixtures may be plated in order to obtained about 100 to 300 

colonies/plate. Incubate the plates at 30°C for 24 to 48 hr. Plates can also be incubated 

at 37°C, but in general complementation is less efficient than at 30°C.  

The cells expressing interacting hybrid proteins form blue colonies on LB-X-gal-IPTG, as 

the expression of the β-galactosidase is positively controlled by cAMP/CAP. X-gal is a 

widely used chromogenic substrate for β-galactosidase: it yields a dark blue precipitate 

at the site of enzymatic activity. Cells expressing non-interacting hybrids remain white or 
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pale blue (Fig. 2). IPTG is added to the medium to increase the expression of the β-

galactosidase reporter gene as well as that of the hybrid proteins T25-X (or X-T25) and 

T18-Y (or Y-T18) that are transcribed under the control of a pLac promoter.   

On MacConkey/maltose/IPTG, the cells expressing interacting hybrid proteins form red 

colonies. This results from the ability of the Cya+ cells to ferment maltose leading to an 

acidification of the medium and color change of the phenol red dye present in the 

MacConkey medium. The cells that express non-interacting proteins (i.e., Cya-) are 

unable to ferment maltose and form white or pale pink colonies.   

It is important to plate in parallel on the same lot of indicator plates, BACTH cells 

transformed with plasmids encoding interacting hybrid proteins as positive control, and 

cells transformed with plasmids coding for non-interacting fusions as negative control, in 

order to properly appreciate the phenotypic readout of colony staining on these media 

and thus reliably interpret the results of the two-hybrid assay. Depending upon the 

efficiency of complementation between the proteins of interest, the staining may be more 

or less pronounced and comparison with known controls is essential for avoiding any 

misinterpretation (Note 8).   

Many published studies are relying solely on this phenotypic assay to 

characterize interactions among different hybrid proteins and/or to identify region(s) or 

sub-domain(s) or even specific amino acid residues implicated in interaction of a protein 

with a given partner. This is usually carried out by replicating or spoting side by side the 

different transformants that are to be compared, in parallel with positive and negative 

control (see examples in some recently published works [26–32]). 

A more stringent phenotypic assay can be carried out by using a selective 

medium that consists in a synthetic minimal medium supplemented with maltose as a 

unique carbon source (Note 9). Because the mal regulon involved in maltose 

catabolism is strictly cAMP/CAP dependent, only Cya+ bacteria can utilize maltose as 

a carbon source. Therefore, in the BACTH system, only cells that express interacting 

hybrid proteins are Cya+ and thus able to grow on a minimal medium plus maltose 

(Figure 2). X-gal and IPTG are also commonly added to the medium to facilitate the 

early visualization of the Cya+ colonies as these cells should also be Lac+ and turn 

blue on X-gal containing medium [33–36].  
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Actually, the selection procedure on minimal medium/maltose is more 

particularly appropriate for screening libraries in order to isolate potential partners of a 

protein of interest, as a large number of transformants can be plated on a single plate 

[7,37]. Detailed protocol for constructing BACTH libraries and performing screening 

experiments can be found elsewhere [9,16,38].  

 

3. 3 Step 3 : Quantification of functional complementation between hybrid 

proteins by β-galactosidase assays.  

 Although many studies are relying solely on phenotypic assays on indictator 

plates for qualitative analysis of interactions between hybrid proteins, a more 

quantitative evaluation of the functional complementation can be easily obtained by 

measuring the β-galactosidase activity in bacteria cells. Many methods for measuring β-

galactosidase activities in liquid cultures of bacterial cells are reported in literature 

[20,21]. A simple protocol to assay β-galactosidase activity in permeabilized cells in a 

96-well array format is described below (and schematized in Figure 4) :  

 

1- Distribute 300 to 400 µl/well of sterile LB broth supplemented with 0.5 mM 

IPTG and appropriate antibiotics, in a 96-well microtiter plate (2.2-ml 96-

well sterile, polypropylene deep-well block). 

2- With a sterile toothpick (or pipet tip), inoculate single colonies into individual 

wells. Several (commonly eight) independent colonies from each set of 

transformations should be tested in parallel. Positive and negative control 

cells (eg DHM1/pKT25-zip/pUT18-zip and DHM1/pKT25/pUT18) are grown 

in parrallel and several wells are kept non-inoculated for background 

measurements.   

3- Seal the plate with a microporous tape sheet (e.g., AirPore from Qiagen) to 

allow gas exchange, and incubate overnight at 30°C on a rotary shaker. 

Position of the plate should be adjusted (eventually tilted) to allow 

appropriate agitation of the cultures in the microwells.    

4- After the overnight incubation, dilute the cultures 5-fold by adding an appro- 

priate volume of M63 medium to the deep-well microplate.   
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5- Transfer 200 µl of the diluted cultures into a flat-bottom 96-well microtiter 

plate. Record the absorbance at 600 nm (or similar wavelengths) (A600) 

with a microplate reader and store data in a spreadsheet program.   

6- Transfer 200 µl of the diluted cultures into a new microtiter plate (1.2-ml 

polypropylene 96-well storage block) and permeabilize the bacteria. This is 

preferentially carried out under a fume hood. To each well, add 7 µl of 

0.05% SDS (sodium dodecyl sulfate) and 10 µl of chloroform and then, mix 

vigorously by pipetting up and down several times. Finally, the plate is left 

at room temperature under a fume hood for 30 to 40 min to allow 

chloroform evaporation.   

7- In a new microtiter plate, distribute 105 µl/well of PM2 buffer containing 100 

mM 2-mercaptoethanol (freshly added just before use) and 0.1% (w/v) o-

nitrophenol-β-galactoside (ONPG). Add 20-µl aliquots of the permeabilized 

cell suspensions (from step 6) into each well to inititate the enzymatic 

reaction, and incubate the plate at room temperature for 20 to 60 min or 

until sufficient yellow color has developed (note the time). Blank assays 

should be run in parrallel by adding 20 µl of M63 medium instead of 

permeabilized cells.   

8- Stop the enzymatic reactions by adding 50 µl of 1 M Na2CO3. Read the 

absorbance at 405 nm (A405) with a microplate reader and store data in a 

spreadsheet program   

9- Analyze data with appropriate software (e.g., Microsoft Excel or other 

spreadsheet program). For each well, calculate the enzymatic activity, E (in 

relative units), according to:   

E = 1000 × ( (A405 in sample wells − A405 in control wells) / (A600 in 

sample wells – A600 in control wells) ) / min of incubation   

 

With this a 96-well array format, the results are generally expressed in relative units 

(RU) of β-galactosidase activity for each sample of interest, and therfore positive and 

negative controls (e. g. cells expressing interacting and non-interacting hybrid proteins) 

must be included in the assay.  
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The β-galactosidase activity of the positive control cells - generally, the cya host cells 

transformed with plasmids expressing T25 and T18 fused to the leucine zipper of GCN4 

(T25-zip and T18-zip, Table 2, [5,15]) – is conveniently set as 100%. The β-

galactosidase activity of the negative control cells (e.g. expressing the unfused T25 and 

T18 fragments) is usually below 2 - 3 % of that of the positive cells (depending also upon 

the genetic background of the host cell). 

An interaction in BACTH assay can be safely considered positive when the cells 

expressing the hybrid proteins exhibit a β-galactosidase activity at least 5 times that of 

the negative control cells (e.g. expressing unfused T25 and T18 fragments), that is when 

the relative activity is above 10-15 % if the β-galactosidase activity of the negative 

control cells amounts to 2-3 %. Yet, lower levels of β-galactosidase activation may be 

interpreted as signature of interactions if proper controls are rigorousely performed.  

Unfortunately some misinterpreted data may be found sometimes in the literature. An 

important point to keep in mind is that the lack of complementation between two hybrid 

proteins does not necessarly means that the two proteins do not associate:  this can be 

due to the misfolding or instability of the hybrid proteins or their inability to form an active 

enzyme upon association (see for example [25]). Note that this restriction applies 

similarly to all two-hybrid techniques.  

Conversely, false positive results may be observed with certain proteins that associate 

(or « stick ») to many other partners in a relatively nonspecific manner. This can be 

observed, in particular, with some integral membrane proteins that may generate 

positive complementation signal with other unrelated membrane proteins. Actually, such 

results may not even be considered as authentic “false positive,” because the BACTH 

complementations do correspond to a real association between the hybrid proteins, 

eventhough their interaction may be irrelevant from a physiological point of view. This 

reminds that caution should always be taken for proper interpretation of two-hybrid 

assays. 

 

The measurement of the β-galactosidase activities in liquid cultures of cells 

expressing the hybrid proteins, as described above, offers a rapid and easy way to 

quantify the efficiency of functional complementation between two different hybrid 
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proteins. Quantification of β-galactosidase activity could also be done by fluorescent 

or chemiluminescent detection using appropriate substrates (e.g. MUG, FDG),  either 

on bulk cultures or by using flow cytometry [39,40]. 

Recently, Volkwein and colleagues [18] described a cya strain in which the luxCDABE 

operon from Photorhabdus luminescens is integrated downstream to the LacZ 

promoter. In this strain, interactions between hybrid proteins can be easily monitored 

by direct light emission from the lux operon in addition to the colorimetric detection of 

β-galactosidase activity [18]. 

Alternatively it is also possible to measure the production of cAMP (the direct readout 

from the association of the two interacting hybrid proteins) using ELISA assays (kits 

can be purchase from several companies), although the technique is a rather 

cumbersome and time consuming (and expensive when using a commercial kit !) so it 

is rarely performed.  

 

3.4 Further characterization of hybrid proteins.  

 In many cases, it is important to characterize biochemically and/or 

immunologically the hybrid proteins and eventually to quantify their level of expression in 

the complementing cells. Western blot analysis of the hybrid proteins is carried out using 

standard protocols [7,21]. A specific monoclonal antibody recognizing the T18 fragment 

is commercially available (Mab 3D1 or sc-13582 from Santa Cruz Biotechnology, Inc., 

https://www.scbt.com/). Other tags recognized by specific monoclonal antibodies (e.g. 

myc, HA, T7 etc) or an hexa-histidine motif can also be introduced in the cyclase 

fragments [41,42] to facilitate detection of the hybrid proteins and/or to perform immuno-

precipitation experiments or pull-down assays in order to further demonstrate the 

physical association of the hybrid proteins  [8,9]. 

 

3.5 Applications of BACTH assays. 

During the past 20 years, the BACTH technique has been widely applied for 

characterizing protein-protein interactions, in particular in the bacterial kingdom. In that 

case, the hybrid proteins can be expressed in a biological environnement that is similar 

to their native one (including membrane or periplasm). Consequently, the BACTH assay 
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has become a popular method to decipher interactions involved in the assembly of multi-

molecular machineries, and notably membrane-associated complexes implicated in 

diverse processes such as secretion, transport, signaling, cell division, etc [6,43–47]. It 

can be used to define the region(s) or domain(s) of a polypeptide implicated in the 

association with a partner protein and more precisely help to identtify specific amino 

acids residues involved in the interaction [6,32,48–50]. This can be done 

straightforwardly by screening for mutations (introduced by error-prone PCR or other 

mutagenic methods) able to abolish the interaction. Another interesting application of the 

BACTH two-hybrid system is in drug discovery, where the technique can be 

implemented for high-throughput screening of small molecules able to block a given 

interaction [51] or characterize antibacterial molecules that interfere with the assembly of 

protein complexes [52,53]. It may thus be applied to search for novel antibiotics targeting 

interactions involved in the assembly of essential prokaryotic machineries.  

 

4. Notes  

 

Note 1 : A typical PCR amplification of bacterial genes is carried out using 10-50 ng of 

purified chromosomal DNA as target, 1 - 2 pmol of primers, 100 µM of each dNTPs and 

one of the many commercially available thermostable polymerases, in total volume of 

100 µl of appropriate buffers (provided with the polymerase). Twenty-five to 30 cycles of 

denaturation (1 - 3 min at 95 to 98°C, depending upon the thermostability of the 

polymerase), annealing (0.5 - 1 min at 50 to 68°C depending upon melting temperature 

of the particular primers, and elongation (1 min at 72°C) are usually carried out. 

 

Note 2: Detailed protocols for performing restriction enzyme digestion of plamsids and 

PCR fragments, analysis by gel electrophosresis, and can be found in [20,21] as well as 

on the web sites of addgene (https://www.addgene.org/protocols/pcr-cloning/) or of the 

companies selling molecular biology reagents.  

 

Note 3 - Vectors and recombinant plasmids are usually propagated at 30°C in standard 

E. coli K12 recA strains, preferentially in a strain that overproduces the LacI repressor to 
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prevent expression of the hybrid proteins (such as XL1-Blue). Plasmid DNA is routinely 

purified with commercial kits used for mini-preparation of DNA, according to 

manufacturer’s instructions. Plasmid pKT25 and derivatives are low to middle copy-

number plasmids so that the overall yield of DNA is not very high (about 50 µL of 

purified DNA at 30-60 ng/µL may be obtained from a 2 ml overnight culture using 

standard Qiagen miniprep kits) while larger amount of DNA (about 5 to 10 times higher) 

can be obtained with the high copy-number vectors from the pUT18 series.  

 

Note 4 : The Gibson Assembly Cloning method can easily assemble multiple linear DNA 

fragments and is a very efficient method for cloning the PCR-amplified genes into the 

BACTH plasmids (https://www.addgene.org/mol-bio-reference/cloning/). It only requires 

that the amplified DNA fragment contains ~20-30 base pair extensions (added via the 

PCR primers) that overlap with the sequences of insertion on the destination BACTH 

plasmid (linearized by one or preferentially 2 restriction enzymes, eg. BamHI and KpnI). 

The DNA fragments are joined in a single reaction, with three different enzymes, into a 

fully ligated double-stranded DNA molecule (see  for detailed set up or the websites of 

companies selling molecular biology reagents). One major advantage of this approach is 

that, as the amplified DNA fragment is not any more digested before cloning, the 

presence in that fragment of restriction sites commonly used for cloning has not 

incidence.  

 

Note 5 : The Gateway cloning technology (Thermo Fisher Scientific) technique is 

convenient for transferring genes of interest, cloned into a so-called “entry clone” into 

diverse  “destination vectors” via a site-specific recombination reaction [23,24]. We 

[19,35] and others [42] implemented the BACTH system to make it compatible with the 

Gateway technique by designing BACTH destination vectors (BACTHGW), pST25-DEST, 

pSNT25-DEST, and pUT18C-DEST in which one can easily transfer genes from any 

Gateway entry clone. Cloning of genes of interest into Gateway entry clones is achieved 

by standard restriction or Gibson cloning [9,19,54]. Besides, synthetic genes cloned into 

entry vectors can nowdays be ordered from various companies for an affordable price, 

while clonal collections of genes or open-reading frames (orfs) encoded in Gateway 
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vectors are readily available from severel companies or various academic institutions or 

scientific consortia.  Further description of the Gateway cloning technique can be found 

on the manufacturer’s Web site (https://www.thermofisher.com/) or other internet 

resources (e.g. https://blog.addgene.org/plasmids-101-gateway-cloning ; Cold Spring 

Harb Protoc; doi:10.1101/pdb.prot094938).  

 

Note 6: Electro-competent or chemically competent E. coli Δcya cells (can be prepared 

using standard procedure [20,21]. Briefly, to prepare competent cells with the CaCl2 

technique, first re-streak the cells (DHM1, DHT1, or BTH101) from a LB-DMSO stock 

solution (kept at −80°C) on a LB/X-gal/IPTG plate and grow overnight at 37°C. The next 

day, pick a white colony (i.e., cya; any blue colonies, likely Lac+ revertants or 

contaminants, should be discarded) and inoculate 5 ml of LB broth and grow overnight 

at 30°C. From the overnight preculture inoculate 0.4 liter LB broth and grow with 

vigorous agitation at 37°C to reach an OD600 of 0.25 to 0.3. Rapidly chill the culture on 

ice and pellet the cells by centrifugation for 10 min at 3000 × g, 4°C (be careful to 

maintain cells, buffers, and culture flasks at 4°C at all stages of the process). Wash the 

cells two times in 50 ml ice-cold 0.1 M CaCl2 solution, and resuspend them in 6 to 8 ml 

ice-cold 0.1 M CaCl2 and incubate overnight at 4°C. The competency level (>106 cfu/µg) 

obtained with this procedure is sufficient for routine transformations. Protocol for 

preparing electrocompetent cells can be found in [21] and on internet (e.g. 

https://www.addgene.org/protocols/bacterial-transformation/). 

 

Note 7: Preparation of indicator plates for monitoring BACTH complementation:  

To prepare LB/X-gal plates, add 15 g of agar per liter of LB broth and autoclave. Allow 

the medium to cool down to less than 45°C, then add appropriate antibiotics (ampicillin 

at a final concentration of 100 mg/L; kanamycin at a final concentration of 50 mg/L) and 

just before pouring plates, 40 mg/L of the X-gal chromogenic substrate (5-Bromo-4-

chloro-3-indolyl-b-D-galactopyranoside) and 0.5 mM IPTG (isopropyl-b-D-

thiogalactopyranoside, added to induce full expression of the hybrid proteins and the β-

galactosidase reporter enzyme).  
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To prepare MacConkey/maltose plates, dissolve 40 g of MacConkey agar base media 

(preferentially from Difco Laboratories - cat # 216830) in 1 liter of deionized water and 

autoclave. Allow the medium to cool down to less than 45°C, then add appropriate 

antibiotics (as above), IPTG (0.5 mM) and maltose (1% final concentration, from a 

stock solution of 20% glucose-free maltose in water, is sterilized by filtration).  

 

Note 8 : When plating cells on indicator plates, the number of colonies should not 

exceed 300-500, otherwise it may be more difficult to visualize positive clones. It should 

be noted that after prolonged incubation (4 - 5 days), negative colonies (i.e. cya-) will 

show a weak red (on MacConkey-maltose) or blue spot (on LB-X-Gal) in the center, but 

will remain colorless at the periphery. It may be worth testing also the complementation 

at 37°C, although in most cases, complementation is much less efficient at this 

temperature than at 30°C. 

 

Note 9: Preparation of selective plates for BACTH screening assay.  

To prepare M63 minimal medium/maltose plates, first prepare a 5x concentrated M63 

minimal medium. For this mix 10 g (NH4)2SO4, 68 g KH2PO4, 2.5 mg FeSO4.7H2O, 5 

mg vitamin B1, into to a final volume of 1 liter of deionized H2O, adjust pH to 7.0 with 

KOH, and autoclave (16). To prepare M63/maltose plates, autoclave 15 g of agar in 800 

ml H2O. Then add 200 ml sterile 5x M63 medium, 0.2-0.4 % maltose, 0.5 mM IPTG, 40 

µg/ml X-gal (in order to better visualize the Cya+ colonies (that are also Lac+) and the 

appropriate antibiotics at half the usual concentrations (i.e. ampicillin 50 µg/ml, 

kanamycin 25 µg/ml) just before pouring plates.  

Depending upon the genetic background of the cya strain used, other essential nutrients 

may be needed for allowing growth on minimal medium. For example, the DHT1 strain 

needs to be supplemented with casamino acids to grow on minimal medium, due to its 

ilv genotype. When the minimal medium is supplemented with casamino acids, the 

DHT1 cells expressing non-interacting proteins may also exhibit a residual growth due to 

their ability to use these amino acids as carbon sources (see [34]).  

Tables references:[55][56] 
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Table 1: Commonly used BACTH reporter strains 
 
Strain 
 

Genotype Comments Ref 

DHT1  F-, cya-854, ilv 691::Tn10, recA1, 

endA1, gyrA96 (Nal r), thi1, hsdR17, 
spoT1, rfbD1, glnV44(AS)  

A recA strain that exhibits a high BACTH complementation 
efficiency and fast growth, but needs to be supplemented with 
casamino acids to grow on minimal medium (due to ilv 
phenotype) 
 

55 
 

DHM1  F-, cya-854, recA1, endA1, gyrA96 (Nal 
r), thi1, hsdR17, spoT1, rfbD1, 
glnV44(AS)  

A ilv+ derivative of DHT1. This recA strain can grow on 
minimal media plus sugars. Yet it shows a slower growth and  
lower complementation efficiency as compared to the 
parental DHT1strain.  
  

6 
 

BTH101  F-, cya-99, araD139, galE15, galK16, 

rpsL1 (Str r), hsdR2, mcrA1, mcrB1  

A Rec+ strain that displays an intermediate BACTH 
complementation efficiency and fast growth. Useful for 
BACTH library screening on minimal media plus sugars. 
 

56 
 

Oxi-BTH  F-, cya°, fhuA2 lacZ::T7 gene1 [lon] 
ompT ahpC gal λatt::pNEB3-r1-cDsbC 
(SpecR, lacIq) ΔtrxB sulA11 R(mcr-
73::miniTn10--TetS)2 [dcm] R(zgb-
210::Tn10 --TetS) endA1 Δgor ∆(mcrC-
mrr)114::IS10. 
 

A derivative of Shuffle T7 Express (New England Biolabs) 
resulting from P1-transduction of an E. coli K12 cya° 
mutation. 
This cya strain is deleted for glutaredoxin reductase (gor) and 
thioredoxin reductase (trxB) genes, and consequently 
disulfide bonds can form in the cytoplasm. 

17 

KV1  F- λ- ilvG rfb50 rph-1 rpsL150; Strpr ; 
LacZ::luxCDABE ; Δcya. 
 

A derivative of MG1655 rspL150 carrying a cya deletion and 
the luxCDABE operon from Photorhabdus luminescens 
integrated downstream to the LacZ promoter.  
In E. coli KV1, protein-protein interactions can be 
simultaneously monitored by light emission (lux operon) and 
colorimetric detection (lacZ). 

18 

The frequencies of spontaneous reversion of DHT1, DHM1 and BTH101 strains toward Lac+ or Mal+ phenotypes (due to cAMP/CAP 
independent promoter mutations) are below 10-7 and 10-18, respectively.  
 



Table 2 : Commonly used BACTH vectors   
 
Plasmids Resistance & 

Replication origin  
Comments Ref 

pKT25 Kanamycin 
P15A 

A low copy-number plasmid that expresses the T25 fragment under lac promoter 
control and harboring a multicloning site sequence (MCS) at the 3' end of T25 for 
fusing protein of interest (POI) to the C-terminus of T25 
 

25 
 

pKNT25 Kanamycin 
P15A 

similar to pKT25 but with the MCS located at the 5' end of T25 coding region  
for fusing POI to the N-terminus of T25 
 

25 
 

pKT25-zip Kanamycin 
P15A 

A positive control plasmid that expresses T25 fused to the leucine zipper of GCN4 
  
 

25 
  

pST25 Spectinomycin 
P15A 

similar to pKT25 but with a Spectinomycin resistant cassette instead of Kanamycin 
for fusion of POI to the C-terminus of T25 
 

19 
 

pSNT25 Spectinomycin 
P15A 

similar to pST25 but with MCS located at the 5' end of T25 coding region for fusion 
of POI to the N-terminus of T25 
 

19 
 

pSMT25 Spectinomycin 
P15A 

similar to pST25 but with an hydrophobic segment (from OppB) inserted between 
T25 and MCS for expressing fusion of T25 to POI targeted to the periplasm 
 

19 
 

pST25-DEST Spectinomycin 
Chloramphenicol 
P15A 
 

similar to pST25 but with attR recombination sites at 3’ end of T25 Orf for fusion of  
POI to the C-terminus of T25 by the Gateway® technique (1). 

19 
 

pSNT25-
DEST 

Spectinomycin 
Chloramphenicol 
P15A 
 

similar to pST25 but with attR recombination sites at 5’ end of T25 Orf for fusion of 
POI to the N-terminus of T25 by the Gateway® technique (1) 

19 
 

pSMT25-
DEST 

Spectinomycin 
Chloramphenicol 
P15A 

similar to pSMT25 but with attR recombination sites instead of MCS at 3’ end of 
T25 Orf for construction, by the Gateway® technique, of fusion of T25 to 
periplasmic POI 

19 
 



 
 
pUT18 

 
Ampicillin 
ColE1 

 
A high copy-number plasmid that expresses the T18 fragment under lac promoter 
control and harboring a MCS at the 5' end of T18 for for fusing POI to the N-
terminus of T18 
 

 
25 
 

pUT18C Ampicillin 
ColE1 

similar to pUT18 but with the MCS at the 3' end of T18 for fusing POI to the C-
terminus of T18 

25 
 

pUTM18C Ampicillin 
ColE1 

similar to pUT18 but with an hydrophobic segment (from OppB) inserted between 
T18 and MCS for expressing fusion of T18 to POI targeted to the periplasm 
 
with the MCS at the 3' end of T18 for fusing POI to the C-terminus of T18 

25 
 

pUT18C-zip Ampicillin 
ColE1 

A positive control plasmid that expresses T18 fused to the leucine zipper of GCN4 
 
 

25 
 

pUT18C-
DEST 

Ampicillin 
Chloramphenicol 
ColE1  

similar to pUT18C but with attR recombination sites at 3’ end of T18 Orf for fusion 
of POI to the C-terminus of T18 by the Gateway® technique (1) 
 

19 
 

pUTM18C-
DEST 

Ampicillin 
Chloramphenicol 
ColE1  

similar to pUTM18C but with attR recombination sites instead of MCS at 3’ end of 
T25 Orf for construction, by the Gateway® technique, of fusion of T25 to 
periplasmic POI  

19 
 

    
(1) The Gateway® vectors must be propagated in E. coli strains that are resistant to the lethal effect of the CcdB toxin (i.e. 

harboring the CcdB resistant, gyrA462 gyrase mutation) such as the DB3.1™ E. coli strain (see manufacturer’s guidelines 

at https://tools.thermofisher.com/content/sfs/manuals/gatewayman.pdf). 
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Figure caption. 

 

Figure 1. Principle of BACTH system. 

Upper part: When co-expressed as separate polypeptides the two fragments of B. 

pertussis adenylate cyclase, T25 and T18, cannot associate and are inactive (left);  

when the T25 and T18 fragments are fused to interacting protein X and Y, the hybrid 

proteins T25-X and T18-Y can associate into an active complex that produces cAMP 

(middle) while no activity is restored when the T25 and T18 fragments are fused to 

non-interacting protein X and Z (right). Lower part: the catabolite activator protein 

(CAP) upon binding cAMP can bind to the promoters of catabolite operons (such as 

lac operon or mal regulon) to activate their transcription. 

 

Figure 2. General methodology to analyze interactions between two proteins of 

interest with the BACTH system. See main text for detailed explanations. 

 

Figure 3. Schematic structure of BACTH plasmids.  

The cyan and green arrows represent the T25 and T18 genes, respectively, expressed 

under the control of the lac promoter, the orange and blue arrows the antibiotic 

selectable markers, kanamycin and ampicillin, respectively, while the magenta and 

brown boxes indicate the origin of replication. The position and sequence of the 

multicloning sequences (MCS) used for insertion of genes of interest are shown for each 

plasmid.  

 

Figure 4: Basic protocol for β-galactosidase assay in a 96-well array format. See 

main text for detailed explanations. 

 

 

 










