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LIGHT ACTIVATED INTEINS 

Dale Charles Jones 

The ability to control posttranslational assembly of proteins would be a 

powerful research tool that would allow researchers to selectively control and 

induce the function of a targeted protein. Several approaches have utilized 

inteins, protein domains that when inserted into a given protein sequence, 

excise themselves from the host protein, ligating the host protein fragments 

together to leave the excised intein and a mature protein. This process, known 

as protein splicing, would be a useful tool for studying protein function if it 

was selectively inducible. Herein we detail our efforts towards the development 

of a light activated intein that preferentially undergoes protein splicing in the 

presence of blue light. Our design combines the LOV2 domain from Avena 

sativa and the Npu DnaE trans intein from Nostoc punctiforme PCC73102 to 

yield a light activated intein. It was observed by western blot that this light 

activated intein demonstrated a 1.74 fold increase in intein mediated protein 

splicing when exposed to blue light. Mutations to eliminate the protein splicing 

ability of the light activated intein demonstrated that the extein products 

observed were the result of intein mediated protein splicing. Mutations to 

render the LOV2 domain insensitive to light indicated that the LOV2 domain 

influenced the protein splicing ability of the light activated intein, allowing it to 

progress at a higher rate in the presence of blue light.  
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Chapter 1:  Introduction 

1.1 Inteins 

Inteins are protein insertion sequences that excise themselves from a host 

protein in an autocatalytic posttranslational process known as intein mediated 

protein splicing. The term intein originates from the fact the intein is an 

internal protein within an external protein, which is known as the extein1. 

During protein splicing the intein removes itself from the host protein by 

ligating the two halves of the extein with a natural peptide bond leaving a 

mature polypeptide chain that can form a mature protein (Figure 1.1). The two 

fragments of the extein upstream and downstream of the intein are known as 

the N-extein and C-extein respectively. 

 

Figure 1.1: Intein intron comparison. A) Inteins are transcribed from DNA and are then 

translated from mRNA to form a polypeptide chain. Following translation 

the intein undergoes intein splicing leaving the excised intein and the 

mature protein. B) Introns are transcribed from DNA whereupon the mature 

mRNA undergoes intron splicing leaving the excised intron and the ligated 

host RNA gene that can then undergo translation.  

Two different groups first discovered Inteins independently in 19902,3. The 

TFP1 gene from Saccharomyces cerevisiae encoded a gene that should have 

produced a protein with a mass of about 119kDa, but only showed a band at 

69kDa and another at 50kDa on SDS-PAGE gels. On comparing the sequence of 



Chapter 1 

 2 

this gene to other analogues a 454 amino acid insertion was found and named 

a spacer domain. The insert contained some sequence homology with that of 

known genes containing an endonuclease domain, like introns, but contained 

no similarity with any known intron. Other key factors that removed introns as 

an explanation were that there was no sign of intron splicing by northern blot 

analysis and that silent mutations that would have rendered intron splicing 

ineffective did not eliminate intein splicing. Further verification of protein 

splicing came in 1993 when researchers at New England Biolabs developed an 

in vitro splicing system that allowed the purification of the splicing precursor4. 

All this data indicated that protein splicing was a posttranslational 

autocatalytic process that took place without the aid of enzymes or cofactors5. 

Since their discovery more than 500 intein sequences have been found in all 

three domains of life (Eukaryote, Bacteria and Archaea), viruses and 

bacteriophages6,7. So far inteins have only been found in unicellular organisms 

but share conserved sequence motifs (Section 1.1.1) that suggest a common 

evolutionary origin. To keep apprised of the number of inteins discovered a 

database was created8 (InBase). Although few inteins have been tested 

experimentally, over 550 have been identified by sequence homology. In 

keeping with the cataloguing of new inteins, a naming system was created in 

order to properly classify each intein. Intein names are derived from a three 

letter species/genus designation followed by host gene designation e.g. the 

intein from the DnaE gene from Nostoc punctiforme is named Npu DnaE intein 

and the intein from the DnaB gene of Synechocystis sp strain PCC6803 is 

named Ssp DnaB intein. As the genes encoding the inteins and the inteins 

themselves have the same name the convention has arisen where the name of 

the gene encoding the intein is italicised (e.g. Ssp dnab) whereas the name of 

the intein itself is not italicised and the first letter is capitalised (Ssp DnaB). 

1.1.1 Intein Structure & Function 

Intein residues are numbered 1, 2, 3 etc. until the last intein residue has been 

reached. The C-extein residues downstream of the intein are numbered +1, +2, 

+3 etc. (until its last residue has been reached). N-extein resides upstream of 

the intein are numbered -1, -2, -3 etc. upstream from the intein to the very first 

residue (Figure 1.4). 
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Between their discovery in 1990 and 1997 all known inteins contained an 

endonuclease domain as part of their sequence. These domains are enzymes 

that cleave the phosphodiester bonds that form the polynucleotide chain of 

DNA. Endonuclease enzymes cleave DNA at very specific recognition 

sequence9. In inteins they are typically found no closer than 100 residues from 

the N-terminus and more than 30 residues from the C-terminus. Indicating that 

the regions flanking the endonuclease domain were responsible for protein 

splicing. It was originally thought that endonuclease domains were needed for 

protein splicing to proceed. But this was later shown not to be the case.  

Mxe GyrA was the first mini-intein to be discovered10. It lacked an endonuclease 

domain, but was still able to perform protein splicing. Mini-inteins lack an 

endonuclease domain, but here the N- and C-intein splicing regions contain a 

linker domain in its place. 

 

Figure 1.2: Cis intein splicing precursor. Inteins (Green) flanking endonuclease / linker 

domain (Grey) form a splicing domain that ligate N- and C-exteins together 

with peptide bond. Numbering of the N- (-1,-2,-3 etc.) and C-extein 

(+1,+2,+3 etc.) residues is indicated as well as intein residue numbering (1, 

2, 3 etc.). Conserved sequence block locations A, B, C, D, E, H, F and G are 

indicated. Highly conserved residues for each block are shown with capital 

letters while less conserved ones are shown using lower case letters. Less 

conserved residues may be processed by alternative splicing mechanism. 

Inteins have also been found as split inteins11,12. At some point in their 

evolutionary past these inteins were divided into two fragments by cleavage at 

the site normally occupied by the endonuclease domain. But the two intein 

fragments were expressed by two separate genes and could still combine to 
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form the functional intein13. These inteins were named trans inteins. The other 

inteins consisting of a single polypeptide and expressed as a single gene were 

named cis inteins. Although naturally split inteins like the Ssp DnaE intein have 

been discovered, their discovery was preceded by artificially split inteins made 

by splitting known cis inteins, like the Sce VMA intein, into two fragments14-16. 

The protein splicing mechanism employed by inteins is considered to vary 

slightly from intein to intein, but over many years of analysis conserved blocks 

of residues have been identified that influence protein splicing. These blocks 

are named A, B, F and G (Figure 1.2). 

Block A 

Block A consists of a 13 residue sequence of which the first and last residues 

are conserved. For the majority of inteins the first residue of block A is either 

Cys or Ser. This residue is involved in the first step of protein splicing during 

formation of the thioester or ester intermediate. Some inteins have been 

mutated to include a Thr at this position with varying degrees of 

effectiveness17. A Thr mutation can still result in protein spicing but with 

reduced efficiency and in some cases cause complete loss of splicing ability. A 

C1A or S1A mutation is an effective way of preventing protein splicing 

although some classes of inteins have evolved mechanisms to circumvent this 

problem (Section 1.1.3). Although C-extein cleavage is seen to occur when 

these mutations are used18-20. 

Block B 

Block B consists of a 14-residue sequence of which residues 7 and 10 are 

highly conserved creating a TxxH sequence. Structures of inteins have shown 

that the Thr and His residues lie in close proximity to the N-extein -1 

residue21,22. It is suspected that the Thr and His residues form hydrogen bonds 

with the N-extein -1 residue and are important for the first step of protein 

splicing23,24. The His residue in particular is thought to destabilise the -1 

peptide bond with the intein by coordinating to the amide nitrogen therefore 

destabilising the ground state25. Mutation of Thr and His together or separately 

has been shown to halt protein splicing. A His to Ala mutation to the Ssp DnaB 

intein was still seen to perform protein splicing when the Cys1 residue was N-

methylated25. The N-methylation destabilised the peptide bond indicating 
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destabilising the peptide bond between N-extein and intein is crucial to 

successful splicing. 

Block F 

Block F is a 16-residue sequence half of which is conserved. The first residue is 

usually aromatic (Phe, Tyr or Trp) followed by six conserved residues Val, Tyr, 

Asp, Leu, a polar residue (Cys, Ser or Thr) and Val. At position four of block F 

an Asp is most commonly found but a number of other amino acids are also 

found (See figure 1.2)26. The Asp residue has been thought to catalyse and 

coordinate protein-splicing19. Mutations to the Asp residue led to a number of 

different results in different inteins. In some cases mutation prevents protein 

splicing some lead to C-extein cleavage and others N-extein cleavage19,24,27.  

Block G 

Block G is a short sequence of 8 residues ending in a penultimate His followed 

by an Asn but in rare cases can be a Gln or Asp. It is thought that this 

penultimate His residue has a role in catalysing the Asn cyclisation in the final 

step of protein cleavage. The Ceu ClpP intein from Chamydomonas eugametos 

contained a penultimate Gly residue but was found to be inactive. Mutation of 

the Gly to His restored its protein splicing activity28. Conversely, mutation of 

penultimate residue to His for the Sce VMA intein resulted in reduced splicing 

activity29. 

The block G sequence is the final part of the intein sequence and the last 

residue is most commonly Asn. Mutation of the Asn residue to Ala usually 

prevents protein splicing, but in some still enables N-extein cleavage24,30. The 

Pab PolII intein from Pyrococcus abyssi contains a terminal Gln residue, but 

mutation to Asn increases protein splicing rate and efficiency18,31. The Civ RIR1 

intein from the Chilo iridescent virus also terminates with a Gln residue, but 

when this residue is mutated to Asn reduced efficiency is observed possibly 

due to the Civ RIR1 intein utilising an alternate splicing mechanism32.  

Extein Influence 

Despite the intein coordinating and catalysing the protein splicing reaction it is 

not just the intein that influences the reaction. The extein also has a significant 
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influence. The +1,+2 and +3 extein residues all have been found to influence 

the success rate of protein splicing29,33,34.  

The naturally split DnaE inteins from Synechocystis sp. Strain PCC6803 (Ssp 

DnaE intein) and Nostoc punctiforme (Npu DnaE intein) have 63% sequence 

homology allowing cross splicing to occur between both inteins. Both have the 

same three residues at positions +1, +2 and +3 of the C-extein (CFN), but there 

is a large difference in extein residue tolerance33. The Ssp DnaE C-intein was 

used to generate a library where the residue at the +2 position was mutated to 

each of the 20 natural amino acids. The Ssp DnaE intein showed a low 

tolerance to residue substitution at the +2 position with only Tyr and Phe 

splicing efficiently. This could be due to their similar aromatic structure. Trp 

was tolerated but splicing only proceeded at 50% efficiency compared to 

normal. In contrast the Npu DnaE intein had a high tolerance to residue 

substitution at the +2 position. Most residues proceeded were well tolerated 

and protein splicing proceeded efficiently. Although Gly, Gln and most notably 

Pro reduced the splicing efficiency. 

1.1.2 Intein splicing Mechanism 

The mechanism involved in intein splicing has been comprehensively studied, 

described and reviewed35-41. 

The mechanism of intein excision proceeds as follows (Figure 1.3). 

1. Acyl rearrangement. The N-junction undergoes an acyl shift. This is 

done either by nucleophilic cysteine sulfur or serine oxygen attacking 

the carbonyl group of the N-extein intein peptide bond forming an 

ester/thioester. (Steps 1-2 Figure 1.3). 

2. Transesterification. Nucleophilic cysteine sulfur or serine oxygen found 

at the C-junction attacks cleaving the ester/thioester formed in step 1. A 

branched protein is formed in this transesterification (steps 3-5 Figure 

1.3). 

3. An asparagine cyclisation forming succinimide causes cleavage of the C-

intein extein amide bond (steps 7-8 Figure 1.3). 

4. Rearrangement at the extein junction causes the formation of an amide 

bond forming the mature protein (steps 9-12 Figure 1.3) 
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Figure 1.3: Intein splicing mechanism. The standard chemical mechanism of protein 

splicing as performed by inteins with X representing either the Oxygen or 

Sulfur from Ser, Thr or Cys. 

Acyl Rearrangement 

Destabilisation of the N-terminal scissile bond of the peptide is considered to 

be the explanation for the formation of a thioester/ester. Formation of a 

thioester/ester may relieve the strain on a high-energy peptide bond. The Mxe 

GyrA intein has shown an unfavourable cis configuration at the N-intein extein 

peptide bond, while the Sec Vma intein contains a distorted trans configuration 

and the Ssp DnaB intein contains a strained trans configuration20-22,42,43. Isotopic 

labelling of the Mxe GyrA intein precursor with 13C and 15N isotopes at the 

scissile bond displayed a coupling constant that is indicative of a highly polar 
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amide bond. Although this property was dependent on the presence of a key 

His75 residue found in block B44 (Section 1.1.1) that likely participates in 

hydrogen bonding with the amide hydrogen. 

The strained geometry surrounding the N-intein extein peptide bond is not the 

only explanation for the tendency for the formation of the thioester/ester. 

Inteins where Cys acts as the nucleophile in acyl rearrangement lacking a basic 

residue nearby; meaning that Cys to Ser/Thr mutations are applied at this 

position reduce the rate of intein splicing45.  

Once nucleophilic attack at the amide bond has occurred a tetrahedral 

oxythiazolidine anion is formed. This anion is stabilised by conserved residues 

found in block B (residues Thr72 and Asn74 in Mxe GyrA and residues Asn76 

and His79 in Sec VMA inteins22,43,46). The stabilisation of the oxythiazolidine 

intermediate is thought to facilitate its collapse by the protonation of the 

amide nitrogen by a conserved His residue in block B. 

Transesterification 

Once acyl rearrangement has been achieved, a nucleophilic residue (Cys, Ser or 

Thr) found at position +1 of the C-extein attacks the thioester/ester forming 

the branched intermediate. Deprotonation of the +1 residue is considered to 

be spontaneous in the case of Cys occupying that position due to its low pKa45. 

But in the case of a Ser or Thr occupying that position residues in Block F 

(Usually Thr, Ser, Glu or His) have been indicated to facilitate deprotonation20. 

Asparagine Cyclisation 

Cyclisation of a highly conserved Asn residue completes the scission at the C-

intein extein junction. The cyclisation of Asn is thought to proceed with the aid 

of a penultimate His residue39,42,47,48. Although intein splicing has been observed 

in non-canonical inteins and mutational studies where the penultimate His is 

not present26,39,47,49 suggesting that other residues may be involved. The δ-N 
atom of the penultimate His residue is within hydrogen bonding distance of 
the carboxylate oxygen of its neighbouring Asn residue, but it is not clear how 
this interaction enhances the nucleophilicity of the Asn amide. For the Ssp 
DnaB intein it has been proposed that the penultimate His153 along with 
Asp136 and His143 (Block F, section 1.1.1) stabilise the tetrahedral 
intermediate activating the δ-N atom of Asn15420. But for the Ssp DnaE intein, 
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which lacks the penultimate His residue, the Arg73 residue  (Block B, section 
1.1.1) fulfils the role of the penultimate His, indicating that different inteins 
have evolved slight variations on the same mechanism. 

 

Figure 1.4: Intein terminal cleavage. The protein splicing mechanism of some inteins 

can falter for a number of reasons causing cleavage of either the N- or C-

extein. 

The protein splicing mechanism of some inteins can be impaired by any 

number of factors (e.g. mutation of key residues, the presence of nucleophilic 

reagents or use of a non native extein). This can lead to what is known as 

terminal cleavage of either the N or C-extein where the peptide bond between 

the intein and N or C-extein is broken before ligation to form the mature 

protein40,48,50-52 (Figure 1.4). 

1.1.3  Intein Classes 

The majority of inteins discovered utilise a Cys or Ser at the first amino acid 

position, although this is not necessarily always the case. Most known inteins 

conform to the A, B, F and G block structure previously mentioned and are 

classified as class I inteins. Variations upon the standard intein structure have 

been found that do not use Cys or Ser as their first residue, but utilise these 



Chapter 1 

 10 

residues at other locations. These inteins have been divided in to class II and III 

based on their differing protein splicing mechanisms35,53. 

Class II Inteins 

Class II inteins differ from Class I by containing and Ala as their first residue. 

For class I inteins Ala at position 1 would prevent protein splicing by 

preventing formation of the ester/thioester bond during the first step of 

protein splicing. Class II inteins have adapted to the loss of the Cys/Ser residue 

by having the +1 residue of the extein directly attack the scissile peptide bond 

at the splice junction (Figure 1.5). This step forms the branched intermediate 

bypassing the formation of the ester/thioester in the first step of class I 

inteins53,54. 

Class III 

Class III inteins lack the Cys/Ser as the first residue. Locating the reactive Cys 

at a different point on the intein compensates for this. The Cys involved in the 

formation of the thioester is found in block F in a conserved Trp-Cys-Thr 

triplet35 (Figure 1.5). The Trp and Thr residues are thought to have a structural 

role and do not participate in the protein splicing mechanism. 



  Chapter 1 

 11   

 

Figure 1.5: Simplified intein splicing mechanism of Class I, II, and III inteins. Illustrating 

the variations in different intein splicing mechanisms caused by relocation 

of key reactive residues.  X = O or S from Ser, Thr or Cys. 

1.1.4 HINT Domains 

Structural studies have shown that inteins share tertiary structure similarities 

with hedgehog domains55,56. This coupled with the similarity in reaction 

mechanism (Figure 1.6) suggest they evolved from a common ancestor. Both 

inteins and hedgehog domains belong to a structural family named the HINT 

domain (Hedgehog/INTein). Hedgehog proteins are signalling proteins 

required for embryonic development. They begin as inactive proteins with an 

N-terminal signalling (Hh-N) domain and a C-terminal autoprocessing domain 

(Hh-C). The Hh-C domain undergoes an acyl rearrangement in a similar fashion 

to the first step in intein based protein splicing. Once the thioester is formed 

the hydroxyl group of a cholesterol molecule attacks the carbonyl carbon 

releasing the signalling domain from the autoprocessing domain57. The 
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cholesterol anchors the signalling domain to the cell surface. The C-terminal 

domain has evolved to direct thioester formation in a similar manner to 

inteins. 

 

Figure 1.6: Hedgehog protein C-terminal autoprocessing domain reaction mechanism. 

Bacterial Intein Like Domains

 

Figure 1.7: Simplified bacterial intein like domain protein splicing mechanism. X = O or 

S from Ser, Thr or Cys. 

A more recent addition to the HINT domain family is the bacterial intein like 

domain (BIL)58-62. These domains are between 130-156 amino acids in length, 

share sequence homology with known HINT domains and also perform protein 

splicing (Figure 1.7). BIL domains differ by containing unique sequence motifs 

not found in other HINT domains, they do not contain endonuclease domains 

and they are found between domains rather than occupying conserved 

sequences within a protein. Additionally, unlike inteins that usually utilise a 

Cys, Ser or Thr at the +1 position BIL domains contain a large variety of 

residues at the +1 position. But although BIL domains can perform protein 

splicing they do so at a much lower efficiency when compared to inteins (20-

25%). Some BIL domains have shown increased protein splicing ability when the 
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residue at the +1 position is changed. A BIL domain found in Magnetospirillum 

magnetotacticum strain MS-1 has been found to only produce C- and N-

cleavage products but exhibited protein splicing when the Tyr+1 residue was 

mutated to Cys. Another BIL domain found in Clostridium thermocellum 

exhibited increased protein splicing efficiency when the Ala+1 residue was 

mutated to Cys. 

1.1.5 Similarity To Serine Proteases 

The catalytic centre of the Hint domain shares a number of structural and 

mechanistic similarities with that of serine proteases17,63. Serine proteases 

employ the use of highly conserved Ser, His and Asp residues (also known as 

the catalytic triad), that act as a charge relay system, to disrupt and break 

peptide bonds of a substrate at the carbonyl carbon, forming an acyl-enzyme 

intermediate and causing C-terminal cleavage (Figure 1.8)64-71. Hydrolysis of the 

ester bond linking the enzyme to the substrate releases the N-terminal 

substrate and regenerates the protease. Nucleophilic attack at the substrate 

carbonyl carbon is enhanced by hydrogen bonding of the carbonyl oxygen to 

two nearby amide hydrogen atoms (Gly193 and Gly 195in chymotrypsin, 

known as the oxyanion hole). This catalytic relay system with enhanced 

nucleophilicity and electrophilicity is mirrored in the mechanism of inteins in 

which residues in blocks A, B, F and G participate to ensure cleavage of peptide 

bonds. In addition to this serine proteases can be converted to peptide ligases 

by the elimination of water from the active site72 or if the active site 

nucleophile is mutated to a poor leaving group73,74. 
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Figure 1.8: Chymotrypsin serine protease mechanism. Chymotrypsin protease active 

site composed of catalytic triad residues (His57, Asp102 and Ser195) and 

hypothetical substrate. Attack at substrate carbonyl carbon is accomplished 

by simultaneous deprotonation by adjacent His57 which in turn is made 

more basic by interaction by interaction with adjacent Asp102. The 

negative charge developed on the substrate carbonyl carbon is stabilised 

by interaction with nearby Gly193 and Gly195 (the oxyanion hole). 
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Figure 1.9: Transesterification mechanism at the Ssp DnaB intein N-terminus 

elucidated from x-ray crystal structures of the Ssp DnaE intein20. A) 

Formation of the thioester by attack of the Cys1 thiol at the splice junction 

carbonyl carbon. B) Transesterification caused by attack of the thioester by 

Ser155. 

In a similar manner the intein splicing mechanism utilises Ser, Thr or Cys at the 

N-intein splicing junction and His-Asn-Ser or His-Asn-Cys at the C-intein 

splicing junction. For example the catalytic core of the Ssp DnaB intein is 

comprised of Cys1, Thr51, Thr70, His73 and Ser155 at the N-terminal splicing 

junction and Asp136, His143, His153, Asn154 and Ser155 at the C-terminal 

splicing junction20. His73 helps increase the electrophilicity of the carbonyl 

carbon at the N-terminus splice junction, whilst Thr51 and Ser155 help 

enhance the nucleophilicity of the attacking Cys1 thiol group (Figure 1.9). At 

the C-terminal splicing junction Asp136 and His153 increase the 

electrophilicity of the splice junction carbonyl carbon in a similar manner to 

the oxyanion hole of serine proteases, and His143 participates in a charge 

relay system in a similar manner to the His residue found in serine proteases 

(Figure 1.10). 
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Figure 1.10: Asparagine cyclisation mechanism at the Ssp DnaB intein C-terminus 

splice junction elucidated from x-ray crystal structures20. A) Succinimide 

formation caused by the deprotonation of the Asn154 side chain amide. B) 

Cleavage at C-terminal splice junction caused by formation of succinimide. 

C) Rearrangement at extein junction forming native peptide bond. 
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1.1.6 Intein Homing & Distribution 

 

Figure 1.11: Intein gene insertion into host gene. After transcription, translation and 

protein splicing of intein the endonuclease domain cleaves host DNA at 

recognition sites. The allele for the gene containing the intein is used as a 

template for repair, eliminating the gene as target for future endonuclease 

attack. 

Many intein and intron genes encode an endonuclease domain that assists in 

their propagation (Figure 1.11). The role of the endonuclease is to facilitate the 

horizontal transfer to a new host organism or allele that does not contain the 

intein gene. Endonucleases are DNA cutting enzymes that cut DNA at specific 

recognition sequences creating gaps where the intein gene can be inserted. 

This mechanism is called intein homing (Figure 1.12) and results in the 

insertion of the intein gene in to an allele lacking it. A double strand break in 

DNA, caused by the endonuclease domain, could be potentially lethal to the 

organism, but re-ligating the two DNA strands together would be futile, as the 

endonuclease would just cut it again. An effective method of repair is to use an 

allele that contains the intein gene as a template for repair by homologous 

recombination, removing the endonuclease recognition site and preventing 

future breaks in the DNA. Insertion of the endonuclease alone could be 

disastrous as this could lead to disruption of the gene by causing mutations or 

a frame shift and could harm the survival of the host organism. But insertion of 
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an intein that also contains the endonuclease would be advantageous as the 

disruption to the host gene would be minimal, because the intein would 

remove itself from its host protein. The association of inteins and 

endonucleases has a number of other benefits. Intein genes tend to be 

inserted in highly conserved sequences in genes ensuring selection of similar 

sites for insertion in other alleles. It has also been suggested that some 

endonuclease domains contain conserved regions that may be important for 

protein splicing. 

 

Figure 1.12: Intein homing cycle illustrating the spread of an intein gene from one 

organism to another and eventual loss of function as all possible sites of 

intein insertion become occupied. 

A disproportionate number of inteins have been discovered in host proteins 

that are involved in synthesis, repair and replication of DNA (Table 1). A 

number of explanations have been put forward to explain this. Inteins have 

been found in phages and viruses and proteins associated with DNA 

replication, repair and synthesis are common in these organisms. Additionally 

phages and viruses could serve as vectors for the inteins between different 

host organisms. Insertion of intein genes in to genes associated with DNA 

synthesis and repair reduce the potential hazard to the host organism. Any 

damage to host chromosomal DNA can be quickly repaired by proteins 

associated with DNA repair. If an intein containing an endonuclease domain 
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were constitutively expressed it could severely damage the hosts chromosomal 

DNA, therefore expression of the intein gene at times associated with DNA 

synthesis and repair would be advantageous, avoiding unnecessary damage. 

Insertion of an intein in to a protein produced at times of DNA repair and 

synthesis ensures successful intein homing as all the enzymes required to 

insert the intein gene, and facilitate repair are present at that time.  

Table 1: Examples of intein host proteins. 

Common	  Host	  Proteins	  To	  Inteins	   Function	   Host	  Organism	  
Helicase (DnaB) Replicative DNA helicase, DNA replication Eubacteria 

Mini-chromosome maintenance protein (MCM)/cell 
division control protein (Cdc21) 

Replicative DNA helicase, DNA replication Archaea 

Replication factor C (RFC) DNA clamp loader, DNA replication Archaea 

Recombinase (RecA/RadA) Recombinase, DNA repair Eubacteria; Archaea 

SF2 helicase (SWI/SNF2/Rad54) DNA helicase, DNA repair Eubacteria 

SF1 ATP-dependent DNA helicase (UvrD/Rep/PcrA) DNA helicase, DNA repair Eubacteria 

Catalytic α subunit of DNA polymerase III (DnaE) DNA polymerase subunit, DNA replication Eubacteria 

Subunit τ/γ of DNA polymerase III (DnaZX) DNA polymerase subunit, DNA replication Eubacteria 

DNA polymerase I (PolB) DNA polymerase, DNA replication Archaea 

DNA polymerase II, large subunit DP2 (PolC) DNA polymerase subunit, DNA replication Archaea 

Topoisomerase II – DNA gyrase, subunit B (GyrB) Topoisomerase, DNA replication Eubacteria; Archaea; Bacteriophage 

Bacterial DNA polymerase I (PolA) DNA polymerase, DNA repair Eubacteria 

Bacterial DNA polymerase II (PolB) DNA polymerase, DNA repair Eubacteria 

SF6 Holliday junction ATP-dependent DNA helicase 
(RuvB) 

DNA helicase, DNA repair Eubacteria 

Phage terminase, large subunit Terminase, DNA packaging Bacteriophage 

Ribonucleoside diphosphate reductase (RNR) Ribonucleoside diphosphate reductase, DNA 
synthesis 

Eukaryota; Archaea 

Vacuolar ATP synthase catalytic subunit A (VMA) Vacuolar H� -pump ATPase Eukaryota; Archaea 

Pre-mRNA-processing-splicing factor (PRP8) Spliceosome factor, splicing Eukaryota 
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1.1.7 Application of Inteins in Biotechnology 

Uses of Inteins 

 

Figure 1.13: Applications of inteins in biotechnology. A) Isotopic labelling. B) Cyclic 

peptide formation. C) Expressed protein ligation. 

As inteins are able to perform protein splicing outside their natural host 

organism and with different exteins they have found a variety of uses in the 

biotech industry. The use of split inteins either natural or artificial has been 

used in a variety of contexts to investigate protein structure and function 

through isotopic labelling and protein ligation. Another innovative process 

using split inteins has also been used to generate cyclic peptide libraries for 

use in drug discovery. 

Isotopic Labelling 

When using NMR to study protein structure a major obstacle to overcome is 

that of signal overlap. This issue can be circumvented by the use of truncated 

proteins, but the true nature of the protein cannot be fully understood by this 

method. Incorporating labelled single amino acids can also help but inteins 

offer the ability to label large portions of a protein enabling study of specific 

portions in greater detail and clarity75,76 (Figure 1.13 (A)). The first instance of 

isotopic labelling using inteins was used in labelling the C-terminal domain of 

the RNA polymerase α subunit using the artificially split PiP fuI inteins77. The 

two halves of the protein were expressed separately and then combined to 

perform protein splicing in vitro. Although this process has been performed a 

number of times it can be difficult because the pre splicing segments have the 

tendency to become insoluble.  
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Cyclic Peptide Formation 

Inteins have been used to develop split-intein circular ligation of peptides and 

proteins to create libraries of cyclic peptides for use in drug discovery78 (Figure 

1.13 (B)). Cyclic peptides are attractive as drug candidates as they are resistant 

to enzymatic degradation and have a lower number of conformations ensuring 

protein binding is more successful. Placing the N-intein at the C-terminal end 

of the extein and C-intein at the N-terminal end of the extein causes the 

formation of cyclic peptides as the inteins ligate the N and C terminal ends of 

the extein to each other.  

Expressed Protein Ligation 

Expressed protein ligation has been used to incorporate a variety of 

modifications to proteins that are difficult or impossible to accommodate by 

other methods. These modifications include biophysical probes, unnatural 

amino acids, imaging probes and photochemical cross-linkers. Trans inteins 

have been used for expressed protein ligation because of the N and C-inteins 

affinity for each other and the C-intein is relatively small (~30aa) making it 

possible to synthesise through solid phase peptide synthesis (Figure 1.13 (C)). 

But the addition of C-extein residues limits a traditional C-inteins use. To ratify 

this issue synthetic split inteins with smaller C-inteins (6aa) were created79. In 

addition to this inteins where the intein has been split close to the N-splice 

junction were also created. The N-intein in this case was slightly larger (11aa)80. 

Conditional Protein Splicing 

As inteins control protein splicing a method of controlling intein activity would 

prove an attractive feature. This feature would be a powerful investigative tool 

enabling researchers to activate their target protein at will and then observe its 

effects. The three main methods of accomplishing this are:  

1) Allosteric interference of cis intein function. Where the intein in 

question has been fused to a ligand-binding domain that allosterically 

regulates the inteins activity in accordance with the presence of its 

ligand (Figure 1.14 (A)). 

2) Intein splicing activity is perturbed by the introduction of a photo-

cleavable amino protecting group. This method is based on the O-acyl 

isomer of Ser or Thr amino acid. These protecting groups can be placed 
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close to the splicing junction to halt splicing activity until the protecting 

group is removed by UV light (Figure 1.14 (B)). This method was 

demonstrated when an analogue of the C-intein from the Ssp DnaE 

intein was created that incorporated the Nvoc group (an O-acyl isomer 

based on 2-nitrotoluene) in place of its penultimate Ser. Another 

technique involves the placement of photo-cleavable groups at key 

positions required for binding of two trans intein fragments. Until the 

sample is illuminated with UV light the two intein halves cannot form 

hydrogen bonds and commence protein splicing. This was 

demonstrated when two photo-cleavable Nvl groups were introduced at 

amino acids 19 and 31 of the C-intein from the Ssp DnaE intein which 

prevented formation of a crucial β-sheet81. 

3) Artificially split inteins, which have shown low affinity for each other, are 

fused to heterodimerization domains that associate in the presence of a 

small molecule or light (Figure 1.14 (C)). This was accomplished when 

the VMA intein was artificially split forming two intein fragments with a 

low binding affinity. This was followed by the binding of one intein half 

to plant phytochrome B (PhyB) and the other to phytochrome interacting 

factor 3 (PIF3) from Arabidopisis thaliana. PhyB and PIF3 interact in the 

presence of light thus creating light dependant protein splicing82. 

Another example involved the splitting of the Sce VMA intein followed 

by fusion of the two-intein fragments to FKBP12 and FRB domains that 

bind in the presence of rapamycin. When rapamycin is present the two 

domains bring the intein halves in to close proximity allowing protein 

splicing to occur83,84. This has been used to control the expression of 

firefly luciferase in Drosophila melanogaster85. 
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Figure 1.14: Conditional intein splicing. A) Intein fused to ligand binding domain only 

splices when ligand is present. B) Intein fused with photo-caged residue 

only becomes active after illumination at correct wavelength. C) Artificially 

split intein only performs protein splicing under chemically induced 

dimerization. 

1.1.8 The Ssp DnaE Intein 

 

Figure 1.15: X-Ray crystal structure of the Ssp DnaE intein. Image taken using 

MacPyMOL and PDB file 4GIG86. Green = N-intein peptide, Red = C-intein 

peptide. 
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The Ssp DnaE trans intein (Figure 1.15) was discovered as part of the DnaE 

gene encoding a bacterial DNA polymerase III catalytic subunit in Synechocystis 

sp. PCC680387. Both subunits were found to be encoded 754kb apart and on 

opposite strands of DNA. This intein has been shown to have both cis and 

trans splicing abilities both in vivo and in vitro88. The intein consists of an N-

terminal segment composed of 123 amino acids and a C-terminal segment 

composed of 36 amino acids. The protein splicing complex formed by both 

segments is composed of 14 β-strands and 5α-helices,89 and protein splicing 

can be halted by the addition of zinc90. The N and C-inteins primarily associate 

via two anti parallel β-sheets (β5 and β10 Figure 1.15) forming hydrogen bonds 

and hydrophobic interactions between the two subunits. 

This intein has been previously used for split-intein mediated circular ligation 

of peptides and proteins (SICLOPPS)78, for isotopic labelling of proteins for NMR 

analysis,91 for site specific quantum dot conjugation,92,93 and as in vivo redox 

sensors94,95. 

1.1.9 The Npu DnaE Intein 

The Npu DnaE intein is composed of two peptide sequences. The N-intein, 

which consists of 102 amino acids, and a C-Intein, which consists of 36 amino 

acids. The two peptides combine to form a complex that is composed of 9 β-

sheets and two α-helices. The complex adopts a horseshoe structure similar to 

that found in many HINT domains. The N and C-Inteins primarily associate via 

two antiparallel β-sheets (β5 and β7 Figure 1.16), which is comprised of a large 

number of hydrogen bonds and hydrophobic packing. The N-Intein N-terminus 

and C-Intein C-terminus both fold in to the centre of the complex and form the 

catalytic core96. The Npu DnaE N-Intein shares 67% sequence homology with its 

Ssp counterpart and the C-Intein shares 53%. Despite this similarity in 

sequence homology the Npu DnaE intein is smaller and displays a greater 

tolerance for amino acid diversity at the splicing junctions33,97. 
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Figure 1.16: X-ray crystal structure of Npu DnaE trans intein. Image taken using 

MacPyMOL and PDB file 4XL3. Green = N-intein peptide, Red = C-intein 

peptide. 

 

1.2 LOV Domains 

1.2.1 PAS Domains 

Per-ARNT-Sim domains are signalling modules that monitor changes in redox 

potential, oxygen, light, small ligands and the energy level of a cell. They were 

first identified by the sequence homology in the Drosophila period clock 

protein (Per), single-minded protein (Sim) and vertebrate aryl hydrocarbon 

receptor nuclear transporter (ARNT)98,99. PAS domains occur in all kingdoms of 

life100 and the Pfam database (version 27.0, January 2014) contains more than 

54,000 entries identified as PAS domains101. Of these PAS domains 53.7% are 

bacterial, 44.7% are eukaryotic and 1.6% are archaeal in origin. 

PAS domains typically are comprised of 100-120 amino acids with a large 

variability in their sequence. Programs such as PSI-BLAST102 and HMMER103 have 

been used to identify many PAS domains  but low sequence homology (average 

below 20%)100 leads to false positives and false negatives. Some PAS domains 

bind cofactors such as flavin mononucleotides, ions, heme groups and 

metabolites. But many PAS domains do not require a cofactor to perform their 

function. PAS domains are most frequently found in prokaryotic histidine 
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kinases but are also widely found in transcription factors, ion channels and 

guanylate cyclise, serine/threonine kinases. Typically PAS domains are found at 

the N-terminus of their effector domains with only a few examples found at the 

C-terminus. In eukaryotes PAS domains are usually found in pairs as part of 

transcriptional activators such as SIM104. But in prokaryotes proteins have been 

known to contain from one to six PAS domains105. They have also been found 

with other signal transduction factors such as GAF domains106. 

 

Figure 1.17: Diagram of general PAS domain structure. Orange cylinder = α-helix, 
Yellow arrow = β-sheet 107 

PAS domains adopt a globular fold typically of ∼100 amino acids (Figure 1.17). 

The PAS fold is composed of a central antiparallel β-sheet with five strands Aβ, 

Bβ, Gβ, Hβ, Iβ with several α-helices Cα, Dα, Eα and Fα flanking the sheet. The 

β-sheets adopts the order B-A-I-H-G. The β-sheets and α-helices from Aβ to Iβ is 

known as the PAS core with any N or C terminal extensions known as flanking 

regions. In PAS domains it has been shown that the central β-sheet is the most 

conserved region with the α-helices found between Bβ and Gβ showing marked 

variability. This is presumably because of the variability of ligands that bind in 

the cleft found between the β-sheet and Eα and Fα helices. The flanking 

regions of PAS domains have shown a number of striking features. The 

sequences of these regions are usually amphiphilic adopting an α-helical 
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structure that shares the heptad repeat found in coiled coils 108,109. These 

amphiphilic α-helices pack to the β-sheet stabilised by hydrophobic 

interactions. 

1.2.2 LOV Domains 

LOV (Light Oxygen Voltage) domains are a class of PAS domain that were 

originally identified as part of photoreceptor proteins that mediated 

phototropism in higher plants110. The first of these proteins to be identified 

was phototropin 1 (PHOT1), followed by phototropin 2 (PHOT2), both of which 

are involved in blue light responses (such as phototropism, stomal opening, 

chloroplast movements, leaf movements expansion and rapid inhibition of 

stem growth)111. Both PHOT1 and PHOT2 are serine/threonine protein kinases. 

During periods of high light intensity PHOT2 mediates the movement of 

chloroplasts away from the plants upper surface to avoid photobleaching112,113. 

But during periods of low light intensity both PHOT1 and PHOT2 mediate the 

movement of chloroplasts to the upper surface of the plant to maximise 

photosynthesis114-117.  

 

Figure 1.18:Phot1 phosphorylated under illumination with blue light. The Jα helix 

unwinds upon formation of the C(4a)-cysteinyl adduct allowing kinase 

domain to phosphorylate Phot1 at many locations. 

Both PHOT1 and PHOT2 contain two LOV domains that are ∼110 amino acids in 

length, which were designated LOV1 and LOV2. Each LOV domain binds a 

single flavin mononucleotide (FMN) ligand that provides it with its blue light 

photoreceptor functionality. In the absence of blue light the serine/threonine 
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kinase domain of PHOT1 and PHOT2 has been shown to be inactive. But when 

illuminated with blue light of the correct wavelength (447nm) the serine / 

threonine domain undergoes autophosphorylation (Figure 1.18). In vitro assays 

using casein, a known substrate for kinase assays, have also shown 

phosphorylation by PHOT1, although it is currently unknown what if any 

substrate is phosphorylated by PHOT1 in planta. It is thought that an α-helical 

region (known as the Jα-helix) at the C-terminus of the LOV2 domain plays a 

key role in this process118. In the dark state the Jα-helix associates with the 

solvent exposed face of the β-sheet stabilised by hydrophobic interactions 

immobilising the serine/threonine kinase domain. But when illuminated with 

blue light structural changes cause the Jα-helix to dissociate from the surface 

of the β-sheet and unwind, liberating the kinase domain for 

phosphorylation114,119-121. Upon illumination with blue light each LOV domain 

forms a C(4a)-cysteinyl adduct via an intermediate flavin triplet state. In 

darkness the C(4a)-cysteinyl adduct will then decay back in to its initial form in 

70-100 seconds122,123.  

 

Figure 1.19: LOV2 domain PDB file 2V0U. Jα-helix shown in red, Aα-helix shown in blue. 

Image taken using MacPyMol and PDB file 2V0U124. 

LOV domains have the typical α/β PAS domain fold with four α-helices (C, D, E 

and F) and four β-sheets (A, B, G, I and H). The β-sheets combine to form a 

mainly hydrophobic face, and a charged α-helical face. α-helices C, D, E and F 

form a pocket to bind the flavin mononucleotide ligand. In addition to the C, D, 
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E and F α-helices LOV domains also possess an Aα and Jα-helices (Figure 1.19). 

When the LOV domain is in its dark state (no light available to form the C(4a)-

cysteinyl adduct) the Aα and Jα-helices are strongly bound to the surface of the 

LOV domain. But when the C(4a)-cysteinyl adduct is formed (the light state) the 

Aα and Jα-helices dissociate from the surface of the domain and unwind125,126. 

This process enables the LOV domain to act as a light activated hinge. 

1.2.3 The LOV Photocycle 

 

Figure 1.20: Schematic of the photocycle of the LOV domain depicting the photocycle 

of the FMN LOV2 ligand. The established intermediates are the dark state 

LOV447, the excited singlet state S*, the triplet state LOV715 T*, and the 

signaling state LOV390. SET = single electron transfer, ISC = intersystem 

crossing. 
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The photochemistry of the LOV domain is determined by the properties of the 

flavin mononucleotide ligand (Figure 1.20). Flavin molecules have a variety of 

different oxidation states identified as ox (fully oxidized), sq (semiquinone, 

one electron reduced form) and hq (hydroquinone, two electron reduced form). 

The ox form has three absorption bands in the UVB-Visible region 447, 370 

and 265nm respectively (labelled LOVD447). Upon absorption of a photon the 

redox potential of the flavin molecule will change from -0.3V to +1.9V, 

meaning the excited singlet state flavin molecule is a much stronger oxidant 

compared to its ground state127-129. Upon the absorption of a photon, the flavin 

mononucleotide ligand is excited into a singlet state. Following this, it can 

either decay by fluorescence130 back to its ground state or undergo intersystem 

crossing to the excited triplet state (labelled LOVL715 because of its 

characteristic absorption at 715nm)130-132. Data also suggests that the presence 

of the cysteine sulfur increases the efficiency of triplet state formation by 60-

80%133. Following excitation to the triplet state a single electron transfer from 

the reactive cysteine occurs followed by a proton transfer. Corchnoy el al. 

observed a 5-fold decrease in the adduct formation when D
2
O was used as the 

solvent, suggesting that proton transfer was the rate limiting step134. This 

implies that electron transfer precedes it, although it is possible that both 

happen simultaneously. The semiquinone radical and cysteine radical combine 

to form the C(4a)-cysteinyl adduct (labelled LOVC390 because of its 

characteristic absorption at 390nm, Figure 1.20)135. Supporting evidence for 

the semiquinone formation by electron transfer has arisen from mutated LOV 

domains where the reactive cysteine has been replaced with either an 

unreactive serine or glycine. These mutants in the excited triplet state form the 

semiquinone in the presence of a reducing agent (e.g. EDTA, methyl 

mercaptan) followed by protonation131,136-138. When a mutated LOV domain is 

photoexcited in the presence of methyl mercaptan an adduct is formed 

between the LOV domain and the methyl mercaptan. Bauer et al. have 

presented absorption spectra suggesting the presence of the neutral 

semiquinone radical intermediate (labelled LOVL610)135. In addition to this an 

FMN�− species has been observed by 13C nuclear-spin polarisation in a mutated 

LOV2 domain that lacks the reactive cysteine. Once in the triplet state the 

flavin mononucleotide ligand is able to accept an electron from a tryptophan 

residue 14Å away139,140. This data suggests that for the wild type LOV2 domain 

the flavin mononucleotide ligand is capable of accepting an electron from the 
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key cysteine residue once in the triplet state. Although confirmation of the 

corresponding cysteine radical would be advantageous in determining the full 

mechanism of photoadduct formation, Iwata et al. could not differentiate 

between SH or SH�+ whilst trying to observe it by FTIR141. 

Once the flavin ligand has formed the C(4a)-cysteinyl adduct, a number of 

conformational changes occur. The side chain of the cysteine residue rotates 

by ∼95° about the Cα-Cβ bond compared to its dark state conformation. The 

isoalloxazine ring tilts by ∼7° leading to local structural alterations twisting an 

adjacent β-sheet breaking hydrogen bonds with the Jα-helix124. The role of the 

Aα-helix has also been highlighted, as its absence releases the Jα-helix in a 

similar manner to illumination with light, strongly indicating that the Aα-helix 

is needed to regulate the association and dissociation of the Jα-helix126. But 

interestingly the Jα-helix has not shown sign of regulating the dissociation of 

the Aα-helix. 

1.2.4 Mutations to LOV 

Mutations to the LOV2 domain from Avena sativa have shown to dramatically 

alter the recovery of the domain once exposed to blue light. It has been shown 

that key mutations can lengthen or shorten the time of the wild type 

photocycle (80s)126. These mutations mainly centre on the N414, Q513 and 

F494 residues124,126,142-144. The N414 and Q513 residues interact with the flavin 

mononucleotide residue and the F494 residue participates in π-stacking with 

the flavin chromophore.  

It has been demonstrated that substitution of the N414 residue for other 

amino acids can alter the recovery time of the LOV2 domain. When the N414 

residue is mutated to a hydrophobic residue the length of the photocycle is 

dramatically lengthened. In the case of an N414V mutation the photocycle is 

extended to over 12 hours. Other mutations such as N414L and N414A have 

photocycles of 1847s and 1427s respectively. Polar mutations also lengthen 

the photocycle but not to the same extent, N414Q, N414S and N414T 

mutations having times of 280s, 685s and 892s respectively. But an N414D 

mutation decreases the photocycle to 69s. It is thought that the amino acid at 

this position is involved in the coordination of water molecules in aid of 

recovery from light to dark state145. 
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In a similar manner to mutation at N414 mutations at Q513 alter the speed of 

the photocycle. Hydrophobic mutations Q513L and Q513A slow the cycle to 

1793s and 261s, while an acidic mutation like Q513D has a rapid photocycle 

of 5s. Additionally a Q513H mutation has been shown to increase photoadduct 

recovery to 27s145. F494 mutations with other aromatic amino acids have 

proven to be unsuccessful, probably because of the size disrupting the binding 

pocket. But an F494L mutation has been shown to slow the photocycle to 

206s. 

 

1.3 Green Fluorescent Protein 

Green fluorescent protein (GFP) was originally isolated from the jellyfish 

Aequorea victoria by Osamu Shimomura in 1962146. It was not until 1992 when 

Douglas Prasher first cloned the gene for avGFP147, and later Martin Chalfire 

noticed fluorescence and saw it’s potential for monitoring gene expression and 

protein tagging148. GFP has been used for these roles as it does not loose its 

fluorescent properties and is thought to not alter the function and localisation 

of proteins it has been used to tag. 

 

Figure 1.21: X-ray crystal structure of green fluorescent protein. Generated from PDB 

file 2B3P149 using MacPyMOL. 

Wild-type avGFP is composed of 238 amino acids that are folded into an 11-

strand β-barrel of 42Å by 24Å	   (Figure 1.21). The β-barrel is capped at both 

ends by short α-helices, at the centre of the α-helices the chromophore is 
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formed by amino acid residues Ser65, Tyr66 and Gly67. Once the β-barrel has 

been formed the chromophore is generated by an autocatalytic cyclisation, 

which is caused by an 80° bend within the Ser-Tyr-Gly sequence forming the 4-

(p-hydroxybenzylidene)-5-imidazolinone (p-HBI) chromophore150. This process 

requires no enzymes of cofactors, except for molecular oxygen. The 

chromophore is shielded from the solvent by an extensive hydrogen-bonding 

network. Enclosing the chromophore in this environment has a number of 

benefits for the quantum yield of the chromophore as it protects the 

chromophore from being quenched by molecular oxygen151 when in an excited 

state and provides a barrier to conformational relaxation of the excited state 

(e.g. rotation between the rings of the chromophore)152. Denaturation of the 

green fluorescent protein eliminates its fluorescent properties even though the 

chromophore remains intact153. It is thought the loss of fluorescence is caused 

by additional conformational rotations arising due to the chromophore no 

longer being tightly held in position by the protein matrix. This hypothesis is 

supported by studies conducted using a synthetic analogue of the avGFP 

chromophore154. At room temperature the chromophore had a low quantum 

yield (0.0005), but when cooled to 77 K precluding conformational rotations 

the quantum yield increased dramatically (0.86)155. 
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Figure 1.22: Green Fluorescent Protein chromophore formation mechanism. 

The formation of the chromophore begins with protein folding. The entropic 

and enthalpic barriers to cyclisation (Figure 1.22 1-3) are lowered by the 

structure of the protein. There is a tight-turn conformation in the centre of the 

α-helix at the protein core, which aligns the G67 nitrogen lone pair with the π* 

orbital of the carbonyl carbon of S65156. This same conformational structure 

also distorts the α-helix so that it only has 3 of 12 possible hydrogen bonds150. 

The cyclisation reaction is reversible but the product is trapped by subsequent 

reactions. Oxidation by molecular oxygen is the rate-limiting step. It is thought 

that this proceeds through a radical mechanism involving a peroxy or 

hydroperoxy adduct formation with Cα66 (Figure 1.22 4-6) involving transfer 

of an electron to the dioxygen by the enolate. The final step in chromophore 

maturation involves R96 acting as a base and causing the loss of a proton from 

Cβ66 driving the elimination of a hydroxyl group from C65 forming the mature 

chromophore. 



  Chapter 1 

 35   

 

Figure 1.23: Excited state proton transfer mechanism. Conversion of excited neutral 

chromophore (State A) to excited state 1 which can then relax by emitting a 

photon (503 nm). Alternatively excited state 1 can undergo non-radiative 

conversion to excited state B requiring rotation of threonine 203. 

Wild-type avGFP primarily absorbs light at 395 nm with a smaller absorption at 

475 nm. Upon continuous illumination with 395 nm of light the absorption of 

avGFP at 475 nm increases157. The absorption at 395 nm is due to the neutral 

chromophore. Upon illumination at 395 nm this chromophore converts to an 

excited state and by excited state proton transfer quickly forms state 1 where 

it can emit a photon at a wavelength of 508 nm. The absorption at 475 nm is 

due to the anionic form of the chromophore that absorbs light at 475 nm and 

emits at 503 nm (Figure 1.23). The hydrogen-bonding network controls the 

equilibrium between the two states. This equilibrium can be altered by S65T 

mutation, which introduces a methyl group replacing hydrogen. This change 

makes the 475 nm phenolate species dominant and imparts an increased 

resistance to photobleaching158. 
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1.4 Project Aims and Objectives 

Through protein and chemical engineering strategies conditional protein 

splicing has been achieved by using small molecules83,159,160, pH161, 

temperature162,163 and photocaged non-natural amino acids81,164. But these 

strategies have innate flaws that can potentially limit their application on a 

larger scale. The use of a LOV2 domain to control the protein splicing of 

inteins possesses a potential advantage over these efforts. The LOV2 domain is 

composed of natural amino acids and utilises a common cellular cofactor 

(flavin mononucleotide) as a chromophore. Thus use of light to control protein 

splicing provides a spatial and temporal advantage that does not require the 

addition of small molecules, change in temperature or pH. 

The aim of this project was to design a light activated intein that combined the 

protein splicing capabilities of inteins with the inducible conformational 

changes of the LOV2 domain. The light activated intein should conditionally 

undergo protein splicing under blue light but show no or reduced protein 

splicing in the absence of blue light (Figure 1.24). 

 

Figure 1.24: LOV2 intein fusion. A) Illustration of trans intein protein splicing. I
N
 = N-

intein, I
C
 = C-intein, Ex

N
 = N-extein, Ex

C
 = C-extein. B) Illustration of LOV2 

domain under light exposure. Upon exposure to blue light the LOV2 

domain forms a C(4a)-cysteinyl photoadduct causing conformational 

changes that result in unwinding of Aα and Jα-helices. C) Illustration 

depicting the combination of N and C trans inteins linked by a LOV2 

domain to form a light activated intein (LAI). In darkness the LOV2 domain 

separates the N and C trans intein fragments preventing protein splicing. 

Upon illumination with blue light the of Aα and Jα-helices unwind and allow 

the N and C trans intein portions to associate and perform protein splicing. 
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Objectives 

The goal of this research was to design a cis intein that requires light to 

undergo protein splicing, producing a viable mature protein as a result. To 

achieve this objective four goals were identified: 

1. Design, build and express a cis light activated intein in E. coli that is 

either completely dependant on the presence of blue light for protein 

splicing or protein spicing increases in the presence of blue light. 

2. Demonstrate that the LOV2 domain influences the protein splicing 

ability of the light activated intein. 

3. Demonstrate that the protein splicing ability of the light activated intein 

is a product of the intein used for its creation. 

4. Demonstrate that the extein product is a functional protein with the 

ability to perform its function. 
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Chapter 2:  Results 

2.1 LOV2 Plasmid Design & Controls 

Design and Construction of pRSET LOV2 plasmid 

We began by characterising the function of recombinantly expressed LOV2, 

and comparing these values to those previously reported122,134. A plasmid was 

designed and constructed which expressed an N-terminal His-tagged LOV2 

(Figure 2.1). 

 

Figure 2.1: pRSET LOV2 plasmid. Above graphical illustration of pRSET LOV2 plasmid 

depicting key plasmid features including origin of replication (ColE1), 

antibiotic resistance (Ampicillin, AMPR) and T7 promoter. Below more 

detailed depiction of light LOV2 gene with restriction sites and 6-His tag 

attached to N-terminus of LOV2 domain. SD = Shine-Dalgarno ribosomal 

binding site. 

The pRSET LOV2 plasmid (Figure 2.1) was designed to allow facile expression 

and purification of the LOV2 domain for characterisation. The pRSET plasmid 

contains a T7 promoter and 6-His tag upstream of a multi cloning site  (MCS) 

where the LOV2 domain was subcloned. The gene encoding LOV2 was 

synthesized de novo (Eurofins MWG Operon, Germany) and codon optimised 

for expression in E. coli. The LOV2 gene was amplified using overlap extension 
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polymerase chain reaction (OEPCR)165,166 to incorporate BamHI and HindIII 

restriction sites at its 5’ and 3’ ends respectively. Following digestion of the 

LOV2 domain and pRSET vector the insert and vector were ligated together to 

give the pRSET LOV2 plasmid. 

Design and Construction of Dark Locked LOV2 

A variant of the LOV2 domain that is incapable of light switching was also 

created as a control by introducing a C39S mutation into the LOV2 domain. 

The C39S mutation prevents the formation of the key C(4a)-cysteinyl adduct. 

The oxygen hydrogen bond of the serine amino acid is far stronger than the 

sulfur hydrogen bond of cysteine because of its polar nature (467 and 

347kJ/mol respectively). This combined with the loss of the cysteine sulfur, 

which because of its strong spin orbit coupling encourages the formation of 

the flavin mononucleotide triplet state133, eliminates the ability to form the 

C(4a)-cysteinyl adduct between LOV2 domain and flavin mononucleotide. This 

mutation was introduced via site directed mutagenesis (changing the TGC 

codon to TCC).  

               

Figure 2.2: Sequencing results of light activated intein and dark locked light activated 

intein. Indicating site directed mutagenesis had worked changing cysteine 

TGC codon (Left) had been mutated to serine TCC codon (Right). 
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LED Array Design 

 

Figure 2.3: LED array. A) Light emission spectrum of InGaN LED bulb. B) LED array 

design. 

To induce formation of the C(4a)-cysteinyl adduct the correct wavelength of 

light was needed. We therefore built an LED array consisting of 20 x 5mm high 

emission low power InGaN LED bulbs (Figure 2.3 (B)). The LEDs used emit light 

in the blue region of the light spectrum (Figure 2.3 (A)), with each bulb having 

an output of 500 mcd and a viewing angle of 60° with a λ
max

 of 460 nm. The 

array was built from 10 pairs of LEDs with 0.25W resistors in parallel powered 

by a 9V battery. 
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2.2 The kinetic parameters of LOV2 light switching 

The pRSET LOV2 and pRSET Dark Locked LOV2 plasmids were transformed in 

to BL21 (DE3) E. coli cells and used to grow cultures. Once the cultures had 

reached an OD of 0.6 expression of the LOV2 genes was induced with IPTG 

(1mM). The following day the LOV2 and Dark Locked LOV2 domains were 

purified by FPLC using a nickel affinity column (GE). The purified products were 

then dialysed to remove imidazole as imidazole alters the LOV2 photocycle145. 

Sample concentrations were measured using Bradford assay and then 

equalised by dilution with buffer. SDS PAGE gel (Figure 2.4) and UV-Vis spectra 

were performed in order to confirm the correct size, purity and function of the 

protein. 

 

Figure 2.4: SDS PAGE gel of expressed and purified 6-His tagged LOV2 domain. LOV2 

domain band seen at 20.44 kDa. 
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Absorption Spectra 

 

Figure 2.5: Absorption spectra of LOV2 domain exposed to blue light (Blue), LOV2 

domain kept in total darkness (Red) and dark locked LOV2 domain exposed 

to blue light (Green) 

For these experiments samples of the purified LOV2 domain and Dark Locked 

LOV2 domain were kept wrapped in aluminium foil to exclude light for 12 

hours before analysis (referred to as dark state samples from here). Absorption 

spectra of both the LOV2 and Dark Locked LOV2 domains were taken between 

360nm and 510nm (Cary 100 UV-Vis). The absorption spectra of the LOV2 

domain and the dark locked LOV2 domain were almost identical with only 

minor differences in the amplitude of the peaks (Figure 2.5). Both these 

spectra were similar to that of oxidised flavin mononucleotide167 168 (Figure 2.6). 

This similarity suggested that no C(4a)-cysteinyl adduct was formed between 

the LOV2 domain and the flavin mononucleotide ligand both the LOV2 and the 

Dark Locked LOV2 domain samples. This is expected, as there is no light to 

excite the flavin mononucleotide ligand to the triplet state to form the C(4a)-

cysteinyl adduct. It should be noted that the dark locked LOV2 sample can not 

form a C(4a)-serinyl adduct.  
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When the Dark Locked LOV2 domain was exposed to the blue light produced 

by the LED array (referred to as light state sample from here) there was no 

change in its absorbance. There are two possible explanations for this. The 

first is that the strength of the serine oxygen hydrogen bond ( 467 kJ/mol) is 

stronger and harder to break when compared to that of the cysteine oxygen 

hydrogen bond (347 kJ/mol). The second explanation relies on the heavy atom 

effect and implies that the lack of a sulfur atom eliminates the possibility of 

spin-orbit coupling when the flavin mononucleotide ligand absorbs a photon, 

thereby halting the formation of the excited triplet state required for adduct 

formation. But when the LOV2 domain was exposed to the light from the LED 

array there was a noticeable drop in the characteristic absorbance peaks of 

flavin mononucleotide, normally seen at 447 and 475nm. There was also a 

corresponding increase in absorption at the band associated with the C(4a)-

cysteinyl adduct at 390nm, although there were also signs of precipitation of 

the protein sample (Figure 2.5). This data indicated that there was formation of 

the C(4a)-cysteinyl adduct between the LOV2 domain and the flavin 

mononucleotide ligand. 

 

Figure 2.6: Absorption spectrum of flavin mononucleotide168. 

Circular Dichroism 

Circular dichroism (CD) spectroscopy was used in order to determine if the 

absorption of blue light induced structural changes in the LOV2 domain. When 

the LOV2 domain is exposed to blue light the Aα-helix and Jα-helix dissociate 

from the core of the domain and unravel126. If this process occurs the loss in α-
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helical structure can be observed. To confirm this CD spectra of the LOV2 

domain in analysis buffer were taken before and after exposure to the LED 

array. The same procedure was also performed on Dark Locked LOV2 domain 

samples. 

 

Figure 2.7: Circular Dichroism spectra of LOV2 domain before (Blue) and after (Red) 

exposure to LED array. Loss of α-helical structure indicated by loss of 
absorbtion between 190 and 240nm. Data taken as an average of two 
readings for each sample. 
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Figure 2.8: Circular Dichroism spectra of Dark Locked LOV2 domain before (red) and 

after (blue) exposeure to LED array. No descrease in absorbition belween 

190 and 240nm indicates no loss of α-helical structure. 

Dark state samples of the LOV2 domain were wrapped in aluminium foil and 

kept in darkness for 12 hours before analysis. Samples were placed in the CD 

spectrophotometer and left in darkness for 15 minutes before analysis to 

ensure the LOV2 domain sample was in the dark state. CD spectra of the 

samples were taken (Figure 2.7). For the light state spectra, dark state samples 

were exposed the LED array for 5 minutes before being placed in the CD 

spectrophotometer for immediate analysis (Figure 2.7). This procedure was 

also performed for Dark Locked LOV2 (Figure 2.8). 

Dark state LOV2 samples that had been kept in darkness prior to the CD 

spectra displayed absorption in the 190-250nm range which is characteristic of 

peptide bonds located in a regular folded environment169. Upon exposure of 

these samples to the LED array however, the absorption in this region 

decreased, indicating a loss of secondary structure. This is likely due to the 

changes in the Aα and Jα-helices as they become unbound from the LOV2 core 

following structural changes caused the formation of the C(4a)-cysteinyl 

adduct. The dark locked LOV2 domain sample displayed similar spectra to the 

dark state LOV2 domain both before and after exposure to the LED array. This 

indicated no loss of α-helical structure. 
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2.3 Design and Construction of Light Activated Intein 

Plasmids 

Design of Light Activated Intein (LAI) 

 

Figure 2.9: pRSET LAI plasmid. Above graphical illustration of pRSET LAI plasmid 

depicting key plasmid features including origin of replication (ColE1), 

antibiotic resistance (Ampicillin, AMPR), T7 promoter and light activated 

intein gene flanked by N and C-extein genes. Below more detailed 

depiction of light activated intein gene with restriction sites showing Both 

Ssp N and C trans intein portions and asLOV2 domain. Also featured are N 

and C-extein genes with 6-His tag attached to N-extein. SD = Shine-

Dalgarno ribosomal binding site. 

Our efforts were initially focused on building a plasmid containing the gene for 

the light activated intein and a suitable extein (Figure 2.9). The plasmid chosen 

was pRSET, which contained ampicillin resistance, a T7 promoter for the LAI 

gene and a 6-His tag, which would be located at the N-terminus of the N-

extein. The design of the light activated intein consisted of a LOV2 domain 

from Avena sativa domain flanked at its N and C-termini by the Ssp DnaE N 

and C trans inteins from cyanobacterium Synechocystis sp. strain PCC6803 

(Figure 2.9). This design reflects the structure of a cis intein, but with the LOV2 

domain replacing the homing endonuclease domain. The extein chosen was 

eGFP because once produced by protein splicing would give a visual indication 

that it had been formed without any defects. Another advantage to the use of 
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eGFP as a reporter was that it had been used in protein dimerization assays 

previously170,171, so a suitable location to split eGFP was already known.  

The gene encoding LOV2 was synthesized de novo (Eurofins MWG Operon, 

Germany) and designed to include multiple restriction sites at the 5’ and 3’ 

ends to allow it to be readily excised from the parent pCR2.1 vector. This gene 

was excised from its parent plasmid and ligated into pRSET, with remaining 

restriction sites at the 5’ and 3’ ends allowing facile incorporation of the both 

inteins and both GFP halves forming the pRSET LAI plasmid.  

The construction of the light activated intein was achieved by assembling the 

gene in two halves in two separate plasmids and later combining them to form 

the full gene (Figure 2.11). This was necessary because some restriction sites 

required to insert the N-intein were also found in eGFP. The two plasmids 

chosen were pARCBD and pRSET.  

 

Figure 2.10: Design of LOV2 gene with restriction sites incorporated to aid in light 

activated intein synthesis. 

The LOV2 gene was designed to include multiple restriction sites at both 5’ 

and 3’ ends (Figure 2.10). These restriction sites were carefully chosen to 

expedite construction of the gene. The outermost restriction sites (BamHI, 

EcoRI and HindIII; Red in Figure 2.10) were required to place the LOV2 in to the 

pRSET and pARCBD plasmids. The central restriction sites (BglII and BglI; Green 

in Figure 2.10) were intended to work in combination with the outermost 

restriction sites to incorporate the eGFP fragments in to the LOV2 gene. The 

inner restriction sites (KpnI and NcoI; Blue in Figure 2.10) were intended to 

work in combination with the central restriction sites to incorporate the Ssp 

trans inteins. Using these combinations of restriction sites it was possible to 

insert each part of the light activated gene around the LOV2 gene in a 

convergent manner.  

The Ssp DnaE inteins were chosen because the Tavassoli laboratory has 

previously used them as part of their split-intein circular ligation of peptides 

and proteins (SICLOPPS)78. Both Ssp N and C trans inteins were obtained from 

the pARCBD plasmid by restriction digestion and later ligated to the LOV2 
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gene, utilizing BglI and KpnI restriction sites for the N-Intein and BglII and NcoI 

restriction sites for the C-intein. 

The eGFP extein was split between residues Gln157 and Lys158 to give two 

fragments named 1/2GFP for residues 1-157 and 2/2GFP for residues 158-238. 

GFP has been split at this location before and can still form a functional 

fluorescent protein when both halves are recombined170,171, but require the aid 

of other domains in order to dimerize. The two eGFP fragments were 

synthesized by overlap extension polymerase chain reaction (OEPCR)165. The 

primers used to create the eGFP fragments contained the restriction sites  

(BamHI and BglII for 1/2eGFP, and BglI and HindIII for 2/2eGFP) required for 

ligation in to the light activated gene and a small portion of the intein genes 

that would be lost in their digestion from the pARCBD plasmid. 

Given the design of the light activated intein the four most likely outcomes to 

the experiment were envisaged: 

1. The light activated intein produces the eGFP extein by protein splicing 

only in the presence of blue light and no eGFP is produced in darkness. 

2. The light activated intein produces eGFP by protein splicing under blue 

light and in darkness. But a lesser amount of eGFP produced in 

darkness. 

3. The light activated intein produces equal quantities of eGFP under blue 

light and in darkness. This could possibly arise if the LOV2 doesn’t 

prove to be a large enough barrier to separate the Ssp trans inteins. Or 

possibly because light activated inteins are able to form dimers to 

produce the extein in the absence of blue light. 

4. The light activated intein does not produce eGFP under either condition. 
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Figure 2.11: Illustration displaying convergent assembly of light activated intein  (LAI) 

gene with split eGFP serving as extein. 
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Dark Locked LAI 

In order to further probe the influence of the LOV2 domain on the splicing of 

the LAI protein, a dark-locked control was created. In a similar manner to the 

dark locked LOV2 plasmid the dark locked LAI plasmid contained the C39S 

mutation as part of the LOV2 domain preventing formation of the key C(4a)-

cysteinyl adduct required for the LOV2 domain to perform its function. This 

mutation was introduced via site directed mutagenesis (changing the TGC 

cysteine codon to the TCC serine codon).  

Design of Split Light Activated Intein (SLAI) 

Another variation on the light activated intein gene was created to explore the 

possibility of trans light activated inteins (Figure 2.12). This intein consisted of 

the same components as the original LAI gene but was split into two separate 

genes that would be expressed separately. The split between both halves was 

introduced between the C-terminus of the N-intein and the N-terminus of the 

LOV2 domain. The two halves of the split light activated gene would associate 

in the cytoplasm of the cell to perform protein splicing. This trans intein might 

react more slowly when compared to its cis counterpart but the high affinity of 

the Ssp DnaE trans inteins for each other may reduce this effect.  
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Figure 2.12: pRSET SLAI plasmid. Above graphical illustration of pRSET SLAI plasmid 

depicting key plasmid features including origin of replication (ColE1), 

antibiotic resistance (Ampicillin, AMPR), T7 promoter and split light 

activated intein genes. Below more detailed depiction of light activated 

intein gene with restriction sites showing Both Ssp N and C trans intein 

portions and asLOV2 domain. Also featured are N and C-extein genes with 

6-His tag attached to N-extein. SD = Shine-Dalgarno ribosomal binding site. 

The SLAI gene (Figure 2.12) was created by overlap extension polymerase 

chain reaction (OEPCR) using the original LAI gene as a template. The LAI gene 

was separated in to two halves. The first half consisted of the N-extein N-Intein 

fusion. The second half consisted of the LOV2 domain C-Intein C-Extein fusion. 

A stop codon and a Shine-Dalgarno site were introduced between both genes. 

2.4 Results: Light Activated Intein (LAI) & Split Light 

Activated Intein (SLAI) 

E. coli LB Agar Plates 

To characterise the efficiency of the light activated intein the pRSET LAI, pRSET 

Split LAI and pRSET eGFP plasmids was transformed in to BL21 (DE3) E. coli 

cells and grown on LB agar plates containing IPTG (1mM). Plates were grown 

both under the LED array and in total darkness wrapped in aluminium foil to 

exclude all light.  
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Figure 2.13: LB agar plates under UV light containing BL21 (DE3) E. coli colonies 

transformed with pRSET LAI, pRSET SLAI and pRSET eGFP plasmids. 

Colonies grown under LED array (left) and colonies grown in darkness 

(right). 

The plates containing the pRSET LAI and pRSET Split LAI colonies were grown 

under the LED array to ensure protein splicing would occur (Figure 2.13). The 

plates containing the pRSET LAI, pRSET Split LAI and pRSET eGFP transformed 

colonies were exposed to UV light to gauge if any fluorescence was produced 

with the eGFP plate serving as a control. A lack of fluorescence from the light 

activated intein and the split light activated intein would indicate that the 

respective inteins were either not undergoing protein splicing, or splicing but 

not producing a correctly folded extein. 

Plates containing colonies transformed with pRSET LAI and pRSET SLAI 

plasmids only displayed minimal fluorescence when compared to those 

transformed with pRSET eGFP. This was observed for plates grown in darkness 

and those grown under the LED array. This indicated that either only a small 

amount of extein was produced or the extein did not always fold correctly 

upon splicing. In addition to this fewer colonies were seen on plates grown 

under the LED array (about 25% of that found on dark plates). This is likely due 

to the mild bactericidal effect of high intensity blue light.172 

 

 



Chapter 2 

 54 

Western Blots 

To examine whether or not the light activated intein genes were expressed 

correctly, and to see if the extein was being produced, western blots of the 

LAI, SLAI and eGFP samples were performed. Their respective plasmids were 

transformed in to BL21 (DE3) E. coli cells and used to grow cultures. Once the 

cultures had reached an OD of 0.6 their expression was induced with IPTG 

(1mM) and they were grown over night at 18°C. The following day the proteins 

were purified by FPLC using a nickel affinity column (GE). Sample 

concentrations were measured using Bradford assay and then equalised by 

dilution with buffer. Equal amounts of each sample were examined by western 

blot and SDS PAGE (Figure 2.14). To detect the desired products a primary 

antibody to detect the N-terminal 6-His tag (Thermo) located on the eGFP 

extein. 

 

Figure 2.14: Western blot (left) and SDS PAGE (right) displaying bands associated with 

light activated intein (~ 65.5kDa) split light activated intein (~ 36.6kDa) and 

the eGFP extein (~ 31.8kDa). 

The eGFP lanes displayed bands at ~31kDa on both the western blot and the 

SDS PAGE gel, where a band for the eGFP protein (31.8kDa) would be expected.  

The LAI lanes displayed two bands on the western blot, and multiple bands 

were present on the SDS PAGE gel. In the western blot, two bands were 

observed at ~65kDa and ~31kDa; the band at ~31kDa corresponds to the eGFP 

extein (31.8kDa) and the band at ~65kDa corresponds to where the LAI would 
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be seen (65.5kDa). As both the eGFP and LAI proteins contain a 6-His tag, it is 

expected that both would be observed on the above western blot. The band 

corresponding to eGFP indicates that the LAI protein splices to produce the 

extein. The SDS PAGE gel also shows the bands at ~65kDa and ~31kDa but 

there are also a number of other bands present. These bands are likely to be 

by products of protein splicing. These could correspond to the LAI undergone 

N or C terminal cleavage 44.8kDa and 55.1kDa respectively, or the branched 

intermediate formed by transesterification, which would travel through the SDS 

PAGE gel at a slower rate. 

As with the LAI sample the SLAI lanes contained two bands for the western blot 

and multiple bands were seen for the SDS PAGE gel. The western blot displayed 

two bands at ~36kDa and ~31kDa. The band at 31kDa would correspond to 

where the eGFP extein (31.8kDa) and the band at ~36kDa would correspond to 

where the 1/2eGFP N-intein fusion (36.8kDa). As both the eGFP and 1/2eGFP 

N-intein fusion proteins contain a 6-His tag it is expected that both would be 

seen on the western blot. The band associated with eGFP indicates that the 

SLAI protein produced the extein. The SDS PAGE gel also displays the bands 

seen at 36kDa and 31kDa but also display a number of others of various sizes. 

These bands may be by-products of protein splicing or cellular protein 

contaminants that were not removed by the nickel affinity column. 

Western Blots Light / Dark Comparison 

To assess the effect of blue light on intein splicing, the pRSET LAI, pRSET SLAI 

and pRSET Dark Locked LAI plasmids were transformed in to BL21 (DE3) E. coli 

cells and used to grow two sets of cultures. One set of cultures was grown in 

total darkness and the other was grown under the illumination of the LED 

array. Although it has been suggested that intense blue light could kill 

bacteria172 both light exposed and dark cultures grew at the same rate. Once 

the cultures had reached an OD of 0.6 their expression was induced with IPTG 

(1mM) and grown at 18°C over night. The following day the proteins were 

purified by FPLC using a nickel affinity column (GE). Sample concentrations 

were measured using a Bradford assay. Equal amounts of each sample were 

examined by western blot (Figure 2.15). To detect the desired products a 

primary antibody to detect the N-terminal 6-His tag (Thermo) located on the 
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eGFP extein was. A β-lactamase primary antibody (Novus biologicals) was used 

as a standard to equalise concentration discrepancies between lanes. 

Western blots were performed in triplicate to determine the concentration 

difference between the extein concentration in light and dark samples for LAI, 

and Dark Locked LAI samples. In addition to this, a β-lactamase standard was 

used to normalise the concentrations of extein between light and dark samples 

as β-lactamase is continually expressed from the pRSET plasmid173. 

Extein bands from the western blots were analysed (using ImageJ) to obtain 

histogram measurements; this data was normalised using the β-lactamase 

signal. It was found that LAI samples grown under the LED array produced 

extein bands with a 0.14 (±0.15; n=3) fold stronger result when compared to 

extein bands from samples grown in darkness (Figure 2.15B). This data 

indicated that the LOV2 domain may have a very minor influence on protein 

splicing, but as this difference was within the standard deviation calculated, it 

was deemed to be insignificant. 

When samples of the dark locked LAI protein containing the C39S LOV2 

mutation were treated in the same manner, similar results were observed; the 

Dark Locked LAI samples grown under the LED array displayed a 0.12 (± 0.09; 

n=3) fold higher production of extein when compared to samples grown in 

darkness (Figure 2.15B).  

Given that it has been indicated that LOV2 domains subject to the C39S 

mutation do not undergo formation of the C(4a)-cysteinyl adduct or display 

structural changes upon blue light exposure (Section 2.2), it can be inferred 

that the similar results observed in LAI and Dark Locked LAI samples indicate 

that the LOV2 domain has very little to no influence on LAI protein splicing.  
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Figure 2.15: Comparison of extein product from samples exposed to blue light and 

those kept in darkness. LAI = light activated intein, DL LAI = dark locked 

light activated intein. 

 

Split Light Activated Intein 

Extein bands from the SLAI western blot (Figure 2.16A) were analysed (using 

ImageJ) to obtain histogram measurements (Figure 2.16B). After adjusting the 

results using the β-lactamase standard it was found that the SLAI sample 

grown under the LED array produced extein bands with a 0.05 (n=1) fold 

stronger result when compared to extein bands from samples grown in 

darkness (Figure 2.16 (B)). This indicated that the SLAI protein did not 
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preferentially undergo protein splicing in the presence of blue light an if it did 

the preference was only negligible at best. 

 

Figure 2.16: Western blot analysis of split light activated intein splicing ability under 

light and dark conditions. Bands associated with SLAI N-extein N-intein 

fusion seen at ~36kDa, extein at ~31kDa and N-terminal splicing seen at 

~20kDa.Comparison of extein product from samples exposed to blue light 

and those kept in darkness. SLAI = Split light activated intein. 

2.5 Light Activated Intein version 2 (LAI2) Design & 

Construction 

The second attempt at developing a light activated intein involved a number of 

alterations to the design of the gene and the assay used to confirm the light 

dependant protein splicing of the LAI.  The changes made were: 

1. The trans intein used was changed from the Ssp DnaE trans intein to a 

mutant of the Npu DnaE trans intein174. We reasoned that as the Npu 

inteins are shorter than their Ssp counterparts, they are more likely to 

be blocked from protein splicing by the LOV2 domain. Secondly, the 

Npu DnaE trans inteins tolerate a greater variety of amino acid diversity 

at the splicing junction when compared to Ssp DnaE trans intein33. 

Thirdly, the Npu DnaE trans intein has a faster protein splicing time 

compared to the Ssp DnaE trans intein97,175. 

2. The extein was changed from eGFP to neomycin phosphotransferase, 

which would impart kanamycin resistance to the E. coli cells 
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transformed with the gene if protein splicing occurred correctly. The 

change in extein would also allow for a life/death assay to select a 

suitable light activated intein.  

	  
The pRSET LAI2 plasmid (Figure 2.17) was constructed in a similar manner to 

the pRSET LAI plasmid (Section 2.3) by a convergent synthesis (Figure 2.18). 

The Npu intein fragments were obtained from the pARCBD Npu plasmid by 

restriction digestion using BglII and KpnI for the N-Intein and using NcoI and 

NheI for the C-Intein. The neomycin phosphotransferase extein was produced 

by overlap extension polymerase chain reaction (OEPCR) and split between 

amino acids Phe188 and Ser189   producing two fragments named 1/2Kan for 

residues 1-188 and 2/2Kan for residues 189-271. In addition to this the first 

three residues of the 2/2Kan extein were changed to CFN in order to resemble 

the Npu inteins natural extein. 

The LOV2 domain was subcloned in to the pRSET vector in the same manner as 

for the construction of the pRSET LAI plasmid utilising the BamHI and EcoRI 

restriction sites. Also the N-intein and N-extein were subcloned in to the pRSET 

plasmid in the same manner as with the pRSET LAI plasmid utilising the BglII 

and KpnI restriction sites for the N-Intein and the BamHI and BglII restriction 

sites for the N-Extein. 

The difference between the construction of the pRSET LAI and pRSET LAI2 

plasmids was found in the incorporation of the C-Intein. The LOV2 domain 

insert lacks an NheI restriction site so it had to be incorporated in to the pRSET 

LAI2 plasmid through other means. This was achieved by the insertion of an 

NheI restriction site on to the N-terminus of the 2/2Kan OEPCR fragment. This 

allowed the ligation of the C-Intein after the 2/2Kan fragment had been ligated 

in to the pRSET LAI2 vector. 
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Figure 2.17: pRSET LAI2 plasmid.  Above graphical illustration of pRSET LAI2 plasmid 

depicting key plasmid features including origin of replication (ColE1), 

antibiotic resistance (Ampicillin, AMPR), T7 promoter and light activated 

intein gene flanked by N and C-extein genes. Below more detailed 

depiction of light activated intein gene with restriction sites showing Both 

Npu N and C trans intein portions and asLOV2 domain. Also featured are N 

and C-extein genes with 6-His tag attached to N-extein. SD = Shine-

Dalgarno ribosomal binding site. 
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Figure 2.18:Illustration displaying convergent assembly of light activated intein 2 

(LAI2) gene with split neomycin phosphotransferase (Kan) serving as 

extein. 
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2.6 Results: Light Activated Intein 2 (LAI2) 

Kanamycin Concentration 

In order to demonstrate the functional splicing of LAI2 and to determine an 

effective concentration of kanamycin to be used, colonies transformed with the 

pRSET LAI2 plasmid were grown on LB agar plates containing various 

concentrations on kanamycin. Colonies unable to produce the neomycin 

phosphotransferase extein in sufficient quantities would fail to survive and 

grow, while ones that did, would live. 
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Figure 2.19: Kanamycin selection plates used to estimate the pRSET LAI2 tolerance of 

kanamycin. Concentrations ranging from 10-150% of standard Kanamycin 

working concentration (50μg/ml). 

To test the use of kanamycin tolerance of E. coli cells transformed with the 

LAI2 plasmid as a selection tool, LB agar plates were made with varying 

concentrations of kanamycin (10-150% of the 50	  μg/ml working concentration 

Figure 2.19). Each plate was divided in to two halves labelled D and B 

respectively. On the section of the plate labelled D would be spread BL21 (DE3) 

cells that had not been transformed with any plasmid to give them resistance 

and hence would show no growth. On the section of the plate labelled B the 

BL21 (DE3) E. coli cells that had been transformed with the pRSET LAI2 

plasmid. In addition to this the plates were grown under the illumination of the 

LED array over night. It was expected that as the concentration of the 
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kanamycin increased the growth of the E. coli cells containing the pRSET LAI2 

plasmid would gradually reduce in number.  

The sections of the plates labelled D containing colonies that had not been 

transformed with the pRSET LAI2 plasmid showed no growth as expected. The 

sections labelled B all displayed growth of E. coli colonies even at 150% of 

standard working concentration of kanamycin (Figure 2.19). 

It was thought that the T7 promoter that controls the expression of the LAI2 

gene was too strong and was leading to an overexpression of the gene, 

resulting in a greater concentration of neomycin phosphotransferase than what 

was needed and rendering its use as a selection tool ineffective. This problem 

was resolved by substituting the T7 promoter for the promoter normally used 

for the expression of the kanamycin resistance gene found in the pET28a 

plasmid (pKan). The use of this promoter has previously been used for the 

expression of genes other than neomycin phosphotransferase176. The change in 

promoter allowed E. coli cells transformed with the pRSET LAI2 gene to survive 

on LB agar plates containing 40% (20μg/ml) of the standard working 

concentration of kanamycin (50μg/ml) (Figure 2.20). 

 

Figure 2.20: Kanamycin selection plates used to estimate the pRSET LAI2 tolerance of 

kanamycin. Concentrations ranging from 5-60% of standard Kanamycin 

working concentration (50μg/ml). 
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Figure 2.21: Kanamycin selection plates used for the pRSET LAI2 gene displaying 

similar rates of growth on both LB agar plates (Kanamycin 20μg/ml, Carbenecillin 100	  

μg/ml). 

Once a working concentration of kanamycin was determined to allow selection 

of the LAI2 gene LB agar plates were prepared to test the growth of colonies 

transformed with the LAI2 gene. Two LB agar plates were prepared and 

colonies were grown over night at 37°C. One LB agar plate was grown under 

the illumination of the LED array whilst the other was grown in total darkness. 

The following morning the plates were examined. It was determined that there 

were no major differences in colony growth between plates grown in darkness 

and those grown under the LED array (Figure 2.21). 

Random Mutagenesis 

We next attempted to develop a light activated intein using random 

mutagenesis. The LAI2 gene contained a kanamycin resistance gene as an 

extein, and successful protein splicing would provide kanamycin resistance to 

the cells transformed with this gene, allowing for a life/death assay to be used 

to identify successful splicing. If conditional protein splicing could be achieved, 

cells containing the correct mutation of the LAI2 gene would be able to survive 

on kanamycin plates whilst illuminated by the LED array, but would die when 

grown in darkness. 

Using specific primers LAI2 gene was subjected to an error prone polymerase 

chain reaction (PCR) in order to introduce random mutations to both the LOV2 

and Npu DnaE intein fragments of the gene. The pRSET LAI2 plasmid was 

subject to a polymerase chain reaction to amplify the LAI2 gene between the 

areas coding for the extein. The random mutations were achieved by the 

addition of various concentrations of the mutagenic buffer to each 50μl 
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polymerase chain reaction. The number of mutations introduced by this 

method is directly proportional to the amount of buffer used with 61% of 

mutations resulting in change of amino acid, 57.1% of mutations resulting in 

transitions and 38.1% resulting in transversions and the remainder being 

deletions177. After the error prone polymerase chain reaction the mutated LAI2 

genes were purified using an QIAquick PCR purification kit (Qiagen) and then 

subjected to a restriction digest using NheI and BglII. The purified product was 

then ligated back in to a pRSET LAI2 vector for transformation. Once 

transformed in to BL21 (DE3) chemically competent E. coli cells colonies were 

grown on LB agar plates containing carbenicillin (100μg/ml) over night. The 

following day with the use of a plate replicator178 (Sigma) the colonies were 

replicated to two new LB agar plates containing carbenicillin (100μg/ml) and 

kanamycin (20μg/ml). One plate was grown in total darkness wrapped in 

aluminium foil while the second was grown under the illumination of the LED 

array (Figure 2.22). Colonies that displayed no or reduced growth on plates 

grown in darkness when compared to those grown on light were sent for 

genetic sequencing and the screen repeated to ensure reproducibility. 

This process was also repeated with primers that introduced random 

mutations into the N and C-Intein portions of the LAI2 gene, in the hope that 

mutations at either intein may also produce the desired result. The N-Intein 

was digested using BglII and KpnI whilst the C-Intein mutants were digested 

using NcoI and NheI restriction enzymes, and recloned into their respective 

vectors (pRSET LAI2-N for the mutated N-Intein and pRSET LAI2-C for the 

mutated C-intein). 

If successful random mutagenesis would produce an intein that would allow 

the survival of colonies when grown under blue light but cause death when 

grown in darkness.  
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Figure 2.22:  Diagram of plate replication screen. 
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Figure 2.23: Examples of replica plating. Original plate (left), replica kept in darkness 

(middle) and replica kept under LED array (right). Colonies that showed no 

growth or reduced growth circled in red. 

After several rounds of random mutagenesis to the LAI2 gene, the N- and C-

intein fragments no mutations that produced a pronounced increase in intein 

splicing under light conditions compared to dark were found. 
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A total of 300 plates were replicated (100 containing the mutated LAI2, 100 

containing mutated N-Intein and 100 containing the mutated C-Intein) and 10 

colonies were found that showed growth under the LED light and no/reduced 

growth in total darkness (Figure 2.23). But after isolation of the plasmids in 

these colonies and transformation into DH5α these results were not 

repeatable. In addition to this the DNA sequencing showed that the majority of 

the colonies contained no mutations when compared to the original LAI2 gene. 

The colonies that were subject to mutations displayed severe mutation to the 

LAI2 gene so that it no longer resembled the original gene. This was likely due 

to the presence of too much mutagenic buffer and the addition of new 

mutations every PCR cycle altering the gene until it no longer resembled the 

original template. 

2.7 LAI2 Truncations Design & Construction 

Light Activated Intein 2 Truncations 

As our previous results had indicated that the LAI spliced even in the absence 

of light, we reasoned that reducing the affinity of the inteins portions for each 

other should lower the rate of protein splicing in the dark, whilst still allowing 

it to occur under blue light. 

 

Figure 2.24: Close-up of Npu DnaE intein X-ray structure. A) Lys2 hydrogen bonded to 

Glu91 and Glu61. B) Ala4 and Thr5 hydrogen bonded to Cys60. C) Arg6 

hydrogen bonded to Asp85 and Glu89. Yellow dashes indicate hydrogen 

bonds. Images made using MacPyMOL. PDB file 4LX396. 

We assessed the structure of the Npu inteins for residues that may significantly 

contribute to the affinity of the two inteins halves for each other, without 

affecting intein splicing. We identified the first 6 residues of the C-Intein as 
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potentially suitable, as they form several hydrogen bonds to nearby N-Intein 

residues but are not involved in splicing (Figure 2.24). The C-Intein Lys2 forms 

hydrogen bonds with Glu61 (located on β7) and Glu91 (located on α2). Both Ala4 

and Thr5 form hydrogen bonds with Cys60 (located on β7), and Arg6 forms 

hydrogen bonds with Asp85 and Glu89 (located on α2). We reasoned that by 

sequentially removing these amino acids from the N-terminus of the C-intein, 

these hydrogen bonds would be removed, therefore lowering the affinity of the 

C-intein for the N-intein. We therefore constructed LAI with deletions of 5, 6 

and 7 amino acids introduced into the N-terminus of the C-intein. 

A possible alternative explanation as to how truncations to the C-intein could 

prevent formation of a functional intein in the dark could be that the truncated 

LAI2 proteins are forced in to increasingly unfavourable conformations as more 

amino acids are removed from the N-terminus of the C-intein, thereby 

preventing formation of a functional intein. The distance between the N- and C-

terminus of the asLOV2 domain is 16.5Å and the distance between the C-

terminus of the N-intein and the N-terminus of the C-intein is 17.9Å. These 

distances are relatively close and could allow formation of a functional intein. 

But for the -5, -6 and -7 truncations the distances between the truncated N-

terminus of the C-intein and the C-terminus of the N-intein should be 26.3, 28 

and 29.7Å respectively. Forcing these residues into an unnatural configuration 

that is closer to the C-terminus of the N-intein could prevent formation of the 

functional intein. 

 

Figure 2.25: Diagram displaying truncations to the N-terminus of the C-Intein on the 

LAI2 protein. 

The above truncations of the C-intein (Figure 2.25) were created by polymerase 

chain reaction (PCR) using the pRSET LAI2 plasmid as a template. Primers were 

designed that would anneal to the C-intein gene at specific locations producing 

products with specific codon deletions. These primers also included an NcoI 

restriction digestion site at their 5’ end. A generic reverse primer was used 



  Chapter 2 

 71   

that allowed use of the HindIII restriction site in combination with the NcoI site 

for ligation of the products back in to the pRSET LAI2 vector to produce the 

truncations. Following DNA analysis to confirm the completion of the gene, the 

plasmid was transformed in to BL21 E. coli cells and used as part of the 

life/death selection assay previously used (Section 2.5-2.6). 

Dark Locked LAI2 Truncations 

As for the LOV2 domain (Section 2.1) and the LAI protein (Section 2.3) a dark 

locked control of the LAI2 protein and its truncations was created. These dark 

locked LAI2 proteins contained a C39S mutation (changing the TGC codon to 

AGC, Figure 2.26) that prevented formation of the C(4a)-cysteinyl adduct. 

 

Figure 2.26: LAI2 DNA sequencing results with altered residues highlighted. Left: 

Original unmutated cysteine sequence (TGC). Right: Cysteine to serine 

mutation (AGC). Images taken from 4Peaks. 

Defective intein LAI2 Truncations 

A control intein unable to splice was also constructed, to demonstrate that 

intein mediated protein splicing was necessary for extein production. This was 

accomplished by introducing mutations at both the N and C splicing junctions97 

of the LAI2 gene. At the N-intein splicing junction a C1A mutation was 

introduced (Figure 2.27 B) by site directed mutagenesis to prevent the N-S acyl 

shift required for thioester formation (Chapter 1.1.2 Intein Splicing Mechanism 

steps 3-5 Figure 1.2). At the C-intein splicing junction a C+1A and N289D 

mutations were introduced by site directed mutagenesis (Figure 2.27 A). The 

C+1A mutation prevents transesterification and formation of the branched 

intermediate whilst the N289D mutation prevents the succinimide formation 

that releases the extein product or causes C-terminal cleavage. Once the LAI2 
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gene had been created with all 3 mutations it was subject to restriction digest 

using KpnI and NheI to give a vector, and corresponding inserts were created 

from each truncated LAI2 plasmid. Following ligation of each truncated insert 

in to the vector defective versions of the LAI2 gene and all its truncations were 

available for testing. 

 

Figure 2.27: DNA sequencing results with altered residues highlighted. A) Left: original 

unmutated asparagine (AAC) and cysteine (TGC) sequences from C-intein. 

Right: aspartic acid (GAC) and alanine (GCC) mutations. B) Left: Original 

unmutated cysteine sequence (TGC) from N-intein. Right: Cysteine to serine 

mutation (GCC). Images taken from 4Peaks. 

2.8 Results: LAI2 Truncations 

Life/Death Assay of LAI2 Truncations 

Following the creation of the LAI2 truncations the genes were transformed in 

to BL21 (DE3) E. coli chemically competent cells and colonies were grown in a 

pattern on LB agar plates containing carbenicillin and incubated in total 
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darkness covered in aluminum foil. The following day with the use of a plate 

replicator (Sigma) the colonies were replicated onto two new LB agar plates 

containing carbenicillin and kanamycin. One plate was grown in total darkness 

wrapped in aluminium foil while the second was grown under the illumination 

of the LED array. The following day the plates were inspected to determine if 

colonies grown in total darkness showed reduced growth compared to those 

grown under the LED array (Figure 2.28).  

 

Figure 2.28: Replica plate screen for light activated inteins. Colonies containing light 

activated genes were replicated onto plates containing kanamycin. Replicas 

are then separated and grown in either light or dark conditions. 

When subject to the life/death assay previously used for the random 

mutagenesis experiments, colonies transformed with the LAI2 gene displayed 

relatively similar growth on plates grown under the LED array and on plates 

grown in darkness. This suggested that there was little to no difference in the 
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amount of extein being produced indicating that the LOV2 domain had little 

effect on the protein splicing abilities of the LAI2 protein. 

Colonies transformed with the LAI2-5 truncation did display some reduced 

growth on the agar plates grown in darkness when compared to the agar plate 

containing colonies grown under the LED array (Figure 2.28). This result 

suggested that protein splicing was occurring at a reduced rate for the LAI2-5 

protein when kept in darkness. 

Colonies transformed with the LAI-6 truncation also displayed reduced growth 

on agar plates grown in darkness when compared to those grown in light. The 

contrast in colony growth between the dark and light plates was greater than 

that for LAI-5 colonies. In addition to this, the bacterial colonies grown under 

the LED array seemed to have reduced growth when compared to the LAI2 and 

LAI2-5 agar plates prepared in the same manner. These results suggest that 

the LOV2 domain of the LAI2-6 protein is more influenced by light than the 

LAI2 and LIA2-5 proteins. But the reduced growth of LIA2-6 compared to LAI2 

on the agar plate grown under the LED array also suggests that protein 

splicing is hindered by the loss of the 6 amino acids from the N-terminus of 

the C-intein to some extent. 

Colonies transformed with the LAI2-7 truncation displayed reduced growth on 

both plates exposed to the LED array and those gown in darkness. Although 

fewer colonies were seen on the agar plate grown in darkness compared to the 

one grown under the LED array, the low number of colonies seen on both 

plates implies that protein splicing is severely hindered for the LAI2-7 protein, 

and that the absence of blue light further hinders protein splicing.  

These above results suggest that the protein splicing efficiency of the LAI2 

protein is reduced as more amino acids are removed from the N-terminus of 

the C-intein, with the protein splicing ability almost completely lost after the 

removal of 7 amino acids. In addition to this, the results imply that as more 

amino acids are removed from the N-terminus of the C-intein the greater 

influence the LOV2 domain has over the proteins protein splicing ability. 

 

 



  Chapter 2 

 75   

LAI2 Truncation Western Blots 

To assess the effect of blue light on the extein production of the LAI2 protein 

and its truncations western blot analysis was performed.  

The pRSET LAI, LAI2-5, LAI2-6 and LAI2-7 truncation plasmids were 

transformed in to BL21 (DE3) E. coli cells and grown over night on LB agar 

plates at 37°C. A colony was picked from each plate and used to grow two 

cultures. One culture was grown in total darkness and the other was grown 

under the illumination of the LED array. Both were grown at 18°C over night. 

The following day the cultures were harvested by centrifugation, sonicated and 

the cell lysate was separated from cell debris by filtration. Sample 

concentrations were measured using a Bradford assay. Equal amounts of each 

sample (15µg) of cell lysate were examined by western blot (Figure 2.29) to 

determine the difference in concentration between light and dark extein 

products. To detect the light activated intein and extein a primary antibody to 

detect the 6-His tag (Thermo) located on the N-terminus of the neomycin 

phosphotransferase extein was used. A β-lactamase primary antibody (Novus 

biologicals) was used as a standard to equalise concentration discrepancies 

between lanes. 
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Figure 2.29: A) Light activated intein western blots. LAI2 protein bands seen at 

~65kDa, extein protein bands seen at ~33kDa and N-extein cleavage bands 

seen at ~23kDa. B) Graph displaying the relative concentrations of extein 

produced by LAI2 truncations. Each result is an average of three 

repetitions. 

Western blots were performed in triplicate to determine the concentration 

difference between the extein concentration in light and dark samples and 

ensure consistency of results. In addition to this a β-lactamase standard was 

used to equalise the measurements between light and dark lanes as β-

lactamase is continually expressed from the pRSET plasmid173 ensuring a 

consistent level between samples of equal concentration. Extein bands from 
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the western blots were analysed using ImageJ to obtain histogram 

measurements. The measurements were adjusted using the β-lactamase 

measurements to correct for any experimental error. 

Western blots displayed bands at ~65kDa associated with the unprocessed 

LAI2 protein (65.5kDa), ~33kDa associated with neomycin phosphotransferase 

(32.6kDa) and at ~23kDa associated with N-terminal cleavage of the N-extein 

(23.1kDa). 

Western blot analysis of LAI2 splicing displayed more intense extein bands and 

much weaker bands for the unprocessed LAI2 protein and N-terminal cleavage, 

for both LED exposed and dark samples. The extein bands from samples 

exposed to the LED array were 0.1 (± 0.3; n=3) fold stronger when compared 

to samples grown in darkness (Figure 2.29 (B)). This coupled with the strength 

of the two bands suggest that the LAI2 protein readily undergoes protein 

splicing both when exposed to the LED array and in darkness, indicating that 

the LOV2 domain had little to no influence over protein splicing. In addition to 

this the presence of the bands associated with N-terminal cleavage imply that 

although the N and C intein portions were able to associate, the efficiency of 

protein splicing was significantly reduced, leading to an undesirable side 

reaction. 

Western blot analysis of the LAI2-5 splicing displayed three bands for the LED 

exposed sample, associated with the unprocessed LAI2-5 protein, the extein 

and N-terminal cleavage products. In contrast to this the samples grown in 

darkness mainly displayed bands associated with the extein and they were 

noticeably weaker (Figure 2.29 (A)). The reason for the lack of LAI2-5 band is 

unknown although it is possible that the LAI2-5 proteins could form dimers 

and produce proteins too large to be viewed by western blot, or alternatively 

the LAI2-5 proteins produce may have been sequestered to inclusion bodies in 

the E. coli cells. The LED exposed samples displayed a 0.33 (± 0.12; n=3) fold 

stronger extein band when compared to the samples grown in darkness 

(Figure 2.29 (B)), indicating that the LAI2-5 protein undergoes a higher rate of 

protein splicing when exposed to blue light. This suggests that the LOV2 

domain is exerting some influence over protein splicing, allowing it to more 

easily occur when blue light is present. 
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Western blot analysis of LAI2-6 splicing displayed three bands for the LED 

exposed sample associated with the unprocessed LAI2-6 protein, the extein 

and N-terminal cleavage. For the sample grown in darkness, the bands 

associated with the unprocessed LAI2-6 was much stronger than for the 

sample exposed to the LED, indicating the sample exposed to the LED array 

was undergoing protein splicing at a higher rate. Faint bands were also seen 

below the LAI2-6 band for the dark sample. These bands suggest that LAI2-6 

proteins that had undergone C-terminal cleavage. In addition to this, the band 

associated with the extein was noticeably weaker for the dark sample than that 

for the LED exposed sample, and no band associated with N-terminal cleavage 

was seen in the dark sample. The lack of N-terminal cleavage for the dark 

sample suggests that the N and C inteins are not associating, thus reducing 

the rate of N-terminal cleavage. Samples exposed to the LED array displayed a 

1.74 (± 0.15; n=3) fold stronger extein band when compared to the samples 

grown in darkness (Figure 2.29 (B)) suggesting that protein splicing was 

occurring at a significantly higher rate (around 3-fold higher) under blue light. 

This data implies that the LOV2 domain regulates the splicing of LAI2-6 

protein. 

Western blot analysis of LAI2-7 splicing displayed similar results for both dark 

and LED exposed samples (Figure 2.29 (A)). Strong bands associated with the 

unprocessed LAI2-7 protein were seen for both samples. In addition to this a 

number of weaker bands were seen just beneath the LAI2-7 band that were 

possibly due to C-terminal cleavage of the LAI2-7 protein. The lack of extein 

band suggests that the LAI2-7 protein does not undergo protein splicing and 

may only be susceptible to C-terminal cleavage. The lack of a band associated 

with N-terminal cleavage suggests that removal of the 7 amino acids from the 

N-terminus of the C-intein results in the loss of affinity between the N and C-

inteins. 
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Figure 2.30: Graphs displaying % of tagged protein in each lane of light activated intein 

western blot. A) LAI2 light and dark samples. B) LAI2-5 light and dark 

samples. C) LAI2-6 light and dark samples. D) LAI2-7 light and dark 

samples. Samples exposed to LED array on the left and samples kept in 

darkness on right. 
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Table 2: Relative intensities of 6-His tagged protein bands in each lane of LAI2 and 

LAI2 truncation western blots. 

 LAI2 Light Standard Deviation   LAI2 Dark Standard Deviation 

LAI2 14 7  LAI2 6 2 

Extein 78 11  Extein 81 4 

N-Cleavage 8 4  N-Cleavage 13 1 

       

 LAI2-5 Light Standard Deviation   LAI2-5 Dark Standard Deviation 

LAI2-5 10 6  LAI2-5 1 0.5 

Extein 75 10  Extein 99 0.65 

N-Cleavage 15 5  N-Cleavage 0 0 

       

 LAI2-6 Light Standard Deviation   LAI2-6 Dark Standard Deviation 

LAI2-6 42 14  LAI2-6 76 10 

Extein 55 14  Extein 24 10 

N-Cleavage 3 2  N-Cleavage 0 0 

       

 LAI2-7 Light Standard Deviation   LAI2-7 Dark Standard Deviation 

LAI2-7 98 0.7  LAI2-7 99 0.3 

Extein 2 0.7  Extein 1 0.3 

N-Cleavage 0 0.00  N-Cleavage 0 0 

 

Further analysis of the difference in splicing products in the light and dark 

lanes for the LAI2 protein revealed that on average, for samples exposed to the 

LED array, the LAI2, extein and N-cleavage products were produced at a ratio 

of 14:78:8 (± 7:11:4; n=3) respectively, whilst for samples kept in darkness the 

same products were produced at a ratio of 6:81:13 (± 2:4:1; n=3) respectively 

(Figure 2.30 (A), Table 2). These results indicate that extein production occurs 

at a similar rate in both light and dark states. But the increased presence of N-

cleavage product seen in dark samples suggests that both N and C-intein 

fragments were able to associate but protein splicing occurred at a less 

efficient rate. 

Analysis of the bands present in the light and dark lanes for the LAI2-5 protein 

revealed that on average for samples exposed to the LED array the LAI2-5, 

extein and N-cleavage products were produced at a ratio of 10:75:15 (± 6:10:5; 

n=3) respectively. But the dark sample reviled a small amount of intein, a large 

amount of extein and no sign of N-cleavage at a ratio of 1:99:0 (± 0.5:0.65:0; 

n=3) respectively (Figure 2.30 (B), Table 2). This difference may be explained 

by the fact that in the darkness the LAI2-5 proteins unable to perform protein 
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splicing may have aggregated and been relocated to inclusion bodies in the 

cell. 

 Analysis of the light and dark lanes for the LAI2-6 protein revealed that on 

average for samples exposed to the LED array the LAI2-6, extein and N-

cleavage products were produced at a ratio of 42:55:3 (± 14:14:2; n=3) 

respectively, whilst for samples kept in darkness the same products were 

produced at a ratio of 76:24:0(± 10:10:0; n=3) respectively (Figure 2.30 (C), 

Table 2). These results indicate that extein production is dramatically affected 

by the presence of blue light, indicating that LOV2 domain influences intein 

mediated protein splicing.  In addition to this, the lack of N-cleavage seen on 

dark samples indicate that the LOV2 domain provides some steric hindrance 

preventing the association of N and C-intein portions in the dark thus lowering 

the level of N-cleavage. 

The light and dark lanes for the LAI2-7 protein revealed that on average for 

samples exposed to the LED array the LAI2-7, extein and N-cleavage products 

were produced at a ratio of 98:2:0 (± 0.7:0.7:0; n=3) respectively, whilst for 

samples kept in darkness the same products were produced at a ratio of 

99:1:0 (± 0.3:0.3:0; n=3) respectively (Figure 2.30 (D), Table 2). The low levels 

of extein and N-cleavage products seen in both light and dark lanes indicates 

that the LAI2-7 protein does not effectively undergo protein splicing in either 

dark or light conditions. This is likely due to a reduction in the affinity of the N 

and C-inteins for each other due to the loss of hydrogen bonding, arising from 

removal of the 7 amino acids. 

Dark Locked LAI2 Truncation Western Blots 

Plasmids encoding the dark-locked (C39S) mutants of the above LAI2, LAI2-5, 

LAI2-6 and LAI2-7 constructs were transformed in to BL21 (DE3) E. coli cells 

and grown over night on LB agar plates at 37°C. A colony was picked from 

each plate and used to grow two cultures. One culture was grown in total 

darkness and the other was grown under the illumination of the LED array. 

Both were grown at 18°C over night. The following day the cultures were 

harvested by centrifugation, sonicated and the cell lysate was separated from 

cell debris by filtration. Sample concentrations were measured using a 

Bradford assay. Equal amounts of each sample (15µg) of cell lysate were 

examined by western blot (Figure 2.31 (A)) to determine the difference in 
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concentration between light and dark extein products. To detect the light 

activated intein and extein a primary antibody to detect the 6-His tag (Thermo) 

located on the N-terminus of the neomycin phosphotransferase extein was 

used. A β-lactamase primary antibody (Novus biologicals) was used as a 

standard to equalise concentration discrepancies between lanes. 

 

Figure 2.31: A) Light activated inteins with the LOV2 C39S LOV2 mutation rendering 

the LOV2 domain insensitive to light. LAI2 protein bands seen at ~65kDa, 

extein protein bands seen at ~33kDa and N-extein cleavage bands seen at 

~23kDa. B) Graph displaying the relative intensities of exteins produced by 

light activated inteins with the LOV2 C39S mutation. Each result is a 

product of three repetitions. 

Western blot analysis was performed in triplicate to determine the 

concentration difference between the extein concentration in light and dark 
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samples and ensure consistency of results. In addition to this a β-lactamase 

standard was used to equalise the measurements between light and dark lanes 

as β-lactamase is continually expressed from the pRSET plasmid173 ensuring a 

consistent level between samples of equal concentration. Extein bands from 

the western blots were analysed using ImageJ to obtain histogram 

measurements. The measurements were adjusted using the β-lactamase 

measurements to correct for any experimental error. 

Western blots displayed bands at ~65kDa associated with the unprocessed 

LAI2 protein (65.5kDa), ~33kDa associated with neomycin phosphotransferase 

extein (32.6kDa) and at ~23kDa associated with N-terminal cleavage of the N-

extein (23.1kDa). LAI2 genes containing the C39S mutation should be 

insensitive to blue light, therefore the presence of blue light should not 

influence protein splicing. Quantitative comparisons of the bands associated 

with extein production found at approximately 32.68kDa revealed marked 

differences in protein splicing patterns when compared to LAI2 genes lacking 

the C39S LOV2 mutation. 

Western blots for the LAI2 C39S samples were similar to that of the LAI2 

protein. Strong extein bands were seen for both LED exposed and dark 

samples. Weaker bands associated with the unprocessed LAI2C39S protein and 

N-terminal cleavage were also seen. On average LED exposed samples 

displayed a 0.24 (± 0.23; n=3) fold stronger extein band when compared to the 

sample kept in the dark (Figure 2.31 (B)). For the LAI2 western blots only a 0.1 

(± 0.3; n=3) fold stronger extein band was seen for LED exposed samples.  

For the LAI2-5 protein subject to the C39S LOV2 mutation both the LED 

exposed and dark samples gave similar results. Both samples produced three 

bands associated with unprocessed LAI2-5C39S protein, extein and N-terminal 

cleavage. On average LED exposed samples displayed a 0.05 (± 0.12; n=3) fold 

smaller result when compared to the sample kept in the dark. The LAI2-5 

protein lacking the C39S mutation displayed a 0.33 (± 0.12; n=3) fold stronger 

extein band for LED exposed samples (Figure 2.31 (B)). This contrast between 

both sets of western blots suggests that the LOV2 domain was indeed 

influencing the protein splicing process and allowing it to occur at a higher 

rate in the presence of blue light or preventing it from occurring in the dark. 
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For the LAI2-6 protein subject to the C39S LOV2 mutation both the LED 

exposed and dark samples gave similar results. Both samples produced three 

bands associated with unprocessed LAI2-6C39S protein, extein and N-terminal 

cleavage. On average LED exposed samples displayed a 0.11 (± 0.17; n=3) fold 

stronger result when compared to the sample kept in the dark. The LAI2-5 

protein lacking the C39S mutation displayed a 1.74 (± 0.15; n=3) fold stronger 

extein band for LED exposed samples (Figure 2.31 (B)). This contrast between 

both sets of western blots suggests that the LOV2 domain was indeed 

influencing the protein splicing process and allowing it to occur at a higher 

rate in the presence of blue light or preventing it from occurring in the dark. 

Another difference between the LAI2-6C39S and LAI2-6 western blots was the 

bands associated with N-terminal cleavage were weaker for the LAI2-6C39S 

samples when compared to the LAI2-6 samples. This could be due to the 

mutated LOV2 domain preventing the association of the N and C-inteins 

reducing the amount of N-terminal cleavage. 

The western blots for the LAI2-7 subject to the C39S LOV2 mutation was 

remarkably similar to those of the LAI2-7 protein (Figure 2.31 (A) & Figure 2.29 

(A)). Bands associated with the LAI2-7 protein were seen but extremely faint 

extein bands were only seen on one of the three western blots made. In 

addition to this the bands possibly associated with C-terminal cleavage were 

not seen. 
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Figure 2.32:Graphs displaying % of tagged protein in each lane of C39S mutated light 

activated intein western blot. A) LAI2S light and dark samples. B) LAI2-5S 

light and dark samples. C) LAI2-6S light and dark samples. D) LAI2-7S light 

and dark samples. Samples exposed to LED array on the left and samples 

kept in darkness on right. 
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Table 3: Relative intensities of 6-His tagged protein bands in each lane of dark locked 

LAI2 and dark locked LAI2 truncation western blots. 

 
LAI2 Light Standard Deviation 

  
LAI2 Dark Standard Deviation 

LAI2 6 4 
 

LAI2 8 5 

Extein 73 10 
 

Extein 67 13 

N-Cleavage 21 10 
 

N-Cleavage 25 12 

       

 
LAI2-5 Light Standard Deviation 

  
LAI2-5 Dark Standard Deviation 

LAI2-5 27 11 
 

LAI2-5 26 11 

Extein 58 15 
 

Extein 58 15 

N-Cleavage 15 7 
 

N-Cleavage 16 7 

       

 
LAI2-6 Light Standard Deviation 

  
LAI2-6 Dark Standard Deviation 

LAI2-6 62 3 
 

LAI2-6 65 5 

Extein 36 2 
 

Extein 34 4 

N-Cleavage 2 1 
 

N-Cleavage 1 1 

       

 
LAI2-7 Light Standard Deviation 

  
LAI2-7 Dark Standard Deviation 

LAI2-7 94 3 
 

LAI2-7 97 1 

Extein 6 3 
 

Extein 3 1 

N-Cleavage 0 0 
 

N-Cleavage 0 0 

 

The LAI2S protein and its truncations contain the C39S mutation, meaning that 

the LOV2 domain should not undergo formation of the photo adduct. So it was 

expected that both light and dark samples should give similar results in 

respect to extein production. 

The light and dark lanes for the LAI2S protein revealed that on average for 

samples exposed to the LED array the LAI2S, extein and N-cleavage products 

were produced at a ratio of 6:73:21 (± 4:10:10; n=3) respectively, whilst for 

samples kept in darkness the same products were produced at a ratio of 

8:67:25 (± 5:13:12; n=3) respectively (Figure 2.32 (A), Table 3). These results 

indicate that extein production occurs at a similar rate in both light and dark 

states. These results are also have a striking similarity to those observed for 

the LAI2 light and dark samples further indicating that the LOV2 domain has 

little to no influence over protein splicing. 

The light and dark lanes for the LAI2-5S protein revealed that on average for 

samples exposed to the LED array the LAI2-5S, extein and N-cleavage products 

were produced at a ratio of 27:58:15 (± 11:15:7; n=3) respectively. But the 
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dark sample reviled a small amount of intein, a large amount of extein and no 

sign of N-cleavage at a ratio of 26:58:16 (± 11:14:7; n=3) respectively (Figure 

2.32 (B), Table 3).  These two results are almost identical to each other 

suggesting that any differences obtained from samples lacking the C39S 

mutation could be due to the LOV2 domains affect on protein splicing. 

 The light and dark lanes for the LAI2-6S protein revealed that on average for 

samples exposed to the LED array the LAI2-6S, extein and N-cleavage products 

were produced at a ratio of 62:36:2 (± 3:2:1; n=3) respectively, whilst for 

samples kept in darkness the same products were produced at a ratio of 

65:34:1 (± 5:4:1; n=3) respectively (Figure 2.32 (C), Table 3).  These two 

results are strikingly similar, suggesting that any differences obtained from 

samples lacking the C39S mutation were due to the LOV2 domains affect on 

protein splicing. Further suggesting that the LAI2-6 protein preferentially 

undergoes protein splicing when exposed to blue light. 

The light and dark lanes for the LAI2-7S protein revealed that on average for 

samples exposed to the LED array the LAI2-7S, extein and N-cleavage products 

were produced at a ratio of 94:6:0 (± 3:3:0; n=3) respectively, whilst for 

samples kept in darkness the same products were produced at a ratio of 

97:3:0 (± 1:1:0; n=3) respectively (Figure 2.32 (D), Table 3). These results bare 

a similarity to those of the LAI2-7 samples. Both sets of results indicate that 

the LAI2-7 protein does not readily undergo protein splicing under light or 

dark conditions and that the LOV2 domain has almost no influence over this 

process. 

The similarity in the splicing patterns of both light and dark samples 

containing the C39S mutation suggest that what may be observed here is the 

baseline of protein splicing for each sample. 

 

Defective LAI2 Truncation Western Blots 

To demonstrate that the above results were due to intein splicing, variants of 

each LAI containing non-splicing inteins was assessed as a control. The pRSET 

LAI2, LAI2-5, LAI2-6 and LAI2-7 plasmids with the C+1A, N289D and C1A 

mutations were transformed in to BL21 (DE3) E. coli cells and grown over night 

on LB agar plates at 37°C. A colony was picked from each plate and used to 
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grow two cultures. One culture was grown in total darkness and the other was 

grown under the illumination of the LED array. Both were grown at 18°C over 

night. The following day the cultures were harvested by centrifugation, 

sonicated and the cell lysate was separated from cell debris by filtration. 

Sample concentrations were measured using a Bradford assay. Equal amounts 

of each sample (15µg) of cell lysate were examined by western blot (Figure 

2.33) to determine the difference in concentration between light and dark 

extein products. To detect the light activated intein and extein a primary 

antibody to detect the 6-His tag (Thermo) located on the N-terminus of the 

neomycin phosphotransferase extein was used. A β-lactamase primary 

antibody (Novus biologicals) was used as a standard to equalise concentration 

discrepancies between lanes. 

 

Figure 2.33: Light activated inteins with N298D, C1A and C+1A mutations preventing 

protein splicing. 

Western blots were performed in triplicate to determine the concentration 

difference between the extein concentration in light and dark samples and 

ensure consistency of results. In addition to this a β-lactamase standard was 

used to equalise the measurements between light and dark lanes as β-

lactamase is continually expressed from the pRSET plasmid173 ensuring a 

consistent level between samples of equal concentration. Extein bands from 

the western blots were analysed using ImageJ to obtain histogram 

measurements. The measurements were adjusted using the β-lactamase 

measurements to correct for any experimental error. 
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The western blots for the mutated LAI2 and its truncations all lacked bands at 

the location associated with the extein (Figure 2.33) suggesting that the bands 

on previous blots were indeed the product of intein mediated protein splicing. 
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2.9 Assessing the kinetics of Light Activated Intein 

Splicing 

Light Activated Intein No Extein (LAI-Ex) 

 

Figure 2.34: pRSET LAI2-EX plasmid. Above graphical illustration of pRSET LAI2-EX 

plasmid depicting key plasmid features including origin of replication 

(ColE1), antibiotic resistance (Ampicillin, AMPR), promoter (T7 for LAI, pKan 

for LAI2) and light activated intein lacking both C and N-extein genes. 

Below more detailed depiction of light activated intein gene with restriction 

sites showing Both N and C trans intein portions and asLOV2 domain. Also 

featured is the 6-His tag attached to N-intein. SD = Shine-Dalgarno 

ribosomal binding site. 

We next assessed the effect of the inteins on the kinetics the LOV2 domain 

photoadduct decay. We reasoned that without an extein to influence the intein 

portions or the LOV2 domain, the effect of the intein on the LOV2 domain 

could be more directly observed as during purification a mixture of extein and 

unprocessed light activated intein would be obtained. Plasmids were therefore 

created to express the LOV2 intein fusion lacking an extein (Figure 2.34). The 

LOV2 intein fusion plasmid was created by overlap extension polymerase chain 

reaction using the pRSET LAI or pRSET LAI2 plasmid as a template. BamHI and 

HindIII restriction digest sites were incorporated at the ends of the N and C-

intein portions and used to clone the gene in to the pRSET plasmid. In addition 
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to this a C1A mutation was included at the N-intein splicing junction to avoid 

N-terminal splicing of the 6-His tag. Plasmids to express the LAI, LAI2, LAI2-5, 

LAI2-6 and LAI2-7 proteins were made using this method. 

 

Figure 2.35: Absorption spectra of LOV2 domain photo adduct decay following 

exposure to blue light. 

In order to determine the decay rate of the C(4a)-cysteinyl adduct, the 

absorption spectrum of the samples were measured after exposure to the LED 

array. A sample of protein in analysis buffer was exposed to the LED array for 

five minutes and the UV-Vis absorption spectra were taken once the LED array 

was turned off (Figure 2.35). Using the absorption at 447nm a half-life was 

determined using t
1/2 

= t×In(2)/In(A
t 
/A

0
), where t, A

t
 and A

0
 are time, absorption 

at time t in seconds and at time 0 respectively. The half-life calculated was in 

line with that previously reported for the asLOV2 domain122. The rate of 

photoadduct decay was determined to be first order or pseudo first order for 

all samples (Figure 2.36 and 2.37). 

Table 4: Half-lives calculated for photo-adduct recovery. 

 LOV2 LAI LAI2 LAI2-5 LAI2-6 LAI2-7 

Half-Life (s) 45 22 23 34 38 43 
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Figure 2.36: Kinetics of photo adduct decay to dark state monitored by LOV2 domain 

absorption at 447nm. A) LOV2. B) LAI. C) LAI2. Samples were exposed to 

blue light and the light was then tuned off at time 0. The remaining 

photoadduct level was calculated as 1 - (At - A0)/(A∞ - A0), where At, A∞, 

and A0 are absorptions at 450 nm at time t in seconds, in darkness, and 

under BL, respectively. The logarithm of the remaining photoadduct level 

was plotted against to indicate the fast and slow components of reversion 

kinetics. 
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Figure 2.37: Kinetics of photo adduct decay to dark state monitored by LOV2 domain 

absorption at 447nm. D) LAI2-5. E) LAI2-6. F) LAI2-7. Samples were 

exposed to blue light and the light was then tuned off at time 0. The 

remaining photoadduct level was calculated as 1 - (At - A0)/(A∞ - A0), 

where At, A∞, and A0 are absorptions at 450 nm at time t in seconds, in 

darkness, and under BL, respectively. The logarithm of the remaining 

photoadduct level was plotted against to indicate the fast and slow 

components of reversion kinetics. 
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As expected, the recovery of the LOV2Npu fusion is similar to that of the 

LOV2Ssp and can be explained by them having similar affinities between N and 

C-intein fragments179,180 in the nanomolar range and would therefore have 

similar effects. The recovery times for the LAI2 variants were faster than that of 

the LOV2 domain alone. This could be because the N and C-intein fragments 

hold the Aα-helix and Jα-helix closer to the LOV2 core increasing the speed of 

recovery as the Aα-helix and Jα-helix have less freedom of movement. Another 

possible explanation could be that the N- and C-intein fragments hold the Aα-

helix and Jα-helix closer to the LOV2 core increasing steric forces on the 

domain and destabilizing the C(4a)-cysteinyl adduct to a greater extent than 

normal. The data also suggests that as more amino acids are removed from 

the Npu C-intein the effect on the recovery of the LOV2 domain is weakened. 

This is possibly due to the lowering of affinity between the N- and C-intein 

fragments either decreasing their association in the first place or increasing 

their dissociation once formed. The data also indicated that the LOV2 and LAI-

7 protein have similar recovery rates. This implies that the LAI-7 inteins have a 

very low affinity and might not associate at all. If their affinity were lowered to 

such an extent it would explain the lack of extein bands observed in western 

blots (Section 2.8). 
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Chapter 3:  Conclusions & Future work 

3.1 Conclusions 

The initial goal of this research project was to design and build a functional 

light activated intein that would preferentially undergo intein mediated protein 

splicing under the illumination of blue light. Although initial attempts to create 

both cis and trans light activated inteins by rational design or random 

mutagenesis produced products where protein splicing was either negligibly or 

not at all influenced by blue light, progress was eventually made.  

Through truncating the N-terminus of the Npu DnaE C-intein it was possible to 

create cis inteins that preferentially underwent intein mediated protein splicing 

under the illumination of blue light. Western blot analysis of the LAI-5 and LAI-

6 proteins indicated protein splicing increased by a factor of 0.33 and 1.74 

fold respectively, when samples were exposed to blue light. C39S mutations 

that inhibited the photo switching abilities of the LOV2 domain indicated that 

the increase in protein splicing was indeed dependant on light, as both light 

and dark samples gave similar results. And C+1A, C1A and N298D mutations 

to the LAI2-5 and LAI2-6 proteins indicated that the extein bands seen were 

the products of intein splicing.  

The use of light activated inteins in future research could potentially prove to 

be a powerful tool. The unique spatial and temporal control that light offers 

would enable light activated inteins to produce desired proteins exactly where 

and when needed without contamination by external chemicals or a change in 

temperature, redox or pH. The results included as part of this project indicate 

that with some refinement light activated inteins could be an effective tool for 

the study of cellular processes. 

3.2 Future Work 

Although the objectives have been met there are still some issues that need to 

be addressed. Although the light activated inteins developed as part of this 

study have displayed the ability to produce the neomycin phosphotransferase 

extein, and the Npu DnaE trans inteins used are known for their amino acid 

tolerance, there is a need to determine if they have the ability to effectively 
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produce other exteins. In addition to this time course experiments to 

investigate the most effective amount of light exposure for conditional protein 

splicing should be conducted. The bacterial cultures used in this study were 

grown over night and this large amount of time could allow the accumulation 

of extein product. A time course experiment would allow a clearer picture of 

the differences in protein splicing between light and dark cultures. 

Although for LAI2-5 and LAI2-6 samples splicing was seen to increase in the 

presence of blue light, splicing was seen to occur for samples kept in the dark. 

This observation demonstrates that the light activated inteins developed as 

part of this project are not ideal for their initial intentions. The ability of light 

activated inteins to undergo protein spicing in the dark is likely because the 

LOV2 domain is in a state of dynamic equilibrium between dark and lit states 

even when kept in darkness126. It has been calculated that while kept in 

darkness 1.6% of LOV2 domains are in a high energy state where the Jα-helix is 

unfolded despite the lack of adduct formation181. Knowing this suggests that 

the light activated intein can still perform protein splicing when kept in the 

dark, although at a significantly reduced rate. Some mutational studies on the 
LOV2 domain have demonstrated that the alteration of key residues can 
change the light/dark equilibrium of the LOV2 domain and either increase or 
decrease the speed of photo adduct recovery. Q513D and Q513H mutations 

increases the photoadduct recovery time from 80s143 to 5s and 27s 

respectively145. In addition to single point mutations, a combination of 

mutations to the LOV2 domain have been shown to have a similar effect. 

N414D, C450V and Q513C mutations have been shown to increase the 

photoadduct recovery to 13s. Mutation of the light activated intein LOV2 
domain could potentially increase the difference in extein production between 
light and dark samples by increasing the amount of light needed to allow the 
Inteins to associate and by increasing the speed of photoadduct recovery. 

Another explanation for the presence of extein product in dark state samples 

could be that the N and C Npu DnaE intein portions have too strong an affinity 

for each other. Substitution of the Npu DnaE intein for one that has a lower 

affinity between N and C portions could reduce the dark state protein splicing, 

whilst allowing them to still effectively undergo protein splicing under blue 

light. Artificially split inteins are known for poor bonding affinity between N- 

and C-intein portions and frequently require to be fused to auxiliary 
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dimerization domains in order to associate83,84,182,183. In 2008 Tom Muir used the 

artificially spilt S. cerevisiae vacuolar ATPase (VMA) intein to develop a light 

activated trans intein82. The Sce VMA tans intein has a low affinity between the 

N and C portions and required fusion to PhyB and PIF3 domains in order to 

bring them in to close proximity. This low affinity could be beneficial for the 

light activated intein, as the N and C portions would be less likely to associate 

in the dark whilst still allowing them to be in close enough proximity to bind in 

the light. Alternatives to this could be the Ssp DnaX artificially split intein, 

which was used as part of the Heidelberg 2014 iGem project184. This artificially 

split intein has a low affinity between the N and C portions, and in addition to 

this the C-intein is only 6 amino acids in length, meaning that the dark state 

LOV2 domain would more effectively hide it from the N-intein. 
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Chapter 4:  Materials and Methods 

4.1 Materials 

Chemicals and Disposables  

Chemicals were purchased from Fisher and Sigma. Disposables were obtained 

from Greiner, Millipore and Fisher.  

Enzymes  

Enzymes were purchased from the following companies:  

New England Biolabs (NEB, U.K.): Restriction enzymes, Q5 DNA Polymerase; 

Promega (U.K.): Go Taq DNA Polymerase, Pfu DNA Polymerase, Thermo 
sensitive Alkaline Phosphatase (TSAP) and T4 DNA ligase. 

Molecular Biology Kits 

Qiagen: Plasmid Miniprep Kit was used for plasmid purification. 

Thermo: GeneJet Plasmid Miniprep kit was used for plasmid purification. 

Thermo: GeneJet PCR purification kit was used for PCR product purification. 

Synthetic Oligonucleotides  

Desired primers were purchased from Eurofins MWG Operon (Germany). 

Markers And Loading Dyes  

DNA markers were purchased from NEB, U.K. (2- log DNA ladder). Protein 

markers were purchased from NEB (broad range protein marker, pre-stained 

broad range protein marker). DNA loading dye solution was self-made by 

adding 100 µl of 2 log ladder, 100 µl Go Taq green buffer and 400 µl of 

ddH
2

O. 4X sample buffer for SDS-PAGE was prepared in a total volume of 50 ml 

containing 200 mM TrisHCl, pH 6.8, 40% v/v glycerol, 8% w/v SDS, 100mM 

dithiothreitol (DTT), 0.01% w/v bromophenol blue. 

Luria-Bertani (LB) Medium 

6.25 g of LB powder (Fisher Scientific, UK) was suspended in 250 ml of 

sterilised distilled water and autoclaved for 20 minutes at 115 ºC on the liquid 
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cycle. The medium was left to cool down to room temperature before use. 

Antibiotics were added to desired. 

Agar Plates 

9.37 g LB agar powder (Fisher Scientific, UK) was dissolved in 250 ml of 

sterilised distilled water and autoclaved for 20 minutes at 115 ºC on the liquid 

cycle. The mixture was allowed to cool to room temperature and solidify. When 

needed the mixture was heated in a microwave and antibiotics were added 

once the mixture had cooled to below 50°C. The liquid was then poured in to 

sterile petri dishes and left to solidify. The dishes were then died in an 

incubator at 37°C for one hour. Antibiotics were added to desired 

concentrations. 

Antibiotics 

Table 5: Antibiotic Concentrations 

Antibiotic Stock 

Concentration 

mg/ml 

Working 

concentration 

µg/ml 

Amount in 

10ml 

Amount in 

250ml 

Ampicillin 20 100 50µl 1250µl 

Chloramphenicol 10 35 35µl 875µl 

Kanamycin 10 50 50µl 1250µl 

 

SOC Medium 

500 µl of 1M MgCl
2
 solution, 500µl of 2M MgSO

4
 solution and 500µl of 20% 

(v/w) glucose solution (all solutions autoclaved) was added to 50ml of LB 

growth medium. The solution was mixed by inversion before filtering through 

a sterile filter (Millipore, UK) into 1ml aliquots and stored at 4 ºC. 

Agarose Gel 

1% agarose gel was prepared by dissolving 2g of agarose powder into 200 ml 

of TAE buffer and heated in a microwave until the solution was clear. 4 drops 

of Ethidium Bromide solution (0.625 mg/mL, Fisher Bio Reagents) was added 
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and the solution was gently mixed by swirling and then poured into mould to 

set. 

TAE 

A 50X TAE solution was prepared according to the following table and adjusted 

to pH 8.0 using dilute NaOH solution. 

Table 6: TAE Preparation 

Reagents Amount Final Concentration 

Tris Base 242 g 2 M 

Glacial Acetic Acid 57.1 ml 1M 

EDTA 100 ml 50mM 

Sterile Distilled Water To 1 L  

 

4.2 Methods 

Plasmid Purification 

10ml cultures of desired cells were grown overnight in LB with antibiotics at 

desired concentrations. The following morning cell cultures were pelleted at 

3100 rpm at 4°C for 15 minutes. Plasmids were then purified with Qiagen 

QIAprep Spin Miniprep Kit or GeneJet Plasmid Miniprep kit as per 

manufacturer’s instructions. 

Spectrophotometric Analysis Of DNA 

1.5µl of purified DNA was quantified by measurement of absorbance at 260nm 

using a Nanodrop ND-1000 spectrophotometer (U.K.). Absorbance ratios 

(260/280nm and 260/230nm) were used to determine DNA purity. 

Polymerase Chain Reaction (PCR) 

Reaction mixture was prepared according to table 6.  
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Table 7: PCR Preparation 

Components Volume (µL) 

5xGoTaq® Buffer 10 

2mM dNTPs 5 

Forward Primer (10pmol/µl from Eurofins MWG Operon) 1 

Reverse Primer (10pmol/µl from Eurofins MWG Operon) 1 

Template DNA  1 

GoTaq® Polymerase (5u/µl from Promega) 0.25 

Sterile Deionised water to a final volume of 31.75 

 

Reaction was run using cycling conditions in table 7. 

Table 8: PCR Program 

Step Temperature Time Number of cycles 

1) Initial Denaturation 94oC 2 min  1 

2) Denaturation 94oC 30 sec 30 

    Annealing*  30 sec 

    Extension 72oC 1min kb 

3) Final Extension 72oC 5 min 1 

4) Hold 4oC Indefinite 1 

*Annealing temperature was calculated using promega Biomath calculator. 

PCR Products For Cloning 

PCR products were either purified using QIAquick PCR Purification Kit (QIAGEN) 

or gel purified by QIAquick Gel Extraction Kit on a 0.7-2% (w/v) agarose gel, 

100 V 25-30 minutes containing ethidium bromide. Resulting bands were 
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visualized using UV light and excised using sterile a razor blade and the DNA 

was isolated using QIAquick Gel Extraction kit (QIAGEN). 

 

Colony Polymerase Chain Reaction (CPCR) 

Reaction mixture was prepared according to table 8.  

Table 9: CPCR Preparation 

Components Volume (µL) 

5xGoTaq® Buffer 20 

2mM dNTPs 10 

Forward Primer (10pmol/µl from Eurofins MWG Operon) 2 

Reverse Primer (10pmol/µl from Eurofins MWG Operon) 2 

Template DNA   

GoTaq® Polymerase (5u/µl from Promega) 0.5 

Sterile Deionised water to a final volume of 63.5 

 

The reaction mixture was used to make ten 10µl aliquots to test different 

colonies. Template was picked off an agar plate using a sterile pipette and 

transferred to the reaction solution and mixed by gently shaking. 

Table 10: CPCR Program 

Step Temperature Time Number of cycles 

1) Initial Denaturation 94oC 2 min  1 

2) Denaturation 94oC 30 sec 25 

    Annealing*  30 sec 

    Extension 72oC 1min kb 

3) Final Extension 72oC 5 min 1 
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4) Hold 4oC Indefinite 1 

*Annealing temperature was calculated using promega Biomath calculator. 

Colonies displaying desired results were used to grow overnight cultures for 

further tests. 

Site Directed Mutagenesis Pfu 

Reaction mixture was prepared according to the table 10.  

Table 11: Pfu SDM Preparation 

Components Volume (µL) 

10x Pfu Buffer 5 

2mM dNTPs 5 

Forward Primer (10pmol/µl from Eurofins MWG Operon) 125ng  

Reverse Primer (10pmol/µl from Eurofins MWG Operon) 125ng  

Template DNA 50ng  

Pfu (Promega) 1 

Sterile Deionised water to a final volume of 50µl  

 

Reaction was run using cycling conditions in table 11. 

Table 12: Pfu SDM Program 

Step Temperature Time Number of cycles 

1) Initial Denaturation 94oC 2 min  1 

2) Denaturation 94oC 30 sec 18 

    Annealing*  30 sec 

    Extension 72oC 2min kb 

3) Final Extension 72oC 5 min 1 
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4) Hold 4oC Indefinite 1 

*Annealing temperature was calculated using promega Biomath calculator. 

After the reaction the site directed mutagenesis was left to cool to room 

temperature and 2µl of DpnI was added and left for two hours at 37°C to 

digest the template plasmid. Products were then purified with Qiagen QIAprep 

Spin Miniprep Kit as per manufacturer’s instructions to give desired product. 

Site Directed Mutagenesis Q5 

Reaction mixture was prepared according to the table below.  

Table 13: Q5 SDM Preparation 

Components Volume (µL) 

5x Q5 Buffer 5 

2mM dNTPs 5 

Forward Primer (10pmol/µl from Eurofins MWG Operon) 

125ng 

 

Reverse Primer (10pmol/µl from Eurofins MWG Operon) 

125ng 

 

Template DNA 50ng  

Q5 (NEB) 1 

Sterile Deionised water to a final volume of 50µl  

Reaction was run using cycling conditions in table 13. 

 

Table 14: Q5 SDM Program 

Step Temperature Time Number of cycles 

1) Initial Denaturation 94oC 2 min  1 

2) Denaturation 94oC 30 sec 18 
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    Annealing*  30 sec 

    Extension 72oC 30sec kb 

3) Final Extension 72oC 5 min 1 

4) Hold 4oC Indefinite 1 

*Annealing temperature was calculated using promega Biomath calculator. 

 

After the reaction the site directed mutagenesis was left to cool to room 

temperature and 2µl of DpnI was added and left for two hours at 37°C to 

digest the template plasmid. Products were then purified with Qiagen QIAprep 

Spin Miniprep Kit as per manufacturer’s instructions to give desired product. 

Restriction Digestion 

Digestions of plasmid and PCR products carried out by mixing DNA solution 

with the appropriate buffer for the chosen restriction enzyme and adding 

bovine serum albumin when required. 

 

Table 15: Restriction Digestion 

Components Volume (µL) 

Plasmid (50-300ng/ µl) 43 µl 

Appropriate Buffer (vortexed) 5µl 

Restriction Enzyme 1 1.0 µl 

Restriction Enzyme 2 1.0 µl 

 

 

 

 



  Chapter 4 

 107   

Table 16: Restriction Digestion (BSA) 

Components Volume (µL) 

Plasmid (50-300ng/ µl) 38 µl 

Appropriate Buffer 5 µl 

BSA 5 µl 

Restriction Enzyme 1 1 µl 

Restriction Enzyme 2 1 µl 

 

The solution was mixed thoroughly using vortex then restriction enzymes were 

added and mixed by drawing the solution up and down in to the pipette tip. 

The reaction was then mixed again by gently tapping and incubated at 37ºC 

for 2 hours. The enzymes were then deactivated at appropriate temperature 

and time following NEB’s instructions and then analysed on 1% agarose by gel 

electrophoresis. For enzymes where heat deactivation is ineffective the 

products were separated using Qiagen QIAprep Spin Miniprep Kit as per 

manufacturer’s instructions. 

Gel Purification Of Digested Fragments 

Completed digestion reactions (10-50 µl) and log2 ladder were loaded onto a 

0.7-2% agarose gel made with ethidium bromide and run at 100V for 25-35 

minutes to separate the fragments of interest. The required bands were 

excised and the DNA recovered from the agarose using Qiagen QIAprep Spin 

Miniprep Kit as per manufacturer’s instructions. 

Dephosphorylation Of DNA 

45µl of DNA fragments requiring dephosphorylation were mixed with 5µl 

multicore 10x buffer (promega) and 1µl of thermo sensitive alkaline 

phosphatase (TSAP Promega). The mixture was incubated at 37°C for 15 to 30 

minutes. The enzyme was deactivated by heating sample to 75°C for 15 

minutes.  
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Ligation 

Ligation of digested plasmid backbone and gene insert was prepared 

according to instructions. Before ligase was added the buffer and the DNA 

solutions were mixed thoroughly using vortex, and once ligase added gently 

by tapping. Reactions were carried out for two to three hours at room 

temperature or overnight at 4ºC. Ligase was deactivated at 70ºC for 10 

minutes. The volume of insert and vector was calculated using the ligulator 

Excel spread sheet. 

Ligation Mixture 

Table 17: Ligation Mixture 

Components Volume (µL) 

Ligase Buffer 1 µl 

Linear Plasmid 4- 7.5 µl 

Insert 0.5- 4 µl 

Sterile Distilled Water Make up to 9µl 

T4 DNA Ligase 1 µl 

 

Preparation And Transformation Of Chemically Competent Cells 

An E. coli strain (DH5α OR BL21) was incubated overnight in 10ml of LB media 

without antibiotic. 250 µl of the culture was then transferred to fresh LB media 

(25ml) with no antibiotic until the OD
600 

had reached 0.5-0.7. The culture was 

then centrifuged (3100 rpm for 15 minutes at 4 ºC). The supernatant was 

decanted and the cell pellet resuspended in ice-cold TBFI buffer (10 ml) then 

centrifuged (3100 rpm for 15 minutes at 4 ºC). Supernatant was discarded and 

cell pellet was resuspended in ice-cold TBFII buffer (1 ml). The cells were then 

separated in to 100µl aliquots (PCR tubes chilled on dry-ice) and immediately 

placed in cold storage at -80°C. 
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Table 18: TBFI Buffer 

Components                   Quantity Final 

Concentration 

Potassium Acetate 0.588 g 30 mM 

Rubidium Chloride 2.42 g 100 mM 

Calcium Chloride 0.294 g 10 mM 

Manganese Chloride 2 g 50 mM 

Glycerol 30 ml 15 % v/v 

Sterile Deionised Water Adjust to 200 ml, pH 5.8 

with 1 % acetic acid 

30 mM 

All solutions prepared from sterile autoclaved water. 

 

Table 19: TBFII Buffer 

Components                   Quantity Final Concentration 

MOPS 0.21 g 30 mM 

Rubidium Chloride 0.121 g 100 mM 

Calcium Chloride 1.10 g 10 mM 

Glycerol 15 ml 50 mM 

Sterile Deionised Water Adjust to 100 ml, pH 6.5 with 

dilute NaOH 

15 % v/v 

All solutions prepared from sterile autoclaved water. 

Once needed transformation carried out by thawing out 100 µl aliquot on ice 

for 15 minutes then adding 5 µl of ligation mixture. The mixture was 

maintained on ice for a further 30 minutes and then heat-shocked for 45 

seconds at 42 ºC in water bath. The cells were then immediately returned on to 

ice for 2 minutes then transferred to a culture tube containing 895 µl of SOC 

media (400 µl when performing site directed mutagenesis). The cells were 
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incubated at 37 ºC for 1 hour. The cells were then plated onto agar plates 

containing antibiotic at desired concentrations (Ampicillin 100µg/ml, 

Chloramphenicol 35µg/ml). 

 

Primers Used 

Generic Primers 

Number Name Sequence 5’ – 3’ 

1 T7 F TAATACGACTCACTATAGGG 

2 T7 R CTAGTTATTGCTCAGCGGT 

3 CBDr TCATTGAAGCTGCCACAAGG 

 

LAI Primers 

Number Name Sequence 5’ – 3’ 

4 1/2GFP F AAGGATCCCCCCGCTGAATTCATGAGTAAAGGAGAAGA

ACTTTTCACTGG 

5 1/2GFP R TAAGATCTCGGTGCCAAAACTTAAGCAGTTATAGTTGTA

TTCCAATTTG 

6 2/2GFP F CTAGCCAATGGGGCGATCGCCCACAATTCACACAATGT

ATACATCATGGC 

7 2/2GFP R TTCGAATTCTTATTTGTATAGTTCATCCATGCCATGTGT

AATCCCAGC 

8 LOV2 F TAAGGATCCCAAACTGGC CACCACTCTAGAG 

9 LOV2 R GGATCAAGCTTCTAGGCCAGCTCCTTGGCGGCCTCGTC 
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10 LOV2Ssp F ATAAGGATCCCTGCTTAAGTTTTGGCACCGAGATCTTAA

CCG 

11 LOV2Ssp R ATCAAGCTTCGAATTCTTAATTGTGGGCGATCGCCCCAT

TGGC 

12 SLAI F GCTGGTACCATTAAACTC AGGAGGTGCAAAAAATG 

CGGGGTTCTCATC 

13 SLAI R TTTAATGGTACCGAATTC AGCGGGGGGATCC 

14 LOV2C39S F CTGGGCCGCAACTCCCGCTTCCTGCAGGGC 

15 LOV2C39S R GCCCTGCAGGAAGCGGGAGTTGCGGCCCAG 

 

LAI2 Random Mutagenesis Primers 

Number Name Sequence 5’ – 3’ 

16 Kan Prom F GCCGCCACATGTTGAAGTGGTGGCCTAACTACGGCTAC

AC 

17 Kan Prom R GCGGCAAGCTTGCCGCATATGACCCCTTGTATTACTGTT

TATGTAAGC 

18 Ran Mut N-

Int R 

CCAGGGTGGTCGCCAGTTTAATGGTACC 

19 Ran Mut C-

Int F 

CGCGCGACCGTGCGCAAAATTCGCG 

20 LAI2 Ran Mut 

F 

AAGAAATGCATAAACTGCTGCCGTTTTGC 

21 LAI2 Ran Mut 

R 

CACGCTATCCGGGCTGTTGCTAGC 
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22 2/2Kan F ATTGCTAGCAACTCACCGGATTCAGTCGTCACTCATGG 

23 2/2Kan R CGGATCAAGCTTTAAAAAAATTCATCCAGCATCAGATG

AAACTGC 

24 1/2Kan F ATGGCTGGATCCATGAGCCATATTCAGCGCGAAACCAG

C 

25 1/2Kan R GTATCATATGACAGGCAGAATGGCAAAAGTTTATGCAT

TTCTTTCC 

 

LAI2 & Truncation primers 

Number Name Sequence 5’ – 3’ 

26 -5 F GCGGCCATGGGCCGCAAATATCTGGGCAAACAG 

27 -6 F GCGGCCATGGGCAAATATCTGGGCAAACAGAAC 

28 -7 F GCGGCCATGGGCTATCTGGGCAAACAGAACGTG 

29 LOV2 F GATAAGGATCCCAAACTGGCGACCACCCTGGAACGC 

30 LOV2 R GGATCAAGCTTCTAGGCCGCCAGTTCTTTCGC 

31 NPU Int F GATAAGGATCCCAAACTGGCGACCACCCTGGAACGC 

32 NPU Int R GGATCAAGCTTCTAGGCCGCCAGTTCTTTCGC 

33 Mut N-Int R GTTAAGATCTCGGTATCATAGCTCAGGGCAAACGGCAG

CAGTTTATGC 

34 Mut N-Int F ATGCGGGGTTCTCATCATCATCATCATCATGG 

35 Mut C-Int F TATTGCTAGCGACGCCTTTAATAGCGTGGTGACCCACG

GCG 
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36 Ser LOV R TTCCGGGCCCTGCAGAAAGCGGCTGTTGCGGCCCAGAA

TTTCTTCGCG 

 

 

4.3 Specific Procedures 

Construction Of pRSET LOV2 

The pRSETeGFP plasmid was subjected to restriction digest using BamHI and 

HindIII in NEBuffer4 at 37°C for one hour to give the pRSET vector. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The LOV2 insert was prepared by subjecting the 

pCR2.1 plasmid to a PCR reaction using primers 8 & 9 (annealing temperature 

55°C, extension time 35 seconds). Following this, the LOV2 insert was purified 

using QIAGEN gel extraction kit as per manufacturer’s instructions. The LOV2 

insert was was subjected to restriction digest using BamHI and HindIII in 

NEBuffer4 at 37°C for one hour. Following this, the LOV2 insert was purified 

using QIAGEN gel extraction kit as per manufacturer’s instructions. The LOV2 

insert and pRSET LAI2 vector were ligated at a 6:1 ratio (Insert : vector) at 4°C 

over night to create the pRSET LOV2 plasmid. The following day, the ligation 

mixture was transformed in to chemically competent DH5α E. coli cells and 

grown on LB agar plates containing desired antibiotic (carbenicillin 100μg/ml). 

The resultant colonies were tested by colony PCR and DNA sequencing. 
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Figure 4.1:Gel electrophoresis of LOV2 insert. Lane 1 = LOV2 PCR product seen at 

459bp.L = 2-Log DNA ladder (NEB) with molecular weights to the left. 

Construction Of pRSET LAI 

The following gene fragments were used to construct the pRSET LAI plasmid 

according to diagram displayed in figure 4.3. 

1/2eGFP 

The 1/2eGFP fragment was created by subjecting the pRSETeGFP plasmid to a 

PCR reaction using primers 4 & 5 (annealing temperature 30°C, extension time 

40 seconds). Following this the 1/2eGFP fragment was purified using QIAGEN 

gel extraction kit as per manufacturer’s instructions. The 1/2eGFP fragment 

was the subject to restriction digest using BamHI and BglII in NEBuffer 3 

containing BSA at 37°C for one hour. Following the digest the fragment was 

subject to further purification using QIAGEN gel extraction kit as per 

manufacturer’s instructions. 

2/2eGFP 

The 2/2eGFP fragment was created by subjecting the pRSETeGFP plasmid to a 

PCR reaction using primers 6 & 7 (annealing temperature 42°C, extension time 

40 seconds). Following this the 2/2eGFP fragment was purified using QIAGEN 

gel extraction kit as per manufacturer’s instructions. The 2/2eGFP fragment 

was the subject to restriction digest using HindIII and BglI in NEBuffer 2 at 37°C 
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for two hours. Following the digest the fragment was subject to further 

purification QIAGEN gel extraction kit as per manufacturer’s instructions. 

N-intein 

The N-intein was obtained by subjecting the pARCBD-5A plasmid to a 

restriction digest utilizing BglII and KpnI in NEBuffer2 containing BSA at 37°C 

for two hours. The restriction digest products were separated using gel 

electrophoresis and the desired product was purified using QIAGEN gel 

extraction kit as per manufacturer’s instructions. 

C-Intein 

The N-intein was obtained by subjecting the pARCBD-5A plasmid to a 

restriction digest utilizing BglI and NcoI in NEBuffer3 at 37°C for two hours. 

The restriction digest products were separated using gel electrophoresis and 

the desired product was purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. 

LOV2 Domain (A) 

The LOV2 Domain gene was obtained by subjecting the pCR2.1 LOV2 plasmid 

to a restriction digest utilizing EcoRI and BamHI in NEBuffer4 at 37°C for one 

hour. The restriction digest products were separated using gel electrophoresis 

and the desired product was purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. 

LOV2 Domain (B) 

The LOV2 Domain gene was obtained by subjecting the pCR2.1 LOV2 plasmid 

to a restriction digest utilizing HindIII and BamHI in NEBuffer4 at 37°C for one 

hour. The restriction digest products were separated using gel electrophoresis 

and the desired product was purified using using QIAGEN gel extraction kit as 

per manufacturer’s instructions. 

pRSET Vector 

The pRSETeGFP plasmid was subjected to a restriction digest utilizing EcoRI 

and BamHI in NEBuffer4 at 37°C for one hour. The restriction digest products 

were separated using gel electrophoresis and the desired product was purified 

using QIAGEN gel extraction kit as per manufacturer’s instructions. 
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pARCBD Vector 

The pARCBD-5A plasmid was subjected to a restriction digest utilizing HindIII 

and BamHI in NEBuffer4 at 37°C for one hour. The restriction digest products 

were separated using gel electrophoresis and the desired product was purified 

using using QIAGEN gel extraction kit as per manufacturer’s instructions. 

Assembly 

The LOV2(B) gene and pARCBD vector were ligated at a 6:1 ratio (Insert : 

vector) at 4°C over night to create the pARCBD LOV2 plasmid. The following 

day the ligation mixture was transformed in to chemically competent DH5α E. 

coli cells and spread on to LB agar plates containing desired antibiotics 

(chloramphenicol 35μg/ml). The resultant colonies were tested via colony PCR. 

The pARCBD LOV2 plasmid was subject to restriction digest using HindIII and 

BglI in NEBuffer 2 at 37°C for two hours to yield the pARCBD LOV2 vector. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The 2/2eGFP gene and pARCBD LOV2 vector were 

ligated at a 6:1 ratio (Insert : vector) at 4°C over night to create the pARCBD 

LOV22/2eGFP plasmid. The following day the ligation mixture was transformed 

in to chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (chloramphenicol 35μg/ml). The resultant 

colonies were tested via colony PCR. The pARCBD LOV22/2eGFP plasmid was 

subjected to a restriction digest utilizing BglI and NcoI in NEBuffer3 at 37°C for 

two hours to yield the pARCBD LOV22/2eGFP vector. The desired product was 

purified using QIAGEN gel extraction kit as per manufacturer’s instructions. 

The C-intein gene and pARCBD LOV22/2eGFP vector were ligated at a 12:1 

ratio (Insert : vector) at 4°C over night to create the pARCBD LOV2IC2/2eGFP 

plasmid. The following day the ligation mixture was transformed in to 

chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (chloramphenicol 35μg/ml). The resultant 

colonies were tested via colony PCR. The pARCBD LOV2IC2/2eGFP plasmid was 

subjected to a restriction digest utilizing HindIII and KpnI in NEBuffer4 at 37°C 

for two hours to yield the LOV2IC2/2eGFP gene. The restriction digest 

products were separated using gel electrophoresis and the desired product 
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was purified using using QIAGEN gel extraction kit as per manufacturer’s 

instructions. 

The LOV2(A) gene and pRSET vector were ligated at a 6:1 ratio (Insert : vector) 

at 4°C over night to create the pRSET LOV2 plasmid. The following day the 

ligation mixture was transformed in to chemically competent DH5α E. coli cells 

and spread on to LB agar plates containing desired antibiotics (carbenicillin 

100μg/ml). The resultant colonies were tested via colony PCR. The pRSET LOV2 

plasmid was subjected to a restriction digest utilizing BglII and BamHI in 

NEBuffer3 with BSA at 37°C for two hours to yield the pRSET LOV2 vector. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The 1/2eGFP gene and pRSET LOV2 vector were 

ligated at a 3:1 ratio (Insert : vector) at 4°C over night to create the pRSET 

1/2eGFPLOV2 plasmid. The following day the ligation mixture was transformed 

in to chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (carbenicillin 100μg/ml). The resultant colonies 

were tested via colony PCR. The pRSET 1/2eGFPLOV2 plasmid was subjected to 

a restriction digest utilizing BglII and KpnI in NEBuffer2 containing BSA at 37°C 

for two hours to yield the pRSET 1/2eGFPLOV2 vector. The restriction digest 

products were separated using gel electrophoresis and the desired product 

was purified using using QIAGEN gel extraction kit as per manufacturer’s 

instructions. The N-intein gene and pRSET 1/2eGFPLOV2 vector were ligated at 

a 6:1 ratio (Insert : vector) at 4°C over night to create the pRSET 

1/2eGFPINLOV2 plasmid. The following day the ligation mixture was 

transformed in to chemically competent DH5α E. coli cells and spread on to LB 

agar plates containing desired antibiotics (carbenicillin 100μg/ml). The 

resultant colonies were tested via colony PCR. The pRSET 1/2eGFPINLOV2 

plasmid was subjected to a restriction digest utilizing HindIII and KpnI in 

NEBuffer4 at 37°C for two hours to yield the pRSET 1/2eGFPIN vector. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using using QIAGEN gel extraction kit as per 

manufacturer’s instructions. 

The LOV2IC2/2eGFP gene and pRSET 1/2eGFPIN vector were ligated at a 3:1 

ratio (Insert : vector) at 4°C over night to create the pRSET LAI plasmid. The 

following day the ligation mixture was transformed in to chemically competent 
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DH5α E. coli cells and spread on to LB agar plates containing desired 

antibiotics (carbenicillin 100μg/ml). The resultant colonies were tested via PCR, 

restriction digest and DNA sequencing. 

 

Figure 4.2:Gel electrophoresis of genes used to construct the light activated intein 

gene. 1) LOV2 seen at 409bp. 2) N-intein seen at 342bp. 3) C-intein seen at 

92bp. 4) 1/2GFP seen at 476bp. 5) 2/2 eGFP seen at 309bp. 6) Completed 

LAI gene seen at 1737bp. L = 2-Log DNA ladder (NEB) with molecular 

weights to the left. 
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Figure 4.3:Illustration displaying convergent assembly of light activated intein (LAI) 

gene with split eGFP serving as extein 
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Construction Of pRSET SLAI 

The pRSET SLAI plasmid was constructed by digesting the pRSET LAI plasmid 

using KpnI restriction enzyme in NEBuffer4 at 37°C for one hour to give the 

pRSET LAI vector. The restriction digest mixture was then treated with thermo 

sensitive alkaline phosphatase at 37°C for two hours. The restriction digest 

products were separated using gel electrophoresis and the desired product 

was purified using QIAGEN gel extraction kit as per manufacturer’s 

instructions. The SLAI insert was created by subjecting the pRSET LAI plasmid 

to a PCR reaction using primers 12 & 13 (annealing temperature 50°C, 

extension time 20 seconds). Following this, the SLAI insert was purified using 

QIAGEN gel extraction kit as per manufacturer’s instructions. The SLAI insert 

was subject to restriction digest using KpnI in NEBuffer4 at 37°C for one hour. 

The restriction digest product was purified using gel electrophoresis and the 

desired product was extracted using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The SLAI insert and pRSET LAI vector were ligated 

at a 12:1 ratio (Insert : vector) at 4°C over night to create the pRSET SLAI 

plasmid. The following day the ligation mixture was transformed in to 

chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (carbenicillin 100μg/ml). The resultant colonies 

were tested via colony PCR, restriction digest and DNA sequencing.  

 

Figure 4.4:Gel electrophoresis of SLAI PCR product. Lane 1 = SLAI insert seen at 150bp. 

L = 2-Log DNA ladder (NEB) with molecular weights to the left. 
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Construction Of pRSET LAI2 

The following gene fragments were used to construct the pRSET LAI2 plasmid 

according to the plan displayed in figure 4.6. 

pKan 

The 1/2Kan fragment was created by subjecting the pET28a plasmid to a PCR 

reaction using primers 16 & 17 (annealing temperature 55°C, extension time 

40 seconds). Following this, the pKan fragment was purified using QIAGEN gel 

extraction kit as per manufacturer’s instructions. The pKan fragment was 

subject to restriction digest using NdeI and AfIII in NEBuffer 3 containing BSA 

at 37°C for one hour. Following the digest the fragment was subject to further 

purified using QIAGEN gel extraction kit as per manufacturer’s instructions. 

1/2Kan 

The 1/2Kan fragment was created by subjecting the pRSETeGFP plasmid to a 

PCR reaction using primers 24 & 25 (annealing temperature 50°C, extension 

time 40 seconds). Following this, the 1/2Kan fragment was purified using 

QIAGEN gel extraction kit as per manufacturer’s instructions. The 1/2Kan 

fragment was the subject to restriction digest using BamHI and BglII in 

NEBuffer 3 containing BSA at 37°C for one hour. Following the digest the 

fragment was subject to further purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. 

2/2Kan 

The 2/2eGFP fragment was created by subjecting the pRSETeGFP plasmid to a 

PCR reaction using primers 22 & 23 (annealing temperature 52°C, extension 

time 40 seconds). Following this, the 2/2Kan fragment was purified using a 

PCR purification kit (QIAquick). The 2/2Kan fragment was the subject to 

restriction digest using HindIII and NheI in NEBuffer 4 at 37°C for two hours. 

Following the digest the fragment was subject to further purification using 

QIAGEN gel extraction kit as per manufacturer’s instructions. 

N-intein 
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The N-intein was obtained by subjecting the pARCBD-Npu plasmid to a 

restriction digest utilizing BglII and KpnI in NEBuffer2 containing BSA at 37°C 

for two hours. 

C-Intein 

The N-intein was obtained by subjecting the pARCBD-Npu plasmid to a 

restriction digest utilizing NheI and NcoI in NEBuffer3 at 37°C for two hours. 

LOV2 Domain (A) 

The LOV2 Domain gene was obtained by subjecting the pCR2.1 LOV2 plasmid 

to a restriction digest utilizing EcoRI and BamHI in NEBuffer4 at 37°C for one 

hour. The restriction digest products were separated using gel electrophoresis 

and the desired product was purified using using QIAGEN gel extraction kit as 

per manufacturer’s instructions. 

LOV2 Domain (B) 

The LOV2 Domain gene was obtained by subjecting the pCR2.1 LOV2 plasmid 

to a restriction digest utilizing HindIII and BamHI in NEBuffer4 at 37°C for one 

hour. The restriction digest products were separated using gel electrophoresis 

and the desired product was purified using using QIAGEN gel extraction kit as 

per manufacturer’s instructions. 

pRSET Vector 

The pRSETeGFP plasmid was subjected to a restriction digest utilizing EcoRI 

and BamHI in NEBuffer4 at 37°C for one hour. The restriction digest products 

were separated using gel electrophoresis and the desired product was purified 

using using QIAGEN gel extraction kit as per manufacturer’s instructions. 

pARCBD Vector 

The pARCBD-5A plasmid was subjected to a restriction digest utilizing HindIII 

and BamHI in NEBuffer4 at 37°C for one hour. The restriction digest products 

were separated using gel electrophoresis and the desired product was purified 

using using QIAGEN gel extraction kit as per manufacturer’s instructions. 

Assembly 
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The LOV2(B) gene and pARCBD vector were ligated at a 6:1 ratio (Insert : 

vector) at 4°C over night to create the pARCBD LOV2 plasmid. The following 

day the ligation mixture was transformed in to chemically competent DH5α E. 

coli cells and spread on to LB agar plates containing desired antibiotics 

(chloramphenicol 35μg/ml). The resultant colonies were tested via colony PCR. 

The pARCBD LOV2 plasmid was subject to restriction digest using HindIII and 

BglI in NEBuffer 2 at 37°C for two hours to yield the pARCBD LOV2 vector. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The 2/2Kan gene and pARCBD LOV2 vector were 

ligated at a 6:1 ratio (Insert : vector) at 4°C over night to create the pARCBD 

LOV22/2Kan plasmid. The following day the ligation mixture was transformed 

in to chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (chloramphenicol 35μg/ml). The resultant 

colonies were tested via colony PCR. The pARCBD LOV22/2Kan plasmid was 

subjected to a restriction digest using HindIII and NheI in NEBuffer 4 at 37°C 

for two hours to yield the pARCBD LOV22/2Kan vector. The desired product 

was purified using QIAGEN gel extraction kit as per manufacturer’s 

instructions. The C-intein gene and pARCBD LOV22/2Kan vector were ligated 

at a 12:1 ratio (Insert : vector) at 4°C over night to create the pARCBD 

LOV2IC2/2Kan plasmid. The following day the ligation mixture was 

transformed in to chemically competent DH5α E. coli cells and spread on to LB 

agar plates containing desired antibiotics (carbenicillin 100μg/ml). The 

resultant colonies were tested via colony PCR. The pARCBD LOV2IC2/2Kan 

plasmid was subjected to a restriction digest utilizing HindIII and KpnI in 

NEBuffer4 at 37°C for two hours to yield the LOV2IC2/2Kan gene. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using using QIAGEN gel extraction kit as per 

manufacturer’s instructions. 

The LOV2(A) gene and pRSET vector were ligated at a 6:1 ratio (Insert : vector) 

at 4°C over night to create the pRSET LOV2 plasmid. The following day the 

ligation mixture was transformed in to chemically competent DH5α E. coli cells 

and spread on to LB agar plates containing desired antibiotics (carbenicillin 

100μg/ml). The resultant colonies were tested via colony PCR. The pRSET LOV2 

plasmid was subjected to a restriction digest utilizing BglII and BamHI in 



Chapter 4 

 124 

NEBuffer3 with BSA at 37°C for two hours to yield the pRSET LOV2 vector. The 

restriction digest products were separated using gel electrophoresis and the 

desired product was purified using using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The 1/2Kan gene and pRSET LOV2 vector were 

ligated at a 3:1 ratio (Insert : vector) at 4°C over night to create the pRSET 

1/2KanLOV2 plasmid. The following day the ligation mixture was transformed 

in to chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (carbenicillin 100μg/ml). The resultant colonies 

were tested via colony PCR. The pRSET 1/2KanLOV2 plasmid was subjected to 

a restriction digest utilizing BglII and KpnI in NEBuffer2 containing BSA at 37°C 

for two hours to yield the pRSET 1/2KanLOV2 vector. The restriction digest 

products were separated using gel electrophoresis and the desired product 

was purified using using QIAGEN gel extraction kit as per manufacturer’s 

instructions. The N-intein gene and pRSET 1/2KanLOV2 vector were ligated at a 

6:1 ratio (Insert : vector) at 4°C over night to create the pRSET 1/2KanINLOV2 

plasmid. The following day the ligation mixture was transformed in to 

chemically competent DH5α E. coli cells and spread on to LB agar plates 

containing desired antibiotics (carbenicillin 100μg/ml). The resultant colonies 

were tested via colony PCR. The pRSET 1/2KanINLOV2 plasmid was subjected 

to a restriction digest utilizing HindIII and KpnI in NEBuffer4 at 37°C for two 

hours to yield the pRSET 1/2KanIN vector. The restriction digest products were 

separated using gel electrophoresis and the desired product was purified using 

using QIAGEN gel extraction kit as per manufacturer’s instructions. 

The LOV2IC2/2Kan gene and pRSET 1/2KanIN vector were ligated at a 3:1 ratio 

(Insert : vector) at 4°C over night to create the pRSET LAI2 plasmid. The 

following day the ligation mixture was transformed in to chemically competent 

DH5α E. coli cells and spread on to LB agar plates containing desired 

antibiotics (carbenicillin 100μg/ml). The resultant colonies were tested via PCR, 

restriction digest and DNA sequencing. The pRSET LAI2 plasmid was subject to 

restriction digest using NdeI and AfIII in NEBuffer 3 containing BSA at 37°C for 

one hour to give the pRSET LAI2 vector. The pKan gene and pRSET LAI2 vector 

were ligated at a 6:1 ratio (Insert : vector) at 4°C over night to create a new 

pRSET LAI2 plasmid. The following day the ligation mixture was transformed in 

to chemically competent DH5α E. coli cells and spread on to LB agar plates 
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containing desired antibiotics (carbenicillin 100μg/ml). The resultant colonies 

were tested via PCR, restriction digest and DNA sequencing. 

 

 

Figure 4.5:Gel electrophoresis of genes used to construct the light activated intein 2 

gene. 1) N-intein seen at 282bp. 2) C-intein seen at 103bp. 3) 1/2Kan seen 

at 584bp. 4) 2/2Kan seen at 254bp. 5) Completed LAI2 gene seen at 

1728bp. 6) pKan promoter seen at 307. L = 2-Log DNA 
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Figure 4.6:Illustration displaying convergent assembly of light activated intein 2 (LAI2) 

gene with split neomycin phosphotransferase (Kan) serving as extein. 
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Random Mutagenesis Screen 

The pRSET LAI2 plasmid was subjected to digest using BglII and NheI in 

NEBuffer2 containing BSA at 37°C for two hours to give the pRSET LAI2 vector. 

The restriction digest products were separated using gel electrophoresis and 

the desired product was purified using QIAGEN gel extraction kit as per 

manufacturer’s instructions. The mutated LAI2 insert was prepared by 

subjecting the pRSET LAI2 plasmid to a PCR reaction using primers 20 & 21 

(annealing temperature 50°C, extension time 60 seconds) containing 1, 2, 4, 6, 

8 or 10μl of mutagenic buffer (4 mM dTTP, 4 mM dCTP, 27.5 mM MgCl2, and 

2.5 mM MnCl2) to each 50μl PCR reaction. Following this, the mutated LAI2 

insert was purified using QIAGEN gel extraction kit as per manufacturer’s 

instructions. The mutated LAI2 insert was was subjected to restriction digest 

using BglII and NheI in NEBuffer2 containing BSA at 37°C for two hours to give 

the pRSET LAI2 vector. The restriction digest products were separated using 

gel electrophoresis and the desired product was purified using QIAGEN gel 

extraction kit as per manufacturer’s instructions. The mutated LAI2 insert and 

pRSET LAI2 vector were ligated at a 6:1 ratio (Insert : vector) at 4°C over night 

to create the mutated pRSET LAI2 plasmid. The following day the ligation 

mixture was transformed in to chemically competent BL21 E. coli cells and 

spread on to LB agar plates containing desired antibiotics (carbenicillin 

100μg/ml). The plates were wrapped in aluminium foil and grown over night at 

37°C. The following day the plates were inspected and replicated on to two 

new LB agar plates containing desired antibiotics (kanamycin 20μg/ml 

carbenicillin 100μg/ml). One LB agar plate was covered in aluminium foil and 

grown in total darkness over night at 37°C. The second was exposed to the 

LED array over night at 37°C. 

The same procedure was followed for the N and C-intein portions with minor 

differences. For the N-intein BglII and KpnI restriction sites and primers 18 & 

20 were used. For the C-intein NheI and NcoI restriction sites and primers 19 & 

21 were used. In addition to this BglII and KpnI restriction enzymes were used 

to create the pRSET LAI2-N vector for the mutated N-Intein and NheI and NcoI 

restriction enzymes were used to create pRSET LAI2-C for the mutated C-intein. 
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Figure 4.7:Gel electrophoresis of light activated intein random mutagenesis products. 

A) First round of random mutagenesis. B) Second round of random 

mutagenesis. C) Third round of random mutagenesis. D) Fourth round of 

random mutagenesis. Light activated intein gene seen at 891bp. Lanes 1, 

2, 3, 4, 5, 6, 7 correspond to unmutated gene and samples made using 1, 

2, 4, 6, 8 or 10µl of mutagenic buffer respectively. L = 2-Log DNA ladder 

(NEB) with molecular weights to the left. Gels B, C and D run on 1% agarose 

gel. Gel A run on 2% agarose gel. 
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Construction Of PRSET LAI2 Truncations 

The pRSET LAI2 plasmid was subjected to restriction digest using NcoI and 

HindIII in NEBuffer4 at 37°C for one hour to give the pRSET LAI2 vector. The 

restriction digest mixture was then treated with thermo sensitive alkaline 

phosphatase at 37°C for two hours. The restriction digest products were 

separated using gel electrophoresis and the desired product was purified using 

QIAGEN gel extraction kit as per manufacturer’s instructions. The truncated 

insert was prepared by subjecting the pRSET LAI2 plasmid to a PCR reaction 

using primers 2 & 26,27 or 28 (annealing temperature 50-55°C, extension time 

45 seconds). Following this, the truncated insert was purified using QIAGEN gel 

extraction kit as per manufacturer’s instructions. The truncated product was 

was subjected to restriction digest using NcoI and HindIII in NEBuffer4 at 37°C 

for one hour. The truncated insert and pRSET LAI2 vector were ligated at a 6:1 

ratio (Insert : vector) at 4°C over night to create the truncated pRSET LAI2 

plasmid. The following day the ligation mixture was transformed in to 

chemically competent DH5α E. coli cells and grown on LB agar plates 

containing desired antibiotic (carbenicillin 100μg/ml).  The resultant colonies 

were tested by DNA sequencing. 

 

Figure 4.8:Gel electrophoresis of LAI2 C-intein truncations. Lane 1 = -5 truncation seen 

at 420bp. Lane 2 = -6 truncation seen at 417bp. Lane 3 = -7 truncation 

seen at 414bp. L = 2-Log DNA ladder (NEB) with molecular weights to the 

left. 
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Construction Of pRSET LAI2-Ex 

The pRSET LAI2 plasmid was subjected to restriction digest using BamHI and 

HindIII in NEBuffer4 at 37°C for one hour to give the pRSET LAI2 vector. The 

restriction digest mixture was then treated with thermo sensitive alkaline 

phosphatase at 37°C for two hours. The restriction digest products were 

separated using gel electrophoresis and the desired product was purified using 

QIAGEN gel extraction kit as per manufacturer’s instructions. The -Ex insert 

was prepared by subjecting the pRSET LAI2 plasmid or one of the truncations 

to a PCR reaction using primers 31 & 32 (annealing temperature 53°C, 

extension time 60 seconds). Following this, the -Ex insert was purified using 

QIAGEN gel extraction kit as per manufacturer’s instructions. The truncated 

product was was subjected to restriction digest using BamHI and HindIII in 

NEBuffer4 at 37°C for one hour. The truncated insert and pRSET LAI2 vector 

were ligated at a 3:1 ratio (Insert : vector) at 4°C over night to create the pRSET 

LAI2-Ex plasmid. The following day the ligation mixture was transformed in to 

chemically competent DH5α E. coli cells and grown on LB agar plates 

containing desired antibiotic (carbenicillin 100μg/ml). The resultant colonies 

were tested by DNA sequencing. 

 

Figure 4.9:Gel electrophoresis of LAI2-Ex truncations. Lane 1 = LAI2-Ex seen at 873bp. 

Lane 2 = LAI-5-Ex seen at 858bp. Lane 3 = LAI2-6-Ex seen at 855bp. Lane 4 
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= LAI2-7-Ex seen at 852bp. L = 2-Log DNA ladder (NEB) with molecular 

weights to the left. 

 

LAI Light/Dark Western Blot Protocol 

Protein Expression 

Desired plasmids were transformed in to BL21 (DE3) E. coli cells and grown in 

darkness over night on LB agar plates at 37°C. The resultant colonies were 

used to grow 10ml cultures over night. The following day the cultures were 

diluted 1:200 in LB medium. Once the OD
600

 of the cultures had reached 0.6 

they were separated in to two groups. The first group were covered in 

aluminium foil and grown at 18°C over night in a dark room to exclude light. 

The second was grown at 18°C over night in a dark room with only the LED 

array as a light source. The cultures were then harvested by centrifugation at 

4000rpm and the pellets were frozen at -80°C. Later the pellets were lysed 

using binding buffer (0.5 M NaCl, 10 mM imidazole, 50 mM Tris-HCl, pH 8.0) 

followed by centrifugation and sterile filtration (Millipore UK) of cell lysate. 

Recombinant protein containing 6-His tag was purified using FPLC and a Nickel 

affinity column (GE). Sample concentrations were measured using a Bradford 

assay.  

SDS-PAGE GEL 

Two glass plates were aligned and clamped together vertically to ensure no 

leaks. Resolving gel solution was poured in the cavity between the two plates 

leaving a 3cm gap at the top. A 20% isopropanol solution was poured on top of 

the resolving gel solution to ensure a flat even surface. Once polymerization of 

the resolving gel was complete the 20% isopropanol solution was poured away 

and washed several times with water. The stacking gel solution was then 

poured in to the remaining gap and a comb was inserted to create wells. After 

polymerization was complete the comb was removed. Samples were mixed 

with 2X SDS loading buffer in a 1:1 ratio loaded in to the wells (15µg of each 

sample) with appropriate ladder for reference and appropriate running buffer. 

Gels were run at 55mA for 30-40 minutes.  
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12% Resolving SDS-PAGE Gel 

1.5M Tris pH 8.8 7.5 ml 

20% SDS 0.15 ml 

H
2
O 10.2 ml 

Acrylamide / Bis-acrylamide (30% / 0.8% w/v) 12 ml 

10% ammonium persulfate (APS) 0.15 ml 

TEMED 0.02 ml 

 

 

Stacking Gel 

0.5M Tris pH 6.8 1.25 ml 

20% SDS 0.025 ml 

H
2
O 3.075 ml 

Acrylamide / Bis-acrylamide (30% / 0.8% w/v) 0.67 ml 

10% ammonium persulfate (APS) 0.025 ml 

TEMED 0.005 ml 
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2X SDS Laemmli Loading Buffer 

Bromophenol blue (solid) 10 mg 

1.0M Tris.HCl/ H
2
O pH 6.8 2.5 ml 

20% SDS (v:v)/ H
2
O 5.0 ml 

  

50% Glycerol/ H
2
O 10.0 ml 

1M DTT/ H
2
O 1.25 ml 

Water 25.0 ml 

 

 

Western Blot 

Transfer Buffer 

Glycine 2.93g 

1.5M Tris pH 8.3 32ml 

Methanol 200ml 

Make up to 1000ml with H
2
O (keep cold) 

 

The SDS-PAGE gel and nitrocellulose membranes were sandwiched between 

pieces of filter paper and black sponges. This sandwich was placed in the 

blotting apparatus and run at 250mA for 120 minutes. Once transfer complete 

protein bands were visualized using Ponceau S to see if transfer was 

successful. Ponceau S was removed by repeatedly washing with Transfer 

buffer. Membrane was blocked with 5% milk (2.5g in 50ml PBS/Tween) for 1 

hour with agitation. Primary antibody solution was prepared (in 3ml 5% milk 

PBS/Tween). Membrane was curled and inserted in to falcon tube with primary 

antibody solution and left O/N on rollers at 4°C. The next day the membrane 

was washed several times with PBS/Tween. Secondary antibody solution was 

prepared (50ml 5% milk PBS/Tween). Membrane was incubated for 1 hour at 
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room temperature. The membrane was then washed several times with 

PBS/Tween. ECL reagent was prepared (400µl solution A and 400µl solution B) 

and gently poured over membrane. The membrane was then covered with a 

box to exclude light. After 5minutes the ECL reagent was poured off the 

membrane and the membrane was covered in cling film. The membrane was 

then placed in the chemidoc for imaging. 

 

Antibody Type Amount Used (µl) 

β-lactamase (Novus) Primary 8 

6-His (Thermo) Primary 1.5 

Anti-Mouse Secondary 2.5 

 

 

LAI2 Light/Dark Western Blot Protocol 

Protein Expression 

Desired plasmids were transformed in to BL21 (DE3) E. coli cells and grown in 

darkness over night on LB agar plates at 37°C. The resultant colonies were 

used to grow 10ml cultures over night. The following day the cultures were 

diluted 1:200 in LB medium. Once the OD
600

 of the cultures had reached 0.6 

they were separated in to two groups. The first group were covered in 

aluminium foil and grown at 18°C over night in a dark room to exclude light. 

The second was grown at 18°C over night in a dark room with only the LED 

array as a light source. The cultures were then harvested by centrifugation at 

4000rpm and the pellets were frozen at -80°C. Later the pellets were lysed 

using lysis buffer (Imidazole 400 mM, 0.5 M NaCl, 50 mM Tris-HCl, pH 8.0). 

The resulting lysate was separated from cell debris by centrifugation and 

filtered using a sterile syringe filter (Millipore UK). Sample concentrations were 

measured using a Bradford assay.  

SDS-PAGE GEL 

Two glass plates were aligned and clamped together vertically to ensure no 

leaks. Resolving gel solution was poured in the cavity between the two plates 
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leaving a 3cm gap at the top. A 20% isopropanol solution was poured on top of 

the resolving gel solution to ensure a flat even surface. Once polymerization of 

the resolving gel was complete the 20% isopropanol solution was poured away 

and washed several times with water. The stacking gel solution was then 

poured in to the remaining gap and a comb was inserted to create wells. After 

polymerization was complete the comb was removed. Samples were mixed 

with 2X SDS loading buffer in a 1:1 ratio loaded in to the wells (15µg of each 

sample) with appropriate ladder for reference and appropriate running buffer. 

Gels were run at 55mA for 30-40 minutes.  

 

 

12% Resolving SDS-PAGE Gel 

1.5M Tris pH 8.8 7.5 ml 

20% SDS 0.15 ml 

H
2
O 10.2 ml 

Acrylamide / Bis-acrylamide (30% / 0.8% w/v) 12 ml 

10% ammonium persulfate (APS) 0.15 ml 

TEMED 0.02 ml 
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Stacking Gel 

0.5M Tris pH 6.8 1.25 ml 

20% SDS 0.025 ml 

H
2
O 3.075 ml 

Acrylamide / Bis-acrylamide (30% / 0.8% w/v) 0.67 ml 

10% ammonium persulfate (APS) 0.025 ml 

TEMED 0.005 ml 

 

 

 

 

2X SDS Laemmli Loading Buffer 

Bromophenol blue (solid) 10 mg 

1.0M Tris.HCl/ H
2
O pH 6.8 2.5 ml 

20% SDS (v:v)/ H
2
O 5.0 ml 

50% Glycerol/ H
2
O 10.0 ml 

1M DTT/ H
2
O 1.25 ml 

Water 25.0 ml 

 

 

 

 

 

 

 



  Chapter 4 

 137   

Western Blot 

Transfer Buffer 

Glycine 2.93g 

1.5M Tris pH 8.3 32ml 

Methanol 200ml 

Make up to 1000ml with H
2
O (keep cold) 

 

The SDS-PAGE gel and nitrocellulose membranes were sandwiched between 

pieces of filter paper and black sponges. This sandwich was placed in the 

blotting apparatus and run at 250mA for 120 minutes. Once transfer complete 

protein bands were visualized using Ponceau S to see if transfer was 

successful. Ponceau S was removed by repeatedly washing with Transfer 

buffer. Membrane was blocked with 5% milk (2.5g in 50ml PBS/Tween) for 1 

hour with agitation. Primary antibody solution was prepared (in 3ml 5% milk 

PBS/Tween). Membrane was curled and inserted in to falcon tube with primary 

antibody solution and left O/N on rollers at 4°C. The next day the membrane 

was washed several times with PBS/Tween. Secondary antibody solution was 

prepared (50ml 5% milk PBS/Tween). Membrane was incubated for 1 hour at 

room temperature. The membrane was then washed several times with 

PBS/Tween. ECL reagent was prepared (400µl solution A and 400µl solution B) 

and gently poured over membrane. The membrane was then covered with a 

box to exclude light. After 5minutes the ECL reagent was poured off the 

membrane and the membrane was covered in cling film. The membrane was 

then placed in the chemidoc for imaging. 

 

Antibody Type Amount Used (µl) 

β-lactamase (Novus) Primary 8 

6-His (Thermo) Primary 1.5 

Anti-Mouse Secondary 2.5 
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Appendices 
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Appendix A  
Sequences 

LOV2 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACA

GCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCCAAACTGGCCACC

ACTCTAGAGCGCATCGAGAAGAACTTCGTGATCACCGACCCCCGCCTGCCCGACAA

CCCCATCATCTTCGCCTCCGACTCCTTCCTGCAGCTGACCGAGTACTCCCGCGAGG

AGATCCTGGGCCGCAACTGCCGCTTCCTGCAGGGCCCCGAGACCGACCGCGCCAC

CGTGCGCAAGATCCGCGACGCCATCGACAACCAGACCGAGGTGACCGTGCAGCTG

ATCAACTACACCAAGTCCGGCAAGAAGTTCTGGAACCTGTTCCACCTGCAGCCCAT

GCGCGACCAGAAGGGCGACGTGCAGTACTTCATCGGCGTGCAGCTGGACGGCACC

GAGCACGTGCGCGACGCCGCCGAGCGCGAGGGCGTGATGCTGATCAAGAAGACCG

CCGAGAACATCGACGAGGCCGCCAAGGAGCTGGCC 

 

Amino Acid 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPKLATTLERIEKNFVITDPRLPDNPII

FASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRDAIDNQTEVTVQLINYTKSGKKF

WNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIKKTAENIDEAAKELA 

LAI 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACA

GCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCCCCCGCTGAATTCA

TGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGAT

GGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAAC

ATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATG

GCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGA

TCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGG

AAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAG

TTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAA

GATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTGCTTAAGTTTTGG
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CACCGAGATCTTAACCGTTGAGTACGGCCCATTGCCCATTGGCAAAATTGTGAGTG

AAGAAATTAATTGTTCTGTGTACAGTGTTGATCCAGAAGGGAGAGTTTACACCCAG

GCGATCGCCCAATGGCATGACCGGGGAGAGCAGGAAGTATTGGAATATGAATTGG

AAGATGGCTCAGTAATCCGAGCTACCTCTGACCACCGCTTTTTAACCACCGATTAT

CAACTGTTGGCGATCGAAGAAATTTTTGCTAGGCAACTGGACTTGTTGACTTTAGA

AAATATTAAGCAAACTGAAGAAGCTCTTGACAACCATCGTCTTCCCTTTCCATTACT

TGACGCTGGTACCATTAAACTGGCCACCACTCTAGAGCGCATCGAGAAGAACTTCG

TGATCACCGACCCCCGCCTGCCCGACAACCCCATCATCTTCGCCTCCGACTCCTTC

CTGCAGCTGACCGAGTACTCCCGCGAGGAGATCCTGGGCCGCAACTGCCGCTTCCT

GCAGGGCCCCGAGACCGACCGCGCCACCGTGCGCAAGATCCGCGACGCCATCGAC

AACCAGACCGAGGTGACCGTGCAGCTGATCAACTACACCAAGTCCGGCAAGAAGT

TCTGGAACCTGTTCCACCTGCAGCCCATGCGCGACCAGAAGGGCGACGTGCAGTA

CTTCATCGGCGTGCAGCTGGACGGCACCGAGCACGTGCGCGACGCCGCCGAGCGC

GAGGGCGTGATGCTGATCAAGAAGACCGCCGAGAACATCGACGAGGCCGCCAAGG

AGCTGGCCATGGTTAAAGTTATCGGTCGTCGTTCCCTCGGAGTGCAAAGAATATTT

GATATTGGTCTTCCCCAAGACCATAATTTTCTGCTAGCCAATGGGGCGATCGCCCA

CAATTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTA

ACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTAT

CAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCT

GTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCC

TTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATACAAA 

 

Amino Acid 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPPAEFMSKGEELFTGVVPILVELDG

DVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKR

HDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLE

YNYNCLSFGTEILTVEYGPLPIGKIVSEEINCSVYSVDPEGRVYTQAIAQWHDRGEQEVLEYE

LEDGSVIRATSDHRFLTTDYQLLAIEEIFARQLDLLTLENIKQTEEALDNHRLPFPLLDAGTIK

LATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRD

AIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAERE

GVMLIKKTAENIDEAAKELAMVKVIGRRSLGVQRIFDIGLPQDHNFLLANGAIAHNSHNVYI

MADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPN

EKRDHMVLLEFVTAAGITHGMDELYK 
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SLAI 

DNA N-Extein N-Intein Fusion 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACA

GCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCCCCCGCTGAATTCA

TGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGAT

GGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAAC

ATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATG

GCCAACACTTGTCACTACTTTAACTTATGGTGTTCAATGCTTTTCAAGATACCCAGA

TCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGG

AAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAG

TTTGAAGGTGATACCCTTGTTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAA

GATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTGCTTAAGTTTTGG

CACCGAGATCTTAACCGTTGAGTACGGCCCATTGCCCATTGGCAAAATTGTGAGTG

AAGAAATTAATTGTTCTGTGTACAGTGTTGATCCAGAAGGGAGAGTTTACACCCAG

GCGATCGCCCAATGGCATGACCGGGGAGAGCAGGAAGTATTGGAATATGAATTGG

AAGATGGCTCAGTAATCCGAGCTACCTCTGACCACCGCTTTTTAACCACCGATTAT

CAACTGTTGGCGATCGAAGAAATTTTTGCTAGGCAACTGGACTTGTTGACTTTAGA

AAATATTAAGCAAACTGAAGAAGCTCTTGACAACCATCGTCTTCCCTTTCCATTACT

TGACGCTGGTACCATTAAACTCAGGAGGTGCAAAAAATGCTGGCCACCACTC 

 

Amino Acid N-Extein N-Intein Fusion 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPPAEFMSKGEELFTGVVPILVELDG

DVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKR

HDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLE

YNYNCLSFGTEILTVEYGPLPIGKIVSEEINCSVYSVDPEGRVYTQAIAQWHDRGEQEVLEYE

LEDGSVIRATSDHRFLTTDYQLLAIEEIFARQLDLLTLENIKQTEEALDNHRLPFPLLDAGTIK

LRRCKKCWPPL 

 

DNA LOV2 C-Intein C-Extein Fusion 

ATGCTGGCCACCACTCTAGAGCGCATCGAGAAGAACTTCGTGATCACCGACCCCCG

CCTGCCCGACAACCCCATCATCTTCGCCTCCGACTCCTTCCTGCAGCTGACCGAGT

ACTCCCGCGAGGAGATCCTGGGCCGCAACTGCCGCTTCCTGCAGGGCCCCGAGAC
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CGACCGCGCCACCGTGCGCAAGATCCGCGACGCCATCGACAACCAGACCGAGGTG

ACCGTGCAGCTGATCAACTACACCAAGTCCGGCAAGAAGTTCTGGAACCTGTTCCA

CCTGCAGCCCATGCGCGACCAGAAGGGCGACGTGCAGTACTTCATCGGCGTGCAG

CTGGACGGCACCGAGCACGTGCGCGACGCCGCCGAGCGCGAGGGCGTGATGCTGA

TCAAGAAGACCGCCGAGAACATCGACGAGGCCGCCAAGGAGCTGGCCATGGTTAA

AGTTATCGGTCGTCGTTCCCTCGGAGTGCAAAGAATATTTGATATTGGTCTTCCCC

AAGACCATAATTTTCTGCTAGCCAATGGGGCGATCGCCCACAATTCACACAATGTA

TACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTAACTTCAAAATTAGACA

CAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAA

TTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCC

CTTTCGAAAGATCCCAACGAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAAC

AGCTGCTGGGATTACACATGGCATGGATGAACTATACAAA 

 

Amino Acid LOV2 C-Intein C-Extein Fusion 

MLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIR

DAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAER

EGVMLIKKTAENIDEAAKELAMVKVIGRRSLGVQRIFDIGLPQDHNFLLANGAIAHNSHNV

YIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDP

NEKRDHMVLLEFVTAAGITHGMDELYK 

 

LAI2 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC
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GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCATTAAAATTGCGACCCGCAAATATCTG

GGCAAACAGAACGTGTATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAA

AAACGGCTTTATTGCTAGCAACTGCTTTAATAGCGTGGTGACCCACGGCGATTTTA

GCCTGGATAACCTGATTTTTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGC

CGCGTGGGCATTGCGGATCGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGG

CGAATTTAGCCCGAGCCTGCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACC

CGGATATGAACAAACTGCAGTTTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGIKIATRKYLGKQNVYDIGVERYHNFALKNGFI

ASNCFNSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRL

FQKYGIDNPDMNKLQFHLMLDEFF 
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LAI2-3 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCCGCAAATATCTGGGCAAACAGAACGTG

TATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGC

TAGCAACTGCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGA

TTTTTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCG

GATCGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAG

CCTGCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAAC

TGCAGTTTCATCTGATGCTGGATGAATTTTTT 
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Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGRKYLGKQNVYDIGVERYHNFALKNGFIASNC

FNSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKY

GIDNPDMNKLQFHLMLDEFF 

 

LAI2-4 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC
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AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCAAATATCTGGGCAAACAGAACGTGTAT

GATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAG

CAACTGCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGATTT

TTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCGGAT

CGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAGCCT

GCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAACTGC

AGTTTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGKYLGKQNVYDIGVERYHNFALKNGFIASNCF

NSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKYG

IDNPDMNKLQFHLMLDEFF 

 

LAI2-5 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT
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ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCTATCTGGGCAAACAGAACGTGTATGAT

ATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAGCAA

CTGCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGATTTTTG

ATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCGGATCGC

TATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAGCCTGCA

GAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAACTGCAGT

TTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA
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TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGYLGKQNVYDIGVERYHNFALKNGFIASNCFN

SVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKYGI

DNPDMNKLQFHLMLDEFF 

 

All Bad LAI2 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTGCCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCATTAAAATTGCGACCCGCAAATATCTG

GGCAAACAGAACGTGTATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAA

AAACGGCTTTATTGCTAGCGACGCCTTTAATAGCGTGGTGACCCACGGCGATTTTA
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GCCTGGATAACCTGATTTTTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGC

CGCGTGGGCATTGCGGATCGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGG

CGAATTTAGCCCGAGCCTGCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACC

CGGATATGAACAAACTGCAGTTTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGIKIATRKYLGKQNVYDIGVERYHNFALKNGFI

ASDAFNSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRL

FQKYGIDNPDMNKLQFHLMLDEFF 

 

All Bad LAI2 -3 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTGCCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT
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TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCCGCAAATATCTGGGCAAACAGAACGTG

TATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGC

TAGCGACGCCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGA

TTTTTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCG

GATCGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAG

CCTGCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAAC

TGCAGTTTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGRKYLGKQNVYDIGVERYHNFALKNGFIASDA

FNSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKY

GIDNPDMNKLQFHLMLDEFF 

 

All Bad LAI2 -4 

DNA 
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ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTGCCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCAAATATCTGGGCAAACAGAACGTGTAT

GATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAG

CGACGCCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGATTT

TTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCGGAT

CGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAGCCT

GCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAACTGC

AGTTTCATCTGATGCTGGATGAATTTTTT 
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Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGKYLGKQNVYDIGVERYHNFALKNGFIASDAF

NSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKYG

IDNPDMNKLQFHLMLDEFF 

 

All Bad LAI2 -5 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTGCCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC
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AACTGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCTATCTGGGCAAACAGAACGTGTATGAT

ATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAGCGA

CGCCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGATTTTTG

ATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCGGATCGC

TATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAGCCTGCA

GAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAACTGCAGT

TTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGYLGKQNVYDIGVERYHNFALKNGFIASDAFN

SVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKYGI

DNPDMNKLQFHLMLDEFF 

 

LAI No Extein 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACA

GCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCCCTGCTTAAGTTTTG

GCACCGAGATCTTAACCGTTGAGTACGGCCCATTGCCCATTGGCAAAATTGTGAGT

GAAGAAATTAATTGTTCTGTGTACAGTGTTGATCCAGAAGGGAGAGTTTACACCCA

GGCGATCGCCCAATGGCATGACCGGGGAGAGCAGGAAGTATTGGAATATGAATTG
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GAAGATGGCTCAGTAATCCGAGCTACCTCTGACCACCGCTTTTTAACCACCGATTA

TCAACTGTTGGCGATCGAAGAAATTTTTGCTAGGCAACTGGACTTGTTGACTTTAG

AAAATATTAAGCAAACTGAAGAAGCTCTTGACAACCATCGTCTTCCCTTTCCATTAC

TTGACGCTGGTACCATTAAACTGGCCACCACTCTAGAGCGCATCGAGAAGAACTTC

GTGATCACCGACCCCCGCCTGCCCGACAACCCCATCATCTTCGCCTCCGACTCCTT

CCTGCAGCTGACCGAGTACTCCCGCGAGGAGATCCTGGGCCGCAACTGCCGCTTC

CTGCAGGGCCCCGAGACCGACCGCGCCACCGTGCGCAAGATCCGCGACGCCATCG

ACAACCAGACCGAGGTGACCGTGCAGCTGATCAACTACACCAAGTCCGGCAAGAA

GTTCTGGAACCTGTTCCACCTGCAGCCCATGCGCGACCAGAAGGGCGACGTGCAGT

ACTTCATCGGCGTGCAGCTGGACGGCACCGAGCACGTGCGCGACGCCGCCGAGCG

CGAGGGCGTGATGCTGATCAAGAAGACCGCCGAGAACATCGACGAGGCCGCCAAG

GAGCTGGCCATGGTTAAAGTTATCGGTCGTCGTTCCCTCGGAGTGCAAAGAATATT

TGATATTGGTCTTCCCCAAGACCATAATTTTCTGCTAGCCAATGGGGCGATCGCCC

ACAAT 

 

Amino Acid 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPCLSFGTEILTVEYGPLPIGKIVSEEIN

CSVYSVDPEGRVYTQAIAQWHDRGEQEVLEYELEDGSVIRATSDHRFLTTDYQLLAIEEIFA

RQLDLLTLENIKQTEEALDNHRLPFPLLDAGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSF

LQLTEYSREEILGRNCRFLQGPETDRATVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHL

QPMRDQKGDVQYFIGVQLDGTEHVRDAAEREGVMLIKKTAENIDEAAKELAMVKVIGRRS

LGVQRIFDIGLPQDHNFLLANGAIAHN 

 

LAI2 No Extein 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCGCGCTGAGCTA

TGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAATTGTGG

AAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATTTATACC

CAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATATTGCCT

GGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCGTGGATG

GCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATGCGCGTG

GATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCATTGAAAA
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AAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTGCGAGCG

ATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGCAACTGC

CGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTCGCGATG

CGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAAAGCGGC

AAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGGCGATGT

GCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATGCGGCGG

AACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGAAGCGGC

GAAAGAACTGGCGGCCATGGGCATTAAAATTGCGACCCGCAAATATCTGGGCAAAC

AGAACGTGTATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGC

TTTATTGCTAGCAAC 

 

Amino Acid 

MRGSHHHHHHGMAGSALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIYTQPVAQ

WHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDNLPNGTIK

LATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRD

AIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAERE

GVMLIKKTAENIDEAAKELAAMGIKIATRKYLGKQNVYDIGVERYHNFALKNGFIASN 

 

LAI2-3 No Extein 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCGCGCTGAGCTA

TGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAATTGTGG

AAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATTTATACC

CAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATATTGCCT

GGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCGTGGATG

GCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATGCGCGTG

GATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCATTGAAAA

AAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTGCGAGCG

ATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGCAACTGC

CGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTCGCGATG

CGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAAAGCGGC

AAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGGCGATGT
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GCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATGCGGCGG

AACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGAAGCGGC

GAAAGAACTGGCGGCCATGGGCCGCAAATATCTGGGCAAACAGAACGTGTATGAT

ATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAGCAA

C 

 

Amino Acid 

MRGSHHHHHHGMAGSALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIYTQPVAQ

WHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDNLPNGTIK

LATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRD

AIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAERE

GVMLIKKTAENIDEAAKELAAMGRKYLGKQNVYDIGVERYHNFALKNGFIASN 

 

LAI2-4 No Extein 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCGCGCTGAGCTA

TGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAATTGTGG

AAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATTTATACC

CAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATATTGCCT

GGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCGTGGATG

GCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATGCGCGTG

GATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCATTGAAAA

AAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTGCGAGCG

ATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGCAACTGC

CGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTCGCGATG

CGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAAAGCGGC

AAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGGCGATGT

GCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATGCGGCGG

AACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGAAGCGGC

GAAAGAACTGGCGGCCATGGGCAAATATCTGGGCAAACAGAACGTGTATGATATTG

GCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAGCAAC 
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Amino Acid 

MRGSHHHHHHGMAGSALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIYTQPVAQ

WHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDNLPNGTIK

LATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRD

AIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAERE

GVMLIKKTAENIDEAAKELAAMGKYLGKQNVYDIGVERYHNFALKNGFIASN 

 

LAI2-5 No Extein 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCGCGCTGAGCTA

TGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAATTGTGG

AAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATTTATACC

CAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATATTGCCT

GGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCGTGGATG

GCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATGCGCGTG

GATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCATTGAAAA

AAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTGCGAGCG

ATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGCAACTGC

CGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTCGCGATG

CGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAAAGCGGC

AAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGGCGATGT

GCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATGCGGCGG

AACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGAAGCGGC

GAAAGAACTGGCGGCCATGGGCTATCTGGGCAAACAGAACGTGTATGATATTGGCG

TGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAGCAAC 

 

Amino Acid 

MRGSHHHHHHGMAGSALSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIYTQPVAQ

WHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDNLPNGTIK

LATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNCRFLQGPETDRATVRKIRD

AIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVRDAAERE

GVMLIKKTAENIDEAAKELAAMGYLGKQNVYDIGVERYHNFALKNGFIASN 
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LAI2 Ser Mutant 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACAGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCATTAAAATTGCGACCCGCAAATATCTG

GGCAAACAGAACGTGTATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAA

AAACGGCTTTATTGCTAGCAACTGCTTTAATAGCGTGGTGACCCACGGCGATTTTA

GCCTGGATAACCTGATTTTTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGC

CGCGTGGGCATTGCGGATCGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGG

CGAATTTAGCCCGAGCCTGCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACC

CGGATATGAACAAACTGCAGTTTCATCTGATGCTGGATGAATTTTTT 
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Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNSRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGIKIATRKYLGKQNVYDIGVERYHNFALKNGFI

ASNCFNSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRL

FQKYGIDNPDMNKLQFHLMLDEFF 

 

LAI2-3 Ser Mutant 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC
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AACAGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCCGCAAATATCTGGGCAAACAGAACGTG

TATGATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGC

TAGCAACTGCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGA

TTTTTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCG

GATCGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAG

CCTGCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAAC

TGCAGTTTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNSRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGRKYLGKQNVYDIGVERYHNFALKNGFIASNC

FNSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKY

GIDNPDMNKLQFHLMLDEFF 

 

LAI2-4 Ser Mutant 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT
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ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACAGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCAAATATCTGGGCAAACAGAACGTGTAT

GATATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAG

CAACTGCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGATTT

TTGATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCGGAT

CGCTATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAGCCT

GCAGAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAACTGC

AGTTTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNSRFLQGPETDRA
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TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGKYLGKQNVYDIGVERYHNFALKNGFIASNCF

NSVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKYG

IDNPDMNKLQFHLMLDEFF 

 

LAI2-5 Ser Mutant 

DNA 

ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTGGATCCATGAGCCATAT

TCAGCGCGAAACCAGCTGCAGCCGCCCGCGCCTGAACAGCAACATGGATGCGGAT

CTGTATGGCTATAAATGGGCGCGCGATAACGTGGGCCAGAGCGGCGCGACCATTTA

TCGCCTGTATGGCAAACCGGATGCGCCGGAACTGTTTCTGAAACATGGCAAAGGCA

GCGTGGCGAACGATGTGACCGATGAAATGGTGCGCCTGAACTGGCTGACCGAATTT

ATGCCGCTGCCGACCATTAAACATTTTATTCGCACCCCGGATGATGCGTGGCTGCT

GACCACCGCGATTCCGGGCAAAACCGCGTTTCAGGTGCTGGAAGAATATCCGGATA

GCGGCGAAAACATTGTGGATGCGCTGGCGGTGTTTCTGCGCCGCCTGCATAGCATT

CCGGTGTGCAACTGCCCGTTTAACAGCGATCGCGTGTTTCGCCTGGCGCAGGCGCA

GAGCCGCATGAACAACGGCCTGGTGGATGCGAGCGATTTTGATGATGAACGCAAC

GGCTGGCCGGTGGAACAGGTGTGGAAAGAAATGCATAAACTGCTGCCGTTTTGCCT

GAGCTATGATACCGAGATCTTAACCGTGGAATATGGCATTCTGCCGATTGGCAAAA

TTGTGGAAAAACGCATTGAATGCACCGTGTATAGCGTGGATAACAACGGCAACATT

TATACCCAGCCGGTGGCGCAGTGGCATGATCGCGGCGAACAGGAAGTGTTTGAATA

TTGCCTGGAAGATGGCTGCCTGATTCGCGCGACCAAAGATCATAAATTTATGACCG

TGGATGGCCAGATGATGCCGATTGATGAAATTTTTGAACGCGAACTGGATCTGATG

CGCGTGGATAACCTGCCGAACGGTACCATTAAACTGGCGACCACCCTGGAACGCAT

TGAAAAAAACTTTGTGATTACCGATCCGCGCCTGCCGGATAACCCGATTATTTTTG

CGAGCGATAGCTTTCTGCAGCTGACCGAATATAGCCGCGAAGAAATTCTGGGCCGC

AACAGCCGCTTTCTGCAGGGCCCGGAAACCGATCGCGCGACCGTGCGCAAAATTC

GCGATGCGATTGATAACCAGACCGAAGTGACCGTGCAGCTGATTAACTATACCAAA

AGCGGCAAAAAATTTTGGAACCTGTTTCATCTGCAGCCGATGCGCGATCAGAAAGG

CGATGTGCAGTATTTTATTGGCGTGCAGCTGGATGGCACCGAACATGTGCGCGATG

CGGCGGAACGCGAAGGCGTGATGCTGATTAAAAAAACCGCGGAAAACATTGATGA

AGCGGCGAAAGAACTGGCGGCCATGGGCTATCTGGGCAAACAGAACGTGTATGAT

ATTGGCGTGGAACGCTATCATAACTTTGCGCTGAAAAACGGCTTTATTGCTAGCAA

CTGCTTTAATAGCGTGGTGACCCACGGCGATTTTAGCCTGGATAACCTGATTTTTG
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ATGAAGGCAAACTGATTGGCTGCATTGATGTGGGCCGCGTGGGCATTGCGGATCGC

TATCAGGATCTGGCGATTCTGTGGAACTGCCTGGGCGAATTTAGCCCGAGCCTGCA

GAAACGCCTGTTTCAGAAATATGGCATTGATAACCCGGATATGAACAAACTGCAGT

TTCATCTGATGCTGGATGAATTTTTT 

 

Amino Acid 

MRGSHHHHHHGMAGSMSHIQRETSCSRPRLNSNMDADLYGYKWARDNVGQSGATIYRL

YGKPDAPELFLKHGKGSVANDVTDEMVRLNWLTEFMPLPTIKHFIRTPDDAWLLTTAIPGK

TAFQVLEEYPDSGENIVDALAVFLRRLHSIPVCNCPFNSDRVFRLAQAQSRMNNGLVDASD

FDDERNGWPVEQVWKEMHKLLPFCLSYDTEILTVEYGILPIGKIVEKRIECTVYSVDNNGNIY

TQPVAQWHDRGEQEVFEYCLEDGCLIRATKDHKFMTVDGQMMPIDEIFERELDLMRVDN

LPNGTIKLATTLERIEKNFVITDPRLPDNPIIFASDSFLQLTEYSREEILGRNSRFLQGPETDRA

TVRKIRDAIDNQTEVTVQLINYTKSGKKFWNLFHLQPMRDQKGDVQYFIGVQLDGTEHVR

DAAEREGVMLIKKTAENIDEAAKELAAMGYLGKQNVYDIGVERYHNFALKNGFIASNCFN

SVVTHGDFSLDNLIFDEGKLIGCIDVGRVGIADRYQDLAILWNCLGEFSPSLQKRLFQKYGI

DNPDMNKLQFHLMLDEFF 
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Appendix B  

Western blots of LAI2 and truncations under light and dark conditions. 
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Western blots of LAI2 and truncations containing C39S mutation under light 

and dark conditions. 
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Western blots of LAI2 and truncations containing C1A, N289D and C+1A 

mutations under light and dark conditions. 
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Western blots of LAI protein under light and dark conditions. 
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