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SHORT ABSTRACT:
Structurally related proteins frequently exert distinct biological functions. The exchange of equivalent regions of these proteins in order to create chimeric proteins constitutes an innovative approach to identify critical protein regions that are responsible for their functional divergence.

LONG ABSTRACT:
The goal of this protocol encompasses the design of chimeric proteins in which distinct regions of a protein are replaced by their corresponding sequences in a structurally similar protein, in order to determine the functional importance of these regions. Such chimeras are generated by means of a nested PCR protocol using overlapping DNA fragments and adequately designed primers, followed by their expression within a mammalian system to ensure native secondary structure and post-translational modifications. 

The functional role of a distinct region is then indicated by a loss of activity of the chimera in an appropriate readout assay. In consequence, regions harboring a set of critical amino acids are identified, which can be further screened by complementary techniques (e.g. site-directed mutagenesis) to increase molecular resolution. Although limited to cases in which a structurally related protein with differing functions can be found, chimeric proteins have been successfully employed to identify critical binding regions in proteins such as cytokines and cytokine receptors. This method is particularly suitable in cases in which the protein's functional regions are not well defined, and constitutes a valuable first step in directed evolution approaches to narrow down the regions of interest and reduce the screening effort involved. 

INTRODUCTION:
Several types of proteins, including cytokines and growth factors, are grouped in families whose members share similar three-dimensional structures but often exert distinct biological functions1,2. This functional diversity is usually the consequence of small differences in amino acid composition within the molecule's active sites3. Identification of such sites and functional determinants do not only offer valuable evolutionary insights but also to design more specific agonists and inhibitors4. However, the large number of differences in residue composition frequently found between structurally related proteins complicates this task. Even though constructing large libraries containing hundreds of mutants is nowadays feasible, assessing every single residue variation and combinations of them still remains a challenging and time-consuming effort5.

Techniques assessing the functional importance of large protein regions are thus of value to reduce the number of possible residues to a manageable number6. Truncated proteins have been the most used approach to tackle this issue. Accordingly, regions are considered to be functionally relevant if the protein function under study is affected by the deletion of a particular region7–9. However, a major limitation of this method is that deletions can affect the protein's secondary structure, leading to misfolding, aggregation and the inability to study the intended region. A good example is a truncated version of the cytokine oncostatin M (OSM), in which an internal deletion larger than 7 residues resulted in a misfolded mutant that could not be further studied10. 

The generation of chimeric proteins constitutes an alternative and innovative approach that permits the analysis of larger protein regions. The goal of this method is to exchange regions of interest in a protein by structurally related sequences in another protein, in order to assess the contribution of the replaced sections to specific biological functions. Widely used in the field of signaling receptors to identify functional domains11,12, chimeric proteins are particularly useful to study protein families with little amino acid identity but conserved secondary structure. Appropriate examples can be found in the class of interleukin-6 (IL-6) type cytokines, such as interleukin-6 and ciliary neurotrophic factor (6% sequence identity)13 or leukemia inhibitory factor (LIF) and OSM (20% identity)6, on which the following protocol is based. 

PROTOCOL:

1. Chimeric Protein Design

1.1. Select a suitable protein (donor) to exchange regions with the protein of interest (recipient) The donor protein should be structurally similar, ideally belonging to the same protein family, but lacking the biological activity to be used as readout. If no structurally related proteins are known, potential candidates can be identified using an automated tool such as the Vector Alignment Search Tool (VAST)14,15:

1.1.1. Access the Protein Data Bank (PDB)16 European website (https://www.ebi.ac.uk/pdbe/), introduce the name of the protein of interest in the search box on the upper right corner, and click 'Search'. Provided that a crystal structure is available, note down the PDB identifier (PDB ID; e.g. 1evs for OSM). 

NOTE: if structural data is not available at the PDB, a homology model of the protein might be generated by a tool such as SWISS-MODEL17 instead, using available step-by-step protocols18.

1.1.2. Access the VAST website (https://www.ncbi.nlm.nih.gov/Structure/VAST/vast.shtml). In case a PDB ID is available, scroll down to the 'Retrieve pre-computed results' section, input the PDB ID in the 'Show Similar Structures for' box, and click 'Go'. In the following screen, click on 'Original VAST' and then 'Entire Chain' to see a list of PDB IDs for potential structurally similar candidates.

1.1.2.1. If a PDB ID is unavailable but a homology model was generated, scroll down to the 'Search with a new structure' section and click on the 'VAST search' link. Upload the PDB file of the model by clicking 'Browse' next to 'Submit PDB file', selecting the file and clicking 'Submit'. 

1.1.2.2. After the PDB file is uploaded, click the 'Start' button to start the VAST calculation. Once the calculation is performed, click on 'Entire Chain' under Domains to see the PDB IDs of structurally similar proteins.

1.1.3. Assess the biological functions of interest (e.g. receptor activation, enzymatic activity, transcription factor activity) of the top candidates, either experimentally in the readout system of choice or through a literature search. Select a donor protein with divergent function in comparison to the protein of interest.

1.2. Obtain the protein amino acid sequences of the recipient and donor proteins from the Reference Sequence (RefSeq) database19. 

1.2.1. Access the gene section in the RefSeq webpage (https://www.ncbi.nlm.nih.gov/gene), type the name of the protein of interest in the search box and click 'Search'. Click on the gene name for the desired species in the resulting list.

1.2.2. Scroll down to the RefSeq section to see all documented isoforms. Click on the sequence identifier for the isoform of interest (starting with NM), scroll down and click on 'CDS' to highlight the protein-coding region of the gene. On the bottom right of the screen, click on 'FASTA' and copy the gene sequence.

1.2.3. Save the DNA sequence using a suitable DNA editing software. When using the freely available ApE20, open the program, paste the copied sequence in the blank box, select the sequence name and click 'Save'. 

NOTE: Repeat steps 1.2.1. to 1.2.3. for the one or more donor proteins selected.

1.3. Choose the protein regions to be substituted in the different chimeric constructs.

1.3.1. Divide the protein sequence of interest in distinct structural regions. Ideally, different domains for the protein in question will have been described in the literature. If this is not the case, the existence of distinct conserved structural features (helices, loops) should be evaluated in steps 1.3.1.1. to 1.3.1.4.

1.3.1.1. Download the structural data of the protein of interest from the PDB website (see step 1.1.1.). Access the PDB page for the protein, and download the PDB file by clicking 'download' at the right side of the screen.

1.3.1.2. Open the PDB file in a molecular visualization system like PyMOL (https://pymol.org/ ). In PyMOL, display the nucleotide sequence (by clicking Display &gt; Sequence On), hide the default structural data (by clicking the H next to the PDB ID, and selecting 'everything') and select the 'cartoon' view to clearly visualize the protein's structural features (clicking the S next to the PDB ID, and selecting 'cartoon').

1.3.1.3. Click on the nucleotide sequence at the top of the screen to highlight different parts of the molecule, noting down the amino acids corresponding to each distinctive structural feature.

1.3.2. Annotate the distinct structural regions on the DNA sequence in ApE. To do so, open the DNA sequence from step 1.2.3., select the nucleotides coding for the amino acids in a region, right-click on the selection and select 'New Feature' to give it a name and a color. Repeat the process for each structural region identified in the previous step. 

NOTE: The nucleotide selection can be double-checked by clicking ORFs &gt; Translate, then clicking OK, to ensure that they code for the correct amino acid sequence.

1.3.3. Align the residue sequences of the two proteins employing a protein alignment tool (e.g. Clustal Omega21). 

NOTE: Since the chimeras are to be produced in a mammalian expression system, these sequences should include the proteins' signal peptides. 

1.3.3.1. Obtain the full amino acid sequences of donor and receptor proteins in ApE, by opening the DNA sequences from step 1.2.3., selecting them and clicking ORFs &gt; Translate.

1.3.3.2. Access the Clustal Omega webpage (https://www.ebi.ac.uk/Tools/msa/clustalo/) and input the amino acid sequences of the two proteins, then scroll down and click 'Submit'. Each sequence should be preceded by a text line with '&gt;ProteinName' to be properly identified.

1.3.3.3. Retrieve the alignment file by clicking the 'Download alignment file' tab and save it. This file can be opened by any text editing program.

1.3.3.4. Using the alignment file as a reference, annotate the corresponding structural regions of the donor protein in their DNA sequence (see step 1.3.2.).

1.3.4. Decide which protein regions to exchange in the chimeric proteins and design the appropriate nucleotide sequences for the chimeras. 

NOTE: In the absence of detailed information regarding functional importance of the different regions, it is suggested to select large substitutions such as whole loops or helices to evaluate which of them have an impact on protein function. This first exploratory experiment can then be followed by a second round of chimeric protein design, focused on smaller substitutions within the relevant regions.

1.3.4.1. Create a copy of the annotated DNA sequence of the receptor protein from step 1.3.2. and rename it as a chimeric protein. Open the renamed DNA sequence in ApE, select and delete the nucleotide sequence coding for the region to be exchanged, and replace it by the corresponding region in the donor protein (copied from the annotated sequence created in step 1.3.3.), then save the changes.

NOTE: Create a new copy and repeat this step for each different chimera designed.

2. Preparation for Molecular Cloning

2.1. Select a plasmid vector suitable for the expression system of choice. For mammalian expression, a high-expression vector like pCAGGS22 or the pcDNA vector series are recommended. 

2.1.1. For the restriction enzyme-based cloning demonstrated in this protocol, ensure that the unique restriction sites present in the multiple cloning site (MCS) of the vector are compatible with the protein of interest. To do so, open the DNA sequence of the chimeric constructs with ApE, click 'Enzymes &gt; Enzyme selector' and verify that at least two of the restriction sites in the MCS are absent in the sequence (displaying a zero next to their name).

2.2. Design the terminal primers using a DNA editor such as ApE. 

2.2.1. Create a new DNA file (File &gt; New) and initiate the N-terminal primer with a leader sequence (3-9 extra base pairs, e.g. AAAGGGAAA), followed by the first restriction site selected in the vector's MCS (6-8 base pairs, e.g. TTAATTAA for PacI), an optional spacer (e.g. GCTAGCGCATCGCCACC in the pCAGGS vector used in the example) and the initial 18-27 base pairs of the gene of interest (e.g. ATGGGGGTACTGCTCACACAGAGGACG for OSM). 

2.2.2. In a new DNA file, the C-terminal primer sequence starts with the final 18-27 base pairs of the gene of interest (e.g. CTCGAGCACCACCACCACCACCACTGA for a gene with a 6xHistidine C-terminal tag), followed by an optional spacer (e.g. TAGCGGCCGC in the pCAGGS vector), the second restriction site chosen (e.g. GGCGCGCC for AscI) and a leader sequence (e.g. AAAGGGAAA). Highlight the whole sequence, right-click and select 'Reverse-Complement' to obtain the reverse primer.

2.3. Design primers for each of the border regions in the chimeric constructs. 

2.3.1. Open the DNA sequence of the chimera (created in step 1.3.4.1.) and highlight a 30 base pair region in the zone where the original and inserted sequences are in contact, comprising 15 base pairs of each sequence. Copy the region (right-click and select 'Copy') and paste it in a new DNA file; this sequence will be the forward primer.

2.3.2. Make a copy of the forward primer generated in the previous step and rename it as reverse primer. Highlight the primer sequence, right-click and select 'Reverse-Complement' to generate the reverse primer sequence.

2.3.3. Repeat steps 2.3.1. and 2.3.2. for each contact zone in the chimeric DNA sequence. Generally, two sets of forward/reverse primers are required to generate one chimera, unless the replacement occurs at the N-terminal or C-terminal regions.

2.4. Order the terminal and internal primers from an oligonucleotide synthesis provider. 

Notes: Using highly purified terminal primers (e.g. HPLC-purified) can have a positive impact in the protocol's success rate. Desalted internal primers usually provide good results.

2.5. Obtain template sequences of the donor and receptor genes. 

NOTE: Employing plasmids containing the open reading frames (ORFs) of these sequences as a template greatly facilitates the procedure and is recommended. Alternatively, complementary DNA (cDNA) generated from a cell line known to express these genes can be used as a template for subsequent steps.

3. Polymerase Chain Reaction (PCR) Amplification of the Individual DNA Fragments Forming the Chimera

3.1. Prepare an individual PCR reaction mixture for each of the fragments composing the chimeric protein. A typical chimeric protein will require three individual fragments: the N-terminal part, the region to be inserted, and the C-terminal part. 

Notes: Use a high-fidelity DNA polymerase (e.g. Phusion High Fidelity DNA Polymerase) to avoid introducing mutations in the sequence. The PCR reaction can be set up in the evening and run overnight.

3.1.1. Set a 1.5 mL microfuge tube on ice and pipet the different reagents of the PCR mixtures in the order shown in Table 1, ensure correct primers and templates are employed for each PCR reaction (see Table 2). 

3.1.2. Label two thin-walled 0.2 mL PCR tubes for each reaction, and transfer 20 &#181;L of the corresponding PCR mixture in each tube. Transfer the PCR tubes into a PCR thermocycler and initiate the protocol detailed in Table 3. 

NOTE: annealing temperature should be at least 5 degrees lower than the melting temperature of the designed primers.

3.2. While the PCR is running, prepare 100 mL of a 1% agarose gel in Tris-Acetate-EDTA (TAE) buffer. For this purpose, weigh 1 g of agarose, mix with 100 mL of TAE buffer in a glass flask and microwave until the agarose is completely dissolved, swirling the flask every 30-40 seconds. Allow cooling to approximately 50 &#176;C, add 2-3 &#181;L of ethidium bromide (or an equivalent DNA dye) and pour in a gel tray with the desired well combs. 

CAUTION: ethidium bromide is a known mutagen, ensure the use of proper protective equipment.

3.3. After the PCR reaction is completed, add 4 &#181;L of 6x DNA loading buffer in each tube. Insert the 1% agarose gel in an electrophoresis unit, cover with TAE buffer and carefully load the samples into the gel along with a molecular weight ladder. 

NOTE: at the time of loading, it is preferable to leave empty lanes between the samples to facilitate DNA recovery afterwards.

3.4. Run the gel at 80-120 V for 20-45 minutes. 

NOTE: bands under 1000 base pairs can usually be electrophoresed in around 20 minutes at 120 V, while larger bands will require longer running times.

3.5. Turn off the electrophoresis unit, take out the agarose gel and visualize the amplified DNA bands under UV light. Using a razor blade, cut out the individual DNA fragments from the gel, and transfer them to labeled 2 mL microfuge tubes. 

NOTE: Minimize the exposure time to UV light in order to avoid DNA damage.

3.6. Use a PCR clean-up kit (see Table of Materials) to purify the different DNA fragments. 

3.6.1. Add 500 &#181;L of the NTI buffer provided by the kit to each tube containing a gel fragment. Transfer to a thermomixer at 50-55 &#176;C and shaking at 1000 rpm until the gel is completely dissolved into the buffer.

3.6.2. Transfer each solution to a labeled kit column, spin in a microcentrifuge (30-60s, 11000xg) and discard the flowthrough. Add 700 &#181;L of the kit's NT3 wash buffer, centrifuge again under the same settings and discard the flowthrough. Centrifuge the columns again for 1-2mins at 11000xg to dry the silica membrane inside the column.

3.6.3. Transfer the column to a labeled 1.5 mL microfuge tube, pipet 30 &#181;L of nuclease-free water into the column, let stand for 1 minute and centrifuge 30-60s at 11000 x g to elute the DNA.

3.7. Quantify the amount of DNA recovered by measuring the absorbance of the sample at 260 nm and 340 nm in a spectrophotometer (see Table of Materials). The DNA concentration is calculated by subtracting the 340 nm reading from the 260 nm figure, then multiplying the result by DNA's extinction coefficient (50 &#181;g/mL)23. 

Notes: Additional measurements at 230 nm and 280 nm allow for evaluation of DNA purity: 260/280 and 260/230 ratios above 1.8 are generally regarded as pure for DNA. The protocol can be paused after this step, storing the eluted DNA at 4 &#176;C (short-term) or -20 &#176;C (longer term).

4. PCR Amplification to Generate the Chimeric DNA Sequence

4.1. Set up 50 &#181;L of a PCR reaction to fuse the separate constituents of the chimera. Follow the same steps detailed in 3.1, employing the N-terminal and C-terminal primers along with 10 ng of each of the DNA fragments obtained in step 3.7. 

NOTE: The PCR reaction can be set in the evening and run overnight.

4.2. Repeat steps 3.2 to 3.7 to recover and quantify the purified DNA fragment in 30 &#181;L of nuclease-free water. This fragment contains the chimeric DNA sequence, flanked by the restriction sites included in the terminal primers.

5. Insertion of the Chimeric DNA into an Expression Vector

5.1. Label two 1.5 mL microfuge tubes and pipet the different reagents in the order indicated in Table 4, adding 1 &#181;g of the selected expression vector in one tube and 1 &#181;g of the recovered DNA fragment in the other. Incubate for 1-4 h at 37 &#176;C to perform the digestion with the chosen restriction enzymes. 

Notes: Ensure both restriction enzymes are compatible with the buffer employed. In case they require completely different buffers, perform these steps first with only one of the enzymes and repeat. The time required for the digestion can vary depending on the restriction enzymes selected: refer to the manufacturer's instructions for detailed information.

5.2. Repeat steps 3.2 to 3.7 to purify and recover the digested DNA fragment and expression vector in 30 &#181;L of nuclease-free water. Quantify the amount of DNA recovered as before.

5.3. Calculate the amount of insert DNA required for a 3:1 insert/vector molar ratio in the ligation reaction, using the following equation. 



NOTE: Different insert/vector molar ratios can be tested, although usually a 3:1 ratio is sufficient to obtain adequate results.

5.4. Set up 20 &#181;L of a ligation reaction in a 1.5 mL microfuge tube with 40 ng of the expression vector the amount of chimeric DNA calculated in step 5.3, buffer, and T4 DNA ligase following the order indicated in Table 5, and incubate overnight at 16 &#176;C. 

NOTE: Ligation efficiency is generally increased by performing the reaction overnight at 16 &#176;C, but alternatively the reaction can be incubated for 2 h at room temperature. 

5.5. Transform 5-10 &#181;L of the ligation mixture into chemically competent Escherichia coli (E. coli) prepared following standard protocols24 Grow in selection plates and pick single colonies for expansion and plasmid DNA isolation according to established protocols25. 

NOTE: The E. coli XL1-Blue strain was employed for this protocol, but other E. coli variants can also be used.

5.6. Digest 1 &#181;g the isolated plasmids with the appropriate restriction enzymes following the instructions in step 5.1, and assess the presence of a DNA band of a size corresponding to the chimeric sequence by electrophoresis in an agarose gel (see steps 3.2-3.5). 

NOTE: It is recommended that the inserted sequence is verified by means of a DNA sequencing service.

5.7. Upon successful sequence verification, the plasmids can be produced in larger amounts and employed in a mammalian expression system by following well-established protocols26,27.

REPRESENTATIVE RESULTS: 
Construction and generation of a chimeric protein (Figure 1) will be exemplified with two members of the interleukin-6 cytokine family, OSM and LIF, which were the subject of a recently published study6. Figure 2 shows the three-dimensional structure of these proteins. Both molecules adopt the characteristic secondary structure of class I cytokines, with four helices (termed A to D) packed in a bundle and joined by loops28. The aligned amino acid structures of the human proteins can be seen in Figure 3A. In this example the BC loop region of OSM was exchanged by the corresponding LIF sequence to create an OSM-LIF chimera with the amino acid sequence as shown in Figure 3B.

For this purpose, the DNA sequence of OSM and LIF were obtained and the encoding amino acid region corresponding to the BC loop was identified for both cytokines and replaced (Figure 4). A 6-histidine tag was additionally incorporated in the C-terminus to facilitate downstream protein purification. Next, a suitable vector for mammalian expression (pCAGGS) was chosen, and unique restriction sites within its multiple cloning site were selected (PacI and AscI) after ensuring that they were not present in the chimeric gene sequence (see step 2.1.1.). 

Primers were designed as shown in Table 4. The N-terminal forward OSM primer included a leading sequence of 9 base pairs, followed by the PacI restriction site, a plasmid-specific spacer, and the initial 27 base pairs of OSM. The C-terminal reverse primer incorporated the leading sequence followed by the AscI restriction site, a spacer, and the 27 last base pairs of the gene, which in this particular case corresponded to the C-terminal histidine tag. In addition, 30-base pair primers spanning the junction points of the BC loop were required in both forward and reverse orientations.

The first PCR amplification step consisted of three separate reactions. The N-terminal OSM fragment, which required N-terminal OSM forward and BC start reverse primers, used OSM as template. The LIF BC loop was obtained through BC start forward and BC end reverse primers using LIF as template. The C-terminal OSM fragment used BC end forward and C-terminal OSM reverse primers, as well as OSM as template. These three fragments, with expected sizes of 385, 75 and 321 base pairs respectively, can be seen in Figure 5A after separation in a 1% agarose gel.

These purified fragments were then used as a template in the second PCR reaction, along with N-terminal OSM forward and C-terminal OSM reverse primers. The result of this amplification, corresponding to the OSM-LIF BC loop gene sequence and is shown in Figure 5B. This step was followed by purification, a 4-hour digestion of the gene fragment and the chosen plasmid, gel electrophoresis and purification, overnight ligation at 16 &#176;C, and transformation into E. coli XL1-Blue. Individual plasmids were isolated and screened by restriction enzyme digestion for proper insertion of the DNA fragment (Figure 6). Finally, positive hits were sent for sequencing to verify that the sequence corresponded to the intended OSM-LIF BC loop chimera before proceeding to protein expression, purification and testing in functional assays6.

FIGURE AND TABLE LEGENDS

Figure 1: Schematic representation of chimeric protein generation. (A) Chimeric design process: after selection of the regions to be exchanged, the sequence of the desired chimera and the necessary primers are constructed by means of DNA editing software. (B) The key steps in the generation of chimeric proteins are depicted. Two steps of PCR amplification produce a chimeric gene sequence, which is then digested with the appropriate restriction enzymes and ligated into an expression vector.

Figure 2: Structural similarities between OSM and LIF. Representation of the crystal structures of OSM29 (PDB: 1EVS) and LIF30 (PDB: 2Q7N), along with an approximate representation of the designed chimera. These cytokines adopt a four-helical bundle conformation joined by loops. This research was originally published in the Journal of Biological Chemistry. Adrian-Segarra, J. M., Schindler, N., Gajawada, P., L&#246;rchner, H., Braun, T. &amp; P&#246;ling, J. The AB loop and D-helix in binding site III of human Oncostatin M (OSM) are required for OSM receptor activation. J. Biol Chem 2018; 18:7017-7029. © the Authors6.

Figure 3: Comparison of OSM and LIF amino acid sequences. (A) Alignment of the full-length amino acid sequences of human OSM and LIF, with the BC loop region highlighted. Asterisks (*) indicate fully conserved residues, colons (:) correspond to amino acids with strongly similar properties and periods (.) denote those with weakly similar features. (B) Amino acid sequence of the OSM BC loop chimera, with the BC loop region of OSM replaced by its LIF equivalent. 

Figure 4: DNA sequence of the OSM BC loop chimera. Sequence of the chimeric OSM protein. The region inserted from LIF is highlighted in orange.

Figure 5: Amplification of the OSM BC loop chimera DNA fragments. (A) Result from the first PCR amplification, with bands corresponding to the N-terminal region (lane 2), BC loop (lane 3) and C-terminal region (lane 4). (B) Result from the second PCR amplification, in which the three bands obtained in the first amplification are combined to generate the OSM chimera.

Figure 6: Insertion of the OSM BC loop chimera into plasmid vector. Restriction enzyme digestion of the generated plasmids, with a lower band present at ~700 base pairs indicating the correct insertion of the OSM chimera gene sequence.

Table 1: Reagents required for the PCR reaction mixture.

Table 2: Primer and templates needed for the generation of a standard chimeric protein.

Table 3: PCR protocol used to amplify the chimeric fragments and the full chimeric protein.

Table 4: Components of the restriction enzyme digestion reaction.

Table 5: Reagents required for the ligation reaction.

Table 6: Primers used in the generation of the OSM BC loop chimera.

DISCUSSION:

The generation of chimeric proteins constitutes a versatile technique, which is able to go beyond the limits of truncated proteins to address questions such as the modularity of cytokine-receptor binding domains13. The design of chimeras is a key step in this kind of studies, and requires careful consideration. Preliminary studies to establish functional domains will generally require substitution of broad regions in a first phase, while smaller replacements of variable lengths are more suited to detailed studies of a single region. Special attention should be given to the presence of small conserved motifs within a protein family in this step, since these are often indicative of functional sites31,32. Personal experience indicates that more than one round of chimeric protein design can be necessary to narrow down a key functional region, with each round requiring significant time (weeks to months) from initial design to functional assay testing. 

As long as there exists a structurally similar protein to the protein of interest, but possessing diverging biological functions, the method is applicable to any sequence of interest, although it has to be optimized for each particular gene due to its reliance on PCR amplification. Particularly, genes possessing GC-rich regions might prove particularly challenging targets, since these types of sequences are known to reduce the efficiency of the amplification33. These issues can usually be solved by different means, such as the addition of different additives (e.g. betaine) to the reaction, the use of specialized DNA polymerase buffers, or the modification of the annealing parameters34. Hence, it will generally require some trial and error before adequate conditions for the gene of interest are found.

The protocol provided is based on classic restriction enzyme-based cloning methods, which are generally accessible to every type of laboratory, but it can be further adapted to take advantage of more advanced cloning techniques. For example using gateway cloning, which facilitates cloning the same insert in several different vectors (e.g. if different expression systems are to be tested in parallel), would merely require particular attB recombination sites in place of the restriction sites detailed in this protocol35. Other newer cloning methodologies can bypass the need for a second PCR reaction (e.g. USER36 or Gibson assembly37) and ligation (e.g. sequence and ligation-independent cloning (SLIC)38 or In-fusion assembly39). While requiring different reagents and primer design strategies, readers with access to these methods are encouraged to apply them to significantly speed up the generation of chimeric constructs after following the basic design principles detailed in step 1 of this protocol.

Overall, the application of this method can supply valuable insight regarding the mechanisms by which other protein biological functions take place, in particular involving protein-protein or protein-nucleic acid interactions, and constitutes a useful tool to identify and specify unique structure-function relationships within a protein family6.
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