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ABSTRACT 

Protein splicing is one of those phenomena in nature that has not been completely 

understood. Though the reactions constituting the protein splicing pathway have been 

known for quiet some time now, a single theory still cannot explain why and how the 

reactions occur in the first place. Understanding such a complex problem requires 

research spanning a variety of branches of science and through this work, we have tried 

to present the insights we could gain by being part of such collaboration. We have tried 

to propose and prove the pKa shift hypothesis behind protein splicing through Nuclear 

Magnetic Resonance spectroscopy. This involved determining the pKa of the key amino 

residues which are thought to have mechanistic importance in protein splicing. 

Specifically, we have determined the pKa of residue D422 in the precursor to be 6.6, 

which is higher than the pKa (6.2) of the same residue in the post splicing product. This 

result points towards the mechanistic importance of this residue in the protein splicing 

pathway. 

 

 A major accomplishment was to isolate one of the first precursors to protein 

splicing. This required the development of chromatography and process scale up. In 

addition, the stability difference with respect to temperature between a wild type intein 

and a single mutant clone by Circular Dichroism Spectroscopy. This validates previous 

results from our research group. A difference of 6°C between the melting points of the 

wild type and mutant intein was obtained. The research also involved extensive 

collaboration with physicists, molecular biologists and researchers from other 

disciplines. Such a multidisciplinary approach adopted by our group enabled the 
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exchange of ideas and data resulting from the collaboration.  By isolating the precursor 

and by utilizing various biophysical methods, we have gained insight into the fascinating 

yet complex world of protein splicing. 
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1. Introduction 

1.1 Protein Splicing 

RNA splicing and protein splicing are two processes where the flow of 

information from a gene to its protein product can be modulated to yield a protein whose 

sequence is not strictly co-linear with the gene. The difference between the two is that 

the RNA splicing occurs before translation whereas protein splicing is post-translational 

process. In protein splicing, initially a single polypeptide is synthesized. This 

polypeptide is the precursor to protein splicing [1]. An intervening polypeptide sequence 

is then excised from within the precursor and the flanking elements are then joined to 

each other. The excised domain is called the Intein (Internal Protein) and the flanking 

domains are called as the Exteins. 

 

The phenomenon of Protein splicing was discovered in 1990 [2]. This opened up 

an exciting chapter in the fields of biochemistry, biophysics and molecular biology. All 

of the protein splicing cases have been found in unicellular organisms. Also note that 

they all occur in all the three domains of life, viz. arachea, bacteria and eukarya. This 

fact suggests that protein splicing might have an ancient evolutionary origin. 

1.1.1 Occurrence 

The first demonstrated example of protein splicing involved the protein product 

of the Saccharomyces cerevisiae TFPl gene, which encodes the 69 kDa catalytic subunit 

of the vacuolar ATPase  [3, 4]. Further instances are found in all three domains of life: in 
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eukaryotes, the 69 kDa subunit of vacuolar ATPase of the yeast Candida tropicalis [5]; 

in prokaryotes, the RecA proteins of the mycobacteria Mycobacterium tuberculosis [6, 

7]and Mycobacterium leprae [8] ,and in archaea, the DNA polymerases of the extremely 

thermophilic archaebacteria Thermococcus litoralis [9]. 

 

 

 

Figure 1: An overview of protein splicing. The process is post-translational, self catalytic and does 

not require any co-enzymes or co-factors.  Figure taken from Ref [2]. 

 

Surprisingly, the exteins had no homologic similarities and could be substituted with 

other polypeptides without any significant effect on the protein splicing activity [10].  
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Inteins vary greatly in sizes, occurring from 134 amino acids to over 1500 amino acids 

long [11].One of the reasons for the large disparity in the sizes is due to the presence of 

an endonuclease domain. Hence, most inteins can effect two roles: endonuclease activity 

as well as splicing activity. However, both the functions have been shown to be mostly 

independent of each other [12, 13]. Also, there are other inteins in nature which occur in 

the form physically split N- and C- terminal splicing domains. These are called as split 

inteins. They are translated as individual proteins that can later associate and splice in 

trans. 

1.1.2 General characteristics of protein splicing 

A number of in vitro observations [2] have allowed the following conclusions 

regarding the general characteristics of protein splicing: 

a) Protein splicing is characterized entirely by amino acids present in the intein     

itself. 

b) Protein splicing is an intramolecular process. 

c) Protein splicing does not require any co-enzymes or co-factors. 

d) It can be viewed as a bond rearrangement process, rather than bond cleavage and 

re-synthesis. 

 

Some insights into the protein splicing mechanism came from the conserved amino 

acid residues observed at the intein-extein or splice junctions. This implies that though 

there is a great diversity among inteins found between different organisms, at the most 

fundamental level, they do share some characteristic sequences 
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The intein’s N-terminus and C-terminus make up the blocks N1 and C1 

respectively.  From Figure 2, one can notice the degree of conservation observed across 

different inteins at the N- and C-terminus. The N-terminal residue is highly conserved as 

cysteine.  The C-terminus comprises of highly conserved penultimate histidine and 

asparagine as the C-terminal. Also, the N-terminal of the C-extein is a highly conserved 

cysteine, threonine or serine [14-16]. A very important point to be noted is the high 

degree of conservation of the TXXH motif in the Block N3. The histidine residue (H73) 

found in this motif is actually the most conserved amino acid among all the inteins.  

               

 

 

Figure 2: Pictorial representation of degree of conservation of residues across different inteins. A: 

The N1 block (N-terminal of the intein) has a highly conserved cysteine. B: The C1 block essentially 

makes up the intein C-terminal. The most conserved residues are the penultimate Histidine and the 

C-terminal asparagine.  C: TxxH is a highly conserved motif found in most of the inteins. The 

Histidine is the most conserved residue, pointing towards its pivotal role in protein splicing pathway. 

Figure adapted from Ref[15]. 

(A) (B) 

(C) 
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Apart from sequential similarities, inteins also possess a structural resemblance. 

From Circular Dichroism (CD) Spectroscopy of the Mycobacterium tuberculosis recA 

intein, which is the workhorse of our research group, as well as analysis of the crystal 

structure of Mycobacterium xenopi gyrA intein [17] and other inteins [18-26], one can 

conclusively say that inteins are mostly made up of β sheets. Our own CD analysis of the 

recA intein showed that β sheets constituted over 92% of the secondary structure.   

 

In the quaternary structure of the intein the N- and C- termini are in close proximity. 

This is striking as the two are located far away in the primary sequence. This feature 

might reveal how the intein is able to overcome such a large distance in the primary 

sequence to join the two exteins. This will be discussed further in the next chapter. 

1.2 Applications  

The ability of inteins to splice irrespective of the sequence of the flanking exteins 

(except for the first amino acid of the C-extein) makes them invaluable tools in the fields 

of biotechnology and chemical biology. Properties like auto-catalytic activity, absence of 

co-factors or co-enzymes etc. make them an extremely lucrative option for many 

applications. One can take advantage of the fact that most precursors are rendered 

inactive as long as the intein is present in it. Also, one can design inteins that either 

splice or cleave, depending upon the external stimuli it is subjected to, like temperature, 

pH and ionic strength of the solution [27, 28]. 
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Inteins have great utility in the field of chemical biology. They can prove to be 

important tools for the manipulation of proteins and other peptides. An intein can form 

reactive thioesters, as can be seen after the first step of the splicing pathway. This 

property can be exploited to stitch proteins together with a variety of molecules with 

desired properties [29]. The resulting protein can be segmentally isotope-labeled for 

NMR studies [30-33], incorporated with unnatural amino acids [34, 35], phosphorylated 

[36], lipidated [37], tagged with reporter groups for biosensing [38], or cyclized for 

enhanced stability [39-44]. 

 

One of the most important uses of inteins can be found in the biotechnology 

industry. A typical example would consist of an intein with isolated cleavage activity 

placed between an affinity protein, say, chitin binding domain (CBD) and protein of 

interest [45-47]. The protein itself is produced as a fusion protein and it can be expressed 

in any host of choice like E. coli.  On loading this protein along with a mixture of other 

proteins, which can be termed as impurities, on an affinity column containing 

appropriate resin (chitin beads, in this case), the fusion protein will specifically bind to 

the beads. Other impurities will constitute the flow-through, as they do not possess the 

affinity for the beads. Once all the fusion protein is bound to the column, the column is 

subjected to a change in pH or temperature, or chemical additive is added. This triggers 

selective cleavage of the protein of interest from the intein, hence leaving behind the 

binding protein and intein on the column. An extremely pure target protein can then be 

obtained in the flow-through of the carrier buffer in one step. This method is very 

advantageous over using proteases to cleave a desired protein from its fusion precursor, 



  

 7

since proteases can damage the target protein as well as the cost of using proteases might 

surpass the cost of the target protein [47].  

 

Inhibition of protein splicing essentially renders the protein inactive. A number of 

proteins containing the inteins are vital to an organism’s survival. Thus, one can control 

the viability of an organism by controlling the splicing reaction. Inteins, hence, have 

become excellent candidates as anti-mycobacterial and antifungal drugs [48]. 

 

Thus, protein splicing has important applications in varied fields including 

proteomics [49]. Understanding how this pathway proceeds then assumes great 

importance as it can this allows us the manipulation of the splicing process to advantage. 

This will enable development of better intein based tools in the fields of biotechnology, 

chemical biology, proteomics as well as biomedical research. 

1.3 Research Objectives 

As mentioned earlier, a clearer understanding of the protein splicing mechanism 

will help develop better applications based on inteins in a wide variety of fields. The 

research objectives, here, are focused on gaining valuable insights into the protein 

splicing pathway through various biochemical and biophysical methods. The goals of 

this work are summarized as follows 

1) Developing and validating a hypothesis, which can explain the protein splicing 

mechanism, especially the N-S acyl shift. 
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2) Using various biophysical methods like NMR spectroscopy in order to gauge the 

structure and dynamics of the intein and its precursor. 

3) Actively collaborating with researchers from different disciplines in order to gain 

more insight into this complex yet intriguing mechanism. Mutations within the 

intein and a more molecular level based understanding would be obtained with 

the help of Dr.Marlene Belfort and Dr.Patrick Van Roey. Dr. Saroj Nayak’s 

group will perform molecular dynamics simulation in order to understand the 

protein splicing mechanism through computations. Hence, our research efforts 

were based upon the exchange of ideas and data resulting from the collaboration. 
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2. Mechanism of Protein Splicing 

2.1 Introduction 

The mechanism of protein splicing is quite fascinating and equally complex. 

Essentially, the reaction can be broken down into two parts. In the first part of the 

reaction, two peptide bonds are cleaved; one at each terminal of the intein. In the second 

part, the two exteins form a peptide bond between them. This seems like a very daunting 

task for a single autocatalytic enzyme. Since, these reactions have to be perfectly co-

ordinated in time and space. If such is not the case, any segment, which is not bonded at 

a given time, will slowly diffuse away leading to improper splicing- also termed as 

cleavage. If the N-extein cleaves off the precursor protein, the process is termed as N-

terminal cleavage. Similarly, C-terminal cleavage occurs when the C-extein is removed.  

2.2 The mechanism 

Several mechanisms for protein splicing have been proposed since its discovery, 

17 years ago [10]. As mentioned earlier, the intein has several conserved amino acid 

residues, including at distal locations and at the splice junctions. The earlier proposed 

reaction mechanisms were based on the type of reactions that can occur with these 

conserved amino acids. Cooper et al [50] suggested that protein splicing starts by the 

cleavage between the intein and the C-extein by cyclization of asparagine at the C-

terminal of the intein followed by a trans-peptidation reaction between the amino termini 

of the N- and the C- exteins. Another hypothesis suggested that the protein splicing is 

initiated due to the attack of the downstream asparagines on the upstream splice 
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junction.  According to recent proposal by Shemella et al [51], the protonation of the 

scissile peptide bond nitrogen by a hydronium ion is an important first step in the 

reaction. This step is followed by the attack of the C-terminal asparagine side chain on 

its carbonyl carbon, causing succinimide formation and simultaneous peptide bond 

cleavage. However, this proposed theory and others have not yet convincingly proven 

the mechanism of protein splicing owing to several difficulties. 

 

One major problem with studying protein splicing is that apart from being 

complex, it is an extremely fast and efficient reaction. This tends to mask details of the 

protein splicing pathway, as the precursor tends to completely disappear during the time 

course of the reaction. Thus, most of these observations are based on the mature protein 

product rather than the precursor itself which has been very difficult to isolate. This 

introduces an error within the experiment as the intein by itself may not be a complete 

representation of the behavior of the original precursor protein. Mutations have been 

performed within the precursor protein itself, which can slow down or inhibit the 

splicing reaction, allowing one more time to study the reaction pathway [6, 52]. 

However, the mutated precursor might not be a true representation of the active (wild 

type) intein.  

 

The breakthrough in mechanistic understanding came in the form of a very 

ingenious study carried out by Xu et al [53]. They developed an in-vitro protein splicing 

system by inserting the intein from the extreme thermophile Pyrococcus sp. GB-D 

between two foreign proteins, the maltose binding protein and Dirofilaria imitis 
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paramyosin, to give a tripartite fusion protein. This protein was inactive in terms of 

splicing at lower temperatures. The study was ground breaking as it proved conclusively 

that protein splicing was indeed a post-translational and self catalytic process. More 

importantly, one could now isolate the intermediates in the protein splicing reaction 

pathway and hence, identify the complete reaction mechanism. Based on their 

observations, Xu and co-workers were able to propose a reaction mechanism for protein 

splicing (with help from Peter Schultz, private communication). This reaction 

mechanism has been further supported by the work in Refs [12, 54, 55]. The whole 

process now can be described in terms of four major steps. They are as follows:  

 

1) N-S or N-O Acyl Shift: Cysteine, serine or threonine occur as the conserved amino 

residues at the upstream splice junction within the intein. These amino acids lead a 

nucleophilic attack on the peptide bond between the N-extein and the intein.  This leads 

to esterification of the N-terminal domain at the carboxyl terminal. The occurrence of a 

linear ester intermediate was proved conclusively by using nitrogen nucleophiles like 

hydroxylamine [54]. This rearrangement of the N-O acyl is also supported by the 

mutagenesis data of Xu and Perler [55]. 

 

2) Trans-esterification reaction to form a branched intermediate:  The nucleophilic 

residue (serine or cysteine) present at the downstream splicing junction now attacks the 

ester formed in the earlier step. This leads to formation of a branched intermediate ester.  
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Figure 3:  The four steps involved in the protein splicing pathway. Adapted from ref [2]. 

 

One unique feature about this ester is that it has two amino acid termini, one from the N-

extein and other being the N-terminal of the intein itself.  

 

3) Asparagine Cyclization: In this step, the C-terminal asparagine of the intein cyclizes 

to form an aminosuccinamide, making the whole splicing process irreversible [53, 56]. 

Along with this reaction, the peptide bond present between the intein and the C- extein is 

broken. Owing to the cyclization reaction, the unnatural residue (aminosuccinamide) 

becomes a part of the excised intein.  
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4) S-N shift: This step is the reverse of reaction of step 1. In terms of protein splicing, 

this reaction is likely when the intein has been removed and the exteins have been 

ligated. However, the excised intein contains an unnatural C-terminal residue, and the 

exteins are linked by an unnatural ester bond. The completion of the splicing process 

involves the elimination of these unnatural features through spontaneous finishing 

reactions. The exteins now undergo S-N shift, leading to formation of a peptide bond. At 

the same time, the succinamide terminal of the intein is hydrolyzed to yield an 

isoaspartic acid [56]. 

 

The above four steps constitute the general accepted mechanism for protein 

splicing reactions. This mechanism holds very well when the precursor protein has 

certain highly conserved residues, namely, the N- and C- termini of the intein and the N-

terminus of the C-extein. Different splicing mechanisms come into play for inteins 

which do not contain the aforementioned residues [57, 58]. 

2.3 Implications of the reaction pathway 

The above reaction mechanism was an important milestone in regards to 

understanding protein splicing activity and hence, developing applications based upon 

this phenomenon. Mutations can be performed at the conserved amino-acid residues and 

hence, the protein splicing activity can be modulated in order to gain more insight into 

the mechanism. Mutating the asparagines present at the C-terminal of the intein to an 

alanine, one can effectively abolish any C-terminal cleavage. One can thus focus on N-
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terminal activity in the protein splicing pathway. After N-S acyl shift and 

transesterification, the N-extein, the C-extein and the intein are still attached to each 

other. A nucleophile is then needed from the external environment to break the bond 

between the intein and the C-extein [54]. Hence,   Thus, the N-terminal cleavage is 

attributed to the intein’s activity as well as the action of an external nucleophile. 

 

Similarly, mutation of the N-terminal cysteine of intein to alanine can lead to inhibition 

of any N-terminal cleavage [54, 55, 59]. Thus, the C1A mutation effectively helps in 

focusing on the C-terminal cleavage activity of the intein. What remains of great interest, 

is the co-ordination between the N- and C-terminal activities to yield a mature spliced 

product. 
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3. Structure of the Intein 

3.1 The Myobacterium Tuberculosis recA Intein 

Our studies utilized the mycobacterium tuberculosis recA intein and its derivatives 

in an effort to gain more insight into the complex yet fascinating mechanism of protein 

splicing. Delving into the reaction pathway required both the precursor to protein 

splicing as well as the mature post splicing product. All the plasmids used to express the 

respective proteins were provided as a generous gift from our collaborator Dr. Marlene 

Belfort at the Wadsworth Center, NYS Department of Health, Albany, NY.  

3.1.1 Background on the intein 

Davis and co-workers first isolated the recA intein 16 years ago while 

sequencing the corresponding gene [6]. They discovered that there indeed was a 440 

amino acid long intein which spliced after translation. This intein can splice out very 

efficiently in the Escheria coli context as well as other host proteins. In addition, it can 

tolerate a variety of exteins and hence can be used in various applications. Due to the 

aforementioned reasons, the recA intein is the intein of choice for our research group. 

Since most of the applications would require an intein which would be smaller in size, 

previous efforts in our research group have focused on the minimization of its size 

without affecting the splicing activity of the intein. 
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3.1.2 Mini- inteins 

One of the domains which could be removed without affecting the intein activity 

was the endonuclease domain [9]. Derbyshire et al [60] were able to generate a series of 

mini-inteins, each of which contained some deletion of the endonuclease domain. All the 

structures showed some loss of activity, but the most active one consisted of the residues 

1-110 and 383-440. This intein was termed as the “mini intein” and denoted as ΔI (168 

amino acids). Another observation of this study was that the splicing information was 

contained in the first 94 and last 35 residues. This laid the foundation of further 

minimization of the intein. 

Hiraga et al [61] found that the linker connecting the N- and C- terminal splicing 

subdomains of the intein was largely unstructured. Thus, in order to further minimize the 

intein size, they deleted these linker residues and substituted them with seven amino 

acids (VRDVETG) which constitute the Hedgehog protein’s β turn. The new intein now 

totals 139 amino acids and has nearly the same level of activity as the ΔI. This intein was 

termed as the mini-mini intein and denoted as ΔIhh where the hh is for the hedgehog 

protein, since a short sequence from the hedgehog protein was used to connect the two 

flanking sequences at the endonuclease removal site. The mini-mini intein is essentially 

the workhorse of our research group and all of our research efforts are concentrated on 

this protein. Figure 4  shows the crystal structure of the ΔIhh, which was determined by 

Dr. Patrick Van Roey (Private communication). 
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Figure 4: Crystal structure of the ΔIhh intein. The unstructured linker in the ΔI intein has been 

replaced by a β turn from the hedgehog protein. (Patrick Van Roey, private communication) 

3.2 SM and CM 

As mentioned earlier, both the shorter inteins have reduced level of activities as 

compared to the full length intein. Thus, one of the goals of our research group was to 

restore their splicing activity within the size-minimized inteins. Wood et al [62], hence, 

carried out two directed evolution studies. 

3.2.1 Splicing mutant (SM) 

Through Error Prone PCR, Wood and co-workers [62] were able to generate a 

pool of mutagenized inteins. The level of splicing within these mutants was determined 

through a thymidylate synthase reporter system. The mutants which exhibited a high 

level of activity were then selected. Among all these mutants, one of them had activity 
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comparable to that of the full length intein. This mutant contained a single mutation, 

V67L and was referred to as the splicing mutant (SM). 

3.2.2 Cleaving mutant (CM) 

A parallel study was done by the same research group [62] , where they mutated 

the C1 with alanine so as to induce only C-terminal cleavage. Screening for high levels 

of C-terminal cleavage activity was pursued, and they were able to isolate a highly-

active mutant which had the following three mutations: D24G, V67L and D422G[62]. 

This triple mutant was referred to as the cleaving mutant (CM). Table 1 summarizes the 

various mutants and their activities in terms of splicing or C-terminal cleavage. 

Table 1 : Various intein constructs and their corresponding splicing activity. 

Intein Activity Residues 

1 24 67 422 

Wild type (WT)  Low splicing C D V D 

Splicing mutant (SM) High splicing C D L D 

Cleaving mutant (CM) High  C-terminal 

cleavage 

A G L G 
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4. Expression and Purification of Intein Precursors 

4.1 Background and Motivation: 

As mentioned earlier, obtaining the intein precursor was essential in order to gain 

insight into the mechanism of protein splicing. Keeping this objective in mind, our 

research group focused on two precursors; mainly the pXI construct and the pME 

construct. This chapter concentrates on the method development involved in obtaining 

the precursor. One point to be noted is that the precursors isolated by our research group 

are one of the first few precursors obtained till now. Hence, the purification protocol 

development is one of the major achievements in the course of this research project. 

4.2 Purification of the pXI construct 

4.2.1 Structural details of the construct 

Figure 5 describes the primary structure and the domains which constitute the pXI 

construct. Essentially, this protein consists of an N-extein and a mini-mini intein. The N-

extein comprised of a 12 amino acid sub-domain of the maltose binding protein (MBP) 

and the chitin binding domain (CBD). The MBP essentially helped in solubilizing the 

protein, whereas the CBD was required for the purification of the intein via chitin beads 

[45]. The intein in this case, is the ΔΔIhh mini-mini intein described earlier. The 

nomenclature for the inteins with various mutants remains the same, except for the fact 

that the precursor is known as the CBD-intein. This suggests that the protein is now the 

active precursor to splicing rather than the mature post splicing product. An important 

point to be noted here is the absence of the C-extein. Hence, this construct is useful for 
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the study of the N-terminal cleavage activity in the absence of C-terminal cleavage, 

rather than the complete protein splicing mechanism. Nonetheless, our research group is 

extremely interested in the N-terminal cleavage as it could provide insight into probably 

the most important step of protein splicing, the N-S acyl shift reaction. From that 

perspective, obtaining the pure pXI construct was important for further studies.  

 

 

Figure 5: Primary sequence and domain composition of the pXI construct. The C-extein is absent in 

this protein, hence, it can be used to study N-terminal cleavage activity. 

 

4.2.2 Expression of the pXI protein 

The precursor protein was expressed as described in detail in Appendix 10.1.  The 

JM101 cell line was used for over-expression of the proteins. Induction was performed 

with 1 mM IPTG. Induction times varied depending upon the medium in which the cells 

were grown. We were able to express natural abundance (unlabeled) as well single (15N) 

and double (15N, 13C) labeled proteins.  

 

Purifying this construct was a complex challenge, as no protocol had been established 

earlier for purification of such a construct. The use of chitin beads had to be ruled out, 
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since the affinity of the CBD and the chitin beads was extremely high and dissociation 

was very low [63]. Hence, it was not possible to elute the full precursor off the beads, 

without denaturing the protein. As a result, we decided to focus on ion-exchange 

chromatography in order to purify the pXI construct. 

4.2.3 Trial and error ion exchange Chromatography 

The purification was based on the fact that charges on a protein can be manipulated 

by varying the pH of a buffer. As one can see from the schematic in Figure 6, if the pH 

of the buffer is below the isoelectric point (pI) of the protein, the net charge on the 

protein would be positive. Similarly, the protein will have a net negative charge if the pH 

of the buffer is above the pI of the protein [64]. We were able to exploit this fact to 

obtain the pure precursor.  

 

Figure 6: Schematic of a typical pH profile of a protein about its isoelectric point (pI) 
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The procedure was based on trial-and-error. In all, four different ion exchange 

columns were tried, ranging from strong anionic to strong cationic columns. The Hi-

Trap IEX selection kit (GE Healthcare) was used for this purpose. After over-expression 

of the protein (CBD-SM), the cell lysate thus obtained was lysed using sonication and 

then filtered to get a cell-free culture (See Appendix 10.1). 100 µl of the cell lysate was 

then applied to the small-scale columns. A description of the columns and the buffers 

used are in Table 2. Each of the run involved using Buffer A (with zero salt 

concentration) for cell lysis as well as for loading the column. The elution was then 

performed by a applying a typical salt gradient across the column, by using a Buffer B 

(with 1M sodium Chloride). Fast protein liquid chromatography (FPLC) was used for 

carrying out the analytical and preparative scale experiments. 

 

The fractions from the FPLC (GE Healthcare) were then run on a SDS-PAGE gel and 

their molecular weights were checked against protein markers over a broad range (Bio-

Rad Laboratories).Hence, each column’s performance could be then evaluated on the 

basis of the purity of the pXI construct as well as the yield. The yield was then 

characterized by the peak height using UV-absorbance at a wavelength of 280 nm. 

Another standard of protein yield was based on the Bradford Assay as well as UV-

Denaturation method involving guanidinium hydrochloride.  The purity of the protein 

was judged on the basis of the presence of a single band corresponding to its peak on the 

chromatogram, on the SDS-PAGE gel.  
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Figure 7: An analytical scale chromatography run on ion exchange column. One can notice that the 

peaks are not well resolved, as well as most of the protein is coming out in the flowthrough. The 

green line is the salt gradient and the blue curve is the UV reading at 280 nm, indicating the amount 

of protein. 

Figure 7 demonstrates a typical small-scale run on a column- SP Sepharose (GE 

Healthcare) which did not give either good yields or good purity for the protein in 

question. 

Table 2: Four ion exchange columns were used for trial and error process to obtain the CBD-SM 

precursor. The table does not list the various salt concentrations tested. 

Column Charge Buffer pH 

Q Sepharose Strong anion Tris 8 

DEAE Sepharose Weak anion Tris 8 

SP Sepharose Strong cation MES 4 

CM Sepharose Weak cation MES 4 
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After several runs, which involved using all the four columns as well as 

manipulating the pH, the salt concentration and the length of the gradient of elution, we 

were able to identify a successful column as well as a condition for the purification of 

the protein. The complete description of this protocol is given in Appendix 10.2.  The 

column was HiTrap Q Sepharose fast flow (strong anionic) column and contains 6% 

highly cross-linked dextran with quaternary ammonium as the charge group.  

 

 

Figure 8: Chromatogram of purification run on the chosen column. A well separated peak of the 

precursor protein can be seen indicating a good separation. The salt gradient is around 15%. 

 

Figure 8 describes a chromatogram of a purification run performed using the 

aforementioned column. The peak corresponding to the protein in question is marked in 

the chromatogram, and it should be noticed that this protein elutes at approximately 15% 

salt gradient. The purity of the protein can be confirmed by the single peaks seen 
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corresponding to the 20 kDa protein marker in Figure 9. Hence, we were able to isolate 

successfully on a column in terms of yield of purity of a protein. The next step in the 

process was column scale up. This was done in two stages. We first scaled up the 

analytical level column itself in the linear range. This meant that we checked how much 

of cell lysate could be loaded on the column, without losing the protein desired in the 

flow-through due to overloading. After determining the range of lysate loading, we were 

then able to perform a scale up in terms of the size of the column itself. 

 

4.2.4 Large scale Purification of the precursor 

The column used for large scale column was same in terms of its anionic nature, but it 

differed in its loading capacity as well the column volume. The HiLoad Q fast flow 

column (GE Healthcare) with a column volume of 20 ml was selected for this purpose.  

The flow rates in the column were maintained at 1 ml/min and the maximum allowable 

pressure in the column was 0.3 MPa. The elution gradient, again, remained more or less 

same irrespective of the size of the column. This confirmed that the purification of the 

protein was indeed based on the charge. This purification method turned out to be 

robust, in the sense that it could be applied to a range of precursors with different 

mutations. Similar results were obtained in the case of purification of the CBD-CM 

precursor protein.  
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Figure 9: Polyacrylamide gel electrophoresis for checking the purity of precursor protein after ion-

exchange chromatography. The two bands corresponding to the 20 kDa marker denote the pure 

precursor. This can be judged by the absence of other bands in the same gel lanes. The fractions 

correspond to those obtained in the ion-exchange chromatography depicted in Figure 8. 

 

Although, the precursor obtained with this process was pure (around 90%), its 

purity was insufficient, especially for NMR studies. Hence, the protein was further 

purified using gel filtration chromatography. The SDS PAGE gel indicated an impurity 

in the form of a larger protein, at the end of ion-exchange chromatography. Since the 

size difference between the desired precursor and the impurity (75 kDa) was large, gel 

filtration or size exclusion chromatography was the natural choice to separate these 

proteins. Small proteins take a longer time to elute as compared to the larger proteins. 

Hence, the impurity should elute out earlier, followed by the protein of interest. The 

column used for this purpose was HiLoad Superdex 16/60 (GE Healthcare) with a 
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column volume of 120 ml. The column buffer used in this case was 20 mM Tris, 100 

mM sodium chloride at pH 8. Figure 10 shows the chromatogram obtained after a typical 

gel filtration run.  

 Gel filtration CBDSM 051007006:10_UV  Gel filtration CBDSM 051007006:10_Cond  Gel filtration CBDSM 051007006:10_Conc  Gel filtration CBDSM 051007006:10_Fractions
 Gel filtration CBDSM 051007006:10_Logbook
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Figure 10 : Gel filtration for CBD-SM precursor protein. This step follows the ion exchange 

chromatography step and separates the larger impurity (first blue peak) from the target protein. 

 

This summarizes the purification method development for isolating the purified pXI 

construct. Since this method gave high yields of protein with excellent purity, we were 

able to use the protein for further research. The conformation of the protein was 

confirmed by performing circular dichroism (CD) spectroscopy.  The purity of the 

protein was also confirmed by NMR spectroscopy, which will be described in 

subsequent chapters. 
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4.3 Purification of the pME construct 

4.3.1 Structural details of the pME construct 

 

 

 

 

Figure 11 : The sequence and structure of the pME intein precursor. The His-tag in the N-extein is 

essentially used for affinity purification. 

 

The pME (Mini-extein) construct essentially consists of the intein with both the 

exteins. As mentioned earlier, the pXI construct was useful for N-terminal cleavage 

studies. As the pME vector can be used to over-express the intein with both the exteins, 

this construct is extremely useful in studying the overall protein splicing mechanism.  As 

can be seen in the Figure 11, the pME consists of 183 amino acids and has a molecular 

weight of 17 kDa.  It should be noted that the pME has certain mutations which enables 

one to obtain the precursor. The C1A mutation in the upstream splice junction as well as 

the H138A and N139A mutations at the C-terminal of the intein inhibit any splicing 

activity possible, thus providing a hold on the intein activity.  

 

N-extein Intein C-extein 
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Figure 12: Affinity chromatography for the pME protein. Imidazole has a higher affinity for the 

nickel beads, and hence, displaces the pME protein off the column. The single well separated peak 

obtained above is pure pME protein. 

 

4.3.2 Purification of the pME using affinity chromatography 

The N-extein contained a Histidine tag (series of 6 histidines) which was used for 

the purification of the construct. As the His-tag had strong affinity for nickel, this 

property can be exploited to get extremely pure pME protein. The purification thus, was 

done by conventional affinity chromatography. The column consisted of beads with co-

ordinated nickel as the metal ligand attached to them. The loading buffer used in this 

case was 100 mM Tris, 500 mm Sodium chloride and 20 mM Imidazole at pH 7.5. John 

Dansereau (Wadsworth Center, NYS Department of Health, Albany, NY) suggested the 

use of the aforementioned buffer.  The elution buffer was same as the loading buffer 

except for the fact that it had 1 M imidazole. Imidazole has a higher affinity for nickel as 
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compared to histidine, and hence, would help in eluting any protein which is bound to 

the nickel column. Since affinity chromatography is extremely specific, very high yields 

of pME protein with good purity were obtained (Figure 12). This can be confirmed by 

running SDS-PAGE gels, as shown in Figure 13. The flow rates were maintained at 1 

ml/min with the maximum operating pressure at 0.5 MPa.  

 

 

Figure 13: SDS-PAGE gel for pME protein. Good purity and high yields can be obtained from 

affinity chromatography. The fractions correspond to those from affinity chromatography, seen in 

Figure 12. 

 

Thus, we were able to successfully express and purify both the precursors. In 

addition, a number of mutant precursors were purified. These mutants would be used for 

further study of the protein splicing mechanism, which will be described below. 
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Obtaining one of the first precursors of protein splicing, thus, was a major achievement 

for our group during the course of studying protein splicing pathways. 
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5. NMR insights into protein splicing 

5.1 Background and Motivation 

5.1.1 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) is a powerful high resolution 

tool to gain understanding of protein structure and dynamics [65]. A complete and more 

useful description of molecular structure needs to incorporate the temporal structural 

changes. NMR can capture these very changes occurring on various time scales. 

Multidimensional NMR spectroscopy has provided the much- needed breakthrough 

required for protein structure and function analysis.  The protein, in essence, can be 

visualized by observing the cross peaks between 1H-15 N or 1H-13C correlation spectra 

[66]. This can give us site specific information related to the 3-D structure of the protein. 

These insights obtained from NMR, together with the crystal structure have important 

relevance to our understanding of biological functions. 

 

The NMR spectroscopy experiments were performed in collaboration with Prof. 

Chunyu Wang and Dr. Zhenming Du. The protein splicing pathway is extremely 

complex and fascinating. The reactions that take place during protein splicing process 

are now well known. These were described in detail earlier in Chapter 2.  The research 

objective for the NMR studies was to understand how the first reaction in this extremely 

well co-ordinated process is triggered off. NMR spectroscopy can prove to be an 

extremely useful tool in order to understand how N-S acyl shift occurs. Our group has 

proposed a hypothesis which might be a key to unlock the puzzle of protein splicing. 
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5.1.2 The Protein Splicing Hypothesis 

The pKa hypothesis for protein splicing was suggested by Dr. Chunyu Wang in 

order to explain the role of the conserved residues during the catalytic process 

(unpublished results). Although the reactions in protein splicing are known, the 

structural details of the protein when these reactions occur and what triggers them off are 

unknown. We address here, using NMR spectroscopy, the possible causes of the first 

step to proceed during the N-terminal splicing. This thesis mainly focuses on the role of 

two residues, H73 and D422 in the protein splicing pathway.   Research efforts are 

underway in order to elucidate the role of the most highly conserved residue, H73. More 

specifically, we asked how D422 might be responsible for co-coordinating the N-S acyl 

shift and hence, the C-terminal cleavage.   

5.1.2.1 Role of H73 in initiation of splicing reaction 

One of the major reasons to suggest that H73 is in fact the most important residue 

in the protein splicing pathway is its high degree of conservation across various inteins. 

This is also supported by the fact that the mutation of H73 to alanine, abolishes splicing 

[26]. As one can see from Figure 14, only a 180° rotation of the C1ψ angle is required 

for the H73 to abstract a proton from the C1 (N-terminal of the intein) thiol group. This 

leads to the activation of the thiol group, which can in turn attack the scissile carbonyl 

group of the N-extein. The first N-S acyl reaction can now take place due to the previous 

reaction. Thus, the protein splicing reaction might be triggered due to the pKa downshift 

of the H73. The focus of our research group has been to validate this hypothesis, which 

is termed as the “pKa shift” hypothesis for protein splicing.  
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Figure 14:  A 180° degree rotation about the C1 bond can lead to abstraction of proton from the C1 

by the H73. This can set off the N-S acyl shift. (Figure provided by Dr. Chunyu Wang) 

 

Figure 15 : The scissile carbonyl of the N-extein is now attacked owing to the activation of the thiol 

group. (Figure provided by Dr. Chunyu Wang) 
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Thus, our research efforts mainly involved measurements of the pKa of H73 and C1 

thiol, both in the precursor and the splicing product. Preliminary NMR data obtained by 

Dr. Hongwei Liu from our research group indicated that the H73 has a very abnormal 

(less than 3) pKa in the mature splicing product (intein). For the proposed hypothesis to 

hold true, the H73 must have a pKa between 7-9, which would be higher or at least 

similar to the pKa of the C1 thiol (pKa=8.2). As mentioned in the Chapter 4, purifying 

the precursor, hence assumes great importance in order to realize the research objectives. 

This shall be discussed further in more detail in Chapter 8 dedicated to ongoing and 

future work. 

5.1.2.2 Role of D422 in co-ordination of N-S acyl shift and C-terminal cleavage 

The crystal structure of the intein indicates the presence of a hydrogen bond 

between the hydroxyl group of D422 and the carbonyl group of N440. This hydrogen 

bond might be responsible for inhibiting the C-terminal cleavage [51]. H73 likely plays a 

key role in disrupting this hydrogen bond. A positive charge on the imidazolium ring of 

H73 or a positively charged free N-terminus of the intein, which is a result of the N-S 

acyl shift, could lower the pKa of D422. This in turn, will lead to deprotonation of D422 

(Figure 16) and hence, would break the hydrogen bond it forms with N440.  
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Figure 16: pKa of D422 can be lowered due a positively charged N-terminus or a positive charge on 

the imidazolium ring of H73. This in turn can lead to disruption of the hydrogen bond it has with 

N440 and effectively, C-terminal cleavage. (Figure provided by Dr. Chunyu Wang) 

 

Thus primary research efforts were focused on measuring the pKa of D422 in the 

precursor, since we had previously determined the pKa of the residue in the mature 

splicing product or the intein. This pKa was 6, which is much higher than the pKa of a 

normal aspartate (pKa=3.65). This result confirms the mechanistic importance of the 

residue and points towards formation of a hydrogen bond with N440. NMR spectroscopy 

was used to determine the pKa of the amino acid in the precursor. This would be 

discussed in detail below. 
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5.2 pH titration for determination of D422 pKa 

Nuclear Magnetic Resonance Spectroscopy is a powerful tool for obtaining site 

specific information in proteins. The pKa of the carboxyl side chain of D422 was 

determined by monitoring the chemical shift changes of the amide proton. This proton is 

sensitive to the protonation state of the D422 side chain and hence, can be used to 

determine the pKa and confirm the pKa shift hypothesis.  

5.2.1 Method and Materials 

Since the pKa in the intein was determined in the ΔΔIhh construct, we decided to 

use the CBD-SM construct for pH titration of D422 in the precursor. As described in the 

earlier sections, CBD-SM is the ΔΔIhh intein with only the N-extein attached to it. Also, 

note that it has the V67L mutation, which is responsible for restoring the activity of the 

truncated intein. The protein concentration was  1 mM, with 100 mM sodium phosphate 

as the buffer. The buffer also contained 100 mM sodium chloride, which helped 

maintain the stability of the protein in the solution. 1H-15N Heteronuclear Single 

Quantum Coherence (HSQC) experiment was used in order to monitor the chemical shift 

of the amide proton of D422. This NMR pulse sequence essentially yields a cross peak 

for every amide peak, correlating the amide nitrogen and the amide proton. A HSQC 

spectrum was obtained for different pH values. The experiment was performed over a 

large range of pH, from 2 to 12. The experiments were performed by using D2O as a 

solvent since this solves the problem of having too many proton peaks in the form of the 

side chains of the amino acids. Since the protons on the side chain are exchangeable with 

deuterium, they are deuterated [67]. Hence, the side chain protons do not show up as 
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cross peaks on the spectrum, minimizing the number of peaks and thus, simplifying the 

assignment process considerably.  

 

All experiments were conducted on 600 MHz NMR machine (Bruker). 

Processing of NMR data was performed using NMRPipe program suite [68] and Sparky 

(T. D. Goddard and D. G. Kneller, University of California, San Francisco) was used for 

assignment and peak analysis. 1H shifts were referenced using DSS, and 15N was 

indirectly referenced from the 1H shifts using the conversion factors specified by IUPAC 

[69]. All the experiments were conducted in collaboration with Dr. Zhenming Du, 

postdoctoral associate in our research group. 

5.2.2 Results and Discussions 

 

Figure 17: HSQC spectrum of the CBD-SM protein. The x-axis represents the proton chemical shift 

and the y-axis represents the nitrogen chemical shift. Hence, each peak corresponds to an amide 

group in the protein. The buffer used is 20 mm phosphate buffer at pH= 7. 
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Figure 17 shows the 1H-15 N HSQC spectrum for the CBD-SM precursor protein. As 

expected, most of the peaks of these two spectrums should overlap as the precursor also 

had the intein as a sub-domain. The extra peaks arise from the amide groups 

corresponding to the 64 amino acid residues in the N-extein. The complete backbone 

assignment was already done by previous members of the Wang research group 

(unpublished results) and this allowed us to assign the cross peak for all aspartic acids, 

including D422 in the precursor. 

 

The proton chemical shift corresponding to the D422 cross peak was plotted against 

different pH values. This plot was then fitted against the Henderson-Hasselbach 

equation[70, 71] given by, 
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where, obsδ = observed chemical shift of the proton, n = Hill factor and AHA δδ , = 

chemical shifts for the protonated and deprotonated species. 

 

The results of the fit can be seen in Figure 18 where, pH titration curve for D422 

is used to determine the pKa of the residue in the precursor protein. We note that the 

pKa is 6.65, which is higher than that in the intein itself. This is a positive indication in 

the favor of the hypothesis that H73 influences the C-terminal cleavage through the pKa 

shift of D422. 
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Figure 18: The pKa of D422 was obtained by fitting the chemical shift of amide proton against the 

pH with the Henderson-Hasselbach Eq. (1). The Hill factor is used to improve the fit and accounts 

for interactions between the titrating groups. The R2 value  for the fit was 0.988, the pKa was 

6.64±0.13 and the Hill factor was 0.477±0.07. 

 

Although the pKa of D422 in the precursor is indeed higher than in the intein 

(pKa =6), it is not as high as expected. This might be due to the reason that the amide 

proton might not be a very sensitive indicator for the chemical environment around 

carboxyl group. Further experiments are in progress, in terms of monitoring the chemical 

shifts of other groups like the carboxy group [71], which are stronger indicator for the 

protonation state of the D422 side chain. Through pKa determination by monitoring the 

amide proton, we were able to utilize NMR spectroscopy to study the role of a single 

residue in the protein splicing mechanism. The HSQC methodology for pKa 
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determination, though not very sensitive, was very convenient and fast. This is very 

important since the time available on the NMR machine was a constraint. These results 

are a good starting point for further research efforts on the protein splicing pathway. 

  

Since our research group has successfully purified the pME protein, as 

mentioned in Section 4.3.2, a number of NMR experiments are being performed on this 

construct as well. Figure 19 shows a 1H-15 N HSQC spectrum for the pME protein. 

Experiments similar to those done on the CBD-SM will be performed on the pME 

protein and results will be compared to check if the presence of the C-extein has any 

significant effect on the pKa of D422. 

 

 

Figure 19: HSQC spectrum of the pME protein. The x-axis represents the proton chemical shift and 

the y-axis represents the nitrogen chemical shift. 
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6. Gauging stability differences in inteins 

6.1 Background and Motivation 

The activity of the recA intein has been shown to be strongly dependent on the 

structure of the protein. As mentioned in section 3.2, minimization of the intein led to a 

loss in activity. This loss in activity was restored and enhanced by a single mutation, 

V67L.  The intein contains a large hydrophobic core which comprises a significant 

fraction of the structure. It is believed that the replacement of valine by leucine leads to 

stabilization of this hydrophobic core, and hence, increases the stability of the intein 

itself. Pereira et al [72] attributed this phenomenon to the more efficient filling of the 

cavity being by leucine as compared with the valine. Research efforts are being 

undertaken in order to understand how stability leads to better activity of the intein. 

Nonetheless, it is important to confirm in quantitative terms if there is indeed an increase 

in the stability of the intein due to a specific single mutation. Our research focused on 

the use of Circular Dichroism Spectroscopy for gauging the stability difference between 

the wild type protein and the mutant.  

 

6.2 Thermal Denaturation of inteins 

6.2.1 Materials and methods 

Circular Dichroism is spectroscopy based on the differential absorption of left- 

and right-handed circularly polarized light. This principle can be effectively used for 

gauging secondary structure of the protein, since proteins and their secondary 
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components such as β-sheets and α-helices are optically active macromolecules. Every 

protein is likely to have a different CD spectrum corresponding to its secondary 

structure. Also the CD spectrum will change depending on the changes in the secondary 

structure of the protein. This fact can be exploited to monitor the changes in protein 

structure with temperature. The melting temperature and temperature behavior are 

important indicators of protein stability just as the stability of mutants to protease 

degradation. 

 

The circular Dichroism experiments were performed at the Wadsworth Center, 

NYS Department of Health (Albany, New York) with the assistance of Dr. Leslie Eisele. 

The buffer used was DI water (pH=7) in order to minimize interference from salts and 

the protein concentration was maintained at 0.1 mg/ml. The secondary structure of the 

proteins was monitored under exposure to Far-UV radiation, on CD spectrophotometer 

(JASCO, Model # J720, Tokyo, Japan). The inteins (mature splicing products) L67SM 

(also called as SM) and V67CM were used.  Note that the experiments were performed 

on the splicing product and not on the precursors. 

 

6.2.2 Results and Discussions 

The CD signal (measured in ellipticity) was plotted versus the temperature at 222 

nm wavelength, which is representative of the alpha-helical content of the protein [73] . 

As the temperature increased, the protein started losing its structure and hence, the CD 

signal started decreasing. Note that a negative CD signal denotes a more structured 

protein. Thus, as the CD signal approached zero from negative values of ellipticity, the 
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protein was probably completely denatured.  The fraction of the unfolded protein can be 

then calculated as follows [73]: 

 

DN

XN
u YY

YYf
−
−

= ……………….. (2) 

where,  YN and YD were the CD signals at native state and completely denatured state  

(very high temperatures) respectively. YX was the CD signal at a particular temperature. 

At room temperature, fraction of unfolded protein was zero and at very high temperature 

it was one.  

 

The melting temperature of the protein was defined as the temperature at which 

half of the protein was unfolded. This translates to  the temperature corresponding to an 

unfolded fraction of 0.5 [74]. From figures Figure 20 and Figure 21, we can see that the 

melting temperature for the V67CM and the L67SM inteins is 47 ±0.13 °C and 53 

±0.18°C respectively. Assuming that the D422G mutation, which is responsible for 

making the intein a cleaving mutant does not play a part in altering the stability of the 

protein, we can clearly see the difference in the stabilities of the two proteins due to the 

V67L mutation. This assumption is not trivial and needs to be justified. One way of 

doing this is by measuring the melting temperature of the L67CM mutant, and 

comparing it with the melting temperature of V67CM. Since the only difference in these 

two constructs would be V67L mutation, any difference in the stability can be then 

attributed to the specific single mutation. Research measurements are on in order to 
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determine the stability of the L67CM mutant, which should give a melting temperature 

close to the L67SM mutant. 

 

       

Figure 20: Thermal melt of the V67CM intein. The temperature at which the fraction of unfolded 

protein is 0.5 is termed as the melting temperature. Tm= 47 ±0.13 °C 

 

Further conclusions about the stability can be drawn after only conducting further 

thermal melts on the L67CM mutant. However, a difference in stability can be observed 

between the two mutants. It needs to be shown if this is owing to an additive effect of the 

two mutations (positions 67 and 422) or due to the stabilizing single V67L mutation. 
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Figure 21: Thermal melt for the L67SM intein. Assuming that the SM to CM mutation does not 

have any effect on stability, one can clearly see the difference in melting temperatures of the two 

inteins. Tm= 52 ±0.18 °C 
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7. Conclusions 

Protein splicing is indeed a complicated but fascinating puzzle. A great deal of 

research has been done in order to gain insights into the mechanism however there isn’t 

one unified theory to explain how and why the four reactions responsible for protein 

splicing take place. Understanding such a phenomenon requires collaboration between 

different disciplines of science and we have been fortunate enough to have teamed up 

with molecular biologists, crystallographers, physicists and chemical engineers for the 

same. 

 

By isolating the precursor to protein splicing, we are now poised to carry out 

further research via various biophysical methods. The precursor allows one to delve 

further into the pKa shift hypothesis for the mechanism of protein splicing. Since ours is 

one of the first precursors to protein splicing, efforts are currently being pursued 

crystallize this protein and learn more about its structure. Also, by studying the rate of 

N-terminal cleavage, we could gain more information on the N-terminal activity of the 

intein. This knowledge combined with the pKa shift hypothesis will enable us to gain a 

holistic understanding of the protein splicing pathway. 

 

One area of our research efforts has always been development of applications 

based on inteins. To do this we need to minimize the size of the inteins as well as 

obtaining inteins with high splicing or cleaving activity. This can only be done by first 

understanding how various mutations increase or decrease intein activity. By employing 

circular dichroism spectroscopy, we have tried to measure the stability differences 
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between various mutants of the inteins.  Such data will enable one to further develop 

inteins which can be more stable or active. 

 

 It indeed seems like nature has jealously guarded her secret with reference to the 

protein splicing pathway. However, with the results obtained here, we can definitely 

conclude that we are on the right path to understanding this complex mystery. 
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8. Future Work 

8.1 N-terminal cleavage 

Since we were successful in obtaining one of the first precursors to protein 

splicing, a number of research opportunities opened up for us.  Studying the N-terminal 

cleavage by using the pXI (CBD-SM) construct would yield more insights into the N-

terminal activity of the intein, especially in terms of the kinetics and activation energies. 

The protein would be subjected to a variety of factors which would result in the N-

terminal cleavage. This rate of cleavage would be monitored over a period of time to 

understand the effect of these factors on N-terminal activity. The cleavage agents would 

include nucleophiles like dithiothreitol (DTT), change in pH, change in temperature (to 

yield activation energies of N-terminal cleavage) and change in ionic strength of the 

buffer. 

 

The cleavage would be monitored using Deep Purple staining (BioRad 

Laboratories) and any errors in loading the gel would be normalized using bovine serum 

albumin as a control. A typical gel stained with the Deep Purple stain is shown in Figure 

22 . The intensity of the band on the gel is proportional to the quantity of the protein 

present in the gel. Hence, one can measure the fraction of protein cleaved based upon the 

intensities of the bands obtained at 22 kDa (the precursor) and 15 kDa (the intein) using 

a Gel Blotter and Imager (Typhoon, GE Healthcare). The cleaved portion, which was 

around 7 kDa, was too small to be observed on the gel. 
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Figure 22: A typical gel used to determine N-terminal cleavage.  

 

Preliminary studies were carried out over a period of 3 and half days, at pH 6 and at 

37°C. One can clearly see in Figure 23 an increasing trend in the amount of protein 

cleaved over time. These results are encouraging and hence, further understanding can 

be gained by use of nucleophiles, operating at different temperatures and at different pH 

values. 

8.2 Methyl Dynamics by NMR 

Methyl dynamics can be used to study the protein motions on pico-nano second time 

scale [75]. Since one of the main focuses of our research group was to understand how 

the V67L mutation stabilizes the hydrophobic core of the intein, methyl dynamics can 

provide us a better understanding in terms of the relaxation parameters of the methyl 
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groups. As the leucine fills the cavity for the V67L mutation of the intein, one can 

expect a more restricted motion for the former than the latter. 

 

0.05

0.1

0.15

0.2

0.25

Fr
ac

ti
on

 o
f C

le
av

ed
 p

ro
te

in
 (F

) (
-)

 

Figure 23: The cleaved fraction (intein) increases as time progresses. Based on the above curve, one 

can calculate the rate of N-terminal cleavage at different conditions. The plot is fitted to a 2nd order 

polynomial curve with a R2 value of 0.985 

 

8.3 Histidine pKa determination 

As mentioned Section 5.1.2.1, the determination of H73 pKa in the precursor is 

significant in order to understand the underlying mechanism of protein splicing. The pKa 

of the residue in the mature intein product has been determined to be 3. If the pKa shift 

hypothesis holds true, the pKa of the histidine should be higher in the precursor than in 
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the post splicing product. This would be a very important step towards knowing the finer 

details of the protein splicing pathway. pKa determination of H73 can be conducted in a 

manner similar to that mentioned earlier for D422. Rather than using HSQC, one would 

now do pH titrations based on Heteronuclear Multiple Quantum Coherence (HMQC) 

methods, where one can monitor the chemical shifts of the nitrogen atoms in the 

histidine ring. 
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10. Appendices  

10.1 Protocol for over-expression of CBD-SM precursor protein 

(Same procedure with subtle differences applies to the CM as well) 

1. DNA transformation: (Day 1) 

• 1 μL DNA, add into 100 μL of E. coli cells (JM 101) 

• Ice for 30 min 

• Pulse heat at 42°C for 45 sec 

• Ice for 2 min 

• Add the above to 1 ml of media (LB/SOC) and shake at 37°C for 90 minutes 

• Put 100 μL of the solution on a LB-AMP plate and streak it. Keep O/N in the 

incubator 

 

2. Cell growing to 5-10 ml (Day 2) 

• At the end of the day, pick single colonies from the plate and add it into 5 ml of 

LB media (5 μL of ampicillin should be added to the media as well) 

• Keep for overnight shaking at 37°C 

 

3. Growing large scale cultures (Day 3) 

• Transfer the 5 ml cultures to 100 ml LB media ( Add 100 mM of ampicillin to 

the media) 

• Shake at 37°C, 250 rpm for 3 hours 
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• For LB cultures, transfer the 100 ml LB directly to the large scale cultures. 

Measure the starting O.D. of 0.1 

• For M9 medium, centrifuge the 100 ml LB medium so that the cells are settled 

down. Throw away the supernatant LB and resuspend the cells in the M9 

medium and add it to the large M9 cultures. Also, do not forget to add 100 mM 

amp/carb to the M9 medium 

• Shake the cultures at 37°C, 250 RPM till an OD of 0.3-0.4 is obtained 

• LB medium---- ca. 2:30 hours 

• M9(minimal) medium---- ca. 7 hours (Used for expressing labeled proteins) 

  

4. Induction with IPTG( Day 3) 

• When an OD of 0.3-0.4 is reached; stop the shaking. 

• Take 1 ml of sample from every flask for running an induction gel 

• Ice the flasks for some time and induce with 100 mM IPTG at 20°C 

• Incubate at 20°C, 200 RPM ( LB—3 hours, M9---O/N) 

• Harvest cells by centrifugation, 30min, 4000rpm, 4°C 

 

5.  Lysis of Cells 

• Resuspend cells with 1x Chitin Column Buffer (15mL/L cell culture). 

• Sonicate on ice using macrotip at 35%, 15min, 1min on, 1min off. 

• Centrifuge at 10,000rpm, 30min, 4°C to get the supernatant.  
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10.2 Protocol for purification of CBD-SM precursor protein 

The protocol for obtaining the cell pellet is the same as it is for expressing the post 

splicing/cleavage product- intein.  Following buffers should be prepared before 

purification: 

Buffer A 

20 mm TRIS  

pH = 8.0 

Buffer B 

20 mm TRIS 

1 M NaCl 

pH= 8.0 

The buffers are filtered and degassed for around 10 minutes.  

• Buffer A should be used as the Lysis buffer for the cells. 

• For a cell pellet obtained from around 1.5 Litres of culture add 20 ml of Lysis 

buffer. 

• Re-suspend the pellet in the Lysis buffer. 

• Sonicate the cells for 15 minutes, at 35 % amplitude, with the sonication on for 1 

minute and off for 1 minute. 

• Spin down the lysate for 30 minutes at 10000 RPM. 

• Filter the supernatant to get a completely cell free supernatant. 

• Load maximum 10 ml of the supernatant (through a super loop) on the strong 

anionic column (QHP Superdex). 

• The loading buffer is buffer A and the elution buffer would be buffer B. 
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• Run the program titled QHP CBD intein on the UNICORN system (FPLC). 

• Depending on the chromatogram and the gels, collect the fractions containing the 

CBD-SM (precursor intein). 

• The elution of the supernatant fractions almost always occurs at around 15.6 % 

salt gradient on the FPLC. 

• If a high molecular weight band is observed in the fractions for the CBD-SM 

intein, then one should perform gel filtration on the HiLoad Superdex column for 

those fractions. 

• The running buffer for Gel filtration should be Buffer A used in the above ion 

exchange purification. 
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