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    Chapter 7   

 A Two-Plasmid Bacterial Selection System 
for Characterization and Engineering of Homing 
Endonucleases 

           Ning     Sun     and     Huimin     Zhao    

    Abstract 

   Homing endonucleases recognize long DNA sequences and generate site-specifi c DNA double-stranded 
breaks. They can serve as a powerful genomic modifi cation tool in various industrial and biomedical appli-
cations. Here, we describe a two-plasmid bacterial selection system for characterization and engineering of 
homing endonucleases. This selection system couples the DNA cleavage activity of a homing endonuclease 
with the survival of host cells. Therefore, it can be used for assaying in vivo activity of homing endonucle-
ases. Moreover, due to its high sensitivity, it can be applied for directed evolution of homing endonucleases 
with altered sequence specifi city.  

  Key words     Homing endonucleases  ,   Protein engineering  ,   Directed evolution  ,   Gene targeting  ,   Gene 
therapy  

1      Introduction 

 Homing endonucleases, also known as meganucleases, represent a 
family of naturally occurring rare-cutting endonucleases. Homing 
endonucleases recognize long DNA sequences (14–40 bp) and can 
be used to generate site-specifi c double-strand breaks (DSBs) in 
the chromosome [ 1 ]. Subsequent repair of the DSBs by nonho-
mologous end joining or homologous recombination results in 
desired genetic modifi cations such as gene deletion, gene insertion 
or gene replacement [ 2 ]. Therefore, homing endonucleases repre-
sent a promising tool for targeted genome engineering in systems 
biology, synthetic biology, and human gene therapy. However, 
naturally occurring homing endonucleases have a limited repertoire 
of recognition sequences, which severely hampers their applica-
tion. Directed evolution [ 3 ] serves as a powerful tool for engineer-
ing homing endonucleases with altered specifi city to recognize 
novel sequences [ 4 ,  5 ]. 
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 To study and engineer homing endonucleases in vivo, we 
developed a highly sensitive selection system in  Escherichia coli  
(Fig.  1 ) [ 6 ]. The system comprises two plasmids. The reporter 
plasmid encodes the  ccdB  toxic gene under an arabinose-inducible 
promoter, followed by a homing endonuclease cleavage site. The 
expression plasmid contains a homing endonuclease gene under an 
isopropyl-β- d -thiogalactopyranoside (IPTG)-inducible promoter. 
To carry out the assay, both the reporter plasmid and the expres-
sion plasmid are co-transformed into  E. coli  cells. Homing endo-
nucleases are expressed following IPTG induction. An inactive 
homing endonuclease cannot recognize the cleavage site on the 
reporter plasmid, leaving the reporter plasmid intact, which results 
in cell death after CcdB toxin expression is induced by arabinose. 
On the other hand, the cleavage of the target DNA sequence by 
the active homing endonuclease before arabinose induction elimi-
nates the cytotoxic reporter plasmid and leads to cell survival. 
This assay system couples the enzymatic DNA cleavage of homing 
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  Fig. 1    Schematic of the bacterial two plasmid selection system. Details are 
provided in the text. “p11” represents the reporter plasmid containing the  ccdB  
toxic gene and the recognition site of a homing endonuclease. “pTrc” represents 
the expression plasmid encoding a homing endonuclease gene.  Dotted ovals  
represent the non-active homing endonucleases.  Black ovals  represent the 
active homing endonucleases.  Triangles  represent the CcdB toxins       
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endonucleases with the survival of the host  E. coli  cells. Therefore, 
it can be applied to assay the homing endonuclease activity in vivo 
with ease. Here, we use I-SceI [ 7 ] as an example to illustrate the 
experimental procedures. Due to its high sensitivity, this system 
can also be applied to directed evolution of homing endonucleases 
with altered target sequences [ 8 ]. Moreover, with appropriate 
modifi cations, this system can be used to characterize and engineer 
other groups of rare-cutting endonucleases such as zinc fi nger 
nucleases (ZFNs) [ 9 ] and transcription activator-like effector 
nucleases (TALENs) [ 10 ].

2       Materials 

 Prepare all solutions using ultrapure water, prepared by purifying 
deionized water to attain a resistivity of 18.2 MΩ cm at 25 °C. 
Prepare and store all reagents at room temperature unless indi-
cated otherwise. 

      1.     E. coli . BW25141 ( lacI  q   rrnB  T14  Δ lacZ  WJ16   ΔphoBR580 hsdR514  
Δ araBAD  AH33  Δ rhaBAD  LD78   galU95 endA  BT333   uidA (Δ Mlu I):: pir  +  
 recA1 ) [ 11 ,  12 ].   

   2.    LB medium: Add 20 g of LB Broth (Fisher, Fair Lawn, NJ) 
into 1 L of deionized water. Autoclave at 121 °C for 15 min.   

   3.    LB agar plates: LB medium and 20 g/L agar.   
   4.    10 % glycerol: Mix 100 mL of glycerol and 900 mL of deion-

ized water. Autoclave at 121 °C for 15 min.   
   5.    Benchtop centrifuges to separate cells and supernatant.      

      1.    T4 Polynucleotide Kinase (New England Biolabs, Beverly, 
MA).   

   2.    T4 DNA Ligase with 10× T4 DNA Ligase Buffer (New 
England Biolabs, Beverly, MA).   

   3.    Plasmid p11-LacY was constructed previously [ 6 ].   
   4.     Xba I and  Sph I restriction enzymes with 10× NEBuffer 4 and 

100× Bovine Serum Albumin (BSA, New England Biolabs, 
Beverly, MA).   

   5.    Antarctic Phosphatase with 10× Antarctic Phosphatase Buffer 
(New England Biolabs, Beverly, MA).   

   6.    1-Butanol (Fisher, Fair Lawn, NJ).   
   7.    1 M glucose solution: Dissolve 90 g of  d -glucose in 400 mL of 

deionized water and adjust to a fi nal volume of 500 mL. 
Filter-sterilize.   

   8.    SOC medium: Add 20 g of tryptone, 5 g of yeast extract, 0.5 g 
of NaCl, 0.186 g of KCl, 0.95 g of MgCl 2 , 1.2 g of MgSO 4  
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into 980 mL of deionized water. Autoclave at 121 °C for 
15 min. After the solution cools down to 60 °C, add 20 mL of 
sterile 1 M glucose solution.   

   9.    Ampicillin stock solution: Dissolve 1 g of ampicillin powder in 
10 mL of deionized water and fi lter-sterilize it.   

   10.    LB-Amp +  medium: LB medium plus 100 μg/mL ampicillin.   
   11.    LB-Amp +  agar plates: LB-Amp +  medium and 20 g/L agar.   
   12.    QIAprep Miniprep Kit (QIAGEN, Valencia, CA).      

      1.    Plasmid pSCM525 [ 7 ] and plasmid pTrc-p15a [ 6 ].   
   2.    Phusion High-Fidelity DNA Polymerase with 5× Phusion HF 

Buffer (New England Biolabs, Beverly, MA).   
   3.    10× dNTPs solution: 2.5 mM each of dATP, dCTP, dGTP, 

and dTTP.   
   4.    Concentrated stock solution of TAE (50×): Weigh 242 g of 

Tris base (MW = 121.14) and dissolve it in approximately 
750 mL of deionized water. Carefully add 57.1 mL of glacial 
acetic acid and 100 mL of 0.5 M EDTA, and adjust the solu-
tion to a fi nal volume of 1 L. This stock solution can be stored 
at room temperature. The pH of this buffer is not adjusted and 
should be about 8.5.   

   5.    Working solution of TAE buffer (1×): Dilute the stock solu-
tion by 50-fold with deionized water. Final solute concentra-
tions are 40 mM Tris acetate and 1 mM EDTA.   

   6.    1 % Agarose gel in 1× TAE buffer: Add 1 g of agarose into 
100 mL of 1× TAE buffer and microwave until agarose is com-
pletely melted. Cool the solution to approximately 70–80 °C. 
Add 5 μL of ethidium bromide into the solution and mix well. 
Pour 25–30 mL of solution onto an agarose gel rack with a 
2-well comb.   

   7.    QIAquick Gel Extraction Kit (QIAGEN, Valencia, CA).   
   8.    QIAquick PCR Purifi cation Kit (QIAGEN, Valencia, CA).   
   9.     Eco RI and  Kpn I restriction enzymes (BSA, New England 

Biolabs, Beverly, MA).   
   10.    Kanamycin stock solution: Dissolve 0.5 g of kanamycin powder 

in 10 mL of deionized water and fi lter-sterilize.   
   11.    LB-Kan +  medium: LB medium plus 50 μg/mL kanamycin.   
   12.    LB-Kan +  agar plates: LB-Kan +  medium and 20 g/L agar.      

      1.    0.5 M IPTG: Dissolve 5.96 g of IPTG into 50 mL of deion-
ized water. Filter-sterilize.   

   2.    LB-Kan + -Ara +  agar plates: LB-Kan +  agar plate plus 10 mM of 
 L -arabinose.       
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3    Methods 

       1.    Streak  E. coli  strain BW25141 on an LB agar plate from frozen 
stock. Incubate overnight at 37 °C.   

   2.    Pick up a single colony to inoculate a 4 mL overnight culture 
in LB medium at 37 °C.   

   3.    Inoculate 1 mL of overnight culture into 400 mL LB medium. 
Grow at 37 °C with shaking for 2–4 h ( see   Note 1 ). When 
OD 600  reaches 0.6–0.8, immediately put the cells on ice (or 
4 °C).   

   4.    Chill the culture for 15–30 min. Keep the cells on ice (or 4 °C) 
for the remainder of the procedure. Prechill the centrifuge and 
centrifuge bottles at 4 °C.   

   5.    Harvest the cells by centrifugation at 6,000 ×  g  for 10 min at 
4 °C. Decant the supernatant and resuspend the cell pellet in 
400 mL of prechilled sterile ddH 2 O.   

   6.    Harvest the cells by centrifugation at 6,000 ×  g  for 10 min at 
4 °C. Decant the supernatant and resuspend the cell pellet in 
200 mL of prechilled sterile ddH 2 O.   

   7.    Harvest the cells by centrifugation at 6,000 ×  g  for 10 min at 
4 °C. Decant the supernatant and resuspend the cell pellet in 
40 mL of prechilled 10 % glycerol. Transfer to a 50 mL centri-
fuge tube.   

   8.    Harvest the cells by centrifugation at 3,000 ×  g  for 10 min at 
4 °C. Decant the supernatant and resuspend the cell pellet in 
20 mL of prechilled 10 % glycerol.   

   9.    Harvest the cells by centrifugation at 3,000 ×  g  for 10 min at 
4 °C. Carefully aspirate the supernatant and resuspend the cell 
pellet in 1 mL of prechilled 10 % glycerol.   

   10.    Aliquot 50 μL of the cells into sterile 0.5 mL microfuge tubes 
and snap-freeze with dry ice or liquid nitrogen. Store frozen 
cells at −80 °C.      

        1.    Mix 50 μL (100 pmol/μL) each of Oligo1 and Oligo2, which 
contain the recognition sequence of I-SceI and restriction 
enzymes sites, respectively. Sequences of the oligos are shown 
below. Recognition sequence of I-SceI is shown in capital let-
ters while  Xba I and  Sph I sites are shown in italics ( see   Note 2 ). 

 Oligo1: 5′- ctagc  attacgc TAGGGATAACAGGGTAAT atcacgc 
 tctaga  catacg  gcatg -3′. 

 Oligo2: 5′- c  cgtatg  tctaga  gcgtgat ATTACCCTGTTA
TCCCTA gcgtaat  g -3′.   

   2.    Anneal the oligo mix in a thermocycler. Reaction condition: 
denature at 95 °C for 5 min; decrease the temperature to 4 °C 
at the rate of 0.1 °C/s; keep at 4 °C.    
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   3.    Phosphorylate the annealed oligos at 37 °C for 30 min 
followed by heat inactivation at 65 °C for 10 min. Reaction 
mixture contains 10 μL of annealed oligos, 5 μL of 10× T4 
DNA Ligase Reaction Buffer, 1 μL of T4 Polynucleotide 
Kinase, and 34 μL of ddH 2 O ( see   Note 3 ).   

   4.    Digest p11-LacY plasmid by  Xba I and  Sph I at 37 °C for 2.5 h. 
Digestion condition: 6 μL of 10× NEBuffer 4, 0.6 μL of 100× 
BSA, 15 U of  Xba I, 15 U of  Sph I, 1 μg of p11-LacY. Add 
ddH 2 O to a fi nal volume of 60 μL. After digestion, add 7 μL 
of 10× Antarctic Phosphatase Reaction Buffer and 1 μL of 
Antarctic Phosphatase to the digestion mixture and incubate at 
37 °C for 30 min followed by heat inactivation at 65 °C for 
10 min ( see   Note 4 ).   

   5.    Insert phosphorylated oligos into p11-LacY plasmid through 
 Xba I and  Sph I sites. Ligation reaction: 50 ng of digested p11- 
LacY plasmid, 1 μL of phosphorylated oligos, 2 μL of 10× T4 
DNA Ligase Reaction Buffer and 1 μL of T4 DNA Ligase. 
Adjust the volume to 20 μL with ddH 2 O. Incubate overnight 
at 16 °C.    

   6.    Transfer the ligation mixture into 980 μL of 1-butanol and 
vortex vigorously. Centrifuge for 20 min at top speed in a 
tabletop microcentrifuge ( see   Note 5 ). Carefully aspirate the 
supernatant and air-dry the pellet for 5–10 min. Resuspend the 
pellet in 4 μL of ddH 2 O.   

   7.    Mix 2 μL of the redissolved DNA with 50 μL of electrocompe-
tent  E. coli  BW25141 cells and transfer the mixture into a pre-
chilled 0.2 cm electroporation cuvette.    

   8.    Electroporate the cells at 2.5 kV ( see   Note 6 ). Quickly add 
1 mL of SOC medium and resuspend the cells gently. Transfer 
to a round-bottom culture tube.   

   9.    Shake at 250 rpm at 37 °C for 1 h.    
   10.    Dilute the cells as appropriate and spread 100–200 μL cells 

onto a LB-Amp +  agar plate. Incubate at 37 °C overnight.   
   11.    Inoculate single colonies to 4 mL of LB-Amp +  medium and 

grow with shaking at 37 °C overnight.   
   12.    Purify plasmids from each 4 mL of culture using the QIAprep 

Spin Miniprep Kit.    
   13.    Confi rm the identity of the plasmids by DNA sequencing 

(Fig.  2a ).
       14.    Electroporate p11-LacY-wt1 plasmid into electrocompetent 

BW25141. Shake at 250 rpm at 37 °C for 1 h. Dilute the cells 
as appropriate and spread 100–200 μL cells onto a LB-Amp +  
agar plate. Incubate at 37 °C for 10–12 h until colonies become 
visible.   
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   15.    Inoculate a single colony directly into 400 mL LB-Amp +  
medium. Grow at 37 °C with shaking for 7–10 h ( see   Note 7 ). 
When OD 600  reaches 0.4–0.6, immediately put the cells on ice 
(or 4 °C).   

   16.    Follow  steps 4 – 10  of Subheading  3.1 .      

      1.    PCR-amplify the homing endonuclease I-SceI gene from plas-
mid pSCM525 [ 7 ] with primers EcoRI-SceI’, atcagt  gaattc  
aggaaactcgagatgaaaaatattaaaaaaaa ( Eco RI site is shown in ital-
ics), and KpnI-Isce-2-C, atgccg  ggtacc  ttattttaaaaaagtttcgg 
( Kpn I site is shown in italics). PCR mixture: 20 μL of 5× 
Phusion HF Buffer, 10 μL of 10× dNTPs solution, 50 pmol of 
EcoRI-SceI’, 50 pmol of KpnI-Isce-2-C, 10 ng of pSCM525, 
1 μL of Phusion High-Fidelity DNA Polymerase. Adjust the 
volume to 100 μL with ddH 2 O.   

   2.    PCR condition: Fully denature at 98 °C for 2 min, followed by 
25 cycles of 98 °C for 30 s, 57 °C for 30 s, and 72 °C for 20 s, 
with a fi nal extension at 72 °C for 10 min.   

   3.    Load all the PCR products onto a 1 % agarose gel and perform 
electrophoresis at 120 V for 15 min.   

   4.    Gel-purify PCR products using the QIAquick Gel Extraction 
Kit.   

   5.    Digest PCR product and pTrc-p15a by  Eco RI and  Kpn I at 
37 °C for 3 h. Digestion condition: 6 μL of 10× NEBuffer 4, 
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Expression Plasmid 
pTrc-I-SceI
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  Fig. 2    The two plasmids used in this bacterial two plasmid selection system. ( a ) The reporter plasmid p11-LacY-
wt1 encodes the toxic  ccdB  gene under the arabinose-inducible  BAD  promoter and a single copy of the I-SceI 
cleavage site. It also encodes an arabinose transporter gene  lacY (A177C)  under the IPTG-inducible  lac  pro-
moter to facilitate the induction of  ccdB  by arabinose. The ribosomal binding site (RBS) of  ccdB  gene was 
engineered to increase system sensitivity [ 6 ]. ( b ) The expression plasmid pTrc-ISceI encodes I-SceI under the 
IPTG-inducible  Trc  promoter       
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0.6 μL of 100× BSA, 15 U of  Eco RI, 15 U of  Kpn I, 1 μg of 
PCR product or pTrc-p15a. Add ddH 2 O to a fi nal volume of 
60 μL ( see   Note 8 ).   

   6.    Purify the digestion product by QIAquick PCR Purifi cation Kit.   
   7.    Set up a ligation reaction: 50 ng of digested pTrc-p15a, 50 ng 

of digested PCR product containing the I-SceI gene, 2 μL of 
10× T4 DNA Ligase Reaction Buffer, and 1 μL of T4 DNA 
Ligase. Adjust the volume to 20 μL with ddH 2 O. Incubate 
overnight at 16 °C.   

   8.    Transfer the ligation mixture into 980 μL of 1-butanol and 
vortex vigorously. Centrifuge for 20 min at top speed in a 
tabletop microcentrifuge. Carefully aspirate the supernatant 
and air-dry the pellet for 5–10 min. Resuspend the pellet in 
4 μL of ddH 2 O.   

   9.    Mix 2 μL of the redissolved DNA with 50 μL of electrocompe-
tent  E. coli  BW25141 cells ( see   Note 9 ) and transfer the 
mixture into a prechilled 0.2 cm electroporation cuvette.   

   10.    Electroporate the cells at 2.5 kV ( see   Note 6 ). Quickly add 
1 mL of SOC medium and resuspend the cells gently. Transfer 
to a round-bottom culture tube.   

   11.    Shake at 250 rpm at 37 °C for 1 h.    
   12.    Dilute the cells as appropriate and spread 100–200 μL cells 

onto a LB-Kan +  agar plate. Incubate at 37 °C overnight.   
   13.    Inoculate single colonies to 4 mL of LB-Kan +  medium and 

grow with shaking at 37 °C overnight.   
   14.    Purify plasmids from each 4 mL of culture using the QIAprep 

Spin Miniprep Kit.   
   15.    Confi rm the identity of the plasmids by DNA sequencing 

(Fig.  2b ).      

      1.    Mix 1–100 ng of pTrc-ISceI with 50 μL of electrocompetent 
 E. coli  BW25141 harboring p11-LacY-wt1 and transfer the 
mixture into a prechilled 0.2 cm electroporation cuvette.   

   2.    Electroporate the cells at 2.5 kV. Quickly add 1 mL of SOC 
medium and resuspend the cells gently. Transfer to a round- 
bottom culture tube.   

   3.    Recover the culture by shaking at 250 rpm at 37 °C for 5 min.   
   4.    Add 4 mL of SOC medium and 5 μL of 0.5 M IPTG to the 

culture. Grow with shaking at 250 rpm at 37 °C for 70 min 
( see   Note 10 ).   

   5.    Shake at 250 rpm at 30 °C for 1 h ( see   Note 11 ).   
   6.    Dilute the cells as appropriate and spread 100–200 μL of cells 

onto a LB-Kan +  agar plate. Spread a second aliquot onto a 
LB-Kan + -Ara +  agar plate ( see   Note 12 ).   

3.4  In Vivo 
Activity Assay
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   7.    Incubate at 37 °C overnight until colonies become clearly 
visible.   

   8.    Count the colonies on the LB-Kan +  agar plate and the LB-Kan + -
Ara +  agar plate.    

   9.    Calculate the survival rate by dividing the number of colonies 
on the LB-Kan + -Ara +  agar plate by the number of colonies on 
the LB-Kan +  agar plate, accounting for dilution factors 
( see   Note 13 ).       

4    Notes 

     1.    Normally, the doubling time for a BW25141 strain is approxi-
mately 30 min.   

   2.    The internal  Xba I site is used to insert additional recognition 
sequences if necessary.   

   3.    10× T4 DNA Ligase Reaction Buffer is used instead of 10× T4 
Polynucleotide Kinase Reaction Buffer. Therefore, the phos-
phorylated oligos can be directly used for the ligation reaction 
in  step 5  of Subheading  3.2  without changing the reaction 
buffer.   

   4.    This step helps to decrease the vector background due to 
self-ligation.   

   5.    This step removes salt from the ligation buffer to increase elec-
troporation effi ciency and eliminate arcing of cuvettes.   

   6.    For an effi cient electroporation, a time constant of 4.8–5.2 ms 
should be obtained.   

   7.    It is important that cells do not grow to log phase at any stage 
during competent cells preparation.   

   8.    Antarctic Phosphatase can be used as in  step 4  of Subheading  3.2  
to decrease the vector background due to self-ligation.   

   9.    Any other  E. coli  strain suitable for DNA cloning, such as 
DH5α and JM109, can be used.   

   10.    A fi nal concentration of 0.5 mM IPTG is used to induce the 
I-SceI expression under the  Trc  promoter and the LacY 
(A177C) expression under the  lac  promoter.   

   11.    This step allows I-SceI to cut its recognition sequence on 
p11-LacY-wt1 effi ciently.   

   12.    A fi nal concentration of 10 mM  l -arabinose on agar plates is 
used to induce the  ccdB  expression under the  BAD  promoter.   

   13.    The survival rate of wild-type I-SceI is typically >90 %. The 
survival rate of a non-active mutant of I-SceI (D44A) is typi-
cally <0.2 %.         

A Two-Plasmid Bacterial Selection System
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