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Abstract

Mapping the precise position of endonucleolytic cleavage sites is a fundamental experimental 

technique used to describe the function of a homing endonuclease. However, these proteins are 

often recalcitrant to cloning and over-expression in biological systems because of toxicity induced 

by spurious DNA cleavage events. In this chapter we outline the steps to successfully express a 

homing endonuclease in vitro and use this product in nucleotide-resolution cleavage assays.
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1 Introduction

Homing endonucleases (HEs) are site-specific DNA endonucleases that promote the 

horizontal transfer of the gene encoding them (i.e., homing endonuclease gene or HEG) and 

flanking DNA. These HEGs are considered selfish/parasitic elements and can be found as 

free-standing genes or embedded within intervening sequences such as introns and inteins. 

Typical HEs recognize relatively large sequences (14–40 bp) as compared to restriction 

endonucleases (4–8 bp). These recognition sequences usually contain a distinguishing 

characteristic that enables the HE differentiate between a genome containing the HEG and 

one that lacks the sequence [1–3]. The associated intervening sequence of intron-and intein-

encoded HEGs lies within the HE recognition sequence thereby disrupting it and preventing 

self-cleavage. However, the same uninterrupted sequence in another genome is sensitive to 

the HE. A HE-induced DNA break initiates a gene conversion event whereby the HEG is 

copied into the new location (intron/intein homing). The process for free-standing HEGs is 

similar, but the mode of protection can vary; the recognition site typically contains sequence 

changes that prevent its cleavage (intronless homing) [4], but it has also been observed that 

an intron, which does not encode the HEG [5] or other genetic element positioned at this 

location, can prevent cleavage (collaborative homing) [6].
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One of the key pieces of information describing the function of an HE is the exact position 

where the nuclease cuts DNA. The location of the cleavage site (CS) is important for 

biotechnological application and can also be informative as to how the genome is protected 

from cleavage. For example, is the CS near an intervening sequence, or are there sequence 

differences between sensitive and resistant sites? Cleavage information also provides insight 

into the enzymatic properties of the nuclease, such as whether both strands are cut and the 

nature of the extensions if there is a double-strand break. The experimental design to map 

CSs is conceptually straightforward; one simply mixes the endonuclease with potential DNA 

targets and looks for changes in mobility of the target DNA by gel electrophoresis. The 

exact cleavage point is mapped by comparing cleavage product migration to a DNA 

sequencing ladder.

The toxicity associated with HEs is a less tractable problem. Efforts to alleviate the toxicity 

of certain proteins by tuning their over-expression in vivo have been a long-standing course 

of investigation [7–9]. Various strategies to resolve this problem have been employed, 

including the use of tightly controlled araPBAD [10] and rhaPBAD [11] inducible promoters, 

antisense promoters [12, 13], the generation of new hybrid promoters [14], introduction of 

RNA polymerase (RNAP) by bacteriophage infection [15], and control of plasmid copy 

number [16, 17]. One way to overcome this hurdle is to produce the endonuclease in vitro 

using commercially available cell-free in vitro transcription/translation systems. This 

method is fast and simple, and since no living cells are involved, toxicity is not an issue [18, 

19]. Cell-free protein synthesis has been used to produce several HEGs including I-TevI [20, 

21], I-TevII [22], SegF [4], Hef [23], SegA [24], I-DmoI [25], F-CphI [5], MobA [6], MobE 

[23], I-TslI [3], and I-Ssp6803I [26]. Such studies employing in vitro-synthesized HEs have 

contributed greatly to our understanding of the structure–function and evolution of these 

remarkable proteins.

Coupling in vitro-synthesized HEs with radiolabeled DNA targets in endonuclease cleavage 

assays can provide a vast amount of information about the enzyme. Although such data are 

generally qualitative in nature, results are produced quickly by simple standard protocols 

and can be extremely valuable in determining a path that the research will take. In this 

chapter, we focus on producing a homing endonuclease in vitro using a cell-free system and 

mapping its cleavage site at nucleotide resolution with single-strand, end-radiolabeled DNA 

targets.

2 Materials

2.1 Kinasing Reagents

1. T4 polynucleotide kinase (10 Units/mL).

2. 10× Kinase buffer A (500 mM Tris–HCl pH 7.6, 100 mM MgCl2, 50 mM DTT, 1 

mM spermidine).

3. γ-32 P-ATP (3,000 Ci/mmol; 10 uCi/μL).

4. 5 % Trichloroacetic acid.

5. Glass microfiber filter (Whatman) 2.3 cm grade GF/B.
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6. Scintillation cocktail.

2.2 Polymerase Chain Reaction Reagents

1. Taq DNA polymerase (5 Units/mL).

2. 10× PCR buffer (100 mM Tris–HCl pH 8.8, 500 mM KCl, 0.8 % v/v, Nonidet 

P40).

3. dNTP Mix (2 mM each dATP, dCTP, dGTP, and dTTP).

4. 25 mM MgCl2.

2.3 Sequencing Reagents

1. 2 N NaOH.

2. 5 mM EDTA.

3. Sequenase v2.0 (Affymetrix/USB).

4. 5× Sequenase buffer (200 mM Tris–HCl, pH 7.5, 100 mM MgCl2, 250 mM NaCl).

5. Modified labeling mix (7.5 μM each dNTP).

6. ddATP, ddCTP, ddGTP, and ddTTP mixes (Each mix contains: 80 μM each dNTP, 

8 μM specific ddNTP, 50 mM NaCl).

7. 0.1 M DTT.

8. Sequencing loading dye (95 % formamide, 20 mM EDTA, 0.05 % bromophenol 

blue, 0.05 % xylene cyanol FF).

2.4 In Vitro Transcription/Translation Reagents

1. TNT T7 Quick Coupled Transcription/Translation System (Promega) see Note 1 

for discussion of different cell-free protein expression systems.

2. 1 mM methionine.

3. 35S-methionine (>1,000 Ci/mmol).

4. Nuclease-free water.

2.5 Endonuclease Assay Reagents

1. 10× ECA buffer (0.5 M Tris–HCl pH 7.5, 0.5 M NaCl).

2. 0.25 mg/mL Poly (dI-dC) (Sigma).

1Cell-free protein synthesis systems are mainly derived from E. coli, rabbit reticulocyte lysates and wheat germ extracts. The protocol 
described here uses a rabbit reticulocyte cell-free system, but can easily be adapted for other cell-free protein synthesis systems. In 
fact, cell-free systems derived from wheat germ and E. coli have also been successfully used in our hands [20, 21, 26]. The 
manufacturers provide detailed protocols for using their systems and typically no modification is necessary. The E. coli system 
generally provides the highest yield, but our personal experience suggests that this system can be contaminated by DNA exonucleases 
and is not the best choice when studying homing endonucleases. We have not experienced any nonspecific nuclease problems with 
either of the eukaryotic systems. Additionally, eukaryotic systems have better RNA unwinding activities and should be used when 
translational start signals are sequestered in stem-loop structures.
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3. 0.1 M MgCl2.

4. Phenol, saturated, pH 6.6/7.9.

2.6 Denaturing Polyacrylamide Gel Electrophoresis (PAGE) Reagents

1. 40 % (19:1 acrylamide–bis acrylamide) polyacrylamide (see Note 2).

2. 10× Tris-borate EDTA (TBE) buffer (890 mM Tris, 890 mM Boric Acid, 20 mM 

EDTA, pH 8.3).

3. Ultrapure urea.

4. 10 % ammonium per sulfate (APS) stored at 4°C.

5. N,N,N,N′-tetramethyl-ethylenediamine (TEMED) stored at 4°C.

2.7 Molecular Biology

1. Plasmid miniprep kit.

2. PCR purification kit.

2.8 Equipment

1. Thermal cycler.

2. Spectrophotometer.

3. High-voltage power supply.

4. Phosphor imager.

5. Model S2 Sequencing Gel Electrophoresis Apparatus (or equivalent) (see Note 3).

6. Glass plates (30 cm × 40 cm) for Gel Electrophoresis Apparatus.

7. 0.4 mm spacers and combs to fit Gel Electrophoresis Apparatus.

8. Whatman filter paper (30 cm × 40 cm).

9. Gel dryer.

10. Vacuum apparatus to fit glass microfiber filters for scintillation counting.

11. Scintillation counter.

3 Methods

The overall strategy is straightforward. A primer is designed to incorporate a T7 promoter 

upstream of a HEG (Fig. 1a, see Note 4 for discussion of optimal parameters) for PCR 

amplification. This PCR product is mixed with a coupled in vitro T7 RNA polymerase 

transcription/translation system and the T7 promoter directs transcription of the PCR 

2Acrylamide is a neurotoxin. Use protective equipment when handling.
3Our preferred electrophoresis apparatus is a Model S2 Sequencing Gel Electrophoresis Apparatus that fits 30 cm × 40 cm gel 
sequencing plates. This apparatus is equipped with an aluminum plate that disperses heat generated during the electrophoresis and 
minimizes gel “smiling.” It also has a convenient built-in drain for the top buffer chamber.
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amplified HEG. The RNA is then translated by ribosomes in the cell-free system producing 

the homing endonuclease (Fig. 1b). This in vitro-synthesized HE is mixed directly with the 

PCR-generated putative target DNA that has been radiolabeled on the 5′ end of a single 

strand (Fig. 1c). Double-strand cleavage by the HE results in a total of four DNA strands, 

only one of which is physically connected to the radioactive atom (Fig. 1d). The products 

are then separated by denaturing gel electrophoresis alongside a DNA sequencing ladder 

containing DNA molecules with the identical 5′ radiolabeled end as the substrate DNA (Fig. 

2a).

3.1 Generation of Singly 5′-End Labeled Target DNA Substrate

1. Kinase primer by mixing 9.5 μL H2O, 1.5 μL 10× buffer A, 1.0 μL 6 μM oligo, 2.0 

μL γ-32 P-ATP, and 1.0 μL T4 PNK.

2. Incubate at 37°C for 30 min.

3. Place reactions on ice or store at −20°C.

4. PCR amplify the target DNA by adding 56.0 μL H2O, 10.0 μL 10× PCR buffer, 

10.0 μL dNTP mix, 6.0 μL 25 mM MgCl2, 1.0 μL 6 μM unlabeled paired 

oligonucleotide, 1.0 μL template DNA (1:100 dilution of a miniprep), and 1.0 μL 

Taq DNA polymerase to the labeled primer.

5. Incubate for the following cycle: 95°C for 10 min (hot start), followed by 25 cycles 

of 95°C for 30 s, 50°C for 30 s, 72°C for 30 s. Do a final extension at 72°C for 5 

min (see Note 5).

6. The PCR product should be purified with a commercially available PCR cleanup 

kit and eluted in 30–50 μL H2O.

7. Reactions should be placed on ice or stored at −20°C.

8. Check incorporation of label by placing a glass microfiber filter onto the vacuum 

apparatus and wet filter with 5 % TCA.

9. Add 1 μL of purified PCR product and wash for 1 min with 5 % TCA followed by 

95 % ethanol to help dry the filter.

10. Place filter in scintillation vial with scintillation cocktail and read on 32P channel. 

This allows calculation of the amount of radiolabel incorporated into the DNA.

11. Measure total label by placing 1 μL of purified PCR product on glass filter and add 

directly (no washing) to scintillation vial with cocktail (see Note 6).

4The upstream primer needs to incorporate a T7 promoter at a sufficient distance upstream of the translational start of the HEG (~22 
bp Fig.1a). The sequence between the T7 promoter and translational start can anneal to the template though this is not necessary. If 
using a prokaryotic cell-free extract, production of the HE will require the inclusion of a ribosome binding or Shine–Delgarno (S-D) 
site (5′-GGAGGU-3′) between 4 and 8 nt upstream of the translational start [27]. A naturally occurring site can be used, but if no site 
exists upstream of the HEG, one can be incorporated into the upstream primer.
5The annealing temperature, extension time and number of cycles should be determined empirically for each set of oligonucleotides 
and template. As the optimal PCR conditions will be dependent on the particular template and primers, the conditions should first be 
established using unlabeled primers. In our experience, for cleavage site mapping target DNA PCR products between 0.2 and 0.4 kb 
work best and therefore only a short extension time is necessary.
6The yield of labeled DNA ranges from 103 to 105 cpm/μL depending on the individual oligonucleotide used.
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3.2 Generation of DNA Sequencing Ladder

1. Kinase primer by mixing 1.5 μL H2O, 0.5 μL 10× Buffer A, 1.0 μL 2 μM oligo, 2.0 

μL γ-32 P-ATP, and 0.2 μL T4 PNK.

2. Incubate at 37°C for 30 min.

3. Place reactions on ice or store at −20°C.

4. Prepare plasmid DNA from 1.5 to 3.0 mL culture using a commercially available 

miniprep kit.

5. Elute DNA in 100 μL H2O.

6. Denature plasmid DNA for sequencing by mixing 15.0 μL plasmid DNA, 1.75 μL 2 

N NaOH, and 0.7 μL 5 mM EDTA.

7. Incubate at 37°C for 30 min.

8. Precipitate by adding 1.7 μL 3 M sodium acetate and 50.0 μL 100 % ethanol and 

vortex.

9. Incubate for at least 30 min at −80°C or > 2 h at −20°C.

10. Centrifuge at high speed for 10 min.

11. Remove the supernatant.

12. Dry and resuspend the pellet in 5.4 μL H2O.

13. Anneal primer to plasmid DNA by mixing 5.4 μL denatured plasmid DNA, 2.6 μL 

kinased primer, and 2.0 μL 5× Sequenase buffer.

14. Heat to >90°C and cool slowly to 37°C in a heat block with heat turned off.

15. Spin briefly and place on ice.

16. Aliquot 2.5 μL of each ddNTP mix into four separate tubes labeled G, A, T, and C 

that have been pre-warmed to 37°C.

17. For the extension and termination reactions add 1.0 μL 0.1 M DTT, 2.0 μL 

modified labeling mix and 0.5 μL H2O to denatured DNA mix.

18. Begin extension reaction by adding 2.5 μL of a 1:8 dilution of Sequenase (in the 

provided dilution buffer).

19. Incubate for 4 min at 37°C.

20. Aliquot 3.5 μL of this extension mix to the pre-aliquotted ddNTP termination mix.

21. Incubate at 37°C for 4 min.

22. Add 5 μL sequencing loading dye.

23. Place reactions on ice or store at −20°C.
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3.3 Amplification of HEG for In Vitro Expression

1. PCR amplify the HEG by mixing 68.0 μL H2O, 10.0 μL 10× PCR buffer, 10.0 μL 

dNTP mix, 6.0 μL 25 mM MgCl2, 2.0 μL 20 μM upstream (T7 promoter-

containing) primer (see Note 4), 2.0 μL 20 μM downstream primer, 1.0 μL template 

DNA, and 1.0 μL Taq DNA polymerase.

2. Incubate for the following cycle 95°C for 10 min (hot start), followed by 25 cycles 

of: 95°C for 30 s, 50°C for 30 s, 72°C for 1 min (see Notes 5 and 7).

3. Purify the PCR product with a commercially available PCR cleanup kit and elute in 

30–50 μL H2O.

4. Quantify DNA on a spectrophotometer.

3.4 Generation of In Vitro-Synthesized Homing Endonuclease

1. To produce the homing endonuclease mix 40 μL TNT T7 Quick Master Mix, 1 μL 

1 mM methionine, 2.5–5 μL PCR-generated DNA template (~100–800 ng), and 

bring the total volume up to 50 μL with H2O (see Note 8).

2. In parallel produce a mock in vitro synthesis control (see Note 9) by mixing 40 μL 

TNT T7 Quick Master Mix, 1 μL 1 mM methionine, and 9 μL H2O.

3. Incubate the reactions at 30°C for 60–90 min.

4. The protein products are ready to use and should be kept on ice or frozen at −70°C 

in aliquots to prevent numerous freeze– thaw cycles for storage.

3.5 Endonucleolytic Cleavage Assay (EC Assay)

1. Thaw all reagents at 25°C and place on ice before mixing.

2. Gently Mix 2 μL 10× ECA buffer, 2 μL 0.25 mg/mL Poly (dI-dC), 2 μL 0.1 M 

MgCl2, ~105 cpm target DNA, 2 μL in vitro-synthesized protein, and H2O to 20 μL 

on ice.

3. Briefly centrifuge to move all liquid to the bottom of the tube.

4. Incubate reactions at 30°C for 30 min (see Note 10).

5. Stop reactions on ice.

7To ensure that the HEG is wild type, the template should be genomic DNA since clones of HEGs are often mutated. However, if a 
stable, wild-type clone of the HEG exists that is not conducive to over-expression that would work also.
8The Master Mix should be thawed, distributed into 20 μL or 40 μL aliquots and frozen at −70°C. When handling the Master Mix, it 
should be placed on ice when not used in incubation. Also, protein synthesis can be monitored by the incorporation of radioactive 
methionine. Simply substitute 2 μL 35S-methionine for the unlabeled methionine. The technical manual for this system is quite 
detailed and no modifications are necessary.
9A mock synthesis reaction, where the cell-free system lacks a PCR product and is therefore not programmed to produce an HEG 
should be performed in parallel. This allows non-HE derived cleavages of the target to be “subtracted” from the result.
10Endonuclease cleavage assay conditions including: buffer, pH, monovalent ion and divalent ion, temperature, and time should be 
optimized for each protein, although the conditions set out here are a good starting point. We use a lower temperature (30°C vs. 37°C) 
to minimize the action of nonspecific nucleases. Also, each set of reactions should include the HEG programmed in vitro synthesis 
reaction, a mock synthesis reaction and DNA only control (Fig. 2a).
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3.6 Phenol Extraction

1. Add an equal volume (20 μL) of phenol.

2. Vortex and centrifuge for 2 min.

3. Transfer aqueous phase to a fresh 1.7 mL tube.

4. Add 5 μL sequencing loading buffer to each reaction.

3.7 Denaturing Polyacrylamide Gel

1. To make an 8 % polyacrylamide/7 M urea denaturing gel mix 38 mL H2O, 20 mL 

40 % polyacrylamide, 10 mL 10× TBE buffer, and 36.7 g urea in a 250 mL beaker 

with a stir bar (see Note 11).

2. Gently heat and stir the mixture to dissolve the urea (see Note 12). While the 

solution is mixing proceed to step 3.

3. Clean glass plates, spacers, and combs with H2O and 95 % ethanol. Assemble glass 

plates and spacers. Tape the bottom and sides of the gel to prevent leaking.

4. Add 0.5 mL 10 % APS and 20 μL TEMED to the dissolved gel solution, mix well, 

and slowly pour the gel solution into one corner of the opening between the two 

plates with this “sandwich” held at a ~45° angle, until the gel is filled.

5. Lay the gel flat, place the comb between the glass plates, and clamp each side of 

the gel with three clamps per side. Allow the gel to polymerize completely 

(typically at least an hour).

6. Before running the gel, remove the comb and tape carefully. Place the gel into the 

electrophoresis apparatus and fill the upper and lower tanks with 1× TBE, ensuring 

that the glass plates are submerged in buffer.

3.8 Electrophoresis

1. Pre-run the gel at 60 W for at least 30 min (see Note 13).

2. Heat the samples at 95°C for 5 min, place on ice for 1–2 min, centrifuge for 30 s, 

and place the tubes back on ice.

3. Prior to loading, rinse the wells with buffer using a syringe, being careful not to 

damage the wells.

4. Load 1–10 μL into each well (see Note 14).

5. Run gel for 2.5 h at a constant 60 W (see Note 11).

11The percentage gel and duration of run required for optimal resolution will vary depending on fragment lengths and will need to be 
determined empirically. This protocol is based on product fragments between 0.1 and 0.2 kb.
12Make sure that the solution is not too warm or the gel may polymerize too quickly.
13Wattage, pre-run and run conditions will vary depending on apparatus, gel thickness, and buffer composition. This has been 
optimized for 1× TBE gels cast with 0.4 mm spacers on a Model S2 apparatus. Thicker gels need to be pre-run and run at a lower 
wattage or voltage.
14The ratio of sequencing reaction to cleavage assay reaction will have to be determined by trial and error and depends on the quality 
of each of the reactions.
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6. When the electrophoresis is complete, carefully disassemble the gel sandwich by 

prying the glass plates apart with a spatula. If the gel remains attached to only one 

plate, press a large filter paper on top of the gel, flip so that the paper is on the 

bottom, and transfer the gel to the paper. If the gel remains attached to both plates, 

gently vibrate the glass plate to help the gel fall onto one plate.

7. Place on gel dryer and cover with plastic wrap. Dry under vacuum with heat until 

completely dry (~30–60 min) (see Note 15).

8. Expose to film or phosphor imaging screen overnight (see Note 16).
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Fig. 1. 
Schematic of in vitro homing endonuclease expression and endonuclease assay. (a) 

Upstream primer design for amplification of a HEG. T7 promoter (blue) should be placed 

~22–23 bp upstream of the HEG initiation codon (green). Sequence at the 5′ end in black is 

thought to stabilize RNAP–promoter interaction. If using a prokaryotic system a ribosome 

binding site/Shine–Delgarno sequence (S-D) should be incorporated. (b) In vitro homing 

endonuclease production. PCR amplification results in the incorporation of a T7 promoter 

(blue) upstream of the HEG. This product is used to direct protein synthesis in the coupled 

in vitro transcription/translation reaction. (c) Target site DNA is amplified from a plasmid 

with a 5′-end labeled (red) and unlabeled primer resulting in a duplex DNA molecule 

labeled on one strand. The same labeled primer and plasmid DNA is used to generate a 

DNA sequencing ladder. The resulting ladder and the PCR product are labeled at the exact 

same position. (d) Endonuclease Assay. The HE (from b) is mixed with precursor dsDNA 

labeled on the 5′-end. Cleavage of both strands results in two dsDNA products. Of the 

resulting four individual strands, only one is covalently linked to the label and therefore 

visible by phosphor imaging
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Fig. 2. 
Cleavage site mapping using in vitro-synthesized protein. (a) Precursor/substrate DNA was 

amplified, and each strand was individually 5′-end-labeled with 32P in different PCRs. 

Sequencing ladders were generated using the corresponding labeled primer. The ddNTP 

used in the sequencing reactions is indicated above each lane. The sequence of the target 

DNA immediately flanking the cut site (represented by an arrowhead) is indicated next to 

each autoradiogram image. Precursor/substrate DNA was incubated with in vitro-

synthesized protein (+), a mock unprogrammed in vitro synthesis reaction (−) or DNA only 

(0) and the reactions were separated on a denaturing polyacrylamide gel by electrophoresis. 

The regions where the precursors and products (asterisk) migrate are indicated. (b) 

Summary of the cleavage reaction. The DNA sequence for a portion of the region is shown 

below the images. The cut sites on each strand are indicated by arrows and result in 2 nt 3′ 

extensions
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