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Abstract

The bacterial adenylate cyclase two-hybrid system (BACTH) is a genetic approach used to test
protein interactions in vivo in £. coli. This system takes advantage of the two catalytic domains of
Bordetella pertussis adenylate cyclase (CyaA) toxin, which can be fused separately to proteins of
interest. If the proteins of interest interact, then the adenylate cyclase domains will be brought in
close proximity to each other, reconstituting cyclic AMP (cAMP) production. Interacting proteins
can be both qualitatively and quantitatively assessed by the expression of chromosomal genes of
the E. coli lac or mal operon, which are positively regulated by cAMP production. Because cCAMP
is diffusible, the proteins of interest do not need to interact near the transcriptional machinery.
Consequently, both cytosolic and membrane protein—protein interactions can be tested. The
BACTH system has recently been modified to be compatible with Gateway® recombinational
cloning, BACTHgy. This chapter explains the principle of the BACTH, its Gateway® modified
system, and details of the general procedure.
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Introduction

The bacterial adenylate cyclase two-hybrid (BACTH) system is a useful technique designed
to assess in vivo protein—protein interactions. The first assay developed to test for protein—
protein interactions in vivo was the yeast two-hybrid system (Y2H) by Fields and Song [1].
Both the Y2H and BACTH systems utilize coexpression of two-hybrid (fusion) proteins in
the same cell that upon interaction can be assessed by a readout of either phenotypic screen
or selection [2-4]. For the BACTH assay, this readout is based on the reconstitution of the
adenylate cyclase activity when two complementary fragments from the catalytic domain of
the Bordetella pertussis adenylate cyclase toxin [5] are brought into close proximity by
proteins that interact (Fig. 1). This results in production of cyclic adenosine monophosphate
(cAMP) and activation of its signaling cascade [3, 5, 6]. This system takes advantage of the
fact that in Escherichia colithe expression of many genes, including the /ac operon or mal/
regulon, is regulated by cAMP [7]. Because cCAMP is a diffusible secondary metabolite, the
BACTH system can be broadly applied to characterize interactions of cytosolic and
membrane proteins [8], including large multiprotein complexes such as bacterial secretion
systems or cell division machinery [8-13].

There are currently two different sets of BACTH compatible vectors available for
complementation assays: the standard BACTH vectors and the recently developed Gateway®
cloning system, BACTH compatible (BACTHgy) vectors (Fig. 2) [14]. The construction of
standard BACTH vectors must be performed individually for each vector containing the
gene of interest, which is labor intensive, especially in the event of conducting a large-scale
screen. One advantage of the BACTH-Gateway® system is that it overcomes the time-
consuming drawbacks of individually cloning a single open reading frame (ORF) into each
standard BACTH vectors. This is because Gateway® compatible BACTH vectors utilize
“recombineering” techniques to insert ORFs flanked by recombination sites into an entry
vector by a single cloning step. After the ORF is in the entry vector, it can be easily
recombined into any of the five BACTHgyy destination vectors currently available. Once
recombined into the BACTHgyy vector, the ORF can be shuttled to an entry vector as
needed. Cloning into the entry vector reconstitutes the recombination sites necessary for
recombination into another destination vector of interest. Not only have the BACTHgw
vectors been adapted for amino and carboxyl terminal fusion capabilities, but vectors have
also been designed to contain transmembrane domains downstream of the T25 and T18
fragments to assess protein—protein interactions in the periplasmic space or, potentially, the
outer membrane [5, 6, 14]. As there are several genomic ORF libraries created in Gateway®
vectors currently available for different organisms, the BACTH-Gateway® adaptation will
facilitate and broaden the application of this genetic system for large scale interaction
mapping studies. Finally, combinations of BACTHgy vectors and standard BACTH vectors
can be used in complementation assays or library screening assays. The focus of this chapter
is to describe the BACTH-Gateway® adapted system and core procedures involved in
studying protein—protein interactions using the BACTH system in £. coli.
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1.1 Principle of BACTH Gateway® System

The BACTH system uses relatively quick and simple means to detect in vivo protein—protein
interactions in £. coli, and it can be performed by those with basic knowledge of
microbiological laboratory and molecular biology techniques.

As indicated above, the basis of the BACTH system is to assess protein—protein interactions
by the interaction-mediated reconstitution of adenylate cyclase by the two catalytic
fragments of Bordetella pertussis adenylate cyclase toxin (CyaA). Importantly, this test is
performed in an £. coli strain lacking a functional adenylate cyclase (AcyaA E. coli mutant).
The catalytic domain of B. pertussis adenylate cyclase (CyaA) consists of two
complementary fragments, termed T25 and T18 [5]. When these fragments are separately
coexpressed they are unable to associate and cannot synthetize cAMP. However, when the
T25 and T18 fragments are fused to two separate proteins able to interact, they can
reassociate into a functional enzyme, thereby restoring cAMP production. In £. coli, CAMP
is a regulator of gene transcription [15]. It binds to the catabolite activator protein (CAP),
and then the cAMP/CAP complex can activate the transcription of catabolite genes,
including those of the /ac operon and malregulon. Consequently, £. colibecomes able to
utilize lactose or maltose as a sole carbon source, which can be determined easily by
screening or by using selective media [3, 6].

1.2 General Procedure

To detect in vivo protein interactions, the T25 and T18 fragments must be coexpressed in an
adenylate cyclase, £. coli cyanull mutant. Firstly, the constructs must be assembled, where
one gene of interest (e.g., gene X) is fused to the T25 fragment and a second gene (e.g., gene
Y) is fused to the T18 fragment in either the BACTHg\y vectors or the standard BACTH
vectors.

The Gateway® system works by PCR amplification of genes of interest with primers
containing recombination sites, and recombination into an “entry” vector. After creation of
the entry vector containing the gene of interest, the gene can be easily transferred in a single
step to any of the compatible destination vectors: pST25-DEST, pSNT25-DEST, pUT18C-
DEST, pSTM25-DEST, or pUTM18C-DEST [14]. One utility of the BACTHgyy system is
that a gene in the destination vector can be used in a BP reaction to clone the gene into a
new entry vector and then into different destination vectors as desired (Fig. 2). This is a
quick and effective system to insert a gene of interest into various desired vectors to test
complementation in both N and C terminal fusion orientations. Alternatively, traditional
cloning methods can be used to insert a gene of interest into the T25 containing BACTH
vectors, pKT25 or pKNT25, and a second gene (e.g., gene Y) fused to the T18 containing
BACTH vectors, pUT18 or pUT18C [3, 16]. Additional T25-containing vectors encoding
spectinomycin resistance, pST25, pSTM25, and pSNT25, are also available. These vectors
were developed to allow the creation of pST25-DEST, pSNT25-DEST, and pSTM25-DEST
to be compatible with pPDONR221 entry vectors, which encode kanamycin resistance (also
encoded by the pK vectors of the standard BACTH plasmids).
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Complementation assays are performed by cotransformation of both fusion plasmids into a
Acya E. colistrain, plated on indicator plates or selective media, and monitored for the
resulting Cya* phenotype. The protein—protein interaction can be further evaluated by
quantifying p-galactosidase activity or by measuring cAMP levels directly, both of which
indicate reconstituted adenylate cyclase from the close proximity of the T25 and T18
fragments [5, 6]. A p-galactosidase enzyme assay is an effective tool to measure adenylate
cyclase reconstitution because the cAMP/CAP complex positively regulates p-galactosidase
expression. Enzyme activity can be compared to bacterial growth of each sample to yield
enzyme activity per unit of bacterial growth. The fusion proteins expressed by £. coli can
also be characterized by Western blotting and immunoprecipitation techniques.

To date, BACTH has been used by many laboratories to characterize various bacterial,
eukaryotic, and viral protein—protein interactions [6, 16-20]. A benefit of the BACTH
genetic system is that because cAMP is a diffusible molecule, interactions of T25 and T18
hybrid fusion proteins do not need to occur near the transcriptional machinery. This allows
for better characterization of membrane protein interactions as compared to Y2H or
alternative bacterial two-hybrid systems that rely, for example, on reconstituted interactions
between components of the transcriptional machinery [1, 2, 6, 8, 14, 19].

2 Materials

2.1 Equipment

1 42 °C water bath.

2. Plasmid miniprep kit.

3. 30 or 37 °C incubator for agar plates.

4, Shaking incubator for liquid cultures.

5. 96-well deep-well blocks, sterile.

6. Sterile toothpicks.

7. 96-well plates or glass tubes, sterile (* chloroform resistant).
8. 96-well optical plate.

9. Microporous tape strips.

10.  Multichannel pipettor.

11.  Rotary shaker (for shaking deep-well 96-well blocks).

12.  Microplate reader (capable of measuring 405 and 595 nm).
13.  Spreadsheet software (Excel or equivalent).

14.  Equipment for Western blotting (optional).

2.2 Bacterial Media

1 Luria—Bertani (LB) broth: mix 10 g of NaCl, 10 g of tryptone, and 10 g of yeast
extract, adjust pH to 7.0 with NaOH, add deionized H,O to a final volume of 1 L
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and autoclave. To prepare LB 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 the
appropriate antibiotics and pour the plates.

LB/X-gal plates: the LB/agar medium (above) is autoclaved, allowed to cool
down to less than 45 °C and supplemented, just before pouring plates, with 40
pg/mL of the X-gal (5-bromo-4-chloro-3-indolyl-p-p-galactopyranoside)
chromogenic substrate and appropriate antibiotics. IPTG (isopropyl-B-p-
thiogalactopyranoside, final concentration of 0.5 mM) is usually also added to
the medium to induce full expression of the hybrid proteins as well as that of the
[B-galactosidase reporter enzyme.

MacConkey/maltose plates: 40 g of MacConkey agar are dissolved in 1 L of
distilled water and autoclaved. A stock solution of glucose-free maltose (20% in
water) is sterilized by filtration. Maltose (1.0% final concentration) as well as
antibiotics (ampicillin at 100 pg/mL and kanamycin at 50 pg/mL) are added to
the autoclaved MacConkey medium just before pouring plates. IPTG (final
concentration of 0.5 mM) is usually added to the medium to induce full
expression of the hybrid proteins (see Note 1).

M63/maltose minimal medium: To prepare 5% concentrated M63 minimal
medium, mix 10 g (NH4)2SOy4, 68 g KH,POy, 2.5 mg FeSO4-7H,0, 5 mg
vitamin B1, add deionized H,0 to a final volume of 1 L, adjust pH to 7.0 with
KOH, and autoclave. M63/maltose plates are prepared by autoclaving 15 g of
agar in 800 mL H,0. Then add 200 mL sterile 5% M63 medium, 0.2-0.4%
maltose, and the appropriate antibiotics at half the usual concentrations (i.e.,
ampicillin 50 pg/mL, kanamycin 25 pg/mL) just before pouring plates.

Antibiotics: ampicillin, kanamycin, and spectinomycin. Nalidixic acid (optional),
streptomycin (optional).

Solutions and Reagents

1
2.

Calcium chloride (0.1 M).

B-Galactosidase assay medium (PM2): 70 mM NayHPO4-12H,0, 30 mM
NaH,PO4 H,0, 1 mM MgSOy, 0.2 mM MnSQy, pH 7.0 with H3PO,4. Add 100
mM B-mercaptoethanol just before use (see Note 2).

Substrate solution (ONPG, o-nitrophenol-B-galactoside): solution of 4 mg/mL in
PM2 medium without B-mercaptoethanol (store at =20 °C).

Stop solution: 1 M Nap,COs.

Chloroform.

l-MacConkey from Difco Laboratories (cat # 216830) is strongly recommended as the quality of MacConkey agar base media can

vary.

2-Because 2-mercaptoethanol is considered toxic and can cause irritation to the skin and respiratory tract upon inhalation, it should be
used only under a fume hood. In addition, 2-mercaptoethanol can be left out of the PM2 buffer altogether. It is important to note that
the B-galactosidase activities will be reduced by a factor of 2. However, this is fine because only relative enzymatic activities (relative

units) are compared.
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SDS 0.1%.

Reagents for Western blotting.

Antibody: Anti-CyaA T25 fragment.

Antibody: Anti-CyaA T18 region (Santa Cruz biotechnology cat. # sc-13582).

2.4 BACTH Reporter Strains and E. coli Cloning Strains

For the BACTH system, three £. coli adenylate cyclase deficient reporter strains are
commonly used in detecting protein—protein interactions: DHT1, DHM1, and BTH101 [8,
16, 21]. Other E. coli Acya strains are available and can be found at the Coli Genetic Stock
Center (http://cgsc.biology.yale.edu). The various genetic background of each £. coli strain
gives rise to different complementation efficiencies and variable reporter gene stringencies.
The frequencies of spontaneous Lac™ revertants (due to cAMP/CAP independent promoter
mutations) of these different strains range from 1077 to 1078 while frequencies of
spontaneous Mal* revertants are below the detection threshold (i.e., <10710). A summary of
the main genetic differences of the common E. coli cya mutants used for the BACTH can be
found below.

1.

4,

2.5 BACTH Plasmids
1.

DHTI1[F-, cya-854, ilv 691::Tnl0, recAl, endAl, gyrA96 (Nal r), thil, hsdR17,
spoT1, rfbD1, gInV44(AS)]: a recA strain that displays a high BACTH
complementation efficiency and fast growth. However, this strain carries an iflv
mutation, so it requires casamino acids or direct addition of isoleucine and valine
for growth on minimal medium [20, 22].

DHM!I1 [F-, cya-854, recAl, endAl1, qyrA96 (Nal r), thil, hsdR17, spoT1, rfoD1,
gInV44(AS)]: an ilv+ DHT1 derivative able to grow on minimal media plus
sugars. This strain has a lower complementation efficiency and grows more
slowly than the parental DHT1 strain.

BTH101 [F-, cya-99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, mcrAl,
mcrB1]: this strain displays a good BACTH efficiency and fast growth. However,
there is some instability of plasmids due to the presence of RecA.

DHba: E. colicloning strain or /ac/ strain.

The BACTH system requires coexpression of two proteins fused to the T25 and
T18 fragments within the same host bacterial cell (e.g., Acya E. coliBTH101).
The T25 fragment corresponds to the first 224 amino acids of adenylate cyclase
(CyaA), while the T18 fragment corresponds to amino acids 225-399 of CyaA
[8, 16]. There are two sets of compatible vectors available: the BACTHgw
vectors that use Gateway® cloning technology to insert the gene of interest and
the standard BACTH vectors that use standard cloning methods. Each ORF is
expressed under the control of the /ac promoter. Both systems can be used to
create genetic fusions with the gene of interest at either the amino or carboxyl
terminus of the T25 or T18 [8, 16]. However only C-terminal fusions to T18 are
currently possible with Gateway® cloning (i.e., in pUT18C-DEST).
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2. Standard BACTH vectors: The plasmid pKT25 is a low copy number pSU40
plasmid derivative that contains a kanamycin resistance selective marker. There
is a multiple cloning site sequence (MCS) at the 3" end to allow for fusions, in
frame, at the C-terminal end of T25. In contrast, pPKNT25 has the MCS at the 5
end so that fusions can be made at the N-terminal end of the T25 fragment. The
other BACTH complementary vectors include pUT18 and pUT18C. The pUT18
plasmid is a derivative of pUC19 and contains an ampicillin selection marker.
The MCS is located on the 5” end, so fusions are made at the N-terminus of T18
fragment. For the pUT18C plasmid, the MCS is at the 3" end so fusions are made
at the C-terminus of T18. Any combination of vectors containing one T25 hybrid
and one T18 hybrid can be used in complementation assays or a pool of vectors
for screening assays with a bait vector.

3. Gateway®-compatible BACTH vectors: A variety of Gateway® vectors are
available through Thermo Fisher Scientific and can be used for different
experimental conditions. The Gateway® recombineering system has been
designed so that an open reading frame that is flanked by recombination sites can
be quickly transferred from an “entry” vector to various “destination” vectors
[23, 24]. The Gateway® recombineering cloning system was made by inserting a
recombination cassette containing attR lambda recombination sites. The
BACTHGg\y vectors express the CcdB toxin as well as a chloramphenicol
resistance marker. To fuse proteins of interest to the C-terminus of T25 and T18,
pST25-DEST and pUT18C-DEST can be utilized, respectively [14].
Alternatively, pPSNT25-DEST can be used to fuse the protein of interest to the N-
terminus of T25 [14]. There are additional BACTHgyy vectors, pPSTM25-DEST
and pUTM18C-DEST, which contain an additional transmembrane domain
directly C-terminal to the T25 or T18 fragment, thus allowing the protein of
interest to be expressed in the periplasm or, potentially, in the outer membrane
[14]. These vectors can also be useful to make fusions with inner membrane
proteins that have their N-terminus extremity located in the periplasm [14]. Thus,
these additional vectors, for which there are “standard” BACTH plasmid variants
(i.e., pSTM25 and pUTM18C), allow for the testing of interactions that occur in
these additional compartments. One difference between the BACTH Gateway®
plasmids and the standard BACTH plasmids, pKNT25 and pKT25, is that the
Gateway® DEST plasmids contain a spectinomycin resistance marker rather than
the kanamycin resistance marker. This allows for compatibility with the
Gateway® entry vector pPDONR221, which encodes kanamycin resistance.
Otherwise, the only other difference between the standard and Gateway®
compatible BACTH vectors is the presence of the Gateway® attR-flanked
recombination site in the latter (see Note 3).

4, Positive controls: pKT25-zip and pUT18C-zip are often used as positive controls
during BACTH complementation assays. They encode the two adenylate cyclase

3-Both the empty pDONR™221 (used in the BP reaction) and the DEST plasmids (used in the LR reaction) contain cat
(chloramphenicol acetyltransferase) and ccadB (CcdB toxin). Therefore, these plasmids must be propagated with chloramphenicol and
in E. coli strains that are resistant to the CcdB toxin (e.g., DB3.1™ or 2T1R™).
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fragments, T25 and T18, each fused to the leucine zipper domain of GCN4 [3,
5]. Additional positive controls include pKTM25-zip and pUTM18C-zip wherein
the leucine zipper is expressed in the periplasm (see above for explanation
concerning pSTM25-DEST and pUTM18C-DEST).

Negative controls: Empty vectors, lacking any insert, are commonly used as
negative controls. For example, pST25-empty vector and any pUT18C-hybrid
fusion could be used as a negative control in complementation assays.
Alternatively, two proteins known not to interact can be used.

3.1 Methodology Outline

The BACTH system can be broken down into three major steps (Fig. 2).

1

Step one: Cloning genes of interest into BACTH vectors. The first step is to
clone the ORF into each of the T25 and T18 containing plasmid vectors. This
can be performed using the Gateway® recombineering technology, a simple
method relying on site-specific recombinases, to transfer the gene of interest
from the entry vector, pPDONR221, to the BACTH-DEST vectors [23].
Alternatively, PCR amplification of genes of interest with appropriate primers
and cloning in frame into the MCS of standard BACTH vectors using standard
techniques can be implemented [25, 26].

Step two. Qualitative analysis of protein interactions. After the genes of interest
are cloned into their respective plasmids, encoding for example T25-X or T18-Y,
these plasmids are cotransformed into competent £. coli Acyareporter cells such
as DHT1, DHM1, or BTH101 cells. Transformants are then plated onto either
LB/X-gal agar plates or MacConkey/maltose agar indicator plates with
appropriate antibiotics and incubated at 30 or 37 °C (37 °C is typically less
efficient) for 1-3 days [3, 6]. After incubation, plates can be visualized for the
presence of blue colonies (LB/X-gal plates) or red colonies (MacConkey/maltose
plates) indicating a positive interaction between two putative proteins of interest.
Transformed cells can also be plated on a selective medium, M63 minimal
medium supplemented with maltose as the only carbon source [8, 27, 28].

Step three: Quantitative analysis of protein interactions by p-galactosidase assay.
To obtain a quantitative analysis of the interaction between putative proteins,
individual colonies are picked from indicator plates and grown in liquid media to
either exponential phase or overnight. Cells grown in liquid media are
permeabilized, and B-galactosidase activity is measured using o-nitrophenol-f-
galactoside (ONPG) as a substrate and analyzed relative to bacterial growth
(ODgqp). The p-galactosidase enzyme activity/cell density can be reported as
Relative Units (RU) or following standard protocols in Miller Units.
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3.2 Cloning Genes of Interest into BACTH Vectors

This section describes cloning of genes of interest into BACTH vectors using Gateway®
recombineering techniques and traditional cloning strategies.

3.2.1 Cloning into Gateway® Vectors—The Gateway® cloning system (Life
Technologies, Thermo Fisher Scientific) is a quick method to transfer genes X and Y of
interest into the BACTHg pDEST vectors (pST25-DEST, pSNT25-DEST, pUT18C-DEST,
pSTM25-DEST, or pUTM18C) [14].

1.

The gene of interest is PCR amplified (following standard protocol; [26]) using
primers that contain attB sites, which are necessary for the recombination
reaction [23, 24]. The following sequences (underlined) correspond to attB sites
and should flank the gene specific sequences (indicated by XXX...). In addition,
the base pairs flanking the attB sites can be adjusted for the Tm (see Note 4):

FORWARD PRIMER (bold ATG corresponds to the initiation codon of the ORF
and can be omitted, if desired):

5 -GCCGCACAAGTTTGTACAAAAAAGCAGGCTTTAT GXXXXXXXX.

REVERSE PRIMER (the ORF stop codon can be removed, if desired):
5'-GCGGACCACTTTGTACAAGAAAGCTGGGTTXXXXXXXX.

Purify the PCR amplified gene products containing attB sites using a
commercially available PCR purification kit.

Perform the “BP recombination” reaction, following the manufacturer’s
guidelines, to insert the attB flanked-gene PCR product into the pPDONR™221
“entry” plasmid [23]. The pPDONR™221 plasmid contains an attP-flanked gene
cassette encoding ccdB and cat (see Note 3), and the plasmid backbone contains
M13 forward and reverse priming sequences flanking the attP sites for
convenience.

a. Mix 150 ng of purified the PCR product with 150 ng pPDONR™221 and
BP Clonase II™ enzyme. Incubate the mixture for 2 h (see Note 5) at
room temperature.

b. Stop the recombination reaction by adding 2 pg of Proteinase K and
incubating for 10 min at 37 °C.

C. Transform the mixture into competent £. coli DH5a cells or another
suitable cloning strain (see Note 6), and select for the transformants on
LB plates containing 50 ug/mL kanamycin [14]. The resulting plasmid

4-For more detailed explanations for the primer design to be used in Gateway® cloning procedures additional information is available
at https://tools.thermofisher.com/content/sfs/manuals/gatewayman.pdf.

‘When recombining small fragments (<5 kb) in either the BP or LR reaction, a 2-h incubation is sufficient. However, when
recombining larger fragments (>5 kb), longer incubation times may enhance the efficiency of the recombination reaction.

‘It is important to transform recombinant vectors into a strain that is susceptible to the CcdB toxin to maximize the cloning efficiency.
In addition, glucose (final 0.2%) should also be added to the LB agar plates to minimize leaky expression.
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(pPDONR™221-gene X) contains the gene of interest now flanked by
attL. recombination sites, the product of the BP recombination.

Verify the recombination reaction by restriction digest or by colony
PCR with subsequent DNA sequencing (using the M13 primers, if
desired) of 3—4 clones picked from the transformation plates.

Genes inserted into pDONR “entry” vector can be easily transferred
into any Gateway® destination vector, including the BACTHgw
compatible vectors, by the LR reaction [14, 24]. Of note, many gene
libraries cloned into pPDONR™221 or another entry vector are available
commercially or through genomic resource centers. Thus, it is possible
that the investigator may already have a collection of pPDONR™221
vectors with their gene of interest already cloned.

The “LR” reaction is used to transfer genes from pDONR-gene X (“entry”
vector) to the BACTHgyy destination vectors (pST25-DEST, pSNT25-DEST,
pUT18C-DEST, pSTM25-DEST, or pUTM18C-DEST) [14]. The BACTHgw
vectors were constructed by inserting an attR-flanked gene cassette encoding
ccaBand cat in-frame into each BACTH vector (see Note 3).

a.

For the LR reaction, mix 150 ng pPDONR™221-gene X with 150 ng of
the desired BACTHgw pDEST vector.

Following the manufacturer’s guidelines, add LR Clonase™ to the
plasmid mixture, and incubate for one hour at room temperature (see
Note 5).

Terminate the recombination reaction by adding 2 pg of Proteinase K
and incubating for 10 min at 37 °C.

Transform the mixture into competent £. coli DH5a cells, and plate on
LB agar plates supplemented with glucose and antibiotics
(spectinomycin or ampicillin) (see Note 6). The recombined plasmids
now encode either the T25 or T18 gene fragment fused in frame to the
gene of interest.

Verify that the destination vectors contain the gene of interest as
described above [14, 29]. Verified clones can be used directly for
BACTH complementation assays (see Note 7).

3.2.2 Cloning into Traditional Vectors—When using the standard BACTH vectors,
traditional cloning methods can be used to insert the gene of interest in-frame into the
multiple cloning sites of these plasmids. For instance, genes X and Y corresponding to the
proteins of interest can be amplified by PCR using specific primers that include the
restriction sites in the MCS for the desired orientation in the plasmid of interest [26]. 7he

7-There are short peptide sequence scars coding for attB recombination sites in the recombined destination vector as shown in Fig. 3.
These additional amino acids do not affect BACTH complementation as determined by Ouellette et al. [14]. However, it cannot be
guaranteed that these peptide sequences have no effect in all protein contexts.
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genes X and 'Y must be cloned in frame with each of the T25 and T18 open reading frames.
Other cloning methods can be applied (e.g., Gibson cloning). As with the Gateway® method,
all plasmids should be sequence-verified and propagated in the presence of glucose to
repress expression of the fusion proteins (see Note 6). For more detailed information please
refer to Ouellette et al. [30].

3.3 BACTH Protein Interaction Assays

This section describes cotransformation of recombinant plasmids (e.g., pST25gw-gene X
and pUT18Cgw-gene Y), and plating on indicator (LB/X-gal or MacConkey/maltose agar)
media or selection media to detect protein interactions.

3.3.1 Detecting Complementation Using Indicator Plates

1 Competent Acya E. coli cells (see Note 8) are cotransformed with purified
recombinant T25-fusion (e.g., pST25-X) and T18-fusion (e.g., pUT18C-Y)
vectors.

a. For transformation, mix 50 pL of chemically competent DHM1 cells in
a chilled microcentrifuge tube with 5-10 ng of each recombinant
plasmid.

b. Incubate the mixture for 30 min at 4 °C.

C. Heat-shock the mixture at 42 °C for 30 s, and then incubate on ice for 2
min [21].

d. Add 1 mL of LB to the cell suspension and incubate at 30 or 37 °C for
60-90 min.

e Plate the cell suspension onto indicator plates (LB/X-gal or

MacConkey/maltose agar) containing appropriate antibiotics. Make
sure to plate different volumes of the transformation mixture so there
are 100-300 colonies per plate. The number of colonies should not
exceed 500, or the detection of positive clones will be difficult [3, 28,
30].

f. Incubate the indicator plates for 24-48 h at 30 °C. Prolonged incubation
(>4 days) can result in negative colonies (i.e., ¢ya) having a weak red
(on MacConkey-maltose) or blue spot (on LB-X-Gal) in the center, but
still will be colorless at the edges (see Note 9).

8-Prepare CaClp competent Acya E. coli cells (DHT1, DHM1, or BTH101) using standard procedures [25]. Before making fresh
competent cells, the strains (DHT1, DHM1, or BTH101) from an LB-DMSO (or glycerol) stock should be restreaked on either
MacConkey/maltose or LB/X-Gal/IPTG plates and grown overnight at 37 °C. White colonies (i.e., cya negative) should be picked to
start the overnight liquid preculture. If red (on MacConkey/maltose plates) or blue colonies (on LB/X-Gal/IPTG plates) appear, then
they should be avoided as they are likely Lac+ or Mal+ revertants or contaminants. If too many revertants or contaminants are present
after restreaking from the stock, then a selective antibiotic can be added to the MacConkey/maltose or the LB/X-Gal/IPTG plates.
DHTI1 and DHM!I cells are resistant to nalidixic acid (30 ug/mL), and BTH101 cells are resistant to streptomycin (100 ug/mL).
DHT1, DHM1, or BTH101 competent cells can be prepared following standard procedures by the classical CaCly technique [25],
(competency level >106 cfu/ug, which is sufficient for most routine transformations). Briefly, reisolated cells are grown in 1 L of LB
at 37 °C to OD 0.25-0.3, then cooled on ice and pelleted by centrifugation. Next, the cells are washed twice in 100 mL ice cold 0.1 M
CaCly solution, followed by resuspension in 30-40 mL ice-cold 0.1 M CaCl2 and incubated overnight at 4 °C. A/l steps of this
process must keep cells, buffers, and vessels well chilled.
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Contrals.: In parallel with the above described complementation assay, negative and
positive control plasmids should also be cotransformed.

Negative controls.: Competent £. coli cells are cotransformed with plasmids containing
unfused T25 and T18 fragments (e.g., pKT25 and pUT18C). Ideally, the investigator should
consider testing their protein of interest against the empty vector as well as against a protein
that does not interact with their protein. Noninteracting proteins result in white/pale blue
colonies on LB/X-gal plates and colorless/white/pale pink colonies on MacConkey/maltose
media.

Positive controls.: Recombination products for T25 and T18 fragments fused to known
interacting proteins. For example, pKT25-zip and pUT18C-zip encode the GCN4 leucine
zipper. The expressed T25-zip and T18-zip hybrid proteins will heterodimerize through their
leucine zipper motif. Interacting proteins result in blue colonies on LB/X-gal plates and red
colonies on MacConkey/maltose plates.

3.3.2 Detecting Complementation Using Minimal Media Selection Plates—The
BACTH system can be used to screen libraries to isolate interacting partners of a protein of
interest [31].

1 Cotransform the plasmid containing the gene (“bait”) of interest with a BACTH
vector library containing genomic DNA or a pool of plasmids containing various
genes of interest.

2. Plate the transformants onto M63 minimal medium supplemented with maltose
as the only carbon source [6, 8, 27]. Using this selective medium, only cells with
interacting proteins (reconstituted cAMP production) will be able to use maltose
as a carbon source and grow on minimal medium.

To detect Cya* colonies more quickly and easily, X-gal and IPTG can be added
to the medium; on the X-gal supplemented media the Cya* colonies are also Lac
*and will appear blue (see Note 10). Under these conditions and after extended
incubation, small white colonies may be detected on negative control/
noninteracting protein plates, as the cells can use the casamino acids as carbon
source.

9-LB/X-ga/ Indicator plates. \n E. coli, the lacZ gene, which encodes B-galactosidase, is controlled by cAMP/CAP complex. A
positive interaction between proteins fused to T25 and T18 fragments will bring the fragments together restoring adenylate cyclase
activity and CAMP synthesis. In the presence of X-gal and B-galactosidase activity, blue colonies will form with interacting hybrid
proteins and white colonies in cells expressing noninteracting proteins. After extended incubation, colonies often become pale blue,
particularly at their center, and this should not be confused for a positive interaction. MacConkey/maltose indicator plates. \n E. coli
Acya reporter strains are unable to ferment lactose or maltose [17, 25] and will form white/pink colonies on MacConkey/maltose agar.
If the hybrid proteins interact (Cya™), then maltose genes will be transcribed and bacteria will ferment maltose, resulting in red
colonies, from the acidification of the maltose/phenol red indicator [17, 25].

:Mé63/maltose selective medium: M63 synthetic minimal medium supplemented with maltose is a more stringent medium to test for
protein interactions. The /ma/regulon is strictly regulated by cAMP/CAP, so only Cya™ bacteria can utilize maltose. 7#is makes this
media useful to screen genomic libraries. The added X-gal and IPTG are useful in visually detecting Cya™ colonies (also Lac*
colonies, therefore blue colonies). 7he DHT1 E. coli strain is unable to synthesize isoleucine and valine [20, 22] so casamino acids
should be added to the minimal/maltose medium to allow for growth.
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3.4 BACTH Protein Interaction Assays Using Libraries

3.4.1 BACTH Library Construction—To make a BACTH library, genomic DNA or
cDNA fragments from the organism of interest must be made and inserted into the chosen
BACTH vector (e.g., pKT25 or pUT18C). There are several approaches that can be used to
create a genomic DNA library [25, 27, 28, 32]. Below briefly describes a procedure to
construct a genomic £. coli chromosomal DNA fragment library fused to the 3" end of the
T25 fragment ORF of the BACTH vector pKT25 as an example (see Note 11). Additional
details can be found in Karimova et al. [27, 28]. To avoid cloning cya, which will restore the
Cya* phenotype, the libraries should be prepared from an £. coli cyaknockout or a cya
deletion strain of the organism of interest.

1 Fragment genomic DNA (~50 pg) from the organism of interest by sonication.

a. Repair the fragmented ends by treating with mung bean nuclease [33],
T4 DNA polymerase, Klenow fragment, and dNTPs [34] to fill in and
create blunt ends.

2. In parallel, linearize the plasmid vector, pKT25 (10 pg), by using a restriction
endonuclease that creates blunt ends [35].

a. Dephosphorylate the linearized vector with alkaline phosphatase.

b. Run the linearized vector on an agarose gel, cut out, and then gel purify
using a commercial kit [36].

3. Ligate the blunt ended DNA fragments (from step 2) with the linearized pKT25
vector (from step 3).

4, Transform the ligated mixture into electrocompetent ElectroMAX DH10B cells
(see Note 12), and plate the transformants onto several LB agar (plus kanamycin
for pKT25 vectors) plates.

5. Pool all the colonies and purify the plasmid DNA. This will be used as the
BACTH DNA library [27]. Assess the quality of the inserts cloned into the
BACTH library by isolating plasmid DNA (e.g., using a commercial kit, or [29])
from 20 to 30 isolated colonies, and analyze the DNA by restriction
endonuclease analysis, DNA sequencing, or PCR amplification (using primers
which flank the cloning sites).

11-The first BACTH library was constructed with genomic DNA from wild type £. co/i MG1665. However, when used in a BACTH
screen, many of the clones isolated as Mal™ on the selective medium were false positive and contained plasmids carrying fragments
from the endogenous E£. coli cya. Therefore, to avoid isolating false positive clones, it is better, if possible, to construct genomic
libraries from bacterial strains lacking functional adenylate cyclase (e.g., cya mutants of £. coli[27, 28].

12 Efficient (>108 cfu/ug) electrocompetent DHM1/pKT25-X cells can be prepared as described [25]. Freshly reisolated cells are
grown at 37 °C in 1 L of LB containing 50 ug/mL kanamycin until the ODggg reaches 0.5-0.7. Then the cells are chilled on ice and
pelleted by centrifugation at 4 °C, washed three times with ice-cold water and finally resuspended in 10 mL of 10% glycerol (made in
water). For transformation procedure, 50 L are transferred into an electroporation cuvette (1 mm wide) previously equilibrated on ice
and 50-100 ng of DNA from the BACTH plasmid DNA library are added. Cells are flicked to mix and incubated at 4 °C for a few
minutes, then the cuvette is placed in an electroporator (e.g., Bio-Rad), set to 2.5 KV and 100 Q capacitance, and then electroporation
is performed. Following electroporation, 1 mL of LB media is immediately added to the cuvette, and cells are incubated at 30 °C for
60-90 min.
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3.4.2 Library Screening Using BACTH Vectors—Once the library is created in the
desired vector (e.g., pKT25), cotransform the library with the complementary vector (e.g.,
pUT18C-X) containing the “bait” hybrid protein vector into BACTH host reporter cells [27,

First, the plasmid containing gene X, encoding protein X (“bait”) of interest
(e.g., pUT18C-X), is transformed into a BACTH reporter strain (e.g., DHM1).

Prepare electrocompetent cells from the DHM1/pUT18C-X cells (see Note 12)
and transform with an aliquot of the pKT25 plasmid library.

After electroporation, incubate the cells with LB medium (or other rich media) at
30 °C for 60-90 min to allow expression of the antibiotic resistances.

Collect the transformed cells by centrifugation (5 min at 3,000 x g), and then
wash several times (4-6) with M63 medium to remove all nutrients from the rich
medium.

Resuspend the transformed cells in M63 and plate on M63 minimal medium agar
supplemented with 0.2% maltose plus antibiotics kanamycin and ampicillin (and
X-gal and IPTG if desired) and incubate at 30 °C.

After 4-8 days of incubation at 30 °C, bacteria that express a potential
interacting partner of protein X will grow (Cya*, Mal™) and form blue colonies
on X-gal plates (Lac*).

Isolate DNA from positive colonies and identify by DNA sequencing analysis.
This and other similar procedures have been used to isolate novel proteins
involved in E. coli cell division machinery [8, 27, 28] as well as to identify novel
protein interactions in Chlamyudia trachomatis [11, 20, 22]. The BACTH system
has also been used by other laboratories with their own adapted protocols
[37-40].

3.5 Quantitative Analysis of Protein Interactions

Upon complementation, it may be useful to quantify the interaction between two proteins of
interest. This can be done by measuring p-galactosidase activity because the expression of
lacZin E. coliis positively regulated by cAMP/CAP. To do this, colonies are picked and
inoculated into liquid culture in a 96-well microtiter plate [3, 6, 14, 27]. Other B-
galactosidase assays can be found in Battesti and Bouveret [18], Griffith and Wolf [41], or
Sambrook and Russell [25].

For each individual transformation (containing T25-X and T18-Y), pick eight
isolated colonies (e.g., using a sterile toothpick or pipette tip) for the p-
galactosidase assay.

a. Eight colonies should also be picked from the positive control
transformation plate (e.g., pST25-zip and pUT18C-zip), the negative
control plate (e.g., empty vectors or noninteracting proteins), and
include blank wells containing LB only.
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2. Inoculate the isolated colonies into separate wells of a sterile 2.2 mL, 96-well
storage plate or deep well plate containing 300-400 puL of LB broth, 0.5 mM
IPTG, and the appropriate antibiotics.

3. Seal the 96-well plate using a microporous sheet to allow gas exchange and
incubate at 30 °C overnight with shaking for a minimum of 16 h of growth.

4, After a minimum of 16 h of growth, dilute the cultures 1:5 using M63 medium,
and transfer 200 pL of the diluted culture to a flat bottom microtiter plate to
record the Asgsnm absorbance, indicating bacterial density.

5. For cell permeabilization, transfer 200 UL of the bacterial suspension to a new
microtiter plate (chloroform resistant, 1.2 mL polypropylene 96-well storage
block).

a. Under the fume hood, add 7 uL of 0.05% SDS and 10 pL of chloroform
to the suspension, mix vigorously, and incubate at room temperature for
30-40 min to allow the chloroform to evaporate.

6. For the enzymatic reaction, transfer 20 pL of the SDS/chloroform permeabilized
cells to a new microtiter plate that contains 105 pL of PM2 (plus 100 mM B-
mercaptoethanol (see Note 2) and 0.1% o-nitrophenol-p-galactoside (ONPG))
per well.

a. For the control assays, 20 uL of M63 is added instead of permeabilized
cells.

7. Incubate the plates with PM2 at room temperature for 10-20 min. The medium
should change to a yellow color.

8. Stop the enzymatic reaction by the addition of 50 pL of 1 M Nay,COs.
9. Record the absorbance (ODg4gs) using a microtiter plate reader.

10.  Analyze the absorbance data from both cell density and enzymatic activity using
spreadsheet software (Excel or equivalent). The enzymatic activity is calculated
for each well and recorded as A (relative units) using the equation below;

A = 1000 X ((OD4(5in sample well — OD4(sin control wells)
/ (OD3595in sample well — OD5g5in control well) / time (min ) of incubation) .

11.  The results are reported as relative units (RU) of p-galactosidase activity for each
sample of interest, positive, and negative controls. If desired, then RU can be
converted to Miller units (RU = 1/6 of Miller units).

a. The positive controls should be set to 100% and the negative control/
background RU should be less than 3% of the B-galactosidase activity
of the positive control samples.

b. A readout greater than five times the level of the background is
considered a positive interaction for BACTH assay [14, 20, 27, 28].
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The above assay is a simple way to measure p-galactosidase activity from cells expressing
hybrid proteins. Alternative ways to quantify complementation efficiency include measuring
cAMP production by enzyme linked immunosorbent assay (ELISA) or radiocimmunoassay
[3, 6].

3.6 Characterization of Protein Interactions by Western Blotting

If further characterization of protein expression in the complemented cells is needed, then
Western blotting, biochemical detection assays, coimmunoprecipitation, or affinity
purification methods can be used. Detailed information on these methods can be found in
other chapters of Methods in Molecular Biology [42, 43]. Western blotting can be performed
following standard procedures [25]. The T25 fragment can be detected using rabbit
polyclonal anti-B. pertussis CyaA protein [28, 44], and the T18 fragment can be detected
using anti-CyaA monoclonal antibody (3D1, sc-13582, Santa Cruz Biotechnology, http://
www.scbt.com/). Alternatively, the recombinant plasmids can be designed to contain epitope
tags such as myc, FLAG, HA, T7, or 6x-histidine [45]. The epitope tagged fusion proteins
can be detected by Western blotting with an antibody made against the epitope tag (e.g.,
anti-FLAG antibody), or fusion proteins can be purified by affinity purification methods.
The epitope tagged fusion proteins can also be used for coimmunoprecipitation to show
direct physical binding of fusion proteins [25].
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Fig. 1.
A schematic illustrating the principle of the BACTH assay. (a) Hybrid proteins that do not

interact will not reconstitute adenylate cyclase activity. (b) Hybrid proteins that do interact
will reconstitute adenylate cyclase activity, resulting in production of CAMP. (c) A depiction
of cAMP binding CAP and positively regulating expression of a reporter gene
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STEP 1
A. BACTHGw vector construction

PCR amplification of gene X with flanking attB sites
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B. Standard BACTH vector construction

PCR amplification of gene X

‘gene X lgene X ‘gene X ‘gene X
* digest/ * digest/ * digest/ *
ligation ligation ligation

ijTls : :pUTls(::

pST25-DEST
STEP 2 Co-transform into DHM1, DHT1, or BTH101 competent cells
Screening Media Selection Media
LB/X-gal +IPTG MacConkey/maltose M63/maltose
+appropriate antibiotics +appropriate antibiotics +appropriate antibiotics
1-3 days incubation 5-7 days incubation
STEP 3 Characterize protein interactions

Beta-galactosidase assay
cAMP assay
DNA sequence analysis
Co-immuniprecipitation
Affinity purification
Western blotting

General workflow of BACTH complementation assays. Genes of interest are inserted into
either the (a) Gateway® compatible BACTHgyy or (b) standard BACTH vectors. To insert
the ORF into one of the Gateway® compatible BACTHgyy destination vectors, a series of
recombination reactions must occur. First, the gene is PCR amplified using primers with
flanking attB sites. The PCR product is then recombined with an entry vector (that contains
attP sites) by the BP reaction to yield an entry vector (pDONR) containing the ORF flanked
by attL sites. The ORF is subsequently shuttled into a destination vector (containing attR
sites) by the LR recombination reaction. The resulting BACTHgyy destination vector
contains the ORF flanked by attB sites (allowing for shuttling to entry vector as desired). In
a second step, t25-gene X and £18-gene Y containing vectors are cotransformed into
competent cells and plated onto screening or selection media. Finally, protein
complementation is quantified by the beta-galactosidase assay or a CAMP assay.
Complementation can be further evaluated by Western blotting for expression levels of the
T25 and T18 hybrid proteins or by coimmunoprecipitation or pull-down using modified
vectors containing an additional tag (e.g., 6xHis). Please see text for more details

Methods Mol Biol. Author manuscript; available in PMC 2021 July 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Olson et al. Page 21

QTSLYKKAGF

A

[ [
pST25-DEST €UT18C-DE§

SpecR . AmpR

pSNT25-DES

*NPAFLYKVVRW

attB2

0 |
pSTM2 SpecR pUTM18C
-DEST -DEST

SpecR AmpR

Fig. 3.

Ar? illustration of the peptide linker sequences (attB sites) generated after the Gateway®
recombination reaction with the BACTHgyy destination vector. The destination vector for
each pST25, pSNT25, pUT18C, pSTM25, or pUTM18C-containing gene X will be flanked
by peptide linker sequence scars, corresponding to the attB site generated after the LR
reaction. The amino acid sequence scars from the LR recombination reaction are depicted
above. These sequence scars do not interfere with BACTH complementation assays. The
asterisk denotes a stop codon, which can be introduced in the PCR product to prevent
expression of the attB2 sequence when the protein of interest is fused to the C-terminus of
the T25 or T18 fragment
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