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    Chapter 19   

 PERMutation Using Transposase Engineering 
(PERMUTE): A Simple Approach for Constructing 
Circularly Permuted Protein Libraries                     

     Alicia     M.     Jones    ,     Joshua     T.     Atkinson    , and     Jonathan     J.     Silberg      

  Abstract 

   Rearrangements that alter the order of a protein’s sequence are used in the lab to study protein folding, 
improve activity, and build molecular switches. One of the simplest ways to rearrange a protein sequence is 
through random circular permutation, where native protein termini are linked together and new termini are 
created elsewhere through random backbone fi ssion. Transposase mutagenesis has emerged as a simple way 
to generate libraries encoding different circularly permuted variants of proteins. With this approach, a syn-
thetic transposon (called a permuteposon) is randomly inserted throughout a circularized gene to generate 
vectors that express different permuted variants of a protein. In this chapter, we outline the protocol for 
constructing combinatorial libraries of circularly permuted proteins using transposase mutagenesis, and we 
describe the different permuteposons that have been developed to facilitate library construction.  

  Key words     Circular permutation  ,   Library  ,   Protein engineering  ,   Transposase  ,   Transposon  

1      Introduction 

 Mutational processes that alter protein length (fi ssion and domain 
insertion) and contact order ( circular permutation  ) are frequently 
used to develop biotechnologies for systems and  synthetic biology   
[ 1 ,  2 ]. However, our understanding of sequence–structure–func-
tion relationships is not yet suffi cient to predict the effects of these 
mutational lesions on protein structure and function [ 3 ]. Because 
it is hard to anticipate how the structure of marginally stable pro-
teins responds to mutational lesions, combinatorial libraries of  vec-
tors      encoding  mutants   are typically generated and screened (or 
selected) to discover proteins with the desired functional proper-
ties [ 4 ]. Libraries of vectors encoding circularly permuted proteins 
have traditionally been generated by manipulating protein-coding 
sequences using nonspecifi c nucleases, such as DNAse I [ 5 ,  6 ]. 
While these efforts have led to the discovery of functional proteins, 
nuclease-based protocols can be arduous to learn and implement 
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because nuclease incubation times must be optimized, and low 
effi ciency blunt cloning is used within the library  construction   
workfl ow. In addition, vectors created in these libraries express 
protein variants that often have deletions and duplications of DNA 
sequence [ 7 – 9 ], which may not be desired. One way to avoid 
deletions and duplications is to use methods that leverage  trans-
posases   [ 10 ]. Unlike nucleases, transposases generate well-defi ned 
DNA modifi cations that do not result in sequence deletions. 

  Transposase   methods have emerged as a simple strategy to cre-
ate libraries encoding proteins with random amino acid deletions 
[ 11 ], backbone cleavages [ 12 – 14 ], peptide and domain insertions 
[ 15 ,  16 ], affi nity tag insertions [ 17 ], and truncations [ 18 ]. With 
these library  construction   approaches, the  MuA transposase   is used 
to insert synthetic  transposons   at different locations within a gene 
encoding the protein of interest. Recently, a transposase approach 
was described for creating circularly permuted protein libraries that 
is called PERMutation Using Transposase Engineering, PERMUTE 
[ 19 ]. In PERMUTE, a new class of transposons (called   permutepo-
sons   ) are used with MuA transposase to  generate      an expression vec-
tor library. A permuteposon is linear DNA that contains all of the 
attributes of an expression vector ( see  Fig.  1a ), including an origin 
of replication (ori), a  selectable marker   (Ab R -1), and regulatory 
sequences required to initiate the transcription and translation of 
permuted proteins. Permuteposons additionally contain MuA 
transposase binding sites located at the ends of the  transposon   
(R1R2 and R2R1), which allow for MuA recognition and inser-
tion into the protein coding sequence being permuted [ 10 ]. In the 
fi rst step of constructing a circularly permuted protein library, 
MuA is used to insert a permuteposon into a target vector ( see  
Fig.  1b ) that contains the gene of interest (GOI), i.e., the gene 
being permuted. To isolate gene–permuteposon hybrids from the 
resulting MuA library, the product of the MuA reaction is incu-
bated with a restriction enzyme (RE1) that cuts at sites fl anking 
the gene of interest in the target vector. The gene–permuteposon 
hybrids are then separated from genes lacking a permuteposon 
using gel electrophoresis, and those genes containing a single  per-
muteposon   are purifi ed and circularized by ligation to yield the 
fi nal library of vectors that express different permuted variants of a 
protein [ 19 ]. PERMUTE creates well-defi ned sequence diversity 
equal to the gene length times two, since permuteposons can be 
inserted at any location and in two orientations.

2       Materials 

 All reactions should use molecular biology grade water that is 
DNAse- and protease-free and has been fi ltered through a 0.2 μm 
fi lter and autoclaved ( see   Note    1  ). 
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       1.    Temperature-sensitive target vector containing the gene being 
permuted ( see   Note    2  ): 600 ng ( see   Note    3  ). As illustrated in 
Fig.  1b , the gene being permuted must be fl anked by the 
sequence that encodes a peptide linker and restriction sites 
(RE1) that allow for gene fragment ligation in the last step of 
PERMUTE ( see   Note    4  ). In the fi nal library, the linker encodes 
the region that covalently connects the original N- and 
C- termini of the protein.   

2.1  Nucleic Acids

  Fig. 1    DNA constructs  required      to perform PERMUTE. ( a ) The  permuteposon   

serves as an expression vector for permuted proteins in the fi nal PERMUTE librar-

ies. This linear DNA must contain an origin of replication (ori) that functions at any 

  E. coli    growth temperature and a  selectable marker   (Ab R -1) that is distinct from 

the target vector. Additionally, the permuteposon must contain  MuA transposase   

recognition sequences (R1R2 and R2R1) at each end and regulatory sequences 

that allow for transcription and translation of the permuted ORFs created by 

PERMUTE, including a promoter, RBS, and terminator. The RBS can precede R2R1 

as shown for permuteposon 1 (P1) or be embedded within R2R1 as illustrated for 

permuteposon 2 (P2). ( b ) The gene of interest (GOI) encoding the protein being 

permuted is cloned into a target vector, which must contain a temperature- 

sensitive origin of replication (ori ts ). In this vector, the GOI should be fl anked on 

both sides by the same restriction site (RE1) and should lack a stop codon. Extra 

base pairs should be included  between      RE1 and the GOI, which encode the linker 

used for permutation. The number of base pairs in the linker can vary, but the 

number of base pairs in the linker and restriction site must add up to a number 

that is divisible by 3. The target vector must also contain a selectable marker (Ab R -

2), which differs from that in the permuteposon. ( c ) R2R1 sequences can be used 

that lack or contain an RBS, which differ in the location of the fi rst codon used for 

translation initiation ( ATG ). When the RBS sequence precedes R2R1 (P1), the num-

ber of residues added to the termini of permuted proteins is large. However, this 

design allows fl exibility in RBS sequence. In contrast, R2R1 containing mutations 

( highlighted ) that incorporate an RBS into the transposase binding site minimize 

peptide additions (P2)       
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   2.    Permuteposon: 200 ng ( see   Note    5  ). As shown in Fig.  1a , per-
muteposons require an origin of replication ( see   Note    6  ), a 
 selectable marker   ( see   Note    7  ), two  transposase   binding sites 
( see   Note    8  ), a promoter for transcribing permuted  genes      ( see  
 Note    9  ), a stop codon followed by a transcriptional termina-
tor for permuted genes ( see   Note    10  ), and a ribosome bind-
ing site (RBS) for initiating translation of permuted proteins 
( see   Note    11  ).      

       1.    PCR tube: one sterile tube.   

   2.    Target vector: 600 ng per 40 μL reaction ( see   Note    12  ).   

   3.    Linearized permuteposon: 200 ng per 40 μL reaction ( see  
 Note    13  ).   

   4.     MuA transposase  : 0.44 μg per 40 μL reaction ( see   Note    14  ).   

   5.    MuA reaction buffer: 8 μL of a 5× stock containing 125 mM 
Tris–HCl, pH 8.0, 50 mM MgCl 2 , 550 mM NaCl, 0.25 % 
Triton X-100, and 50 % glycerol.   

   6.    Thermal cycler ( see   Note    15  ).   

   7.    DNA purifi cation kit: Zymo DNA Clean and Concentrator kit 
or equivalent kit from another manufacturer that yields high- 
quality, purifi ed DNA ( see   Note    16  ).      

       1.    Electrocompetent   Escherichia coli   : 50 μL of cells ( see   Note    17  ) 
and 1 mL of recovery medium ( see   Note    18  ).   

   2.     Electroporation   cuvette and electroporator.   

   3.    Culture tube: sterile 14 mL tube.   

   4.    Luria broth (LB) agar plates: 10 g/L tryptone, 5 g/L  yeast   
extract, and 10 g/L NaCl containing 1.5 % agar. Adjust to 
pH 7.0 using 5 N NaOH. Five petri plates (70 mm diameter) 
containing 25 mL LB-agar and two antibiotics, one that 
selects for the  permuteposon   and one that selects for the tar-
get vector ( see   Note    19  ).   

   5.    Shaking incubator:       set to 37 °C and 250 rpm ( see   Note    20  ).   

   6.    Gravity incubator: set to 37 °C or higher ( see   Note    21  ).      

       1.    LB medium: 10 mL for harvesting cells from fi ve LB-agar 
plates ( see   Note    22  ).   

   2.    Sterile spreader.   

   3.    Tubes: sterile 14 mL tube ( see   Note    23  ) and a 0.5 mL PCR 
tube.   

   4.    DNA purifi cation kit such as the Qiagen Miniprep Kit ( see  
 Note    24  ).   

   5.    Restriction enzyme (RE1) and appropriate buffer ( see   Note    25  ).   

2.2  Transposase 

Reaction

2.3  Cellular 

Materials

2.4  Vector 

Harvesting
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   6.    Agarose gel and casting unit. Typically run agarose gels in 
Tris–acetate–EDTA (TAE) buffer ( see   Note    26  ) and 1 μg/mL 
ethidium bromide ( see   Note    27  ).   

   7.    Gel loading dye: 4 μL of 6× stock containing 15 % Ficoll ® -400, 
66 mM EDTA, 20 mM Tris–HCl, pH 8.0, 0.1 % SDS, and 
0.09 % bromophenol blue ( see   Note    28  ).   

   8.    Gel box and transilluminator ( see   Note    29  ).   

   9.    DNA recovery kit such as Zymo Gel DNA Recovery kit 
( see   Note    30  ).   

   10.    Incubator or heat-block: set to 37 °C.      

       1.    PCR tube: one sterile tube.   

   2.    Gene– permuteposon   hybrids: 100 ng for 20 μL ligation reaction 
( see   Note    31  ).   

   3.    T4 DNA ligase: 400 U per 20 μL reaction ( see   Note    32  ).   

   4.    T4 DNA ligase buffer: 2 μL of 10× stock containing 500 mM 
Tris–HCl, pH 7.5, 100 mM MgCl 2 , 100 mM DTT, 10 mM 
ATP ( see   Note    33  ).   

   5.    Thermal cycler: set to 16 °C.   

   6.    DNA purifi cation kit  such      as Zymo DNA Clean and 
Concentrator kit ( see   Note    16  ).      

       1.    Electrocompetent   Escherichia coli   : 50 μL of cells ( see   Note    17  ) 
and 1 mL of recovery medium ( see   Note    18  ).   

   2.     Electroporation   cuvette and electroporator.   

   3.    Culture tube: sterile 14 mL tube.   

   4.    LB agar plates: fi ve petri plates (70 mm diameter) containing 
25 mL LB-agar and antibiotic (Ab R -1) that selects for the fi nal 
library.   

   5.    Shaking incubator: set to 37 °C and 250 rpm.   

   6.    Gravity incubator: set to 37 °C.   

   7.    LB medium: 10 mL for harvesting cells from fi ve LB-agar 
plates ( see   Note    22  ).   

   8.    Sterile spreader.   

   9.    Culture tube: sterile 14 mL tube ( see   Note    23  ).   

   10.    DNA purifi cation kit such as the Qiagen Miniprep kit ( see  
 Note    24  ).   

   11.    Two restriction enzymes, which cut at sites RE1 and RE2 and 
buffers ( see   Note    34  ).   

   12.    Agarose gel: cast using TAE buffer and 1 μg/mL ethidium 
bromide.   

   13.    Gel-loading dye: 12 μL of 6× stock.   

   14.    Gel box and transilluminator.       

2.5  DNA Ligation

2.6  Quality Control
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3    Methods 

 The protocol described below  requires      2 days to produce a library 
of vectors that expresses the different possible circularly permuted 
variants of a protein ( see  Fig.  2 ).

  Fig. 2    Scheme for PERMUTE. First, a permuteposon that will ultimately serve as an expression vector for each 

permuted protein is inserted into a temperature-sensitive target vector containing a gene of interest (GOI) using 

 MuA transposase  . The vectors generated by this reaction have the  permuteposon   inserted at different locations. 

Second, the DNA product of the MuA reaction (which includes permuteposon, target vector and vector–permute-

poson hybrids) is transformed into bacteria and plated on LB-agar containing a pair of antibiotics (Ab-1 and 

Ab-2) that select for cells containing a permuteposon and target vector. Third, to amplify cells with the vector–

permuteposon hybrids, these plates are incubated at a high temperature where the target vector origin of rep-

lication (ori ts ) cannot function. Fourth, colonies are harvested from plates after a day of growth, and  plasmid DNA   

is purifi ed from this cell mixture. Fifth, the purifi ed DNA is digested using an enzyme (RE1) that cuts at sites 

adjacent to the gene of interest. Gene–permuteposon hybrids are separated by agarose gel electrophoresis and 

the gene–permuteposon hybrids are purifi ed using a DNA recovery kit. Finally, the gene–permuteposon hybrids 

are circularized through ligation to generate the fi nal library of vectors that express different circularly permuted 

variants       

 

Alicia M. Jones et al.

andrewreev@gmail.com



301

          1.    In the PCR tube, make up a 38 μL reaction using 8 μL 5× 
MuA Reaction Buffer, 600 ng target vector, 200 ng linear 
 permuteposon  , and water.   

   2.    Add 0.44 μg MuA  Transposase   (2 μL) and mix gently by pipet-
ting ( see   Note    35  ).   

   3.    Incubate the reaction in a thermal cycler for 16 h at 37 °C 
followed by 10 min at 75 °C to inactivate the enzyme.   

   4.    Purify the DNA from the reaction using a DNA cleanup kit 
(e.g., Zymo DNA Clean and Concentrator kit) and elute with 
6 μL of water ( see   Note    16  ).      

       1.    Add all of the DNA purifi ed from the MuA reaction from  step 4  
in Subheading  3.1  to 50 μL   E. coli    cells on ice and mix gently 
by pipetting.   

   2.    Transfer the cell-DNA mixture to a chilled  electroporation   
cuvette and electroporate using 2 kV ( see   Note    36  ).   

   3.    Add 1 mL of recovery medium (e.g., SOC medium) to the 
cuvette, mix by pipetting, and transfer the slurry to a sterile 
14 mL culture tube.   

   4.    Incubate culture for 1 h at 37 °C while shaking at 250 rpm 
( see   Note    20  ).   

   5.    Spread 200 μL aliquots of the cells on each LB-agar plate 
( see   Note    37  ).   

   6.    Incubate plates overnight at 37 °C to obtain colonies ( see  
 Note    21  ).      

         1.    Add 1 mL of LB medium to each agar plate ( see   Note    22  ).   

   2.    Generate a bacterial slurry by  gently      scraping plates with a ster-
ile spreader.   

   3.    Angle plates so that the cell slurry pools on one side ( see   Note    38  ).   

   4.    Pool the cell slurries from each plate into a 14 mL culture tube 
( see   Note    39  ).   

   5.    Cap the 14 mL tube containing the cell slurry and invert to 
mix.   

   6.    Purify vectors from the pooled cells using a Qiagen Miniprep 
kit. Only 20 % of the recommended culture volume (400 μL 
slurry) should be used in each miniprep ( see   Note    40  ).   

   7.    Determine the concentration of purifi ed DNA ( see   Note    41  ).      

        1.    Digest 500 ng of the purifi ed DNA from  step 6  in 
Subheading  3.3  in a PCR tube using 1 unit of a restriction 
enzyme (RE1) that cuts at sites fl anking both sides of the GOI 
( see   Note    42  ). This reaction should be performed in a 20 μL 
volume using water and the buffer provided with the restriction 
enzyme.   

3.1   MuA 

Transposase   Reaction

3.2  Vector–

 Permuteposon   Hybrids

3.3  Vector–

 Permuteposon   Library

3.4  Gene–

 Permuteposon   Hybrids
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   2.    Incubate the restriction digest reaction at 37 °C for 1 h.   

   3.    Heat-inactivate the restriction enzyme as recommended by the 
manufacturer.   

   4.    Add 4 μL of 6× gel loading dye to the digested product.   

   5.    Separate the DNA products of the restriction digest using agarose 
gel electrophoresis ( see   Note    43  ).   

   6.    Visualize the gel using a transilluminator.   

   7.    Use a clean razor blade to excise the band corresponding to 
the size of the  gene–permuteposon   hybrid.   

   8.    Recover the gene–permuteposon DNA using a DNA clean up 
kit such as the Zymo Gel DNA Recovery kit and elute the 
DNA using 6 μL sterile water two times.   

   9.    Quantify the gene–permuteposon hybrid concentration ( see  
 Note    44  ).      

        1.    In a sterile PCR tube, make a 19 μL reaction containing 2 μL 
10× T4 DNA ligase buffer, all of the DNA recovered from the 
gel in  step 8  in Subheading  3.4 , and water to 19 μL.   

   2.    Mix the reaction  thoroughly      and then add 1 μL of T4 DNA 
ligase (400 U/μL).   

   3.    Incubate the ligation reaction at 16 °C for 16 h.   

   4.    Purify the DNA with a DNA  purifi cation   kit such as Zymo 
DNA Clean and Concentrator kit and elute with 6 μL of water 
( see   Note    45  ).      

       1.    Add 6 μL of the ligated DNA from  step 4  in Subheading  3.5  
into an 1.5 mL Eppendorf tube containing 50 μL electrocom-
petent   E. coli    cells on ice and mix by pipetting.   

   2.    Transfer the cell-DNA mixture to a chilled  electroporation   
cuvette and electroporate at 2 kV ( see   Note    36  ).   

   3.    Add 1 mL of recovery medium (e.g., SOC medium) to the 
cuvette, mix by gently pipetting, and transfer the slurry to a 
sterile 14 mL culture tube.   

   4.    Incubate the culture for 1 h at 37 °C while shaking at 250 rpm.   

   5.    Spread 200 μL aliquots of the transformation mix onto each 
LB-agar plate.   

   6.    Incubate plates overnight at 37 °C to obtain colonies.   

   7.    Use the protocol outlined in Subheading  3.3  above to harvest 
the fi nal plasmid library, which encodes expression vectors for 
different permuted variants of the gene of interest.   

   8.    Digest 200 ng of the fi nal library with a restriction enzyme that 
cuts the restriction site (RE1) that was ligated to create the 
fi nal library using a 20 μL reaction ( see   Note    46  ).   

3.5  Circularize 

Gene– Permuteposon   

Hybrids

3.6  Quality Control
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   9.    Digest 200 ng of the fi nal library with a restriction enzyme 
(RE2) that cuts at a single site within the  permuteposon   using 
a 20 μL reaction ( see   Note    47  ).   

   10.    Digest 200 ng of the fi nal  library      with the two restriction 
enzymes (RE1 and RE2) in parallel using a 20 μL reaction 
( see   Note    48  ).   

   11.    Add 4 μL of 6× gel-loading dye to each reaction.   

   12.    Separate the DNA products of the restriction digests using 
agarose gel electrophoresis ( see   Note    43  ).   

   13.    Visualize the gel using a transilluminator.       

4                                                                Notes 

     1.    Commercial molecular biology grade water is recommended.   

   2.    The gene of interest must lack a stop codon so that permuted 
open reading frames can be fully translated.   

   3.    A vector with a temperature-sensitive origin of replication 
(ori ts ) allows for  selection   of vector– permuteposon   hybrids at 
high temperatures where the ori ts  cannot function. A method 
for using a circularized gene as an alternative was recently 
described [ 20 ].   

   4.    Structural information should be used to estimate a linker 
length that is suffi ciently long enough to enable proper  folding 
of permuted proteins. In addition, glycine/serine-rich 
sequences encoding fl exible linkers are recommended [ 2 ].   

   5.    Permuteposon sequence information was previously described 
[ 19 ]. All aspects of a permuteposon can be customized, pro-
vided that functional  transposase   binding sites are included in 
the design ( see  Fig.  1a ).   

   6.    Avoid using the same origin of replication in the permuteposon 
and target vector to minimize undesired recombination events.   

   7.    Use distinct  selectable markers   in the permuteposon and target 
vector to allow for selection of vector–permuteposon hybrids 
using two antibiotics (Ab R -1 and Ab R -2).   

   8.    Two sequences of  transposase   binding sites have been reported 
( see  Fig.  1c ). In the fi rst  transposon   described [ 19 ], the RBS 
used to initiate translation is separated from the open reading 
frame of permuted proteins by the transposase binding site. 
This separation results in the addition of a large 18 amino acid 
peptide (MGFRIYRETLSRFSCAAQ) at the N-terminus of 
each permuted variant, which is encoded by the transposase 
binding site. More recently, a transposase binding site was 
described that allows for translation initiation closer to the 
gene sequence encoding the protein variant [ 13 ]. With this 
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transposon, only two extra residues are amended to the 
N- terminus of proteins expressed from the transposon after 
insertion into the gene of interest, a methionine followed by a 
residue whose identity varies  depending      on the sequence at the 
site of  permuteposon   insertion.   

   9.    Regulated or constitutive promoters can be used to control 
transcription of the permuted genes.   

   10.    A terminator should be incorporated into the region of the 
permuteposon that follows the stop codon. This terminator 
reduces the plasmid burden on cell growth caused by unneces-
sary transcription.   

   11.    When using  transposase   binding sites ( see  Fig.  1c ) that contain 
mutations that introduce an RBS [ 13 ], it is important to use a 
strong promoter because translation initiation will vary with 
each permuted protein due to changes in the genetic context 
of the RBS.   

   12.    Temperature-sensitive vectors frequently acquire mutations, so 
it is important to perform all cloning at temperatures that 
avoid selective pressure on this  phenotype  . Additionally, it is 
important to run controls to verify that the vector preparation 
used for cloning retains the temperature sensitive phenotype.   

   13.     Permuteposons   can be amplifi ed like vectors. This can be 
achieved by fl anking the terminal transposase binding sites 
with a unique restriction enzyme [ 19 ] and circularizing the 
permuteposons through ligation. However, circular permute-
posons must be linearized by restriction digestion to serve as a 
substrate for MuA.   

   14.     MuA transposase   can be purchased with the 5× reaction buffer 
from Thermo Scientifi c (Catalog No. F-750).   

   15.    A thermal cycler is recommended to provide fi ne control over 
the reaction temperature and the heat inactivation of the 
enzyme.   

   16.    To elute DNA from the spin columns, molecular biology grade 
water is recommended rather than the DNA elution buffer 
provided with the kit. This allows for  electroporation   of the 
eluted DNA without further manipulation.   

   17.    Library-quality competent cells (Invitrogen MegaX DH10B; 
Catalog No. C6400-03) are recommended to ensure that 
sequence diversity is not limited by the transformation.   

   18.    Recovery medium provided with commercial cells is recom-
mended to maximize transformation effi ciency.   

   19.    Multiple plates are recommended to allow for suffi cient separation 
of the colonies and counting. The DNA sequence diversity 
depends on the number of transformants obtained at each step 
and can be limited by poor transformations.   
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   20.    The shaking incubator should be set to a temperature that 
selects against the temperature-sensitive vector.   

   21.    The gravity incubator  temperature      must be suffi cient to select 
against a temperature-sensitive vector lacking an inserted per-
muteposon. Control experiments that examine the colony 
counts obtained from transforming a target vector alone are 
recommended to verify the temperature is suffi ciently high to 
select against the temperature-sensitive vector.   

   22.    Prior to scraping colonies from plates, sterile liquid should be 
added to each plate. The addition of liquid makes it easier to 
remove the scraped cells by pipetting. If cells are not harvested 
immediately after the incubation, colonies can harden and 
become challenging to scrape off plates.   

   23.    Cells harvested from each plate should be pooled into one 
tube.   

   24.    Water should be used rather than the buffer provided with the 
kit to minimize the salt concentration in the eluted DNA, since 
high salt levels can inhibit the activity of some restriction 
enzymes.   

   25.    A restriction enzyme (RE1) is needed that cuts at sites adjacent 
to the 5′ and 3′ ends of the gene being permuted. An enzyme 
should be used that does not cut anywhere else in the target 
vector, gene, or  permuteposon  .   

   26.    An agarose percentage is recommended that enables separa-
tion of the different DNA products generated by a digest with 
the restriction enzyme (RE1).   

   27.    Alternative dyes can be used, such as SYBR ®  Stains.   

   28.    Commercial gel loading dye is recommended (New England 
Biolabs; Catalog No. 7021S).   

   29.    Gel visualization tools should be used that are compatible with 
the DNA visualization dye.   

   30.    Water is used rather than the buffer provided by the manufac-
turer to minimize the salt concentration in the eluted DNA, 
which can affect the ligation reaction.   

   31.    Lower concentrations of gene–permuteposon hybrids can be 
used, but this could limit the sequence diversity sampled.   

   32.    T4 DNA ligase from New England Biolabs (Catalog No. 
M0202S) is recommended, which is provided at a concentra-
tion of 400 U/μL.   

   33.    To maximize ligation effi ciency, a ligase buffer should be used 
that has not been subjected to multiple freeze-thaw cycles.   

   34.    Two enzymes are required for quality control ( see  Fig.  3 ): (1) 
RE1, which cuts at a single unique site in the gene being 
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permuted, and (2) RE2, which cuts at a single unique site in 
the  permuteposon  .

       35.    The activity of MuA can be  calibrated      by analyzing the activity 
using a commercially available  transposon    (Entranceposons 
from Thermo Scientifi c) with a selectable marker that is not 
present in the target vector.   

   36.    The kV setting on the electroporator should match the value 
recommended by the electrocompetent cell manufacturer.   

   37.    LB agar plates should be dried suffi ciently to remove any excess 
water on the surface, which can cause colony smearing upon 
incubation.   

   38.    Elevating one end of the plate 1 cm above the other end should 
be suffi cient.   

   39.    If cells are not fully removed by the protocol, then add 1 mL 
of LB medium to each plate, scrape, and remove additional 
liquid.   

   40.    Scraped cells are typically more concentrated than cells from 
liquid cultures, so cell volumes should be reduced to those as 
recommended by the manufacturer.   

   41.    DNA concentration can be quantifi ed using a spectrophotom-
eter (e.g., a NanoDrop) or by gel electrophoresis.   

   42.     Permuteposons   are randomly inserted into the target vector. 
In some vectors, they will be found within the GOI ( see  Fig.  2 ), 
while other vectors will contain a permuteposon within the 
vector backbone. Because  transposons   are randomly inserted, 
restriction enzyme digestion using RE1 will yield four DNA 
products: (1) a gene lacking a permuteposon, (2) a gene con-
taining a permuteposon, (3) a target vector backbone lacking a 

  Fig. 3    A scheme illustrating how to assess PERMUTE library quality. All of the variants contain two restriction 

sites: (1) RE1, which is found at a unique location within each of the permuted genes, and (2) RE2, which is 

 found      at one location within the permuteposon backbone. RE2 should be identifi ed before beginning the library 

 construction  . A double digest of the fi nal PERMUTE library with RE1 and RE2 will yield DNA smears that vary 

by a length that corresponds to the number of base pairs in the GOI. In contrast, digestion of the fi nal PERMUTE 

library with each restriction site individually will yield linear DNA, which has a size corresponding to the length 

of the GOI plus the length of the  permuteposon         
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permuteposon, and (4) a target vector backbone containing a 
permuteposon.   

   43.    A DNA ladder should be used to provide a frame of reference 
when performing the size-selection step. The goal of this step 
is to purify the band corresponding to the gene–permuteposon 
hybrid.   

   44.    The desired yield is 100 ng of gene–permuteposon.   

   45.    The DNA obtained from this purifi cation can be screened or 
selected for variants with desired functional properties, 
although quality control is recommended to ensure the desired 
sequence diversity was generated.   

   46.    Any restriction enzyme can be used for RE1, provided that it 
only cuts at one unique site within the gene that was permuted. 
This digest should yield a single product.   

   47.    Any restriction enzyme can be used for RE2,       provided that it 
cuts at one unique site within the permuteposon and does not 
cut within the gene that was permuted. This digest should 
yield a single product.   

   48.    The double digest at RE1 and RE2 should yield products of 
varying size, resulting in a smear on the gel, because the 
 distance between the two restriction sites will vary with each of 
the permuted genes ( see  Fig.  3 ).         
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