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SUMMARY 

During the present work we have investigated the regiospecificity of acylation of 

human insulin using reagents of two different chain lengths and have developed chemo-

genetic approaches to the preparation of acylated proinsulin derivatives.  These were 

then converted into insulin modified at the ɛ-amino group of Lys29B. For the acylation 

of human insulin (Sigma) and proinsulin derivative, esters of N-hydroxysuccinimde (N-

succinimidyl acetate and N-succinimidyl laureate) were used 

The reaction of N-succinimidyl acetate with insulin was studied using different ratios of 

the reagent and protein and at various pH values. The MALDI-TOF analysis of the 

crude reaction mixture showed the formation of mono and di acetyl insulin in about 

equal amounts, while tri acetyl insulin was present as a minor product.  Thiolytic 

cleavage of these derivatives led to the separation of the two chains and showed that the 

mono acetyl insulin contained the acetyl moiety only in the B-chain, which was located 

at the ɛ-amino group of K29B while the di-acetyl insulin following separation of the two 

chains was acetylated in both the chains. 

Next, the above protocol was extended to acylation using reagent with a C12 chain 

length, N-succinimidyl laureate. The MALDI-TOF spectrum of a typical experiment 

showed the presence of mono as well as di dodecanoyl species, with the predominance 

of the former. The thiolytic cleavage of mono dodecanoyl insulin showed that the 

modification was on the B-chain and its tryptic digest analysis, following thiolysis, 

established that the residue modified by the reagent was present in the octa peptide 

fragment constituting residues G23B to T30B in the B-chain of insulin.  Since the only 

amino group in this part of insulin is the amino group of K29B this must have been 

acetylated. 

From the profile of acylation, found above, it was concluded the ε-amino group Lys29B 

is the least hindered and accessible to C2 as well as C12 reagents, then is the amino 

group of Gly1A which is accessible to C2 but not the C12 reagent, finally that of Phe1B 

which is most hindered and accessible to neither. 

Native human proinsulin contains three sites for N-acylation; its N-terminal amino 

group, Lys64 in the C-peptide region and Lys29 destined to become Lys29B 



   
 

xxvii 
 

in the derived insulin  Our projected objective required the availability of proinsulin 

derivatives which contained minimum number of N-acylation sites, necessitating the 

mutation of Lys29by a residue lacking an amino group, yet maintaining the 

characteristics of the dibasic residues, Arg65- Lys64, required for the removal of the C-

peptide.  Furthermore, the N-terminal Met which will be the integral part of any 

genetically produced protein in E. coli is also likely to be modified during the acylation 

of proinsulin at Lys29, and should be present in a sequence that is removed during the 

processing of proinsulin by a single-pot reaction involving trypsin cum 

carboxypeptidase B, generating the N-terminal Phe of the B-chain of insulin.  Initially, 

we produced proinsulin mutants, in which Lys64 was changed to Arg64 and the N-

terminal contained five different linkers which should be removable by trypsin during 

the excision of the C-peptide  These are designated as MR-(R64) hpi, MRR-(R64) hpi, 

MTRR-(R64) hpi, MFTRR-(R64) hpi and MHHR-(R64) hpi. 

E. coli BL 21 codon plus, harboring pET21a derivatives encoding the proteins, gave 

good expression of the desired proteins which were found in inclusion bodies.  The 

proteins were solubilized in 8 M urea and refolded using 1: 10 molar ratio of cysteine: 

cysteine.  The overall yield of the correctly folded proteins, based on the proinsulin 

polypeptide content was 30%.  These mutants [MR-(R64) hpi, MRR-(R64) hpi, MTRR-

(R64) hpi, MFTRR-(R64) hpi and MHHR-(R64) hpi] were purified to homogeneity by 

sepharose Q chromatography followed by RP-HPLC and gave the predicted masses on 

analysis by MALDI-TOF.  These all were then converted into insulin and again 

analyzed be MALD-TOF. One problem with all of the mutants [MR-(R64) hpi, MRR-

(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi and MHHR-(R64) hpi] was that during the 

excision of the C-peptide the cleavage at the C/A junction occurred not only at, the 

desired, R65-G66 bond but also between R64-R65 thus yielding insulin as well as another 

species in which insulin contained an Arg residue at its A-chain. 

In order to circumvent the unwanted cleavage between R64-R65, we searched for a 

mutant which will contain a single tryptic site at the C/A junction, yet maintain the 

intrinsic properties of the dibasic amino acids at this site to give the folding profile 

expected from the native sequence.  The choice fell on glutamine at position 64, and 

K64-Q64 mutants containing the four linkers [MRR-(Q64) hpi, MTRR-(Q64) hpi, MFTRR-

(Q64) hpi, MHHR-(Q64) hpi] were engineered which following characterization of the 
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DNA sequences were expressed, the proteins refolded and purified as above.  In 

general, the protein profile of these K64-Q64 mutants was similar to that noted for the 

K64-R64 series. With respect to processing by trypsin cum carboxypeptidase B, the 

linker from MRR-(Q64) hpi was removed most smoothly  

With the encouraging results above, MRR-(Q64) hpi was selected for further studies and 

treated with acylating agents of two chain lengths used above  In the case of 

modification with N-succinimidyl acetate, mono and di acetylated derivatives of MRR- 

(Q64) hpi were produced in the ratio of 1:1.  These when treated with trypsin and 

carboxypeptidase B, singly or as a mixture, led to a smooth processing of the linker as 

well the C-peptide producing mono acetyl insulin.  It is gratifying that, as hoped for, the 

linker whether contained a free or an acylated amino group at N-terminal was removed 

with equal facility.   

Reaction of N-succinimidyl laureate with MRR-(Q64) hpi, predominantly led to the 

formation of mono dodecanoyl insulin, containing modification at the ε-amino group of 

K29; di derivative with modifications at the ε-amino group of Lys29 and N-terminal 

methionine was produced as a minor product.  Treatment of the mono derivative or of 

the mixture containing the di derivative with trypsin cum carboxypeptidase b gave 

dodecanoyldes-30 insulin. 

The biological activity of the modified and unmodified insulins, prepared in the present 

study, was determined and it was found that these were as active as reference 

derivatives. 
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CHAPTER 1 

Introduction and Review of Literature 

Since its discovery in 1921, insulin has become one of the most meticulously studied 

molecules in scientific history of the world. It is produced by the beta cells of islets of 

Langerhans in the pancreas and controls the blood glucose level. In any disorder to this 

hormone, disease of diabetes arises It is estimated that about 200 million people are 

suffering from this disease which is the third leading cause of death in the world. 

Diabetes has been recognized as a distinct medical condition for more than 3,500 years, 

but its cause was a mystery until early this century. In the early 1920s, researchers 

strongly suspected that diabetes was caused by a malfunction in the digestive system 

that was related to the pancreas. At that time, the way adapted to "control" diabetes was 

only through a diet low in carbohydrate and sugar, and high in fat and protein. Up till 

now two types of diabetes, I & II have been discovered. The patients suffering from 

diabetes I cannot produce insulin and hence their blood glucose level increase whereas 

in diabetes II, the insulin is produced in the body, but the receptor cells do not respond 

to it. 

Insulin is the key hormone in humans and most other vertebrates, involved in control of 

blood glucose. It acts on cells to stimulate glucose, protein, and lipid metabolism, in 

addition to RNA and DNA synthesis. Elucidating the molecular pathways of insulin 

action forms an important keystone upon which to untie the pathogenesis of non-

insulin-dependent (type II) diabetes mellitus and a major component of other insulin-

resistant states including obesity, uremia, glucocorticoid, and growth hormone excess, 

as well as a variety of rarer genetic disorders such as leprechaunism, the type A 

syndrome of insulin resistance, and lip atrophic diabetes (Ronald and Morris, 1988). 

1.1 The history of insulin 

Oscar Minkowski in collaboration with other researchers in 1989 discovered for the 

first time the role of pancreas in digestion (Minkowski, 1989; Minkowski and Bretzel, 

2002). Later on in 1901, Eugene Opie illustrated the link of islets of Langerhans and 
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diabetes (Goldner, 1972). Exactly what was the problem, in the sugar metabolism 

pathway of diabetic people was unknown until a group of Canadian researchers’ 

purified insulin in 1921 and proved that diabetes is a disease of insulin deficiency and 

Leonard Thompson was the first person who received the insulin injection successfully 

(Banting, Campbell and Fletcher, 1923; Best 1962). Mcleod and Banting received the 

Noble prize in 1923 for discovering insulin (Banting, 1937; Banting et al., 1923). After 

its discovery, there was race among researchers at that time to determine its structure 

and sequence. This protein was sequenced in 1955 (Ryle et al., 1955) and it was the 

first protein measured by radioimmunoassay (Berson and Yellow, 1961). Later on in 

1966, this hormone was synthesized by Michael Katsoyannis Chinese scientists in their 

laboratory. Blundel et al., (1972) determined the crystal structure of insulin. It was the 

first protein that was produced by recombinant DNA technology (Goeddel et al., 1979) 

and then approved by Federal drug administration (FDA) in 1980 for clinical use. The 

structure of insulin in solution was determined by NMR spectroscopy (Hua et al., 

1993). 

1.2. Biosynthesis and structure of human insulin 

Insulin precursor preproinsulin is synthesized in pancreatic β-cells. It has a chain length 

of 110 amino acids having a signal peptide of 24 amino acids. It is composed of three 

domains, which  give rise to  A-chain of 21 amino acids, 31 amino acids B-chain, and a 

C-peptide consisting of 35 amino acids (Brown et al., 1955; Blundell et al., 1972). 

Insulin mRNA is translated into preproinsulin on the rough endoplasmic reticulum 

(Okun and Shields, 1992). The N- terminal signal peptide helps in the translocation of 

the molecule through the membrane of endoplasmic reticulum. The signal sequence is 

cleaved to form proinsulin following recognition in the lumen of endoplasmic 

reticulum. The folding of proinsulin occurs in the endoplasmic reticulum and is 

catalyzed by the enzyme protein disulphide isomerase (PDI). PDI catalyses the folding 

of proinsulin which results in the formation of three intramolecular disulphide bridges 

(A7-B7, A20-B19 and A6-A11) between the six cysteine residues as shown in the Figure 

1.1 (Ganea, 1973; Bulleid, 2003). It is then packaged in the form of secretory granules 

which are transported to Golgi apparatus. Golgi complex facilitates the complex 

formation between proinsulin and zinc. A hexamer is formed between three dimers of 

proinsulin with one calcium atom and two atoms of zinc (Huus et al., 2006). These 
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hexamers are released from golgi complex to cytosol in the form of secondary granules. 

Proinsulin hexamer is proteolytically cleaved to form hexamer insulin. C-peptide 

consisting of 33 amino acids is cleaved from A and B-chain by two protein converatses 

(PC1 and PC2). Two arginine of B-chain are removed by the enzyme carboxypeptidase 

B shown in Figure 1.1. Hexamer insulin forms insoluble crystals after aggregation 

within the vesicles and is released to the target tissue in monomeric form. The 

disulphide bridges in insulin remain intact during cleavage of C-peptide. 
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Figure 1.1: Schematic representation for the biosynthesis of insulin. 

Insulin has a compact three dimensional structure due to three intramolecular 

disulphide bonds, a fairy good number of hydrogen bonds and week interactions like 

Van der waals. A-chain (figure 1.2) contains two α-helix stretches (IleA2 – ThrA8) and 
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(LeuA13 – TyrA19) which are linked through a flat ribbon like structure. This structure 

keeps these helical stretches beside one another and helps the side chains (IleA2 and 

TyrA19) to develop Van der Waals interactions. 

 

Figure 1.2: Structure of insulin A chain. ((Taken from a review by Pittman et al., 

2004). 

 The B-chain (figure 1.3) having a V shaped fold encompasses the A-chain. B-Chain 

has a longer stretch of α-helix (SerB9 – CysB19) and glycine residues at position 20 and 

23 help the B-chain to have its specific fold (Blundell et al., 1971). This facilitates the 

Van der Waals interactions between PheB24, TyrB26 of C-terminal with LeuB15, LeuB11 of 

alpha-helix (Colombo et al., 2008; Hua et al., 2002; Hua et al., 2006).  
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Figure 1.3: Structure of insulin B chain. (Taken from a review by Pittman et al., 

2004). 

The surface of the insulin molecule is polar in nature while the interior part is mostly 

non-polar. Protein sequence of insulin differs in different species but the some 

important regions are conserved including the regions responsible for disulphide 

bonding. These conserved regions give insulin from different sources a common three 

dimensional structure which help in treatment of human patients with insulin from 

other sources like bee, pig and buffalo etc. 

1.3 Mechanism of action and regulation of insulin 

Insulin being an anabolic hormone plays a vital role in storage of body fuel and it is 

also intensely related to metabolism of other nutrients like lipid, protein and 

carbohydrate. It makes insulin a very important part of metabolism and any defect in its 

signaling can result in the drastic effects on different body parts. Insulin signaling 

operates through its receptors activation (figure 1.4). Insulin receptors are embedded in 

plasma membrane and belong to diverse class of tyrosine kinases (Stephens and 
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Banting, 1997). Insulin receptor consist of four subunits, two alpha and two beta, these 

units are joint together by disulphide bridges. Alpha sub units are exposed and are 

responsible for binding with insulin while beta subunits are transmembrane. 

GLUT the transporter proteins and its different isomers catalyzes the variety of steps 

involved in transport of glucose. All isomeric forms of GLUT are membrane embedded 

protein with exposed N and C terminals to cytoplasm and having a membrane spanning 

region consisting of twelve alpha helices. Role of different GLUT isomers in glucose 

transport is as given below; 

GLUT1 and GLUT3; helps glucose to enter neurons through blood-brain barriers. 

GLUT2; it has low affinity.  

GLUT4; plays vital role in glucose uptake during excess of glucose in blood. 

GLUT4 is very sensitive to insulin and is located in liver, pancreatic ß cells, intestine 

and kidney (Sargeant and Paquet, 1993).  

Adipose and striated muscle tissue are the principle sites for glucose storage where 

GLUT4 are present. In a condition of low insulin concentration the GLUT4 are 

sequestered within a lipid bilayer storage vesicles and stored in the interior of the target 

tissue cells. In a condition when insulin is at large in blood it binds to exposed alpha 

subunit which results in the auto phosphorylation of beta subunit and activation of 

tyrosine kinase domain (Kahn et al., 1981). As a consequence of these changes GLUT4 

is translocated from storage vesicles to the cell membrane resulting in increased influx 

of glucose in the cells (Martin et al., 1994). This is a reversible process because when 

the insulin concentration decreases GLUT4 is again stored back in the storage vesicles. 

Phosphorylation of glucose occurs by kinase enzymes (glucokinase in liver and in other 

tissues hexokinase) immediately after glucose intake to form glucose-6-phosphate. This 

product cannot diffuse back out of the cells so the concentration gradient is maintained. 

The heart muscle contraction results in the GLUT4 translocation to the membrane. 
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Figure 1.4: Schematic representation for the mechanism of transport of glucose 

into the muscle cell. 

Disturbance in blood glucose concentration either higher (hyperglycemia) or lower 

(hypoglycemia) have adversarial effect on health. Hypoglycemia is very rare but it can 



   
 

9 
 

be present in the diabetic patient administered with extra dose of external insulin. A 

normal person has the mechanism to control blood glucose level in control; in an adult 

with weight of 75 kg and 5L blood volume glucose level remains within a narrow range 

of ~100 mg/dl or 5.5 m mol/l. 

 

                                                                                      Exocytosis of stored insulin 

Figure 1.5: Schematic representation for the insulin regulation. Change in ratio of 

ADP: ATP prevents the potassium shunts and causes the depolarization of cellular 

membrane. It allows the flow of calcium into the cell which then stimulates the insulin 

release from the mature secretary vesicles. 

The signaling path is monitored to keep blood glucose in this narrow range by 

controlling the insulin release from islets of Langerhans in pancreatic cells. The 

hormones insulin and glucagon works in a feedback mechanism to control stable blood 

glucose level. When beta cells intake glucose through GLUT2 transporters, it produces 

ATP through glycolysis and respiratory cycle. This ATP production changes the ATP, 

ADP ratios resulting in the closing of K channel in cell membrane thus cell membrane 

get depolarized due to prevention of K ion movement across it (Ashcroft, Harrison and 

Ashcroft, 1984; Miki et al., 2002). This depolarization opens the calcium channels 

which are voltage controlled resulting in the flow of calcium ions into the cell. When 

there is increase in the calcium level within the cell it activates the phospholipase C 

which cleaves the phosphatidyl inositol 4, 5-disphosphate (PIP2) into inositol 1, 4, 5- 
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triphosphate (IP3) and diacylglycerol (Contreras-Ferrat et al., 2010; Suzuki et al., 2011; 

Zhan et al., 2007). IP3 interacts with receptor in endoplasmic reticulum resulting in the 

release of calcium which further increases the concentration of calcium (Ren et al., 

2007). Considerable increment in concentration of calcium stimulates the discharge of 

stored insulin from Golgi vesicles. This persistent discharge of insulin consequently 

decreases the glucose level in blood. When blood glucose level attains a certain 

concentration the further release of insulin is decreased caused by decrease in the 

calcium concentration within the cell. 

 

1.4 Insulin by genetic engineering 
Originally insulin was obtained from the pancreas of different animals including cow, 

pig due to the similarity of insulin from these animals with human beings and used for 

the treatment of diabetic patients (Richter and Neises, 2005). But there were certain 

problems regarding the availability and administration of insulin from these animals. 

Firstly, the extraction of insulin from tissues was quite hectic and cumbersome. 

Secondly certain allergic reactions were faced by the diabetic patients after 

administration of these insulins. These allergic reactions were due to the non-insulin 

impurities. Certain attempts were made to purify the insulin from such impurities but it 

was not possible to get rid of these contaminating impurities totally. 

Gene tech, a Biotech company and National Hospital and Medical Centre first time in 

1978 used the process of recombinant technology for the production of insulin. After 

that Eli and Lilly introduced the recombinant insulin by genetic engineering and 

launched the insulin in 1982 after approval from FDA. Further contribution was added 

by Novo Nordisk in 1987 by launching their insulin. 

During the early days of genetic engineering, the two chains were expressed separately 

and purified by different means and then subjected to oxidation for the formation of 

disulphide bridges (Goeddel et al., 1979). This was a cumbersome process since, 

besides the correctly linked A and B chains, it gave rise to a variety of other oxidation 

products.  The main breakthrough was then provided by the discovery that in vivo 

disulphide bond formation occurs at the stage of the single-chain precursor, proinsulin.  

All future efforts for the production of insulin have been based on the cloning of 

proinsulin gene and processing its translation product.  In the E.coli expression system 

the proinsulin polypeptide is aggregated and generally found in inclusion bodies. This 
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was a highly costing process and research on this aspect was in progress and than an 

easy method was adopted in which the intracellular expression of fused protein in E. 

coli was developed (Williams et al., 1982). This was not an ideal method due to the 

insertion of a huge fusion peptide gene into the expression vector. Different researchers 

made their contribution in order to reduce the size of this fused protein by different 

means (Guo et al., 1984; Yoon et al., 1988). Certain attempts were also done for 

converting the huge fuse peptide to a shorter peptide (Sung et al., 1986). Efforts were 

also made to increase the expression of the proinsulin by using the multiple proinsulin 

genes (Shen, 1984) or by the use of mutant strains of E.coli (Goff and Goldberg, 1985). 

In 1991, Y.K. a. j. w. Yoon  made their contributions by adding a short amino acid gene 

(Thr)6 at the 5 end of the proinsulin gene in order to protect the expression of the 

proinsulin gene. In 1993, Hu et al were succeeded in synthesizing the proinsulin gene 

with E.coli preferred codons and by this the expression of gene encoding human 

proinsulin was established. 

Insulin expressed by genetic engineering is not fully active as it accumulates as 

insoluble aggregates called inclusion bodies (Cardamone, Puri, and Brandon, 1995; 

Castellanos-serra et al., 1996; Chaudhuri, Batas, and Guise, 1996). These inclusion 

bodies contain few E.coli proteins and phospholipids also (Wong, O’Neill, and 

Middleberg, 1996). It is very cumbersome and hectic to obtain the active protein from 

the inclusion bodies. The active protein can be recovered from the inclusion bodies by 

different methods of refolding and purification (Clark, 1998). The recovery of active 

protein from these methods involves disruption of cells by sonicator or homogenizer, 

their washing, solubilization, refolding and finally purification (Vallejo and Rinas, 

2004). Another strategy of refolding was also tried which involved the purification of 

inclusion bodies followed by refolding (Singh et al., 2005). The yield of the active 

proinsulin protein depends on different factors including protein concentration, use of 

the chaotropic agent, pH, temperature (Guise, west and Chaudhuri, 1996; Kopetzki, 

Schumacher, and Buckel, 1989; Scally and Baker, 1997; Walter and Forciniti, 1994; 

Xie and Wetlaufer, 1996).  

In addition, the refolding of the proinsulin also dependent on the amino acid sequences 

of the C-peptide. It was believed earlier that, the C-peptide was just acting as a link 

connecting A and B chains of proinsulin. Later it was discovered by Steiner (2004), that 

this C-peptide influences the refolding. Further, it was confirmed that the folding 
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pathway of porcine proinsulin was different from the pathway of humans even both 

have a difference of C-peptide only (Qiao et al., 2003). In 2002, Chen, Yang, and Tang 

observed that the function of the C-peptide is just like that of chaperone and mutation in 

it caused the aggregation during refolding process. Despite these observations 

emphasizing the role of the sequence of C-peptide in refolding, mini-proinsulin where 

C-peptide sequence is shortened by a peptide (Tyr-Pro-Gly-Asp-Val) (Chang et al., 

1998) and by as few as two amino acid (Ala-Lys) (Qiao et al., 2001) have been 

reported to be correctly refolded. There are certain other amino acids that play a role in 

refolding. It was found that histidine (HisB5) plays a specific role in packing and 

hydrogen bonding and also helps in the alignment of CysA7 and CysB7 during the 

process of refolding of proinsulin (Hua et al., 2006). The presence of the basic residues 

at carboxyl terminal of B chain of proinsulin affects the affinity of insulin-receptor 

interactions (Hua et al., 2006). For the bulk production of proinsulin at industrial level, 

efficient refolding is required for which different reactors were designed (Schlegl et al., 

2003). Finally it can be summed up by saying that the yield of the properly refolded 

proinsulin is dependent on the methods used and conditions applied during the process. 

 

1.5. Insulin formulations 

Insulin prepared from animal pancreas by Banting and Best did not work for more than 

6-8 hours. A different formulation was required in order to prolong its action. Different 

formulations were made by different researchers over the world after facing its 

requirement and importance. In 1936, Hagedorn noted that the addition of a basic 

protein, such as portamine to the insulin injection prolonged its action (Hagedorn, 

1936). Later in 1946, it was formulated in stoichiometric amount with portamine at 

neutral pH and it was termed as “isophane NPH.” The most commonly used 

formulation contains NPH and human insulin in a ratio of 30:70 (Mixtard; 

Novonordisk). 

Another insulin formulation called as Protaphan consists of 100% crystals of porcine 

insulin. Formulation Lente insulin composed of rhombohydral crystals containing 2-Zn 

hexamer insulin with three fold symmetry and contains one phenolic derivative per 

monomer (Hallas-Moller, 1956). Another type of Lente product consists of one third 

amorphous pig insulin and two third crystalline bovine insulin. Commercial human 



   
 

13 
 

insulin was produced in 1982. For commercial purposes different pharmaceutical 

companies have modified insulin by different means to increase its half life in vivo 

(Kanazawa, 2002). These different types of modified insulin are called as insulin 

analogues as after modifications these are not technically insulin but they serve their 

role by controlling glucose (Cerasi, 1967; Gough, 2007). Some insulin is rapid acting 

while others are intermediate or slow acting.  All these modified insulins have proved 

advantages over the un-modified conventional insulin (Colquitt, Royle, and Waugh, 

2003; Holden et al., 2011; Richter and Neises, 2005; Tran K, 2007). 

The insulin currently available over the world is of three types 

Short acting or Rapid acting insulin 

Intermediate acting insulin 

Long acting or slow acting insulin 

1.5.1. Short acting or rapid acting insulin 

Rapid acting insulin is quickest in its action and it is injected with meals. The time for 

attaining the peak is 0.5 h-2 h and then it works continuously for maximum up to 6 

hours (Colombel and Charbonnel, 1999).These insulins are usually used with longer 

insulins (Andersen et al., 2001; Anderson et al., 1997; Becker et al., 2005; Colquitt, et 

al., 2003; Dall, 1999; Gale, 1997). 

 

1.5.2. Intermediate acting insulin 
These insulins are suspensions mixed with positively charged portamine (These 

insulins are intermediate in action and used once or twice a day (Bolli, 1999; 

Heinemann et al., 1995; Palm et al., 2009). 

 

1.5.33. Long acting or slow acting insulin 

These insulin analogues are extremely slow acting and cover the needs for insulin for 

one full day (Barrington et al., 2011; Blonde et al., 2009; Katayama, Inoue, and 

Horigome, 2008). These analogues control blood glucose for up to 24 hours and hence 

proved more efficient (Brunner et al., 2000). They maintain the basic insulin level up to 
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24 hours by a just single dose (Jorgensen et al., 1989). These analogues are prepared 

either by alteration the sequence of amino acids or some chemical modification at a 

certain amino acid. By these changes isoelectric point increases and hence the solubility 

decreases at the physiological pH such as galargine. In galargine two extra arginines 

were added at the C-terminal of B-chain of insulin (B31-B32) for increase of the 

isoelectric point and further the stability of the molecule is achieved by substitution of 

glycine at A21 (Ashwell and Home, 2001; Bahr et al., 1997; Dagogo-Jack et al., 2000). 

Similarly peptide drugs can be made long acting by the covalent acylation of different 

fatty acids (Heinemann et al., 1999). Among the different fatty acids used for the 

acylation purpose include butyric, cholic, meristoyl and palmitic etc (Huang et al., 

1999). Degludec insulin was prepared by attaching hexadecandioic acid at lysine (K29B) 

via a gamma –L- glutamic acid linker (Jonassen et al., 2012). By acylation of the 

peptides with fatty acids the action of these drugs delays in the blood by binding 

reversibly to albumin which releases it slowly at the site of action (Fawcett et al., 2001; 

Kjeldsen et al., 1998). In case of insulin, acylation is possible at the free amino groups 

which are glycine and phenyl alanine at the N-termini of A and B chains respectively 

(Gly1A and Phe1B) and ε-amino group of Lys29B at position 29 of B chain (Danho et al., 

1980). The ε amino group is comparatively less hindered and hence is more prone to 

acylation. But it has also been proved that which amino group will be acylated depends 

also on the pH and other reaction conditions. 

 

1.6. Present work 

The purpose of the present work is to make an attempt for the production of long acting 

human insulin in Pakistan. For this purpose different derivatives of human proinsulin 

were made, by genetic engineering, and evaluated for their ability to be converted into 

the native insulin skeleton following acylation. Of the four suitable derivatives, the one 

with the most favorable properties was processed for acylation using C2 and C12 

reagents. These human proinsulin derivatives were then enzymically converted into 

modified human insulin and their efficacy, along with those of suitable reference 

compounds, determined by bioassays in domestic rabbits.  
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CHAPTER 2 

Materials and Methods 
I. Materials 

Different materials required for the cloning, expression, refolding, purification, and 

modification of human insulin derivatives are the following. 

E.coli strains DH5α, BL 21 simple and BL 21 codon plus were provided by Prof. M. 

Akhtar and Monika Akhtar (School of Biological Sciences). 

Expression vector pET21a was gifted by Prof. Naeem Rashid (School of Biological 

Sciences). 

Human proinsulin with methionine, lysine, and arginine at the N-terminal respectively 

were a gift from our laboratory in School of Biological Sciences. 

Restriction Enzymes, Gene ruler DNA ladder mix, Protein prestained and unstained 

ladders, TA cloning kits, PCR reagents, Plasmid prep kits, and gene clean kits were 

purchased from Fermentas. 

Carboxypeptidase B (CPB) was isolated and purified from buffalo pancreas  that were 

obtained from the nearby slaughter house. Its counterpart CPB (porcine) was purchased 

from Sigma. 

All routine laboratory chemicals were of analytical grades and obtained from Sigma, 

Fisher, Fluka, Calzyme, Merck and Acros. 
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II. Methods 

2.1 Preparation of LB medium, LB agar, ampicillin stock, LB agar 
ampicillin plates 

2.1.1. Preparation of LB medium 

LB medium preparations were done on10 ml, 100 ml, and 500 ml scales. For the 

preparations of LB medium of 100 ml, following ingredients were used. 

Yeast extract= 0.5 g 

Sodium chloride= 0.5 g 

Tryptone= 1.0 g 

These ingredients were dissolved in 70 ml of distilled water and finally volume was 

made up to 100 ml. For autoclaving, the mouths of the flasks were covered with cotton 

plugs wrapped in a cloth and finally the mouths of the flasks were covered with 

aluminum foil. For the preparations of 500 ml of the LB medium, the same method was 

used with scaling up the ingredients. 

2.1.2. Ampicillin stock solution 

5 g of sodium salt of ampicillin was dissolved in 50 ml of autoclaved distilled water in 

a sterilized falcon tube and passed through 0.2 µm filter assembly unit. The stock was 

then stored in 1ml aliquots at -20 °C. 

2.1.3. LB agar/ampicillin plates 

For the preparation of LB agar, the same method was used as with LB medium with 

addition of 1.5% agar only. LB agar plates were then made by melting the LB agar in 

an oven for 2 minutes and kept at room temperature for 10 minutes. 100 µg/ml of the 

ampicillin was then added and mixed well and about 20 ml of this was poured into a 

sterilized plate in a laminar flow cabinet. 

For the preparation of simple LB agar plates, same procedure was used without the 

addition of ampicillin. The plates were sealed with parafilm and stored at 4 °C until 

use. 
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2.1.4. Preparation of glycerol stocks 

All the bacterial strains and plasmids containing genes were stored by glycerol method. 

200 µl of the warm glycerol was aliquoted and 800 µl of the overnight bacterial culture 

was added to the glycerol suspension and tube after sealing with parafilm stored at -80 

°C. 

2.2 Different primers used for the preparation of various constructs 

Different primers used for the construction of all the derivatives used in the present 

research work were designed with the help of Prof. Dr. Naeem Rashid through software 

named Amplify 1.0 (Bill Engels © 1992, University of Wisconsin, Genetics, Madison, 

WI 53706) and prepared by GeneLink (Lithonia) and Macrogen (Korea). All the 

specifications relevant to the primers are given in table 2.1. Autoclaved distilled water 

was used for dissolving the primers and final concentration was made 100 pmoles/µl by 

adjusting the amount of water as recommended by the manufacturing companies.  

2.3 Preparation of plasmid containing gene encoding, MR-(R64) hpi 

Polymerase chain reaction (PCR) is the most prevailing technique for the amplification 

of a specific DNA sequence to enormously high copy number. The substrate DNA used 

as a template for the amplification process should be clean and free from all impurities 

and contamination. 

This technique was used in the present study for the preparation of ten constructs 

named as MR-hpi, MR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi, MHHR-(R64) hpi, 

MRR-(Q64) hpi, MTRR-(Q64) hpi, MFTRR-(Q64) hpi, and MHHR-(Q64) hpi. Details of 

all the primers used for the preparation of these ten constructs are given in table 2.1. 

Important conditions necessary for the amplification of a target DNA consisted of 

different number of cycles, temperature and duration of each cycle. Different steps 

involved in the PCR reaction are the following. First step in the PCR is the denaturation 

that is accomplished at 94 °C for 3-5 minutes. During this step, all the substrate DNA 

molecules are converted to single standard DNA. Then the annealing step starts, during 

which the primers are attached to the DNA molecules. The important thing in this 
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Table 2.1: Detail of primers used for the construction of different derivatives of 

human proinsulin. Restrictions sites are underlined in each primer sequence 

mentioned in table 2.1.The tags encoded by the sequences are shown below the 

appropriate triplets. 

Primer 

Name 

Primer sequence 

 

Length TM 

(°C) 

Restricti

on sites 

SHPR 

(forward) 

CATATGCGTTTTGTTAACCAG 
          M     R      F    V     N      Q      
CATCTGTGCGGGTCGC 
   G     L     C      G     S 

 

37 

 

69.7 

 

NdeI 

SHPIC 

(reverse) 

CGCACAAGCTTCTACTAGTTG 

CAGTA 

 

26 

 

60.7 

 

Hind III 

IntRhpi 

(forward) 

GAAGGGAGTTTGCAACGC 
    E     G      S     L      Q     R            
CGTGGCATCGTG 
    R     G     I      L 

 

30 

 

70.1 

 

- 

RRHPI-N 

(forward) 

CATATGCGTCGTTTTGTTAAC 
           M     R     R     F      V    N 
CAGCATCTGTGCGGGTCGC 
    Q    G     L      C      G      S 

 

40 

 

71.4 

 

NdeI 

TRRHPI-

N 

(forward) 

CATATGACTCGTCGTTTTGTT 
          M     T       R     R      F     V 
AACCAGCATCTGTGCGGGTCGC 
    N    Q     G      L     G     C      S 

 

43 

 

71.9 

 

NdeI 

FTRRHP

I-N 

(forward) 

CATATGTTCACTCGTCGTTTT 
           M     F      T     R     R      F 
GTTAACCAGCATCTGTGCGGGTC
GC 

 

46 

 

72.3 

 

NdeI 

 

HHRHPI-

N 

(forward) 

CATATGCATCATCGTTTTGTA 
          M    H      H     R       F    V 
ACCAGCATCTGTGCGGGTCGC 
 

 

43 

 

71.0 

 

NdeI 

 

LQQR-A 

pro 

(reverse) 

AAGCTTCTACTAGTTGCAGTAATT

TTCCAGCTGGTACAGGGA 

ACAAATAGACGTACAGCACG 

TTCCACGATGCCACGCTGTTGCAA 

 

 

87 

 

 

88.6  

 

 

HindIII 
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reaction is the selection of the annealing temperature that is generally selected on the 

basis of the melting temperatures of the forward and reverse primers. It is generally 5 

°C less than the lowest melting temperature of either primer having less melting 

temperature. Final step is the extension of the amplified product that is done at 72 °C. 

Normally 25-30 cycles are run for each PCR reaction. Figure 2.1 below shows the set 

up of the program in a thermo cycler. 

Figure 2.1: PCR set up for the amplification of first construct MR-hpi. 

Before construction of MR-(R64) hpi, firstly MR-hpi was constructed. For the 

preparation of MR-hpi, template of MKR-hpi/pET 21a was used along with forward 

primer (SHPR) and reverse primer (SHPIC). The annealing temperature was 50 °C and 

denaturation was done at 94 °C for 30 seconds and final extension was done at 72 °C 

for 10 minutes. Total cycles used for this amplification process were 30. After 

amplification, it was run in agarose gel electrophoresis (Appendix I) and then cloning 

of this construct was done in cloning and expression vector respectively. After getting 

the expression of MR-hpi, it was used as template for the construction of MR-(R64) hpi. 

2.3.1 Site directed mutagenesis by mega primer PCR method 

For the construction of MR-(R64) hpi, mega primer strategy was adopted and three PCR 

reactions were performed for the final construction. In the first PCR, intRhpi forward 

primer and reverse primer SHPIC was used to amplify a product of 103 bp. A 50 µl 

reaction mixture for this PCR consisted of  5 µl of 10X KOD polymerase buffer, 4 µl of 

25 mM MgSO4,  5 µl of 2.5 mM dNTPs, 1 µl  of forward (SHPR) primer, 1 µl of 

reverse (SHPIC) primer, 0.5 µl of KOD polymerase, 0.5 µl of Template DNA (MR-
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hpi/pET21a) and 33 µl of water. Resultant product was analyzed by 2% agarose gel 

(Appendix I), and the required band cut from the gel and DNA extracted (Appendix I). 

2.3.2 Second PCR amplification 

The purified 103 bp fragment from the first PCR was then used as a reverse primer with 

forward primer of SHPR, and template was again MR-hpi. A 50 µl reaction mixture of 

PCR was consisted of 5 µl of 10X KOD polymerase buffer, 4 µl of 25 mM MgSO4,  5 

µl of 2.5 mM dNTPs, 1 µl  of forward (SHPR) primer, 20 µl of reverse primer (mega 

primer from first PCR), 0.5 µl of KOD polymerase, 0.5 µl of Template DNA (MR-hpi) 

and 14 µl of water. Resultant product from this PCR was analyzed by 1% agarose gel 

(Appendix I) and the bands were cut from the gel and DNA purified (Appendix I). 

2.3.3 Third PCR amplification 

The amplified product after purification from second PCR was then amplified again by 

using Taq DNA polymerase. For this PCR, a 50 µl reaction mixture consisted of 5 µl of 

10X Taq DNA polymerase buffer, 4 µl of 25 mM MgCl2, 5 µl of 2.5 mM dNTPs, 1 µl 

of forward (SHPR) primer, 1 µl of reverse (SHPIC) primer, 0.5 µl of Taq DNA 

polymerase, 0.5 µl of template DNA [MR-(R64) hpi] and 19 µl of water. Resultant 

product was analyzed by 1% agarose gel and the bands are cut from the gel and purified 

as mentioned in Appendix I. 

2.3.4 Ligation of PCR product to pTZ57R/T cloning vector 

Purified product of 282 bp (0.6 µg) after third PCR was ligated to pTZ57R/T vector 

(0.165 µg) in 1X ligation buffer with 5 units of T4 DNA ligase (1 µl) in a 30 µl ligation 

mixture. This mixture was incubated at 22 °C for about 12-16 hours and finally 

transformed to DH5α cells by the method described in Appendix I.  

2.3.5 Single and double restriction analysis of MR-(R64) hpi/pTZ57R/T 

3 µg of this MR-(R64) hpi/pTZ57R/T in an eppendorff was restricted with 30 units of 

NdeI (3 µl) in a 100 µl reaction and incubated at 37 °C for 10-12 hours and then 5 µl 

was analyzed on 1% agarose gel. After confirmation of single restriction completely 

with NdeI, 30 units of HindIII (3 µl) was added and again incubated at 37 °C for 4 
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hours. The doubly restricted MR-(R64) hpi/pTZ57R/T was then analyzed again by 1% 

agarose gel for the confirmation of MR-(R64) hpi in pTZ 57R/T. 

2.3.6 Ligation of restricted product in expression vector pET21a 

5 µg of the MR-(R64) hpi/pTZ57R/T in an eppendorff was incubated at 37 °C with 40 

units of NdeI (4 µl) for 12 hours and then further incubation was done for 4 hours after 

adding 40 units of HindIII (4 µl) . Similar reaction was performed for 1 µg of pET21a 

with 10 units of NdeI (1 µl) and 10 units of Hind III (1 µl). Both double restricted 

products were then isolated and purified from 1% agarose gel and quantified by 

eppendorff spectrophotometer taking water as a blank. 

0.5 µg of the MR-(R64) hpi was then ligated with 0.15 µg of the pET21a and 

transformed to DH5α cells by the method described in appendix I and finally colonies 

were grown. Six colonies were selected for the colony PCR and all gave the positive 

result. After colony PCR, one of the positive clones was inoculated in 50 ml of the LB 

broth and maxi preparation of plasmid DNA was done by the method described in 

Appendix I. 

2.4 Preparation of plasmids containing genes encoding, MRR-(R64) hpi, 

MTRR-(R64) hpi, MFTRR-(R64) hpi, and MHHR-(R64) hpi 

For the construction of four derivatives of human proinsulin genes MRR-(R64) hpi, 

MTRR-(R64) hpi, MFTRR-(R64) hpi, and MHHR-(R64) hpi, four new forward primers 

were designed having the bases for codons of MRR, MTRR, MFTRR, and MHHR 

respectively along with NdeI restriction site (Table 2.1). The reverse primer for all these 

constructs were the same SHPIC as used for the final amplification of MR-hpi and MR-

(R64) hpi. 

2.4.1 PCR amplification 

For amplification process of all these four constructs, a reaction of 50 µl consisted of 

different components as mentioned in the table 2.2 against each construct. For all these 

four constructs, MR-(R64) hpi was used as a template. Different ingredients used for the 

amplification of all the four constructs are given in table 2.2. 
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Table 2.2: PCR reaction mixtures for the amplification of four derivatives of 

human proinsulin having R64. Reverse primer used for amplification of these 

derivatives was LQQR-A pro (Table 2.1). 

Constructs 

name 

MRR-(R64) 

hpi 

MTRR-(R64) 

hpi 

MFTRR-(R64) 

hpi 

MHHR-(R64) 

hpi 

10X Taq  

Buffer 

5 µl 5 µl 5 µl 5 µl 

MgCl2 3 µl 3 µl 3 µl 3 µl 

dNTPs 5 µl 5 µl 5 µl 5 µl 

Forward primer 1 µl 

(RR-hpi-N) 

1 µl 

(TRR-hpi-N) 

1 µl 

(FTRR-hpi-N) 

1 µl 

(HHR-hpi-N) 

Reverse primer 1 µl 1 µl 1 µl 1 µl 

Taq DNA pol. 1 µl 1 µl 1 µl 1 µl 

Template 1 µl 1 µl 1 µl 1 µl 

Water 33 µl 33 µl 33 µl 33 µl 

 

The denaturation temperature was 94 °C for 30 seconds with annealing temperature of 

55 °C for 30 seconds and final extension was done at 72 °C for 10 minutes. Total cycles 

were 30 for all PCR reactions for the amplification of each of these four constructs. 

The set up of the reaction in thermo cycler is shown below in figure 2.2. 

Figure 2.2: PCR set up for the amplification of four derivatives having R64. 
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All the PCR products were analyzed by 1% agarose gel and finally cut from the gel and 

DNA extraction was done (Appendix I). 

2.4.2 Ligation of PCR products to pTZ57R/T vector 

The purified product of each (about 1 µg) after PCR was then ligated to pTZ57R/T 

vector (0.25 µg) in 1X ligation buffer with 5 units of T4 DNA ligase (1 µl) in a 30 µl 

ligation mixture. The mixtures were then incubated at 22 °C for about 16 hours and 

finally transformed to DH5α cells and colonies were grown for the isolation of MRR-

(R64) hpi/pTZ57R/T, MTRR-(R64) hpi/pTZ57R/T, MFTRR-(R64) hpi/pTZ57R/T, and 

MHHR-(R64) hpi/pTZ57R/T. 

2.4.3 Single and double restriction analyses of MRR-(R64) 

hpi/pTZ57R/T, MTRR-(R64) hpi/pTZ57R/T, MFTRR-(R64) 

hpi/pTZ57R/T, and MHHR-(R64) hpi/ pTZ57R/T 

For the single and double restriction analysis of all these four plasmids, 3 µg of each of 

these in an eppendorff was restricted with 30 units of NdeI (3 µl)in a 100 µl reaction 

mixture and incubated at 37 °C for 10-12 hours and then 5 µl was analyzed on 1% 

agarose gel. After confirmation of restriction with NdeI, 30 units of HindIII (3 µl) was 

added in each eppendorff and again incubated at 37 °C for further 4 hours. The doubly 

restricted plasmids were then analyzed again by 1% agarose gel for the confirmation of 

genes in pTZ57R/T. 

2.4.4 Preparation of MRR-(R64) hpi/pET21a, MTRR-(R64) /pET21a, 

MFTRR-(R64) /pET21a, and MHHR-(R64) /pET21a 

5 µg of all these four plasmids were taken in four eppendorff separately and 4 µl (40 

units) of NdeI was added in each and incubated at 37 °C for 12 hours and then further 

incubation was done for 4 hours after adding 4 µl (40 units) of HindIII. Similar reaction 

was performed for 1 µg of pET21a with 10 units of NdeI and 10 units of Hind III. All 

the double restricted genes were then isolated and purified from 1% agarose gel and 

quantified by eppendorff spectrophotometer. 
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0.5 µg of each of these genes was then ligated with 0.15 µg of the pET21a and used to 

transform DH5α cells and finally colonies were grown. Six colonies were selected for 

the colony PCR and all gave positive result. 

One of the colonies from each construct which showed positive result after colony PCR 

was then inoculated and mini and maxi preparations of the plasmids were done 

(Appendix I). 

2.5 Preparation of plasmids containing genes encoding, MRR-(Q64) 

hpi, MTRR-(Q64) hpi, MFTRR-(Q64) hpi and MHHR-(Q64) hpi 

For the construction of four derivatives of human proinsulin with glutamine at position 

64 (Q64) in place of arginine from previous four constructs, a new reverse primer 

LQQR A-pro (Table 2.1) was designed mutating the bases for glutamine in place of 

arginine at position 64 along with the restriction site of Hind III. 

2.5.1 PCR amplification 

The PCR was performed with this reverse primer and forward primers for all these 

constructs were same as used previously for the construction of R64 series (Table 2.1). 

The details of different components used for the PCR amplification of these constructs 

are given below in table. MRR-(R64) hpi was used as a template for PCR amplification 

of all the four constructs. Different ingredients used for the amplification of four 

derivatives having Q64 are given below in table 2.3 
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Table 2.3: PCR reaction mixtures for the amplification of four derivatives of 

human proinsulin having Q64. Reverse primer used for amplification of these 

derivatives was LQQR-A pro (Table 2.1). 

 MRR-(Q64) 

hpi 

MTRR-(Q64) 

hpi 

MFTRR-(Q64) 

hpi 

MHHR-(Q64) 

hpi 

10 X Taq 

Buffer 

5 µl 5 µl 5 µl 5 µl 

MgCl2 3 µl 3 µl 3 µl 3 µl 

dNTPs 5 µl 5 µl 5 µl 5 µl 

Forward primer 

(Table 2.1) 

1 µl 

(RR-hpi-N) 

1 µl 

(TRR-hpi-N) 

1 µl 

(FTRR-hpi-N) 

1 µl 

(HHR-hpi-N) 

Reverse primer 1 µl 1 µl 1 µl 1 µl 

Taq DNA pol. 1 µl 1 µl 1 µl 1 µl 

Template 1 µl 1 µl 1 µl 1 µl 

Water 33 µl 33 µl 33 µl 33 µl 

 

The denaturation and final extension conditions were same in all the four constructs as 

were used for the amplification of previous four constructs with R64 but the annealing 

temperature for all these four constructs with Q64 was 65 °C for 30 seconds. The 

complete method of the PCR for all these four constructs has given below in the figure 

2.3. 

Figure 2.3: PCR set up for the amplification of four derivatives having Q64. 
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All the PCR products were then analyzed by 1% agarose gel and amplified products 

were cut from the gel and DNA was extracted from each (Appendix I).  

2.5.2 Ligation to cloning vector 

DNA extracted from the agarose gel was quantified by eppendorff spectrophotometer 

and then ligation of all these derivatives was performed as described in section 2.4.2. 

Transformation was done in DH5α cells and finally colonies were grown and plasmids 

were isolated and purified. 

2.5.3 Ligation to expression vector 

Single and double restriction analyses were performed for all these derivatives in 

pTZ57R/T and finally ligated to pET21a and transformation was done (Appendix I). 

Colonies were grown and plasmids were isolated and purified as described previously 

and stored at -20 °C. 

2.6 Expression of all derivatives of human proinsulin 

For expressions, E. coli DH5α cells harboring MR-hpi/pET21a, MR-(R64) hpi/pET21a, 

MRR-(R64) hpi/pET21a, MTRR-(R64) hpi/pET21a, MFTRR-(R64) hpi/pET21a, MHHR-

(R64) hpi/pET21a, MRR-(Q64) hpi/pET21a, MTRR-(Q64) hpi/pET21a, MFTRR-(Q64) 

hpi/pET21a, or MHHR-(Q64) hpi/pET21a were initially grown on a  small scale, in 25 

ml of LB ampicillin medium at 37 °C overnight. OD600 nm of all the constructs is given 

in table 2.4. 
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Table 2.4: OD600 of overnight cultures of all the derivatives of human proinsulin. 

Sample Name 
 

O.D600  

pET21a 
 

1.337 

MR-hpi/pET21a 
 

1.302 

MR-(R64) hpi 
 

1.288 

MRR-(R64) hpi/pET21a 
 

1.278 

MTRR-(R64) hpi/pET21a 
 

1.343 

MFTRR-(R64) hpi/pET21a 
 

1.276 

MHHR-(R64) hpi/pET21a 
 

1.526 

MRR-(Q64) hpi/pET21a 
 

1.494 

MTRR-(Q64) hpi/pET21a 
 

1.482 

MFTRR-(Q64) hpi/pET21a 
 

1.663 

MHHR-(Q64) hpi/pET21a 
 

1.160 

 

100 µl of these overnight cultures from the above constructs were added in 20 ml of LB 

ampicillin medium until the OD280 reached 0.4-0.6.  The media were then induced with 

0.2 mM IPTG and the growth continued for about 8 hours. The final OD600 of all the 

constructs is given below in table 2.5.  
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Table 2.5: Final OD600 of all constructs after induction with 0.2 mM IPTG. 

Sample Name OD600  after 8 hours of induction 

Uninduced pET21a 2.142 

Induced pET21a 1.489 

Uninduced MR-hpi/pET21a 2.189 

Induced MR-hpi/pET21a 1.635 

Uninduced MR-(R64) hpi /pET21a 2.189 

Induced MR-(R64) hpi /pET21a 1.635 

Uninduced MRR-(R64) hpi/pET21a 2.142 

Induced MRR-(R64) hpi/pET21a 1.827 

Uninduced MTRR-(R64) hpi/pET21a 2.142 

Induced MTRR-(R64) hpi/pET21a 1.710 

Uninduced MFTRR-(R64) hpi/pET21a 2.128 

Induced MFTRR-(R64) hpi/pET21a 1.670 

Uninduced MHHR-(R64) hpi/pET21a 2.181 

Induced MHHR-(R64) hpi/pET21a 1.896 

Uninduced MRR-(Q64) hpi/pET21a 2.142 

Induced MRR-(Q64) hpi/pET21a 1.849 

Uninduced MTRR-(Q64) hpi/pET21a 2.107 

Induced MTRR-(Q64) hpi/pET21a 1.69 

Uninduced MFTRR-(Q64) hpi/pET21a 2.150 

Induced MFTRR-(Q64) hpi/pET21a 1.841 

Uninduced MHHR-(Q64) hpi/pET21a 1.860 

Induced MHHR-(Q64) hpi/pET21a 1.974 
 

1 ml of these cultures was centrifuged and their pellets were used for PAGE analysis 

(Appendix I). 
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2.7 Large scale preparation and quantification of inclusion bodies 

For the preparation of inclusion bodies on a large scale, 5 ml of overnight culture of 

each derivative was added to 500 ml of LB in 2 L flask containing 100 µg per ml of 

ampicillin and the cultures incubated in a shaker at 37 °C at 150-200 rpm. When the 

OD600 was 0.4-0.6, after about 2.5-3 hours, the cultures were induced with 0.4 mM 

lactose and incubation continued for another 6-8 hours. 1ml of this induced sample was 

used for the confirmation of expression by 18% SDS-PAGE as described in Appendix 

I. After confirmation of expression the induced culture was centrifuged at 4°C at 7400 

rpm (14000g) for 30 minutes. The wet pellet was weighed and suspended in wash 

buffer (3% Triton X100, 0.2 M sodium chloride, 50mM Tris-Cl pH8, 10 mM EDTA 

pH 8 and 4mM DTT) and sonicated for 10-15 minutes by using amplitude of 100% in 

Vibra Cell sonicator. It was centrifuged again and the process repeated for 3-4 times 

until the last supernatant was clear. Finally the pellet was washed with 20 mM Tris-Cl 

(pH 8) for 2-3 times.  

For the quantification of inclusion bodies, the sonicated and washed pellet from 5 L of 

culture was suspended in 20 mM Tris-Cl (pH 8) and 50 µl of this suspension was 

dissolved in 950 µl of 5% SDS thus showing a dilution of 20 times. OD at 280 nm was 

measured by using 5% SDS as a blank solution using Shimadzu spectrophotometer. 

The OD280 obtained by this was multiplied by the dilution factor of 20 and finally with 

the total volume of the suspended inclusion bodies. 

Amount of inclusion bodies  =  OD280  x  Dilution Factor  x  total volume of the 

suspension 

About 65-70 OD280 units per liter were obtained for each construct. 

2.8 MALDI-TOF analysis of inclusion bodies 

The inclusion bodies of all the derivatives of proinsulin were analyzed directly by 

MALDI-TOF (Autoflex III, smart beam 200 system, Germany). The analyses of the 

inclusion bodies directly by MALDI-TOF proved to be a fast and efficient method of 

detection for the recombinant proteins of different derivatives of human proinsulin. The 

details of the reagents and procedure for MALDI-TOF analysis are given in Appendix 

I. 
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For this analysis, pelette of 1ml culture from each derivative was suspended in 100 µl 

of 20 mM Tris-Cl, pH 8.0 and sonicated for 3-5 minutes with 30 seconds burst at 60 Hz 

intensity. It was then centrifuged at 12000g for 3 minutes. Supernatant was discarded 

and inclusion bodies were washed three times with this buffer and finally suspended in 

100 µl of the same buffer and mixed well with vortex. 4 µl of this suspension was then 

mixed with 12 µl of sinapinic acid solution, gently vortexed and finally 2 µl of this 

sample was loaded on MALDI plate. It was allowed to dry at room temperature for 30 

minutes and then analyzed in LP-Clin prot by default method in a positive mode. The 

spectrum obtained by this method gave m/z peaks due to [M + 1H] 1+ and due to [M + 

2H] 2+ ions and finally the Mr of all these derivatives of human proinsulin were 

calculated by subtracting 1 from the [M + 1H] 1+ value. 

2.9 Refolding of all proinsulin derivatives  

For the refolding of various proinsulin derivatives [MR-hpi, MR-(R64) hpi, MRR-(R64) 

hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi, MHHR-(R64) hpi, MRR-(Q64) hpi, MTRR-(Q64) 

hpi, MFTRR-(Q64) hpi, and MHHR-(Q64) hpi], the refolding sink consisted of 2 M urea 

(final concentration), 100mM Tris-Cl, 10 mM EDTA, 10mM PMSF and different ratios 

of redox couple (cysteine and cystine)  that is described in the results sections of 

refolding of these constructs (table 3.2). The pH of the refolding sink was about 8.4 

after addition of all the ingredients that was raised to 8.8 and 9.0 according to the 

method used (result section) with 10 N NaOH. Details of the reagents preparation for 

refolding are given in Appendix I. 

2.9.1 Solubilisation of the inclusion bodies 

After the quantification of inclusion bodies, it was dissolved in urea buffer. In order to 

prepare 50 ml of this urea buffer, 24 g of urea and 188 mg of glycine was dissolved in 

distilled water.  2.5 ml of 1 M Tris-Cl (pH 8.0), 1 ml of 0.5 M EDTA (pH 8.0) and 31 

mg of DTT was then added and volume was made up to 50 ml with distilled water. 

The concentration of these reagents were, 8 M urea, 50 mM Tris-Cl, 10 mM EDTA, 50 

mM glycine, and 4 mM DTT in the final solubilisation buffer. 

Two methods were adopted in order to dissolve the inclusion bodies in urea buffer 

during the present research work. 
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a) Solubilization at normal pH of buffer 

The urea buffer consisted of 100 mM Tris-Cl pH 8, 50 mM glycine, 8 M urea, 10 mM 

EDTA and 4 mM of DTT. The inclusion bodies were suspended in this buffer and 

sonicated for 5 minutes and then kept at 37 °C for about one hour and finally at 4 °C 

until a clear solution was obtained. The mixture was centrifuged at 20000 rpm (48000g) 

at 4 °C and supernatant kept at 4°C discarding the black pellet. 

b) Solubilization at high pH 

There was an alternate route of dissolving the inclusion bodies that is the use of high 

pH. After suspending the inclusion bodies in urea buffer the pH of the partially 

solubilized inclusion bodies was raised from 8.5 to 11. The increase in pH decreases the 

ionic interactions of proteins thus making it feasible for solubilisation in less time. 

After complete solubilisation it was centrifuged at 20000 rpm (48000g) at 4 °C and the 

pH of the clear supernatant was adjusted to about 7.0 with concentrated HCl in order to 

minimize the loss of free thiols in the solubilized inclusion bodies. It was finally stored 

at 4°C. 

2.9.2 Preparation of refolding buffer 

Four methods were employed for the refolding of various constructs of human 

proinsulin used for the present study (Result section, table 3.2). Difference between 

these four methods were only different ratios of the redox couple (cysteine: cystine) and 

final pH of the refolding buffer. Volume of each refolding buffer was made in each 

case such that the final concentration of the protein was 0.5 OD/ml. Final concentration 

of all the reagents used in refolding buffer along with pH and different ratios of redox 

couple is summarized below in table 2.6.  

For the preparation of 500 ml of the refolding buffer (with cystine/cysteine of 10:1), 50 

ml of 1 M Tris-Cl (pH 8.0), 2 ml of 500 mM EDTA (pH 8.0), and 50 ml of 50 mM 

cystine were added to 350 ml of autoclaved distilled water. An additional amount of 

urea was added to this refolding buffer such that the final concentration of urea in it 

was 2 M. 6 mg of cysteine and 0.5 ml of the PMSF was then added just before starting 

the refolding. pH was adjusted to 8.8 with 10 N NaOH. Similar methods were used for 

the preparation of other refolding buffers with varying amounts of cysteine and cystine. 
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Table 2.6: Different reagents used for the refolding of various derivatives of 

human proinsulin along with their final concentrations. 

Different 

ingredients 

Four methods with different ratios of redox couple (cystine: 

cysteine) 

10:1 1:10 5:1 1:5 

Urea 2 M 2 M 2 M 2 M 

Tris-Cl buffer 100 mM 100 mM 100 mM 100 mM 

EDTA 2 mM 2 mM 2 mM 2 mM 

PMSF 0.1 mM 0.1 mM 0.1 mM 0.1 mM 

Cystine 10 mM 1 mM 5 mM 1 mM 

Cysteine 1 mM 10 mM 1 mM 5 mM 

pH 8.8 9.5 8.8 9.5 

 

Proinsulin derivatives [MR-(R64) hpi, MHHR-(R64) hpi, MRR-(Q64) hpi, MTRR-(Q64) 

hpi, and MHHR-(Q64) hpi were dissolved in the solubilisation buffer and added in the 

refolding sink in 10 hours irrespective of the total protein using peristaltic pump. 

Refolding sink was kept at 4 °C with continuous stirring. After 10 hours peristaltic 

pump was switched off and stirring was continued for further 10-12 hours until all the 

free thiols were engaged in disulphide bridges. The same method was applied for other 

constructs with redox couple ratio of cystine to cysteine 5:1.  

For the other two methods in which cystine to cysteine ratio were 1:10 and 1:5 

respectively (table 3.2), the only difference was that the solubilized protein was added 

in different pulses with a 5 ml BD syringe. In these methods the free thiols were 

estimated at different stages by DTNB assay before addition of each pulse. About 36 

and 60 hours were required for the complete loss of thiols by these two methods 

respectively. 

2.10 Dialysis 

The refolded protein was poured in a dialysis tubing (Spectra/Por, 3500 Da, 45 mm flat 

width, diameter 29 mm, Fischer) and placed in a 7 L bucket containing 20 mM Tris-Cl 
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pH 8.0.  The outside liquid was stirred by a magnetic stirrer at 4 °C. After 6-8 hours, 

the buffer was changed and the whole process was repeated 4-6 times. 

2.11 Purification by ion exchange chromatography 

After dialysis, the refolded protein was centrifuged at 48000g (20000 rpm) for 30 

minutes at 4 °C by Beckman Avanti J-25 I. The clear supernatant was then used for the 

purification by ion exchange chromatography using Q-sepharose. Pre-swollen Q-

sepharose slurry was poured in a glass column (Bio-Rad, 2.5 cm inner diameter, 20 cm 

length) to make a bed of 45 ml. This column with slurry was washed with 2 L of water 

then equilibrated with 2 L of 20 mM Tris-Cl pH 8.0. The refolded mixture was 

quantified by eppendorff spectrophotometer and loaded on to the column with a 2 

ml/minute flow rate. After loading the protein, washing with 300 ml of 20 mM Tris-Cl 

was done and finally a gradient of 0.1 M -0.5 M NaCl (NaCl was prepared in 20 mM 

Tris-Cl pH 8) was passed through the column and fractions of 5 ml were collected. All 

the fractions were then quantified by measuring OD at 280 nm and the fractions having 

ODs greater than 2 were analyzed by 18% reductive and non-reductive SDS-PAGE. 

From SDS-PAGE the fractions with proper folded protein were identified (non-

reductive samples of refolded protein moved faster than their reductive counterpart). 

All the fractions containing the refolded proteins were mixed and quantification was 

again done. 

2.12 Purification by RP-HPLC 

Proinsulin derivatives after ion exchange chromatography were further purified by RP-

HPLC using a Sykam HPLC system together with preparative Biobasic C18 column 

(250x10 mm, particle size 10 µm, Thermo electron corp.). 5-10 OD280 units of purified 

protein from Q-sepharose column already filtered through 0.4 micron filter assembly 

were loaded through a 5 ml syringe in a 5 ml loop for a single run on the RP-HPLC 

system. The gradient was 30% acetonitrile/0.1% TFA to 50% acetonitrile/0.1% TFA 

(Appendix I) with a ramp of 0.5% withholding of 0% acetonitrile for 3 minutes with a 

ramp of 0%. Flow rate during the purification of all the proinsulin derivatives using 

semi preparative column was 2 ml/minute and detecting wavelength was 220 nm. The 

main peaks for all the constructs eluted at 37%-39% were collected in separate falcon 

tubes and their protein contents were estimated by taking OD at 280 nm using 
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water/0.1% TFA as a blank. All the purified proinsulin derivatives were lyophilized in a 

freeze drier (CHRIST, alpha 1-4 LD) until a white powder formed which was stored at 

-20 °C. 

2.13 MALDI-TOF mass spectrometric analysis of purified protein 

Proteins of relative molecular masses were analyzed by two types of matrices, A and B.  

The matrix A was prepared in diluent A and matrix B was prepared in diluent B.  The 

preparation of these two matrixes A and B along with the preparations of two diluents 

A and B is described in Appendix I. 

2.13.1 Cleaning of sample plate 

The sample plate of MALD-TOF was always placed on a clean surface and was 

cleaned with a soft tissue after spraying 100% methanol on it. Finally it was washed as 

recommended by the manufacturers. 

2.13.2 Preparation of samples for MALDI analysis 

2-4 µl of protein samples with concentrations of 1µg/µl in low molarities buffers such 

as 20 mM Tris-Cl pH 8, or acetonitrile/0.1% TFA solutions etc were mixed with 12 µl 

of matrix solution.  2 µl from this mixture was loaded on MALDI plate (MTP Anchor 

chip var.384 or polished steel plate). This sample plate was allowed to dry at room 

temperature for half an hour. 

2.13.3 Procedure for MALDI-TOF analysis 

All the samples were analyzed by flex control programme, using LP_Clin prot.par 

method with default settings; detector gain (6X), and centroid logarithm for the 

detection of peak, in a linear, positive (LP) mode. The sample range was adjusted 

according to the Mr of the proteins. For all derivatives of proinsulin and acetylated 

MRR-(Q64) hpi, the range was adjusted between 4000-20000 Da and for insulin and 

acetylated insulin it was 2000-8000 Da. In order to obtain the spectrum 200-400 shots 

were striked at 60-70% arb units of the laser intensity on the spotted samples. The 

spectrum was finally saved after getting the relative abundance of the required peaks. It 

was then opened in the flex analysis and the peak of interest was labeled and the mass 

list containing area, height, and signal to mass ratio was recorded. 
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The spectrum gave different m/z peaks due to [M + 1H] 1+ and [M + 2H] 2+ ions which 

gave the Mr of the proteins. 

2.14 ESI-TOF analysis of proteins 

In order to study the regiospecificity of acylated insulin by proteomics approach, mono 

acetyl and mono dodecanoyl insulin were reduced, alkylated and subjected to trypsin 

digestion, as described in section  2.17.5, followed by on-line LC MS analysis on 6224 

TOF LC/MS (Agilent Technologies, USA). 

For analysis of the crude reaction mixture, 50 µl aliquot was desalted using G25 spin 

column (GE healthcare) and subjected to analysis by ESI-TOF while HPLC purified 

products were analyzed directly. 

2.15 Isolation and purification of Carboxypeptidase B 

Carboxypeptidase B was isolated from pancreas of local river buffalo (Babalus bubalis) 

and the procedure is described completely in chapter 6. 

2.15.1 Purification by ion exchange chromatography 

The method for the purification of carboxypeptidase B by ion exchange 

chromatography was almost same as used for different constructs except that DEAE 

sephadex was used instead of Q sepharose and the pH of the buffer was 7.5. 

2.15.2 Assay of carboxypeptidase B 

Activity and specific activity of all the fractions from above were measured by 

Shemadzu spectrophotometer using a method derived from Folk et al, 1960. The 

activity in this method is determined by an increase in the absorbance at 254 nm. The 

substrate of carboxypeptidase B is Hippuryl L Arginine that has absorbance maxima at 

254 nm. This substrate was prepared in 10 mM Tris Cl pH 7.5 with a concentration of 

2.5 mM. 
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The reaction  mixture contained the followings 

No.   Buffers/Solution Volume 

1 25 mM Tris-Cl pH 7.5 containing 0.1 M NaCl 1.5 ml 

2 2.5 mM Hippuryl L-Arginine in the above buffer 0.1 ml 

3 Enzyme 10 ul 

 

Two cells containing the buffer and substrate were placed in the spectrophotometer 

(SHIMADZU BioSpec-1601) at 25 °C and a blank reading performed. Then 10 µl of 

the enzyme was added. The change in absorbance at 254 nm was monitored for 5 

minutes. Finally the amount of Hippuryl-L-arginine consumed per minute was 

calculated by using the Beer-Lambert Law. 

This law gives the relationship of absorbance with extinction coefficient and molar 

concentration of the substance under spectrophotometric analysis. It is represented by 

the equation below: 

A = Ɛ CL 

Where, 

A = Absorbance change per minute at 254 nm 

Ɛ = Molar extinction coefficient 

C = Concentration  

L = Path length of the cell (in cm) 

The reaction of the Hippuryl L-arginine with enzyme can be summarized in the form a 

chemical equation as following. 

Hippuryl-L-arginine + H2O →→→ Hippuric acid + L-arginine 

One unit of the enzyme is that amount which catalyzes the hydrolysis of one micromole 

of Hippuryl-L-arginine per minute at 25 °C and pH 7.5. 
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In order to calculate the specific activity, firstly the total protein content of the solution 

was calculated by the absorbance at 280 nm, and then by using the below formula 

specific activity was calculated. 

 

2.16 Conversion of proinsulin derivatives to insulin 

The lyophilized powder of all the derivatives were solubilized in 20 mM Tris-Cl pH 8.0 

and quantified by measuring OD at 280 nm and finally converted into mg of protein by 

using the protparam tool of expasy which calculate the mg of protein by using the 

extinction coefficient of the respective derivatives. The extinction coefficients of 

different derivatives of proinsulin used in the present work are given in table 3.1 in the 

result section. 

For the conversion of all the derivatives of proinsulin, 1: 500 ratio of trypsin: protein 

and 0.06 units of CPB were used for 100 µg of the protein in an eppendorff. 

For large scale conversion of proinsulin derivatives, concentration of trypsin and CPB 

were adjusted accordingly and reaction was processed in a 50 ml falcon tube. The 

reactions of conversion were incubated at 37 °C for different times of intervals and was 

stopped by quenching with 10% TFA (final concentration of TFA 1-2%) and then it 

was analyzed on MALDI-TOF mass spectrometer (Autoflex III smart beam, Bruker 

Daltonik, GmbH) by mixing 4 µl of the quenched reaction of the derivative with 12 µl 

of matrix A and then loading 1 µl on MTP 384 polished steel TF target plate. 

Finally the reaction mixture was subjected to RP-HPLC directly as described in 

previous section. The major peaks of insulin were collected and freeze dried and finally 

stored at -80 °C. 

2.17 Acylation of human insulin (Sigma) 

Acylation of insulin was done by using two different reagents having different carbon 

chains, N-succinimidyl acetate and N-succinimidyl laureate respectively with sodium 
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borate buffer at pH 12. Details about the reagents preparation is given in Appendix I. 

The concentration of insulin (Sigma) was always kept at 1 µg/µl in the final reaction 

mixture for the modification with both reagents. Total reaction mixture used for the 

acylation at small scale was 100 µl and at large scale was 10000 µl during all the 

modification reactions. 

2.17.1 Acylation of human insulin (Sigma) with N-succinimidyl acetate 

Acylation of insulin (Sigma) was done at different pH and finally pH 12 was found 

optimum to get the maximum yield of the mono acylated reaction. The reaction mixture 

containing 3 mM final concentration of the reagent consisted of the following. 

Mixture A 

1 M sodium borate buffer pH 12      250 µl 

100% acetonitrile                                625 µl 

Human insulin (10 µg/µl)                            500 µl 

Distilled water                                    l250 µl 

Mixture B 

40 mM N-succinimidyl acetate           200 µl 

The method for the acylation of insulin (Sigma) is described below. 

To 5 mg of the insulin (Sigma) in 2.7 ml of 50 mM sodium borate buffer at pH 12 

containing 25% acetonitrile (Mixture A) was added 200 µl of 40 mM N-succinimidyl 

acetate (Mixture B) (final concentration is about 3 mM) and this reaction mixture was 

incubated at room temperature for 10 minutes. After 10 minutes the reaction was 

quenched with 250 µl of 10% triflouroacetic acid. The reaction mixture was centrifuged 

at 10000g for 5 minutes and filtered through a 0.4 micron filter assembly 

(Minisartorius). A 50 µl aliquot of the reaction mixture was desalted using G 25 spin 

column and analyzed by MALDI mass spectrometry. 
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2.17.2 Acylation of human insulin (Sigma) with N-succinimidyl 

laureate 

For acylation with N-succinimidyl laureate, the best condition was pH 12 and final 

concentration of the reagent was 3 mM as was used for acylation with N-succinimidyl 

acetate.  

Mixture A 

1 M sodium borate buffer pH 12                125 µl 

Acetonitrile  (100%)                               625 µl 

Human insulin (10 µg/µl)       500 µl 

Distilled water                                     1250µl 

Mixture B 

40 mM N-succinimidyl laureate           200 µl 

The method for acylation with N-succinimidyl laureate is described below. 

To 5 mg of the standard insulin (Sigma) in 2.7 ml of 50 mM sodium borate buffer at pH 

12 containing 25% acetonitrile (Mixture A) was added 200 µl of 40 mM N-

succinimidyl acetate (Mixture B) (final concentration was about 3 mM) and this 

reaction mixture was incubated at room temperature for 30 minutes. After 30 minutes 

the reaction was quenched with 250 µl of 10% triflouroacetic acid. The reaction 

mixture was centrifuged at 10000 g for 5 minutes and filtered through a 0.4 micron 

filter assembly (Minisartorius). A 50 µl of the reaction mixture was aliquoted and 

desalted using G 25 spin column and analyzed by MALDI mass spectrometry. 

2.17.3 Separation of mono and di acylated insulin by RP-HPLC 

On completion of the reaction, it was filtered through 0.4 micron filter assembly and 

then different modified species were separated by RP- HPLC by the same procedure as 

described in section 2.12. For the separation of mono and di modified species in case of 

modification with N-succinimidyl laureate, mobile phase of ethanol was also used in 

addition to the acetonitrile. For this purpose 30% ethanol/0.1% TFA was used as 
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solvent A and 100% ethanol/0.1% TFA as solvent 2 and HPLC was run at 30% to 60% 

gradient and 0.5% ramp with holding of 3 minutes only on 0% ethanol/0.1% TFA at 

0.5% ramp. No significant difference was found with both mobile phases except the % 

of the mobile phase where the species eluted. Both mono and di modified products 

from both separations were collected separately and analyzed by MALDI-TOF and 

finally lyophilized and stored at -20 °C. 

2.17.4 TCEPH treatment of acylated insulin  

For this purpose, thiolytic cleavage of acylated insulin derivatives were performed 

using a portion of freeze-dried HPLC purified acetylated insulin fractions and dissolved 

in 0.1% TFA.  An aliquot containing 10 g/15 l was taken and subjected to reduction 

by the addition of 1.5 l of 100 mM tris (2-carboxyethyl) phosphine hydrochloride 

(TCEPH), prepared in distilled water.  The reaction mixture was kept at 55 °C for 45 

min and MALDI analyses were performed by mixing 1.5 l of reaction mixture with 19 

l of sinapinic acid solution. The data were analyzed in linear detection mode, both 

under negative and positive mode (result section). 

2.17.5 Reduction, alkylation and tryptic digestion of acylated insulin 

The portion of HPLC purified, freeze dried fraction of mono-acetylated and mono-

dodecanoyl insulin was dissolved in 50 mM ammonium bicarbonate pH 8.4. 50 g 

from this aliquot of each derivative was taken and 2.5 l of 0.1 M dithiothreitol (DTT) 

in 50 mM ammonium bicarbonate pH 8.4 (final concentration of DTT was 5 mM) was 

added in it and the volume of the reaction mixtures were made to 50 l with 50 mM 

ammonium bicarbonate pH 8.4.  These reaction mixtures were incubated at 55 oC for 

about half an hour. The reduced protein solutions from these reaction mixtures were 

brought to room temperature and acetonitrile was added up to 10%, followed by an 

addition of 10 l of 0.1 M iodoacetamide, prepared in 50 mM ammonium bicarbonate 

pH 8.4 (final concentration of iodoacetamide was 17 mM), and finally incubated at 37 
oC for half an hour in the dark. Following alkylation, protein solutions were subjected 

to tryptic digestion, by adding of 2.5 g of sequencing grade porcine trypsin from 

Promega®. The reaction mixtures were incubated again at 37oC for 3 - 4 hours and 

quenched by the addition of 10% TFA (final concentration 1%; pH 2.0). The on-line 

LC MS analysis of the reduced, alkylated, tryptic digested mixtures were performed as 
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described in Ahsan, et al., 2014, on 6224 TOF LC/MS (Agilent Technologies, USA), 

except that the TIC (total ion current) chromatogram  was analyzed using Agilent Mass 

Hunter Qualitative Analysis BioConfirm software (version B.02.00) and processed 

using isotopic deconvolution algorithm. 

2.18 Acylation of MRR-(Q64) hpi 

Among the different proinsulin derivatives of the present work, MRR-(Q64) hpi was 

selected for modification. The concentration of MRR-(Q64) hpi was always kept at 1 

µg/µl in the final reaction mixture for the modification with both reagents. Total 

reaction mixture used for the acylation at small scale was 100 µl and at large scale was 

10000 µl (10 ml) during all the modification reactions. 

2.18.1 Acylation of MRR-(Q64) hpi with N-succinimidyl acetate 

After getting the successful acylation reaction of insulin (Sigma) at pH 12 with N-

succinimidyl acetate, the same protocol was used for the acylation of human proinsulin 

derivative MRR-(Q64) with this reagent. Firstly this modification reaction was carried 

out on a small scale by taking 100 µg of the protein then the reaction was raised to 10 

mg. Different ingredients used for the modification of MRR-(Q64) hpi with N-

succinimidyl acetate are summarized below. 

Mixture A 

1 M sodium borate buffer (pH 12.00)      250 µl 

Acetonitrile  (100%)                              1250 µl 

MRR-(Q64) hpi (10 µg/µl)         1000 µl 

Distilled water               2100 µl 

Mixture B 

40 mM N-succinimidyl acetate           400 µl 

The method for the acylation of MRR-(Q64) hpi with N-succinimidyl acetate is 

described below. 
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To 10 mg of the HPLC purified MRR-(Q64) hpi in 5 ml of 50 mM sodium borate buffer 

at pH12 containing 25% acetonitrile (Mixture A) was added 400 µl of 40 mM N-

succinimidyl acetate (Mixture B)(final concentration was about 3 mM) and this 

reaction mixture was incubated at room temperature for 10 minutes. After 10 minutes 

the reaction was quenched with 500 µl of 10% trifluoroacetic acid. The reaction 

mixture was centrifuged at 10000g for 5 minutes and filtered through a 0.4 micron filter 

assembly (Minisartorius). A 50 µl of the reaction mixture was aliquoted and desalted 

using G 25 spin column and analyzed by MALDI mass spectrometry. 

2.18.2 Conversion of acetylated MRR-(Q64) hpi to acetylated insulin 

For the conversion of acetylated MRR-(Q64) hpi to insulin, tryptic cum CPB digestion 

was required. For this purpose firstly acetonitrile and other salts should be removed 

from the modified insulin because the enzymes do not work in the presence of 

acetonitrile. Two different routes were adopted for the removal of acetonitrile. 

The first used RP-HPLC.  After filtered through 0.4 micron filter assembly the 

modified sample was processed through RP-HPLC and all the modified species were 

collected separately and finally freeze dried and then the powdered mono acetylated 

and diacetylated proinsulin was mixed and dissolved in 50 mM ammonium bicarbonate 

buffer and tryptic cum CPB digestion was done. 

The second used PD 10 separation. After quenching the reaction, it was freeze dried 

and an aliquot (5 mg) then dissolved in 50 mM ammonium bicarbonate and finally 

desalted using a PD 10 column, equilibrated and eluted with 50 mM NH4HCO3. The 

fractions containing the mono- and di-acetylated insulin were processed as below. 

Acetylated MRR-(Q64) hpi from above    525 µl (1.020 mg) 

500 mM NH4HCO3       92.5 µl  

Trypsin Bovine (0.05 µg/µl)      40 µl (2 µg) 

CPB (isolated from bovine pancreas)     84.5 µl (0.612 units) 

Water         258 µl 
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This reaction mixture containing the above components was incubated at 37 °C for 15 

minutes and then quenched with 100 µl of 10% TFA. Different products in this 

conversion reaction were then separated by RP-HPLC. Parameters for this separation 

on HPLC were the same as described previously in section 2.17.3. 

The main peak eluting at 39% acetonitrile contained 480 µg of mono acetyl insulin as 

shown by its Mr of 5851.16 (theoretical 5850). 

It has already been pointed out that in case of proinsulin the two amino acids that were 

acylated are N-terminal methionine (M-3) and lysine at 29 (Lys29). When this acetylated 

MRR-(Q64) hpi was converted into acetylated insulin, the N-terminal methionine 

(whether acetylated or not) was removed thus only lysine (Lys29) modification was 

retained in insulin. So, was immaterial whether proinsulin was mono or di modified 

because the ultimate product was only mono modified. In the case of HPLC separated 

mono and di modified species, following freeze drying, were combined and converted 

to acetyl insulin as described above for the PD10 purified material. 

2.18.3 Acylation of MRR-(Q64) hpi with N-succinimidyl laureate 

For acylation with N-succinimidyl laureate, the best condition was pH 12 and final 

concentration of the reagent was 3 mM as was used for acylation with N-succinimidyl 

acetate. For the acylation reaction of 10 mg protein, the reaction mixture consisted of 

the following reagents. 

Reagent A 

1 M sodium borate buffer (pH 12.00)      250 µl 

100% acetonitrile                                1250 µl 

MRR-(Q64) hpi (12.6 µg/µl)          794 µl 

Distilled water               2706 µl 

Reagent B 

40 mM N-succinimidyl laureate      400 µl 

The method for acylation with N-succinimidyl laureate is described below. 
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To 10 mg of the HPLC purified MRR-(Q64) hpi in 5 ml of 50 mM sodium borate buffer 

at pH12 containing 25% acetonitrile was added 400 µl of 40 mM N-succinimidyl 

laureate (final concentration was about 3 mM) and this reaction mixture was incubated 

at room temperature for 30 minutes. After 30 minutes the reaction was quenched with 

500 µl of 10% TFA. The reaction mixture was centrifuged at 10000g for 5 minutes and 

filtered through a 0.4 micron filter assembly (Minisartorius). A 50 µl of the reaction 

mixture was aliquoted and desalted using G 25 spin column as was done during the 

acylation with N-succinimidyl acetate and analyzed by MALDI mass spectrometry. 

2.18.4 Conversion of dodecanoyl MRR-(Q64) hpi to dodecanoyl des-30 

insulin 

It has already been described in the section 2.18.2, that the conversion of acetylated 

MRR-(Q64) hpi into insulin can only be achieved by removing the acetonitrile first. So, 

the purification of dodecanoyl proinsulin was done with the same two methods as 

described in section 2.18.2. 

Firstly the conversion of dodecanoyl MRR-(Q64) hpi to insulin was done on small scale 

by taking 100 µg of the protein and was processed by the same method as described in 

section 2.18.2. Samples after 2.5 min, 5 min, 7.5 min, 10 min, 12.5 min, 15 min, 17.5 

min, 20 min, 25 min, 30 min, 35 min, 40 min, 50 min, and 60 minutes were taken and 

quenched with 10% TFA and analyzed on MALDI. The protocol was repeated with 1 

mg of the dodecanoyl proinsulin and same result was found. Finally the conversion of 

7.7 mg of the dodecanoyl proinsulin to dodecanoyl des-30 insulin was done. The final 

reaction mixture containing 1µg/µl of the protein for this conversion was consisted of 

the following. 

Protein [dodecanoyl MRR-(Q64) hpi] (1.44 µg/µl)   5.350 ml (7.7 mg) 

500 mM NH4HCO3       1.25 ml  

CPB (isolated from bovine pancreas in SBS)    800 µl (4.62 units) 

Trypsin bovine (0.05 µg/µl)      310 µl (7.75 µg) 

5.350 ml of the protein solution in water was mixed with 1.25 ml of 500 mM 

NH4HCO3 and incubated at 37 °C for 30 minutes and then 800 µl of CPB (4.62 units) 
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were added into it and finally 310 µl (7.75 µg) of trypsin was added and incubated at 37 

°C for 20 minutes and analyzed on MALDI after quenching the reaction with 10% 

TFA. 

2.19 Kinetic Study for the formation of dodecanoyl des-30 

insulin 

In all kinetics experiments 0.06 units of CPB (bovine pancreas) and CPB (porcine, 

Sigma) was used per 100 µg of the protein. Samples were taken after 0, 2.5, 5, 10, and 

20 minutes, quenched with 10% TFA and finally analyzed by MALDI-TOF. 

2.20 Bioassays of human insulin and modified insulins 

In vivo effect of recombinant human insulin and its derivatives in my research work 

was studied by bioassays. The results obtained from the produced-insulin and its 

derivatives were compared with those from standard insulin and commercially 

available long acting insulin, Levimer.  Domestic rabbits were used for the bioassays 

blood glucose level monitored after subcutaneous injections. 

2.20.1 Animal Husbandry 

A total of 10 rabbits were purchased from the local market in Lahore and kept in three 

different cages. Among the 10 rabbits, 4 were male and 6 were female. As the effect of 

insulin is independent of the gender, so all rabbits were used for the bioassays. The 

cages were cleaned thrice a week and were well ventilated. The animal room was also 

ventilated and its temperature was maintained at 25-30 °C all over the year. The 

bioassays were performed during the middle of February till middle of May. Local food 

of berseem (Trifolium alexandrinum) was available in this season in Pakistan that was 

given to rabbits twice a day. 

Before starting the bioassays experiments on the rabbits, the weight of all the rabbits 

were taken and it was checked after every two weeks. 

Rabbit 1     1480 grams (1.480 Kg) 

Rabbit 2     1440 grams (1.440 Kg) 
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Rabbit 3     1420 grams (1.420 Kg) 

Rabbit 4     1220 grams (1.220 Kg) 

Rabbit 5     1420 grams (1.420 Kg) 

Rabbit 6     1380 grams (1.380 Kg) 

Rabbit 7     1320 grams (1.320 Kg) 

Rabbit 8     1200 grams (1.200 Kg) 

Rabbit  9     1020 grams (1.020 Kg) 

Rabbit 10     1140 grams (1.140 Kg) 

2.20.2 Formulation of human insulin and acylated insulin 

HPLC purified human insulin derived from MRR-(Q64) hpi, human insulin (Sigma), 

acetyl insulin (prepared either from insulin or produced from acetylated MRR-(Q64) hpi) 

were dissolved in autoclaved distilled water and their concentration was measured by 

taking OD at 280 nm and finally diluted with 100 mM of phosphate buffer pH 7.4 

containing 0.15 M of NaCl and filtered through 0.4 micron filter assembly and 

quantified again (Appendix I). The final concentrations adjusted for all these were 10 

µg/200 µl and the samples stored in 250 µl aliquots. 

Dodecanoyl and dodecanoyl des-30 insulins (Table 8.1) were not soluble in water and 

buffer directly. These were solubilized in dilute sodium hydroxide following the 

addition of 1.7% glycerol, 16 mM m-cresol, and 16 mM phenol respectively. Finally 

the pH of these was adjusted to 7.4. The stock of these solubilized proteins was then 

diluted to 30 µg/200µl of the solution. 

2.20.3 Administration of various insulins and glucose monitoring 

For the administration of insulin, rabbit was held firmly but gently with one hand and 

supporting the hind limbs with the other hand. It was restrained on the laboratory bench 

with one hand around the rump and the other hand was across the shoulders. The 

marginal ear vein was located by rubbing for few seconds and site was cleaned with 

cotton swab of 70% ethanol. Then the insulin syringe needle was inserted to it and a 
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drop of blood was placed on the glucometer strip and its blood glucose level was 

measured by auto analyzer ACCU CHEK Advantage II (Roche Diagnostics GmbH, 

Germany). Finally the portion where needle syringe was inserted was pressed gently 

with cotton swab.   

For injecting an insulin dose or mock, the rabbit was restrained on the top of table until 

it was calm. The portion of the skin at the back was cleaned with ethanol by a cotton 

swab so that it was clearly visible. Injection was then administered subcutaneously into 

the lifted skin fold, to minimize the unintended intramuscular injection. 

2.20.4 Procedure for bioassays 

The fasting blood glucose level of fasting was measured in the morning each day of the 

bioassay experiment. It was then given a dose of insulin as described above and put in a 

ventilated box for half an hour and blood glucose level was measured again. Then feed 

was offered to the rabbits under study and blood glucose level was monitored after 2 

hours, 4 hours, and 6 hours in case of normal insulin and rapid acting insulin. Then feed 

was given again after 6 hours. 

In case of long acting insulin, the blood glucose was monitored for up to 10 hours. The 

feed was given after 10 hours during the bioassays of this insulin. All the insulins were 

used for ten readings in 10 rabbits and finally their average was calculated. 
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RESULTS 
There are many strategies that can be used for the enhancement of stability of peptide 

drugs. One of these approaches is to prepare different conjugates which either protect 

the drug against in vivo proteolysis or delay its clearance from the kidney. Another 

strategy is the attachment of different hydrophobic appendages which allows the drug 

to associate with albumin, from where it dissociates slowly. Examples of the latter are 

the acylation of insulin at the Ɛ amino group of lysine at position 29 in the B-chain 

(Lys29B) by chemical modification. It is well established that the serum half-life of a 

number of endogenous hormones is extended through binding to specific serum-

binding proteins. Lysine is the best of all the amino acids in a peptide for chemical 

modification with acyl groups due to the presence of Ɛ amino group in it. The 

attachments of the acyl groups to the lysine residue are pH dependent reactions and 

require alkaline pH. The selectivity of acylation at a specific pH also depends on the 

nature of the acylating agents. One of the major problems associated with the 

modification of different proteins is that even at a specific pH; the desired group can 

attach with many of the amino acids and as a result of multiply modified species may 

be formed in addition to the lysine-modified product(s). In order to avoid this problem a 

strategy has been developed for the modification of insulin where these disadvantages 

are minimized. 

Our aim was to modify only lysine 29 at B-chain (Lys29B) in insulin. There was one 

major problem concerning acylation in case of insulin. Apart from the Ɛ amino group of 

lysine (Lys29B), native insulin contains two other sites for potential acylation; these are 

the N-terminal amino acid residues of A and B chains (Gly1A and Phe1B respectively). 

This problem was solved by selecting proinsulin for acylation instead of insulin that has 

only one amino terminal. So the chance of N-terminal acylation was reduced to one half 

by using proinsulin instead of insulin. By doing so the 1st problem had been reduced to 

half but by selecting proinsulin a second problem arose. In case of insulin only one 

lysine at B chain (Lys29B) exists but in proinsulin there are two lysine residues one at 

the C peptide at position 64 and the other is in B chain of proinsulin (Lys29), so both 

will be acylated in addition to the N-terminal amino acid. In order to solve this problem 

there was a need to mutate lysine in C peptide at position 64 with some other amino 

acid that had little disadvantages and would not alter the properties of proinsulin. For 
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this purpose, it was decided that the lysine in the C peptide should mutate to arginine. 

There were two benefits for this mutation. 1st arginine is a basic amino acid like lysine, 

so it would not change the three dimensional structure of proinsulin. Secondly, as this 

mutation was in place of lysine in the C peptide at position 64 during the conversion, 

using tryptic cum carboxypeptidase B digestion, of proinsulin to insulin, this C peptide 

may be removed. 

In vivo translation of every protein starts from methionine in eukaryotes and 

formylmethionine in prokaryotes. If the methionine so produced is not the part of the 

mature protein, it may be removed with cyanogen bromide. But cyanogen bromide 

works under acidic conditions that can degrade the proteins. So to remove the 

methionine residue, different tags of basic amino acids were used after methionine that 

can be cleaved in a single step by trypsin and carboxypeptidase B, used for the 

conversion of proinsulin derivatives into insulin.  

For the production of different human proinsulin derivatives used in the present 

research work, a synthetic gene of proinsulin with methionine at the N-terminus (M-

hpi) provided by Dr. Q.A. Gardner was used as template by one of my senior colleague 

Dr Farheen Aslam for the cloning and expression of derivatives with the insertion of 

residues between the N-terminal methionine and the sequence of human proinsulin as 

exemplified by MKR-hpi. In the present work, the latter derivative of proinsulin was 

used, as template, for the cloning of other derivatives of human proinsulin. The 

sequences of both synthetic M-hpi and MKR-hpi, used as templates, are given below. 

The detail of the derivatives used in present research work is given in table 3.1. 
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Table 3.1: Protein parameters and MALDI TOF mass spectrometric analyses of various proinsulin derivatives. Theoretical molecular 

weights, in column 3 were taken from http://us.expasy.org/Protparam and correspond to the protein containing 6 –SH groups. Abbreviation 

‘hpi’, denotes human proinsulin. The sequence in italics, in column 1, is the N-terminal addition to native human proinsulin and mutated residue 

at position 64 is in parenthesis. Experimental Mr were calculated by subtracting 1 from the [M + 1H] 1+ ion as determined by MALDI-TOF. 

 

Constructs Name Total No of 
amino acids 

Theoretical 
Mr  of reduced 

form 

Theoretical Mr 
of oxidized 

form 

Experimental 
Mr of inclusion 

bodies 

Experimental 
Mr of 

oxidisedprotein 

Theoretical 
Isoelectric 

point 

Extinction 
Coefficient 

M-hpi 87 9525.8 9519.8 - 9520.3 5.20 0.665 
MKR-hpi 89 9810.2 9804.2 - 9804.1 6.06 0.646 
MR-hpi 88 9682.0 9676.0 9682.01 9675.8 5.57 0.654 
MR-(R64) hpi 88 9710.0 9704.0 9709.211 9705.6 5.57 0.652 
MRR-(R64) hpi 89 9866.2 9860.2 9866.642 9861.8 6.06 0.642 
MTRR-(R64) hpi 90 9967.3 9961.3 9966.330 9831.2 6.06 0.636 
*TRR-(R64) hpi 89 9836.1 9830.1 9835.783 9831.2 6.04 0.606 
MFTRR-(R64)hpi 91 10114.5 10108.5 10114.24 10108.33 6.06 0.626 
MHHR-(R64)hpi 90 9984.3 9978.3 9984.322 9979.2 6.03 0.634 
MRR-(Q64) hpi 89 9838.2 9832.2 9838.112 9833.438 5.57 0.644 
MTRR-(Q64) hpi 90 9939.3 9933.3 9939.353 9804.3 5.57 0.637 
*TRR-(Q64) hpi 89 9808.1 9802.1 9808.131 9804.3 5.56 0.637 
MFTRR-(Q64) hpi 91 10086.4 10080.4 10086.079 10082.5 5.57 0.628 
MHHR-(Q64) hpi 90 9956.2 9950.2 9956.024 9951.9 5.71 0.636 
*After removal of methionine by amino peptidase. 
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DNA Sequence of the original synthetic human proinsulin gene and its 

encoded protein (M-hpi). 

F1 is the N-terminal of native human proinsulin.

atg ttt gtt aac cag cat ctg tgc ggg tcg 

M-1 F1 V N Q H L C G S     

cac tta gta gaa gcc ctg tat ctg gtc tgt 

H L V E A L Y L V C     

ggt gaa cgc ggt Ttt ttc tat acc gtt gaa 

G E R G F F Y T V E     

ctg ggt ggc ggt cca ggc gct ggt agc ttg 

L G G G P G A G S L     

cag ccg tta gca ctg gaa ggg agt Ttg caa 

Q P L A L E G S L Q     

aaa cgt ggc atc gtg gaa cag tgc tgt acg 

K64 R G I V E Q C C T     

tct att tgt tcc ctg tac cag ctg gaa aat 

S I C S L Y Q L E N  

tac tgc aac tag tag aag ctt 

Y C N 
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DNA sequence of human proinsulin with lysine and arginine after N-

terminal methionine and its encoded protein (MKR-hpi). 

F1 is the N-terminal of native human proinsulin. 

atg aaa cgt ttt gtt aac cag cat ctg tgc 

M-3 K-2 R-1 F1 V N Q H L C 

ggg tcg cac tta gta gaa gcc ctg tat ctg 

G S H L V E A L Y L 

gtc tgt ggt gaa cgc ggt ttt ttc tat acc 

V C G E R G F F Y T     

ccg aaa act cgt cgc gaa gcg gaa gat ctg 

P K T R R E A E D L 

cag gtg ggc caa gtt gaa ctg ggt ggc ggt 

Q V G Q V E L G G G 

cca ggc gct ggt agc ttg cag ccg tta gca 

P G A G S L Q P L A 

ctg gaa ggg agt ttg caa aaa cgt ggc atc 

L E G S L Q K64 R G I 

 gtg gaa cag tgc tgt acg tct att tgt tcc 

V E Q C C T S I C S 

ctg tac cag ctg gag aac tac tgc aac tag 

L Y Q L E N Y C N 

aag ctt 
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CHAPTER 3 

Preparation of human proinsulin derivative with K64→R64 

mutation, MR-(R64) hpi. 

The preparation of MR-(R64) hpi was done in two steps. In the first step MKR-hpi was 

used as a template to make a construct with methionine and arginine at the N-terminal. 

This construct was given the name of MR-hpi. In the second step this MR-hpi was used 

as a template to construct MR-(R64) hpi. 

DNA sequence of human proinsulin with arginine after N-terminal 

methionine and its encoded protein (MR-hpi). 

F1 is the N-terminal of native human proinsulin. 

atg cgt ttt gtt aac cag cat ctg tgc         ggg 

M-2 R-1 F1 V N Q H L C G 

tcg cac tta gta gaa gcc ctg tat ctg gtc 

S H L V E A L Y L V 

tgt ggt gaa cgc ggt ttt ttc tat acc ccg 

C G E R G F F Y T P 

aaa act cgt cgc gaa gcg gaa gat ctg cag 

K T R R E A E D L Q 

gtg ggc caa gtt gaa ctg ggt ggc ggt cca 

V G Q V E L G G G P 

ggc gct ggt agc ttg cag ccg tta gca ctg 

G A G S L Q P L A L 

gaa ggg agt ttg caa aaa cgt ggc atc gtg 
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E G S L Q K64 R G I V 

gaa cag tgc tgt acg tct att tgt tcc ctg 

E Q C C T S I C S L 

tac cag ctg gag aac tac tgc aac tag aag 

Y Q  L E N Y C N  

ctt

 

3.1 PCR amplification 

The preparation of MR-(R64) hpi was done by three consecutive PCR by mega primer 

strategy. Details of all the conditions and reagents used for the preparation of MR-(R64) 

hpi are given in materials and methods section 2.1-2.3. The schematic representation of 

this preparation by three PCR is shown below in figure 3.1. 
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Figure 3.1: Schematic representation of amplification of MR-(R64) hpi by three 

consecutive PCR through mega primer strategy. 

3.1.1 First PCR amplification 

For the construction of MR-(R64) hpi, MR-hpi was used as a template. By using IntRhpi 

as a forward primer and SHPIC as reverse primer, a DNA fragment of 103 bp was 

amplified by KOD polymerase. This step was given the name of first PCR. Details of 

all the primers are given in material and methods section 2.1. 
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The amplified PCR product was checked by 2% agarose gel (Appendix I) and the result 

is shown below in figure 3.2.  

 

Figure 3.2: 2% agarose gel showing mega primer preparation by first PCR. Lane 1 

is the Fermentas DNA ladder mix and lanes 2-7, fragment of 103 bp amplified by first 

PCR. 

All thick bands appeared at about 100 bp size that were excised from the gel and 

purified by gel extraction kit, the procedure for which is described in Appendix I. 

3.1.2 Second PCR amplification 

By using the purified product of 103 bp from first PCR having nucleotides for arginine 

in place of lysine at position 64 as a reverse primer and forward primer SHPR, a second 

PCR was performed with MR-hpi as a template and KOD polymerase. The product of 

this PCR was analyzed by 1% agarose gel (figure 3.3). This was given the name as 

second PCR. 
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Figure 3.3: 1% agarose gel showing the result for the amplification by second 

PCR. Lane 1, fermentas DNA ladder mixture. Lanes 2-6, amplified product by second 

PCR. Lane 7, negative control. 

It is clear from figure 3.3, that strong bands appeared in lanes 2-6 at about 300 bp. 

Further confirmation obtained from lane 7 serving as a negative control and no band 

appeared in this lane. 

3.1.3 Third PCR amplification 

The PCR products from lanes 2-6 in figure 3.3 were cut from the gel and purified 

(Appendix). Before cloning it into the pTZ 57R/T cloning vector, this purified product 

was once again amplified through PCR with Taq DNA polymerase instead of KOD 

polymerase. The purpose of this third PCR was to add poly A because without it, 

insertion in cloning vector was not possible. The PCR result is shown below in figure 

3.4 (lanes 2-5). Complete detail of the cloning vector pTZ57R/T is given in Appendix 

II. 
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Figure 3.4: 1% agarose gel for the third PCR product of MR-(R64) hpi. Lane 1, 

Fermentas DNA ladder mixture, Lanes 2-5, amplified product of third PCR. 

The agarose gel from fig. 3.4 showed that all thick bands appeared at about 300 bp in 

all lanes (2-5).  

3.1.4 Extraction of amplified product from agarose gel and its cloning 

in pTZ57R/T 

The amplified product was cut from the agarose gel (figure 3.4) and purified by gel 

extraction kit (Appendix I). It was then ligated into pTZ57R/T (2886 bp). Complete 

detail of expression vector pET21a is given in Appendix II. Competent DH5α cells 

were prepared and the ligation mixture was transformed in these cells as described in 

Appendix I. This transformed mixture was then streaked on IPTG/X Gal/ ampicillin 

agar plates. Blue white screening was performed. White colonies having the inserted 

DNA were picked with great care and re-streaked on LB agar plates. MR-(R64) 

hpi/pTZ57R/T plasmid was then isolated by growing the five colonies. 

This plasmid DNA was checked on 1% agarose gel and finally confirmed by colony 

PCR. Fig. 3.5 below shows the 1% agarose gel of colony PCR from selected colonies. 
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Figure 3.5: 1% agarose gel showing colony PCR of MR-(R64) hpi/pTZ57R/T. Lane 

1 fermatas DNA ladder mixture. Lanes 2-6 selected colonies amplified by colony PCR.  

The arrow indicates the position of 300 bp PCR product. 

From figure 3.5, the five colonies after amplification gave the expected bands which 

showed that all the colonies selected for colony PCR had the required genes. The 

plasmids of these colonies were prepared by growing them overnight and stored at -20 

°C. The methods for the mini preparation and maxi preparation of plasmids are given in 

the Appendix I. 

3.1.5 Single and double restriction of MR-(R64) hpi/pTZ57R/T 

The plasmid MR-(R64) hpi/pTZ57R/T was subjected to single restriction with HindIII 

and then it was double restricted with both NdeI  and HindIII in order to confirm the 

gene in pTZ57R/T. Details of this digestion is given in materials and methods section 

2.3.5. It was again checked on 1% agarose gel. Fig 3.6 below shows the 1% agarose gel 

profile of double restriction. 
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Figure 3.6: 1% agarose gel for the restriction of MR-(R64) hpi/pTZ57R/T and 

pET21a with NdeI and HindIII. Lane 1: Fermentas DNA ladder mixture. Lanes 2-3: 

doubly restricted MR-(R64) hpi/pTZ57R/T and lanes 4-5 show double restriction of pET 

21 a. 

From figure 3.6, it was clear that doubly restricted MR-(R64) hpi/pTZ57R/T (Lane 2 & 

3) gave a strong band at 2.8 kb and a dim band at about 300 bp. The band at 2.8 kb was 

of pTZ57R/T and the band at 300 bp was of the MR-(R64) hpi DNA respectively. 

The doubly restricted gene (Lane 2&3) and pET21 a (Lane 4&5) were cut from the 1% 

agarose gel (figure 3.6) and purified by gel extraction kit (Appendix I). 

After the purification of both, the linear vector and MR-(R64) hpi were ligated with the 

help of T4 DNA ligase. Its detail is given in materials and methods section 2.3.6. It was 

then transformed into DH5α competent cells (Appendix I). Following standard 

procedure, several white colonies were picked and shown by colony PCR to contain the 

insert of the required size (282 bp). The result of the colony PCR is shown below in 

figure 3.7 by 1% agarose gel. 
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Figure 3.7: 1% agarose gel for the colony PCR of MR-(R64) hpi/pET21a. Lane 1, 

Fermentas DNA ladder mixture. Lanes 2-15, different colonies selected for PCR. Lanes 

16-17 negative control. 

From figure 3.7 most of the colonies after PCR amplification gave strong bands at 300 

bp and some gave light bands. The colonies with strong bands were used for the 

isolation of plasmids of MR-(R64) hpi/pET21a. Before sequence analysis, plasmids 

from two colonies were double digested with NdeI and HindIII and run on 1% agarose 

gel. Figure 3.8 below shows the result of this 1% agarose gel. 

 

Figure 3.8: 1% agarose gel of the double restricted MR-(R64) hpi/pET21a. Lane 1, 

Fermentas DNA ladder mixture and lanes 2&3 doubly restricted MR-(R64) hpi/pET21a. 

There were strong bands at 5.8 kb and 0.3 kb (Lanes 2&3) that confirmed the presence 

of the linearized pET21a and the inserted DNA respectively. 
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3.1.6 Sequencing of MR-(R64) hpi/pET21a 

The plasmid was then DNA sequenced using primer for the T7 promoter region giving 

the results shown below. 

atg cgt ttt gtt aac cag cat ctg tgc          ggg 

M-2 R-1 F1 V N Q H L C G    

Tcg cac tta   gta gaa gcc ctg tat ctg gtc 

S H L V E A L Y L V   

tgt ggt gaa cgc ggt ttt ttc tat acc ccg 

C G E R G F F Y T P  

aaa act cgt cgc gaa gcg gaa  gat ctg cag 

K T R R E A E D L Q 

gtg ggc caa gtt gaa ctg ggt ggc ggt cca 

V G Q V E L G G G P    

ggc gct ggt agc ttg cag ccg tta gca ctg   

G A G S L Q P L A L 

gaa ggg agt ttg caa cgc cgt ggc atc gtg 

E G S L Q R64 R G I V 

gaa cag tgc tgt acg tct att tgt tcc ctg 

E Q C C T S I C S L 

tac cag ctg gaa aat tac tgc aac tag tag 

Y Q L E N Y C N 

aag ctt

It is clear from the sequencing result that the N-terminal tag of MR and R at position 64 

has been successfully achieved in MR-(R64) hpi. The nucleotides and amino acid 

codons of N-terminal tag and arginine at position 64 are in bold letters.  

After confirmation of the DNA sequence, DH5α colonies containing MR-(R64) 

hpi/pET21a were grown on a large scale for plasmid isolation which was stored in 



   
 

63 
 

different aliquots at -80°C for further work. The procedure for plasmid isolation on 

large scale is described in Appendix I. 

3.2 Expression of MR-(R64) hpi 

 For the expression of MR-(R64) hpi, Ecoli BL 21 codon plus (DE3)-RIL cells 

transformed with MR-(R64) hpi/pET 21a were grown in 20 ml of LB broth in 100 ml 

flasks.  0.2 mM IPTG was used as an inducer when the OD600 of the culture was 0.4-0.6 

and the growth continued overnight.  Subsequently, for expression on a large scale 

several two liter flasks each containing 500 ml of LB broth were used and induction 

performed with 0.4 mM lactose. It has been shown by other researchers in SBS that 

there was no significance difference in expression with IPTG or lactose and the latter is 

preferred because of its lows cost.  

After taking the ODs, equal quantities of the induced and uninduced samples were used 

for 18% SDS-PAGE analysis in figure 3.9 shows that MR-(R64) hpi is produced only in 

the induced cells harboring MR-R64 hpi/pET21a. Details of OD600 units of both induced 

and uninduced MR-(R64) hpi are given in materials and methods section 2.6. 

 

Figure 3.9: 18 % SDS-PAGE for the expression of MR-(R64) hpi. Lane 1, Fermentas 

pre-stained protein ladder. Lane 1, pET21a induced with 0.2 mM IPTG, Lane 2, pET 

21a uninduced. Lane 3 cells harboring MR-(R64)/pET21a induced with 0.2 mM IPTG, 

and Lane 4, cells harboring MR-(R64) hpi/pET21a un-induced. 
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After the successful expression of MR-(R64) hpi on a small scale, it was applied on a 

large scale by growing the culture in 2 liter shaking flasks. Inclusion bodies were 

prepared by sonication as described in detail in materials and methods section 2.7. 

Purity of inclusion bodies was checked with SDS-PAGE and MALDI TOF. Figure 3.10 

shows the result of 18% SDS-PAGE for inclusion bodies of MR-(R64) hpi. 

 

Figure 3.10: 18% SDS-PAGE for analysis of inclusion bodies of MR-(R64) hpi. 

Lane 1 shows the reductive and lane 2 shows the non reductive sample of inclusion 

bodies of MR-(R64) hpi. 

It is clear from the figure 3.10 that both reductive and non reductive samples of MR-

(R64) hpi migrated similarly, thus indicating that, under the isolation conditions used 

here, the –SH groups of the protein were un-oxidized. The inclusion bodies of MR-(R64) 

hpi were further analyzed by MALDI-TOF as shown below in figure 3.11. Details of 

the sample preparation of inclusion bodies for this analysis are given in materials and 

methods section 2.7. The presence of an [M + 1H] 1+ ion at 9710.2, corresponds to the 

molecular weight of 9709.2 for the fully reduced protein containing 6 –SH groups 

(Table 3.1), which confirms the presence of fully reduced protein in the inclusion 

bodies. 
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Figure 3.11: Mass spectrum of inclusion bodies of MR-(R64) hpi as obtained from 

MALDI-TOF showing the [M + 1H] 1+ ion. Theoretical Mr of MR-(R64) hpi is 9710.0. 

As a control experiment, inclusion bodies of MR-hpi where lysine at position 64 exists 

were also analyzed by MALDI-TOF under the same conditions as used for MR-(R64) 

hpi as shown below in figure 3.12.The presence of an [M + 1H] 1+ ion at 9683.0, 

corresponds to the molecular weight of 9682.0 for the fully reduced protein containing 

6 –SH groups (Table 3.1), which confirms the presence of fully reduced protein in the 

inclusion bodies of MR-hpi. 

 

Figure 3.12: Mass spectrum of inclusion bodies of MR-hpi as obtained from 

MALDI-TOF showing the [M + 1H] 1+ ion. Theoretical Mr of MR-hpi is 9682.0. 
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By the process of sonication, 65 OD280 units of the inclusion bodies were obtained from 

one liter of the culture. A total of 650 OD280 units were obtained from ten liters of the 

culture. The complete process of sonication is described in the materials and methods 

section 2.7. 

3.3 Refolding 

Protein produced in vivo is fully functional due to the presence of all the post-

translational modifications that occur during its formation. However, generally proteins 

that are genetically engineered by using different strains of bacteria are not fully active 

due to the deficiency of post-translational modifications in bacteria. Due to this 

deficiency, proteins may be formed as insoluble aggregates called inclusion bodies. In 

order to convert these insoluble aggregates into active proteins, proper refolding is 

required in which all the cysteine bonds should be in their proper native form.  

Refolding of the protein can be performed by taking different concentrations of redox 

couple. Different redox couples that can be used for the refolding of proteins are 

oxidized and reduced glutathione, cysteine and cystine etc. In the present research, only 

cysteine and cystine were used with four different ratios. 

The four different methods of refolding with four different concentrations of redox 

couples, used during the present research work for different constructs, are summarized 

below in the table 3.2. Details of the different reagents along with their concentrations 

are given in Appendix I and materials and methods section 2.9. 

Table 3.2:  Four Refolding methods with different concentrations of redox couple 

(cysteine: cystine). 

Methods No Ratio of cysteine 
to cystine 

pH of the 
refolding sink 

Addition of the 
solubilized protein 

1 1:10 8.8 in 10 hours with a 
peristaltic pump 

2 10:1 9.5 
With a syringe in 

batches over about 
60 hours 

3 5:1 8.8 in 10 hours with a 
peristaltic pump 

4 1:5 9.5 With a syringe as in 
2in about 36 hours 

 



   
 

67 
 

Before processing of this refolding process, the already non-native bonds should be 

broken completely during the solubilisation of inclusion bodies. 

3.3.1 Solubilisation of inclusion bodies 

Different methods, by using different reagents, can be used for the solubilisation of 

inclusion bodies. One of these is the high concentration of denaturant such as urea and 

guanidine hydrochloride. Urea and guanidine hydrochloride are good chaotropic agents 

that disrupt all the intra and intermolecular interactions by breaking all types of non-

covalent bonds responsible for the insoluble aggregates. High pH in the alkaline range 

can also promote the solubilisation of the inclusion bodies. Strong reducing agents are 

also required for the reduction of –S-S- bonds during the solubilisation process. In the 

present research work 4 mM DTT was used as a reducing agent. Other reducing agents 

that may be used are 2-mercaptoethanol or glutathione or dithiothreitol (DTT) etc. The 

reduction of disulphide bond is a two step process that is shown below in a schematic 

representation in figure 3.13. 

Figure 3.13: Reduction of disulphide bond in proteins by DTT. 

3.3.2 DTNB Assay. Or Elman’s reagent 

The standard method used for the estimation of free thiols is the DTNB assay method. 

In this assay Elman’s reagent reacts with thiols and gives 2-nitro-5-mercaptobenzoic 

acid (TNB) that ionizes in alkaline pH and form a TNB anion having yellow color. One 

mole of thiols gives one mole of TNB so the redox status of a reaction mixture can be 

monitored by quantifying TNB at 412 nm. Detail of the reagents and procedure is given 

in Appendix I. 
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Figure 3.14: Complete reaction of DTNB assay for estimation of free thiols. 

3.3.3 Refolding of human MR-(R64) hpi by method 1 (Table 3.2) 

For the refolding of MR-(R64) hpi by this method, 250 OD280 units were taken after 

measuring the absorbance at 280 nm by eppendorff spectrophotometer. These were 

solubilized with 4mM DTT (Section 2.9.1). Solubilized protein was then added in the 

refolding sink (Section 2.9.2) containing 0.5 mM cysteine and 5 mM cystine in 10 

hours with the help of the peristaltic pump. Final concentration of the protein in the 

refolding sink was about 0.5 OD280/ml. The whole experiment was performed at 4°C. 

DTNB assay of the solubilized inclusion bodies and refolding sink was done at the start 

and end of the experiment to estimate the presence of free thiols. After addition of all 

the solubilized protein, only sixty percent of the thiols loss was found as determined by 

DTNB assay. The reaction mixture was stirred overnight till all the free thiols were lost. 

The quality of refolding was analyzed by 18% SDS-PAGE as shown below in figure 

3.15. 



   
 

69 
 

 

Figure 3.15: 18% SDS PAGE for the analysis of refolding of MR-(R64) hpi. Lane 1, 

reductive sample of refolded MR-(R64) hpi and Lane 2 non reductive sample. 

The correctly folded oxidized monomers move faster than the reduced ones (Gardner, 

May 2009; Younas, May 2009) as shown by the figure 3.15. 

3.3.4 Protein purification through Chromatographic Techniques 

The refolded protein was subjected to purification using Q-Sepharose chromatography. 

Before purification of the protein through ion exchange chromatography, all the salts 

present in the refolded mixture should be removed. So the mixture was dialyzed against 

20 mM Tris-Cl pH 8 for five to six changes of the out-side buffer for six to eight hours 

each as described in materials and methods section 2.10. Some of the contaminating 

proteins were precipitated during the dialyses which were removed by centrifugation at 

48000g at 4 °C for 30 minutes. OD at 280 nm of the clear supernatant was measured 

and it was loaded on the column manually with the help of a 10 ml syringe. Then the 

column with the bound proteins was washed with 20 mM Tris-Cl pH 8 so that any 

loosely bound protein may be eluted. Finally, gradient of 0.1M-0.5M of sodium 

chloride each of 30 ml was used to elute the proteins.  
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Table 3.3: Fractions of Q-column eluted at different concentrations of NaCl. The 

amount of protein is in OD280 units. 

Fractions Total ODs Fractions Total ODs Fractions Total ODs 

1 0.170 21 2.530 41 3.94 

2 0.165 22 2.745 42 6.495 

3 0.205 23 2.825 43 5.385 

4 0.345 24 2.715 44 3.835 

5 0.635 25 2.555 45 2.885 

6 2.07 26 2.435 46 1.660 

7 3.68 27 2.36 47 0.915 

8 3.86 28 2.495 48 0.265 

9 4.46 29 2.975 49 0.205 

10 5.575 30 5.385 50 0.345 

11 7.875 31 3.575 51 0.675 

12 9.145 32 2.035 52 1.300 

13 3.590 33 1.570 53 3.195 

14 2.590 34 1.560 54 2.800 

15 1.890 35 1.630 55 2.00 

16 1.330 36 2.135 56 1.575 

17 2.680 37 1.910 57 1.430 

18 2.455 38 1.775 58 1.260 

19 2.395 39 1.985 59 1.215 

20 2.525 40 2.480 60 1.185 

 

Different fractions of 5 ml were collected with each concentration of NaCl and finally 

the concentration of protein in each fraction was determined by taking OD280 nm on 

eppendorff spectrophotometer as shown below in table 3.3. Details of the purification 
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of proteins by ion exchange chromatography are given in materials and methods section 

2.11. 

Figure 3.16 below shows the graphical representation of all the fractions eluted at 

different concentrations of NaCl along with the total OD280 units in each fraction. 

 

Figure 3.16: Graphical representation of different fractions along with total 

protein eluting at different concentrations of NaCl. 

All the fractions in the major peaks A, B, C and D were analyzed by the 18% SDS-

PAGE and it was concluded that correctly refolded protein eluted in peak 1. The 

reductive and non-reductive PAGE analysis of fractions in peak A in figure 3.17 shows 

the characteristic behavior of correctly refolded proinsulin, where under non-reductive 

conditions it has greater mobility than reductive conditions.  

 

A 

B 

C 

D 
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Figure 3.17: 18% SDS PAGE for fractions 10, 11 and 12 which eluted in peak A. 

Lanes 1, 3 and 5 are the reduced samples while lanes 2, 4, and 6 are the corresponding 

non reductive samples. 

The fractions in peak A were mixed and subjected to RP-HPLC for further purification. 

5 ml of this sample containing 2.5 OD280 units were loaded on Biobasic C18 semi 

preparative column and run as described in the materials and methods section 2.12. 

Major peaks A and B (from figure 3.18 below) eluted at 37.5% of acetonitrile in a total 

volume of 2.3 ml containing 1.30 OD280 units. This process of purification was repeated 

six times and the total recovery of the protein is shown in table 3.4. The properly 

refolded protein was analyzed by PAGE (figure 3.18 B) and on MALDI (figures 3.18 

C).  The fast moving non reductive band in SDS-PAGE confirmed the presence of 

monomers. Further from MALDI result it is clear that ionic peak of 9705.6 (Mr 9704.6) 

is consistent with the theoretical Mr 9704.0 that confirmed the molecular weight of MR-

(R64) hpi.  Total recovery of the protein of MR-(R64) hpi after all the purification steps, 

when refolded by this method no 1 is given below in table 3.4. 
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Figure 3.18: (A) RP-HPLC chromatograph after Q-column by using C18 Biobasic 

semi preparative column.(B) 18% SDS-PAGE of HPLC purified MR-(R64) hpi 

from peak B. Lane 1, reductive sample and Lane 2, non-reductive sample.(C) Mass 

spectrum of purified protein of MR-(R64) hpi by MALDI-TOF showing the [M + 

1H] 1+ ion. 

Table 3.4: Over all yield of MR-(R64) hpi after all purification steps. The amount of 

protein is in OD280 units. 

Total 
protein 
used in 
refolding 
(Inclusion 

bodies) 

Total 
protein 
recovered 
after  Q- 
column 

% 
recovery 
of protein 
after Q-
column 

Fully 
refolded 
protein 
recovered 
after Q 
column 

% 
recovery 
of 
refolded 
protein 
after Q 
column 

Fully 
refolded 
protein 
recovered 
after RP- 
HPLC 

% 
recovery 
of protein 
after RP-
HPLC 

 

300 

 

 

160 

 

53.3 

 

46 

 

15.3 

 

31 

 

10.3 
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3.3.5 Refolding of MR-(R64) hpi with method 3 and its purification 

 Refolding of MR-(R64) hpi was also done with method no 3 (Table 3.2) in which the 

ratio of cysteine to cystine was 5:1 (2.5 mM cysteine and 0.5 mM cystine). 

300 ODs were dissolved in solubilisation buffer and centrifuged at 48000g at 4 °C for 

20 minutes. pH of the solubilisation buffer with dissolved inclusion bodies was 8.6. The 

pH of the refolding buffer was 9.5. All the solubilized protein was added in pulses with 

a syringe by this method. DTNB assay was done at different stages before the addition 

of protein in refolding sink in order to estimate the presence of free thiols in the 

refolding sink. Table 3.9 below shows the DTNB assay of the refolding sink and 

solubilized protein at different intervals of time. 

 

Figure 3.19: Graphical representation of different fractions along with total 

protein eluting at different concentrations of NaCl. 

After the loss of about 92% thiols, which took 36 hours, the refolded mixture was 

subjected to ion exchange chromatography and fractions under peak A (figure 3.19) 

further purified by HPLC (figure 3.20).  The MALDI profile of MR-(R64) hpi in figure 

3.20 showing a [M + 1H] 1+ ion at 9705.6 corresponding to Mr of 9704.6 (theoretical 

9704) confirms its identity.  The overall yield of MR-(R64) hpi by this method of 

B 

A 
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refolding is summarized in table 3.5 and shows that it is very similar to the one 

obtained by method 1 in table 3.4. 

 
Figure 3.20: RP-HPLC after Q-column (A) and MALDI result of purified protein 

in peak a (B).of MR-(R64) hpi. 

Table 3.5:  Over all yield of MR-(R64) hpi after all purification step. The amount of 

protein is in OD280 units. 

Total 
protein 
used in 

refolding 
(IBS) 

Total 
protein 

recovered 
after  Q- 
column 

% 
recovery 
of protein 
after Q-
column 

Fully 
refolded 
protein 

recovered 
after Q 
column 

% 
recovery 

of 
refolded 
protein 
after Q 
column 

Fully 
refolded 
protein 

recovered 
after RP- 

HPLC 

% 
recovery 
of protein 
after RP-

HPLC 

 

300 

 

 

156 

 

52 

 

55 

 

18.3 

 

33 

 

11 
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3.4 Conversion of human proinsulin into insulin 

The conversion of proinsulin into insulin is a one-pot reaction involving trypsin and 

carboxypeptidase B. The normal course of conversion as established for human 

proinsulin is extended to derivatives having a N-terminal tag (X) and shown in figure 

3.21.The first step in the process is expected to be the removal of the C-peptide by 

cleavage at the tryptic sensitive sites at the B/C and C/A  junctions, shown by arrows in 

figure 3.21.  The expectation is that proinsulin derivatives containing a trypsin sensitive 

linker may also be processed, with the removal of the N-terminal tag, along with the 

removal of the C-peptide. 
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In the next step carboxypeptidase B  

 

 

In case the digestion is not complete, then tag will not be removed and hence X-insulin 

will be produced in addition to the proper insulin. 
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Figure 3.21: Schematic representations of the conversion of proinsulin and its 

derivatives to insulin.  The assumption is that when a linker containing a trypsin 

sensitive bond is attached to the N-terminal phenylalanyl residue of proinsulin it may 

be processed along with the C-peptide.  X = trypsin sensitive linker such as MR/MRR 

etc.   

3.4.1Conversion of MR-(R64) hpi into human insulin 

MR-(R64) proinsulin was incubated with a cocktail of trypsin cum carboxypeptidase B 

and progress of the reaction monitored by mass spectrometry. Detail of the 

concentrations of the enzymes is given in materials and methods section 2.16. Scans in 

figure 3.22 B show that within 5 min MR-(R64) proinsulin, [M + 1H] 1+ = 9705.6 (Mr, 

9704.6), was processed with the removal of C-peptide at positions R32
- E33, R65-G66 and 

trimming of R31-R32 at the C-terminus of B-chain - to give MR-insulin (Mr, 6095.2). 

However, the removal of the N-terminal linker from the latter was a slow process and 

was partly achieved after 10 min. Further, incubation, led to the unwanted removal of 

T30as a result des-30 insulin was formed. The main message from this construct is that 

merely the presence of a trypsin sensitive linker (MR) before the phenylalanyl residue is 

not sufficient for its removal.  
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Figure 3.22: Mass spectra of digested products of MR-(R64) hpi as obtained from 

MALDI-TOF showing the [M + 1H] 1+ ion. A. without enzymes (intact protein), B. 

after 5 minutes of incubation, C. after 10 minutes of incubation, D. after 20 minutes of 

incubation, E. after 30 minutes of incubation. 

Theoretical Mr of different fragments obtained during the conversion of MR-(R64) hpi 

into insulin along with their experimental masses is summarized below in table 3.6. 
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Table 3.6: Fragments obtained after tryptic cum Carboxypeptidase B digestion of 

MR-(R64) hpi. Experimental Mr is calculated by subtracting 1 from the [M + 1H] 1+ 

ionic peak. 

Fragments obtained Theoretical Mr Experimental Mr 

Human insulin 5807.6 5807.0-5807.9 

MR-insulin 6095 6095.2-6095.9 

MR-(R64) insulin 6251.2 6251.0-6251.5 

  Insulin with R (R64) 5963.8 5964.1-5964.4 

des-30 insulin 5706 5706.5-5706.6 

 

From the MALDI in figure 3.22, it is clear that even after 30 minutes, no significant 

quantity of insulin was formed. One peak after 20 and 30 minutes (figure 3.22 D and E) 

corresponding to [M + 1H] 1+ ion of 5965.4 (Mr 5964.4) was due to insulin with 

additional arginine. The major peak at different time of incubation with the enzymes 

was due to MR-insulin along with another species corresponding to MR-insulin 

containing an R residue which suggested that the cleavage at B-C junction may have 

occurred not only between R64-G65 but also between R63-R64. In the early stages of the 

work the latter complication was overlooked and the main focus was on the fact that 

MR tag was not sufficient for the conversion of human MR proinsulin into insulin. So 

there was a need to construct some other derivatives with different tags of basic 

residues after methionine that were removed easily during digestion with the two 

enzymes and hence give a good yield of insulin. For this purpose four new constructs 

were made having N-terminal tags of MRR, MTRR, MFTRR and MHHR. These four 

new constructs were given the names of MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) 

hpi and MHHR-(R64) hpi respectively. 
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CHAPTER 4 

Preparation of proinsulin derivatives with R64 

4.1 Preparation of four human proinsulin derivatives with 

K64→R64 mutation: MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-

(R64) hpi and MHHR-(R64) hpi. 

4.1.1 PCR amplification 

For the construction of the four derivatives of recombinant human proinsulin, four new 

primers were designed having the bases for the codons of MRR, MTRR, MFTRR and 

MHHR at the 5 end and NdeI restriction site. Reverse primer for all these constructs 

was SHPIC as used for the construction of MR-(R64) hpi by second and third PCR. 

Details of all the primers are given in materials and methods section 2.2. Human 

proinsulin gene MR-(R64) hpi/pET21a was used as the template for the construction of 

all these four derivatives. Details of PCR reaction along with conditions are described 

in the materials and methods section 2.4.1. 

1% agarose gel was used for checking the amplified product of all of these four 

constructs (Appendix I). Figure 4.1 below shows the result of this agarose gel. 

 

Figure 4.1: 1% agarose gel showing PCR amplification of four constructs of R64 

series. Lane 1 was the Fermentas DNA ladder mixture and lanes 2-5 was of amplified 
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products of MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi, and MHHR-(R64) hpi 

respectively. Lane 6 shows the negative control. 

All the PCR products (Lanes 2-5) showed a positive result in the agarose gel and all 

four dark bands appeared in the gel at about 300 bp. Further in lane 6, no band appeared 

that justified the PCR result. The amplified products of all the four constructs were cut 

from the agarose gel separately with great care and purified by the gel extraction kit as 

was done for MR-(R64) hpi. 

4.1.2 Cloning of the four derivatives of R64 series in cloning vector 

pTZ/57R/T 

The purified PCR products were then ligated with pTZ57R/T by T4 DNA ligase and 

detail of the ligation is described in materials and methods section 2.4.2. The ligated 

mixture was then transformed in E.coli DH5α competent cells and blue white screening 

was performed by spreading the transformed cells on LB/ampicillin/IPTG plates as 

done before in case of MR-(R64) hpi. 

Some of the white colonies were used for the colony PCR. After positive selection by 

colony PCR, plasmids were prepared and 1% agarose gel was used to check the results. 

Single restriction analyses were also performed with different restriction enzymes that 

was in the multiple cloning sites of the vector (EcoRI and HindIII, NdeI) 

After confirmation of the right colonies from the single restriction and colony PCR, 

maxi preparation of the plasmids were done as described in Appendix I. 

4.1.3 Cloning of the four derivatives of R64 series in expression vector 

pET21a 

The plasmids of all the four constructs with R64 were subjected to double digestion with 

NdeI and HindIII restriction enzymes. pET21a was also double digested with the same 

restriction enzymes. All the five samples (four doubly restricted constructs and 

pET21a) were checked on 1% agarose gel. Figure 4.2 below shows the result of the 

double digestion of the four constructs of the R64 series. 
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Figure 4.2: 1% agarose gel showing the double restriction of four constructs of R64 

series. Lane 1, Fermentas DNA ladder mixture, Lanes 2-5, doubly restricted plasmids 

harboring DNA for MRR-(R64) hpi/pTZ57R/T, MTRR-(R64) hpi/pTZ57R/T, MFTRR-

(R64) hpi/pTZ57R/T, and MHHR-(R64) hpi/pTZ57R/T respectively. 

Two bands appeared in the agarose gel in figure 4.2 in all four lanes (2-4), one at 2.8 kb 

and other at 0.3 kb in each lane. The bands of 2.8 kb were due to pTZ57R/T while those 

at 300 bp corresponded to the gene, in each lane. The four digested products were then 

purified by using the gel extraction kit and ligated into pET21a already purified after 

double digestion with the same restriction enzymes. The ligated mixture was then 

transformed into the E.coli DH5α cells and colony PCR was done again for some the 

colonies. The positive clones were then grown overnight and maxi preparation of the 

DNA for these four constructs was done and the DNA stored at -20 °C.  

4.2 Sequences of different human proinsulin derivatives, [MRR-(R64) 

hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi and MHHR-(R64) hpi], 

containing K64→R64 mutation and cloned in pET21a:  

The plasmids were then DNA sequenced using primer for the T7 promoter region. 

MFTRR-(R64)/pET21a was also DNA sequenced with T7 terminator. The results of all 

the sequences along with those of the encoded proteins are shown below.  In all cases 

the embolden sequence is for the protein coding region. 
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4.2.1 Sequence result of MRR-(R64) hpi/ pET21a 

ATTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGC

GTCGTTTTGTTAACCAGCATCTGTGCGGGTCGCACTTAGTAGAAGCCC

TGTATCTGGTCTGTGGTGAACGCGGGTTTTTCTATACCCCGAAAACTCG

TCGCGAAGCGGAAGATCTGCAGGTGGGCCAAGTTGAACTGGGTGGCG

GTCCAGGCGCTGGTAGCTTGCAGCCGTTAGCACTGGAAGGGAGTTTGC

AACGCCGTGGCATCGTGGAACAGTGCTGTACGTCTATTTGTTCCCTGT

ACCAGCTGGAGAACTACTGCAACTAGTAGAAGCTTGCGGCCGCACTCGA

GCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGG

AAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTG

GGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATAT

CCCGATTGGCGAATGGGACGCGCCCCGTAGCGGCGCATTAAGCGCGGCGG

GTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGC

CGCTCCTTCGCTTCTCCCTCCTTTCTCCACGTCGCCGCTTCCGTCAGCCTAAT

CGGCTCTTAGTCATATCTACGCCCACCAACGTAGTTGTCATGACCGTCGTTC

TATACCTTT 

Amino acids sequence of the encoded protein. 

Met R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E A 

E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q R R G I V E Q C C T 

S I C S L Y Q L E N Y C N 

4.2.2 Sequence result of MTRR-(R64) hpi /pET21a 

AATTCCCATCTAGAAATAATTTTGTTTAACTCTTAAGAAGGAGATATACATA

TGACTCGTCGTTTTGTTAACCAGCATCTGTGCGGGTCGCACTTAGTAGA

AGCCCTGTATCTGGTCTGTGGTGAACGCGGGTTTTTCTATACCCCGAA

AACTCGTCGCGAAGCGGAAGATCTGCAGGTGGGCCAAGTTGAACTGGG

TGGCGGTCCAGGCGCTGGTAGCTTGCAGCCGTTAGCACTGGAAGGGA

GTTTGCAACGCCGTGGCATCGTGGAACAGTGCTGTACGTCTATTTGTT

CCCTGTACCAGCTGGAGAACTACTGCAACTAGTAGAAGCTTGCGGCCGC

ACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCG

AAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACC

CCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAAC
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TATATCCGGATTGGCGAATGGGACGCGCCCTGTACCGGCGCATTAAGCGCG

GCCGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTA

GCGCCCGCTCCTTCGCTTCTTCCCTTCCTTCTCGCACGTCGCGGCTTCCCGTC

AGCTTAATGGGGCCCCTAGGTCCGATTAGGCTACGACTCACCCAAACTGAT

AGGTATGTCCGATGGCACGCCTGATACGTTCCCTTGCCTGAA 

Amino acids sequence of the encoded protein. 

Met T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q R R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

4.2.3 Sequence result of MFTRR-(R64) hpi/ pET21a by T7 promoter 

CAGTGAATTCGAGCTCGGTACCTCGCGAATGCATCTAGATTCATATGTTCA

CTCGTCGTTTTGTTAACCAGCATCTGTGCGGGTCGCACTTAGTAGAAG

CCCTGTATCTGGTCTGTGGTGAACGCGGGTTTTTCTATACCCCGAAAAC

TCGTCGCGAAGCGGAAGATCTGCAGGTGGGCCAAGTTGAACTGGGTG

GCGGTCCAGGCGCTGGTAGCTTGCAGCCGTTAGCACTGGAAGGGAGTT

TGCAACGCCGTGGCATCGTGGAACAGTGCTGTACGTCTATTTGTTCCC

TGTACCAGCTGGAGAACTACTGCAACTAGTAGAAGCTTGTGCGATCGGA

TCCCGGGCCCGTCGACTGCAGAGGCCTGCATGCAAGCTTTCCCTATAGTGA

GTCGTATTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAAT

TGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGT

AAAGCCTGGGGTGCCTAATGAGTGAGCTACC 

Amino acids sequence of the encoded protein. 

Met F T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q R R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

4.2.4 Sequence result of MFTRR-(R64) hpi/ pET21a by T7 terminator 

TAATACGACTCACTATAGGGAAAGCTTGCATGCAGGCCTCTGCAGTCGACG

GGCCCGGGATCCGATCGCACAAGCTTCTACTAGTTGCAGTAGTTCTCCAGCT

GGTACAGGGAACAAATAGACGTACAGCACTGTTCCACGATGCCACGGCGTT

GCAAACTCCCTTCCAGTGCTAACGGCTGCAAGCTACCAGCGCCTGGACCGC
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CACCCAGTTCAACTTGGCCCACCTGCAGATCTTCCGCTTCGCGACGAG

TTTTCGGGGTATAGAAAAACCCGCGTTCACCACAGACCAGATACAGGG

CTTCTACTAAGTGCGACCCGCACAGATGCTGGTTAACAAAACGACGAG

TGAACATATGAATCTAGATGCATTCGCGAGGTACCGAGCTCGAATTCA

CTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACC

CAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAG

CGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGG

CGAATGGAAA 

Amino acids sequence of the encoded protein. 

Met F T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q R R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

4.2.5 Sequence result of MHHR-(R64) hpi 

AATTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATG

CATCATCGTTTTGTTAACCAGCATCTGTGCGGGTCGCACTTAGTAGAAG

CCCTGTATCTGGTCTGTGGTGAACGCGGGTTTTTCTATACCCCGAAAAC

TCGTCGCGAAGCGGAAGATCTGCAGGTGGGCCAAGTTGAACTGGGTG

GCGGTCCAGGCGCTGGTAGCTTGCAGCCGTTAGCACTGGAAGGGAGTT

TGCAACGCCGTGGCATCGTGGAACAGTGCTGTACGTCTATTTGTTCCC

TGTACCAGCTGGAGAACTACTGCAACTAGTAGAAGCTTGCGGCCGCACT

CGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAA

GGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCT

TGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTAT

ATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCT

TGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCG

CCCGCTCCTTTCGCTTCCTTCCCTTCCTTCTCGCCACGTTCGCCGCTTTCCCG

TCAGCTCTAATCGGGGCTCCTTAGGTTCGATTAGTCTACGACTGACCAAAAC

TGATAGGTATGTAGATGGCACCCCGTACGTTCCCCTGCCTGATCCTCTTAAT

AG 
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Amino acids sequence of the encoded protein. 

Met H H R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q R R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

It is clear from the sequencing results of all the four derivatives that the DNA sequence 

coding for the N-terminal tags MRR, MTRR, MFTRR and MHHR, in the four constructs 

was successfully incorporated. Furthermore, MFTRR-(R64) hpi was sequenced from 

both directions, using primers from the T7 promoter and T7 terminator regions, giving 

the same sequence for the encoded protein. 

4.3 Expression of MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi, 

and MHHR-(R64) hpi. 

Names of different constructs of four derivatives of proinsulin of R64 series and the 

protein expressed by each construct are given in the table 4.1. 

Table 4.1: Proinsulin derivatives expressed by the four constructs of R64 series. 

Name of constructs of R64 series Proinsulin encoded by the constructs  

MRR-(R64) hpi/pET21a MRR-(R64) human proinsulin 

MTRR-(R64) hpi/pET21a MTRR-(R64) human proinsulin 

MFTRR-(R64) hpi/pET21a MFTRR-(R64) human proinsulin 

MHHR-(R64) hpi/pET21a MHHR-(R64) human proinsulin 

 

For the expression, these four derivatives [MRR-(R64) hpi/pET21a, MTRR-(R64) 

hpi/pET21a, MFTRR-(R64) hpi/pET21a, and MHHR-(R64) hpi/pET21a] and pET21a 

were transformed into E.coli BL 21 codon plus (DE3)-RIL cells as described in 

Appendix I. Expression procedure was same as used for MR-(R64) hpi. Details of the 

OD600 units for all these constructs is given in materials and methods section 2.6. 

Finally the expression was checked by 18% SDS-PAGE, the method for which is 

described in Appendix I. Figure 4.3 below shows the expression of the four derivatives 

of human proinsulin with R64. 
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Figure 4.3: 18% SDS-PAGE for the expression of four derivatives of R64 series. 

Lanes 1&2 show the induced and uninduced samples of pET21a, Lanes 3&4 induced 

and uninduced samples of MRR-(R64) hpi, Lanes 5&6 induced and uninduced samples 

of MTRR-(R64) hpi, Lanes 7&8 induced and uninduced samples of MFTRR-(R64) hpi 

and Lanes 9&10 shows the induced and uninduced samples of MHHR-(R64) hpi 

respectively. 

The bands at the position of 9.5 kDa, of about equal strength, appeared only in the 

induced samples of the four constructs (lanes 3, 5 7, and 9) and there was no in the 

position in uninduced samples and also with pET21a. From here it was concluded that 

all the four derivatives of the R64 series with different N-terminal tags were expressed 

so these could be used for further studies. 

4.4 Expression of the four derivatives on large scale and preparation 

of inclusion bodies 

After getting the successful expression on small scale, the same protocol was extended 

for all the constructs on large scale, using up to 10 liters of the medium and 0.4 mM 

lactose was used for the induction of the protein in each case instead of IPTG. Then the 

inclusion bodies were prepared and quantified as described for preparation of MR-(R64) 

hpi (methods section 2.7).Table 4.2 below shows the total quantities of inclusion bodies 

prepared from different batches of each construct. 
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Table 4.2: Total inclusion bodies from each construct of the R64 series. 

Proinsulin 
derivatives 

Total culture  Wet cell weight 
 

Inclusion 
bodies per 

liter 

Total 
Inclusion 

bodies 
OD280 units 

MRR-(R64) hpi 
 

20 liters 3.5 g/L 65 1300 

MTRR-(R64) hpi 
 

20 liters 3.5 g/L 60 1200 

MFTRR-(R64) hpi 
 

15 liters 3.5 g/L 63 945 

MHHR-(R64) hpi 
 

10 liters 3.5 g/L 60 600 

 

 Figure 4.4 below shows the 18% SDS-PAGE of the inclusion bodies of MRR-(R64) hpi 

only. Similar results were obtained for the inclusion bodies of MTRR-(R64) hpi, 

MFTRR-(R64) hpi, and MHHR-(R64) hpi. 

 

Figure 4.4: 18% SDS-PAGE for the inclusion bodies of MRR-(R64) hpi. Lane 1, 

reductive, lane 2, non reductive sample of MRR-(R64) hpi. 

It is clear from figure 4.4 that there was no significant difference between the reductive 

and non reductive samples of inclusion bodies of MRR-(R64) hpi and both bands 

appeared at 9.5 kDa which was a clear indication that the inclusion bodies were not 

oxidized during the preparation process.  

Figure 4.5 below shows the MALDI-TOF result of the inclusion bodies of the four 

derivatives of the R64 series. MALDI analysis of the four inclusion bodies in figure 4.5 
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shows that the proinsulin derivatives within these had [M + H] 1+ ion of expected 

value. 
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Figure 4.5: Mass spectra of inclusion bodies of four derivatives of human 

proinsulin having R64 as obtained from MALDI-TOF showing the [M + H] 1+ ions. 

A. Inclusion bodies of MRR-(R64) hpi, B. Inclusion bodies of MTRR-(R64) hpi, C. 

Inclusion bodies of MFTRR-(R64) hpi, and D. Inclusion bodies of MHHR-(R64) hpi.  

The theoretical Mr of MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi and MHHR-

(R64) hpi were 9866.2, 9967.3, 10114.5 and 9984.3 (table 3.1) respectively. The 

MALDI gave the [M + 1H] 1+ ion for MRR-(R64) 9867.642 (Mr 9866.642, figure 4.5 

A), for MFTRR-(R64) hpi 10115.24 (Mr 10114.24, figure 4.5 C) and for MHHR-(R64) 

hpi 9985.322 (Mr 9984.322, figure 5.4 D) respectively. All these results of MALDI 

confirmed the masses for the inclusion bodies of three members of the R64 series. The 
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MALDI result for MTRR-(R64) hpi further showed that the major peak gave [M + 1H] 
1+ ion of 9836.783 (Mr 9835.783, figure 4.5 B) and minor peak was of 9968.330 (Mr 

9967.330, figure 4.5 B) which clearly proved that the major ion corresponded to a 

product in which   methionine has been removed and the minor with the N-terminal 

methionine. 

4.5 Refolding of different derivatives of proinsulin of the R64 series and 

their purification 

For refolding of all the four derivatives of proinsulin with arginine at position 64 (R64), 

the four methods mentioned in table 3.2 were employed. The two methods of refolding 

with cysteine to cystine ratios of 10:1 and 5:1 were the same as described for the 

refolding of MR-(R64) hpi. The other two methods with cysteine to cystine ratio of 1:10 

and 1:5 were also used for the R64 series and described below in the respective sections. 
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Table 4.3: Protein parameters and MALDI-TOF mass spectrometric analyses of proinsulin derivatives relevant to R64 series extracted 

from table 3.1. Experimental Mr were calculated by subtracting 1 from the [M + 1H] 1+ ion as determined by MALDI-TOF. 

 

Constructs Name Total No of 
amino acids 

Theoretical 
Mr  of 

reduced form 

Theoretical 
Mr of oxidized 

form 

Experimental 
Mr of 

inclusion 
bodies 

Experimental 
Mr of 

oxidisedprotei
n 

Theoretical 
Isoelectric 

point 

Extinction 
Coefficient 

MRR-(R64) hpi 
M-3R-2R-1 F1…R64 89 9866.2 9860.2 9866.642 9861.8 6.06 0.642 

MTRR-(R64) hpi 
M-4T-3R-2R-1 F1…R64 90 9967.3 9961.3 9966.330 9831.2 6.06 0.636 

*TRR-(R64) hpi 
T-3R-2R-1 F1…R64 89 9836.1 9830.1 9835.783 9831.2 6.04 0.606 

MFTRR-(R64)hpi 
M-5F-4T-3R-2R-1 F1R64 91 10114.5 10108.5 10114.24 10108.33 6.06 0.626 

MHHR-(R64)hpi 
M-4H-3H-2R-1 F1…R64 90 9984.3 9978.3 9984.322 9979.2 6.03 0.634 

 

*After removal of methionine by amino peptidase. 
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4.5.1 Refolding of MRR-(R64) hpi and its purification 

For the refolding of MRR-(R64) hpi, 200 ODs were solubilized as described in the 

solubilisation of MR-(R64) hpi. The refolding sink contained the cysteine to cystine ratio 

of 5:1 (2.5 mM cysteine and 0.5 mM cystine). Final concentration of protein in the 

refolding sink was 0.5 OD/ml. The whole process of refolding was the same as 

described in MR-(R64) hpi and done at 4 °C. After Q-column major fractions were 

combined and further purified by RP-HPLC. Properly refolded protein was eluted at 

38% of acetonitrile/0.1% TFA and finally analyzed by MALDI-TOF. Figure 4.6 A 

below shows the HPLC chromatogram and MALDI profile of the main peak of MRR-

(R64) hpi is shown in figure 4.6 C. The calculated Mr of this construct was 9860.2 that 

confirmed by MALDI which gave the [M + 1H] 1+ ion at 9861.8 (Mr 9860.8). Further 

analysis of the HPLC purified protein was done by 18% SDS-PAGE (figure 4.6 B). The 

fast moving non reductive band and slow moving reductive band appeared in SDS. No 

significant contaminating protein was seen in the SDS PAGE.  

 

Figure 4.6: RP-HPLC after Q-column (A), 18% SDS-PAGE (B) and MALDI-TOF 

mass spectrum of the main peak of MRR-(R64) hpi (C). 
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Table 4.4: % yield of derivative MRR-(R64) hpi after different steps of purification. 

The amount of protein is in OD280 units.  

Total 
protein 
used  
(inclusion 
bodies) 

Total 
protein 
recovere
d after  
Q- 
column 

% 
recovery 
of 
protein 
after Q-
column 

Fully 
refolded 
protein 
recovere
d after Q 
column 

% 
recovery 
of 
refolded 
protein 
after Q 
column 

Fully 
refolded 
protein 
recovere
d after 
RP- 
HPLC 

% 
recovery 
of 
protein 
after all 
purificati
on steps 

 

200 

 

 

120 

 

60 

 

30 

 

15 

 

20 

 

10% 

 

4.5.2 Conversion of MRR-(R64) hpi into human insulin 

The conversion of MRR-(R64) hpi into insulin was done on a small scale by treating 100 

micrograms of HPLC purified protein with two enzymes. The complete process of 

conversion was the same as described previously for the conversion of MR-(R64) hpi 

into insulin and also described in materials and methods section 2.16. Figure 4.7 below 

shows the results of the MALDI analysis, of samples taken after different time 

intervals. 
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Figure 4.7: Mass spectra of digested products of MRR-(R64) hpi as obtained from 

MALDI-TOF showing the [M + 1H] 1+ ion. A. without enzymes (intact protein), B. 

after 5 minutes of incubation with enzymes, C. after 10 minutes of incubation with 

enzymes, D. after 30 minutes of incubation with enzymes. 

Theoretical Mr of different fragments obtained during the conversion of MRR-(R64) hpi 

into insulin along with their experimental masses is summarized below in table 4.5. 

Table 4.5: Fragments obtained from tryptic cum CPB digestion of MRR-(R64) hpi. 

The [M + 1H] 1+ ions from figure 4.7 have been converted into Mr. 

 

Fragments obtained Theoretical Mr Experimental Mr 

Human insulin 5807.6 5807.2-5807.4 

MRR-insulin 6251.2 6251.5 

R-insulin 5963.8 5963.3-5964.0 

Des-30 insulin 5706.5 5706.4 

 

From the MALDI results of the conversion of MRR-(R64) hpi into insulin, it is clear that 

after 5 minutes the products formed were: MRR-insulin (theoretical Mr 6251.5) and R 

insulin (theoretical Mr 5963.8). The tag of MRR was finally removed after 15 minutes 

of incubation (figure 4.7 C) but R-insulin was present even after 30 minutes (figure 4.7 
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D). Further increase in the incubation time with enzymes would increase des-30 insulin 

(Mr 5706.5). 

4.5.3 Refolding of MTRR-(R64) hpi and its purification 

The refolding of MTRR-(R64) hpi was also done by the same method as used for MR-

(R64) hpi and MRR-(R64) hpi with 5:1 of cysteine to cystine (2.5 mM cysteine and 0.5 

mM cystine). Figure 4.8 below shows the HPLC chromatogram, 18% SDS-PAGE and 

MALDI mass spectrum of the proper refolded protein obtained after the HPLC. The 

proper folded protein eluted at 38% of acetonitrile/0.1% TFA gave [M + 1H] 1+ion of 

9831.2 corresponding to Mr, 9830.2. 

The calculated Mr of the MTRR-(R64) hpi is 9961.3 in the oxidized form. The decrease 

in the mass by 131 corresponded to the mass of methionine showing that the 

methionine (M-4) before threonine (T-3) at the N-terminal tag MTRR had been removed, 

presumably by the E. coli methionine amino peptidase, during the bacterial growth 

(Table 3.2).  The purified derivative should, therefore, be formulated as TRR-(R64) hpi 

(theoretical Mr 9830.1).   

 

Figure 4.8: RP-HPLC after Q-column (A), 18% SDS-PAGE (B) and MALDI-TOF 

mass spectrum of the main peak of TRR-(R64) hpi (C). 
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Total yield of TRR-(R64) hpi obtained after all purification steps are summarized below 

in the table 4.6. 

Table 4.6: % yield of derivative TRR-(R64) hpi after different steps of purification. 

The amount of protein is in OD280 units. 

Total 
protein 
used in 
refolding 
(Inclusion 
bodies) 

Total 
protein 
recovere
d after  
Q- 
column 

% 
recovery 
of 
protein 
after Q-
column 

Fully 
refolded 
protein 
recovere
d after Q 
column 

% 
recovery 
of 
refolded 
protein 
after Q 
column 

Fully 
refolded 
protein 
recovere
d after 
RP- 
HPLC 

% 
recovery 
of 
protein 
after all 
purificati
on steps 

 

300 

 

 

135 

 

45 

 

55 

 

18.3 

 

33 

 

11 

 

4.5.4 Conversion of Human TRR-(R64) proinsulin to insulin 

Conversion of TRR-(R64) hpi was performed as with other constructs (MR-(R64) hpi and 

MRR-(R64) hpi). Figure 4.9 below shows the fragments obtained during conversion of 

TRR-(R64) hpi into insulin at different times of incubation with enzymes. 
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Figure 4.9: Mass spectra of digested products of TRR-(R64) hpi as obtained from 

MALDI-TOF showing the [M + 1H] 1+ ions. A. without enzymes (intact protein), B. 

after 5 minutes of incubation with enzymes, C. after 10 minutes of incubation with 

enzymes, D. after 15 minutes of incubation with enzymes, and E. after 30 minutes of 

incubation with enzymes.  

Theoretical Mr of different fragments obtained during the conversion of TRR-(R64) hpi 

into insulin along with their experimental masses is summarized below in table 4.7. 

Table 4.7: Fragments obtained from tryptic cum CPB digestion of TRR-(R64) hpi. 

The [M + 1H] 1+ ions from figure 4.9 have been converted into Mr. 

 

Fragments obtained Theoretical Mr Experimental Mr 

Human insulin 5807.6 5807.6-5809.7 

R-insulin 5963.8 5964.8-5966.2 

TRR-insulin 6221.1 6223.0-6223.5 

TRR-(R64) insulin 6377.3 6378.4-6379.8 

Des-30 insulin 5706.5 5705.8-5708.1 

 

From the MALDI results, the peak relevant to Mr 5963.8 is present till 30 minutes of 

incubation with both enzymes. This value corresponds to that of R-insulin. At the same 
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time the peak of des-30 (5706.5) also appeared after 10 minutes of incubation (figure 

4.9 C) and by increasing the time of incubation with the enzymes, the production of 

des-30 increased. So, it can be concluded that the R-insulin was one of the products of 

double digestion, like that was in the conversion of MRR-(R64) hpi into insulin. 

4.5.5 Refolding of MFTRR-(R64) hpi and its purification 

Refolding of MFTRR-(R64) hpi was done with two methods (table 3.2) having cysteine 

to cystine ratio of 5:1 (method 3) and 10:1 (method 2). The result of the refolding of 

MFTRR-(R64) hpi with 5:1 of cysteine to cystine was almost the same, as for MTRR-

(R64) hpi, giving 9% yield. The second method using 10:1 ratio of cysteine to cysteine 

was inferior and gave only 4.2% overall yield; this is not described. The profiles at 

various stages of refolding and purification of MFTRR-(R64) hpi are described in 

figures 4.10 (A-C). 

 

Figure 4.10: RP-HPLC after Q-column (A), 18% SDS-PAGE (B) and MALDI-

TOF mass spectrum of the main peak of MRR-(R64) hpi (C). 

Proper refolded protein was eluted at 38% of acetonitrile/0.1% TFA gave [M + 1H] 1+ 

ion of 10108.333 corresponding to Mr, of 10107.333 is in accordance with the 



   
 

104 
 

theoretical Mr of 10108.5.The overall yield of this construct is summarized below in the 

table 4.8. 

Table 4.8: % yield of derivative MFTRR-(R64) hpi after different purification 

steps. The amount of protein is in OD280 units. 

Total 
protein 
used in 
refolding 
(inclusion 
bodies) 

Total 
protein 
recovered 
after acid 
precipitat
ion 

% 
recovery 
of protein 
after acid 
precipitat
ion 

Total 
protein 
recovered 
after 
freeze 
drying 

% 
recovery 
of protein 
after 
freeze 
drying 

Fully 
refolded 
protein 
recovered 
after RP- 
HPLC 

% 
recovery 
of protein 
after all 
purificati
on steps 

120 36.30 30.25 23.10 19.25 5.0 4.17  

 

4.5.6 Conversion of human MFTRR-(R64) proinsulin to insulin 

Different fragments formed during the conversion process of MFTRR-(R64) hpi are 

shown below in figure 4.11. 
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Figure 4.11: Mass spectra of digested products of MFTRR-(R64) hpi as obtained 

from MALDI-TOF showing the [M + H] 1+ ions. A. after 0 minutes (intact protein), 

B. after 5 minutes, C. after 10 minutes, D. after 15 minutes of incubation with enzymes 

respectively. 

Theoretical Mr of different fragments obtained during the conversion of MFTRR-(R64) 

hpi into insulin along with their experimental masses is summarized below in table 4.9. 

 

Table 4.9: Fragments obtained from tryptic cum CPB digestion of MFTRR-(R64) 

hpi. The [M + 1H] 1+ ions from figure 4.11 have been converted into Mr. 

 

Fragments obtained Theoretical Mr Experimental Mr 

Human insulin 5807.6 5806.2-5808.7 

R-insulin 5963.8 5962.4-5963.9 

RR-insulin 6120 6118.6-6121.3 

Des-30 insulin 5706.5 5705.8-5709.1 

 

Again the peak relevant to Mr of 5963.8 was in the reaction mixture till 30 minutes of 

incubation. The intensity of R-insulin during the conversion of MFTRR-(R64) hpi into 

insulin is more than 40% compared that of insulin till 30 minutes of incubation with the 

enzymes. 
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4.5.7 Refolding of MHHR-(R64) hpi and its purification 

Refolding of MHHR-(R64) hpi was done by two methods of redox couple ratios. One 

method as described previously for the refolding of MR-(R64) hpi and MRR-(R64) hpi in 

which the cysteine to cystine ratio was 5:1 and give a yield of the protein as in these 

constructs. Detail of the yield with all steps is given below in the table 4.10. The second 

method was with cysteine to cystine ratio of 10:1 which gave only 3.8% yield and also 

the time of completion for this refolding was 64 hours. The main peak during the 

purification by HPLC with method one was eluted at 37.5% acetonitrile/0.1% TFA 

having a [M + H] 1+ ion of 9979.2 (Mr 9978.2, theoretical Mr 9978.3) as given by the 

MALDI-TOF. The HPLC chromatogram, SDS-PAGE and MALDI spectrum is shown 

below in the figure 4.12.  

 

 
Figure 4.12: RP-HPLC after Q-column (A), 18% SDS of HPLC purified protein 

(B) and MALDI mass spectrum of purified protein (C) of MHHR-(R64) hpi. 
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Table 4.10: Total protein recovered after refolding of MHHR-(R64) hpi with 5:1 of 

cysteine to cystine. The amount of protein is in OD280 units. 

Total 
protein 
used in 
refolding 
(inclusion 
bodies) 

Total 
protein 
recovered 
after  Q- 
column 

% 
recovery 
of protein 
after Q-
column 

Fully 
refolded 
protein 
recovered 
after Q 
column 

% 
recovery 
of 
refolded 
protein 
after Q 
column 

Fully 
refolded 
protein 
recovered 
after RP- 
HPLC 

% 
recovery 
of protein 
after all 
purificati
on steps 

 

400 

 

 

255 

 

63.75 

 

60 

 

15 

 

36 

 

9 

 

4.5.8 Conversion of Human MHHR-(R64) proinsulin to insulin 

Figure 4.13 below shows the MALDI results of conversion of MHHR-(R64) hpi into 

insulin at different time intervals. 
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Figure 4.13: Mass spectra of digested products of MHHR-(R64) hpi as obtained 

from MALDI-TOF showing the [M + 1H] 1+ ions. A. after 0 minutes (intact protein), 

B. after 5 minutes, C. after 10 minutes, D. after 20 minutes, E. after 30 minutes,  F. 

after 65 minutes respectively. 
Theoretical Mr of different fragments obtained during the conversion of MHHR-(R64) 

hpi into insulin along with their experimental masses is summarized below in table 

4.11. 
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Table 4.11: Fragments obtained from tryptic cum CPB digestion of MHHR-(R64) 

hpi. The [M + 1H] 1+ ions from figure 4.13 have been converted into Mr. 

 

Fragments obtained  Theoretical Mr Experimental Mr 

Human insulin 5807.6 5806.7-5809.2 

R-insulin 5963.8 5963.4-5965.4 

MHHR-insulin 6369.3 6369.7-6371.3 

MHHR-R 6525.5 6525.0-6526.6 

Des-30 insulin 5706.5 5705.9-5708.0 

 

From figure 4.13 it was again clear that the R- insulin was present even after 65 

minutes of incubation with both the enzymes. 

From the conversions of all the five derivatives of human proinsulin of the R64 series 

[MR-(R64) hpi, MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi, and MHHR-(R64) 

hpi] to insulin it was clear that one R remains attached with one of the chains of insulin 

thus producing R- insulin in addition to native human insulin. From this it can be 

inferred that by mutating lysine with arginine at position 64, though, resolved the 

problem of unwanted lysine, but another major problem arose due to which all the 

constructs that were cloned, expressed and purified with this arginine proved 

problematic In these cases, the arginine mutated with lysine at position 64 is also 

followed another arginine at position 65, so during the processing of the C-peptide at 

the C/A junction cleavage with trypsin occurred between R64-R65 as well as R65-G66 . 

The R65-G66 cleavage produced native insulin and the R64-R65 resulting in the formation 

of R-insulin, containing the additional R at the N-terminal of the A-chain.  The latter 

unwanted cleavage was being most significant with MR-(R64) hpi, MRR-(R64) hpi, 

MTRR-(R64) hpi, MFTRR-(R64) hpi, and MHHR-(R64) hpi.  

The native insulin and R-insulin have only a difference of one amino acid, so their 

separation could not be satisfactorily achieved by reverse phase high performance 

liquid chromatography (RP-HPLC). Keeping in view this problem, another strategy 

was selected in which the arginine at position 64 was mutated with glutamine (Q). All 
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the constructs were again cloned, expressed and purified with glutamine at position 64 

and analyzed for conversion into insulin. 
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CHAPTER 5 

Preparation of proinsulin derivatives with Q64 

5.1 Preparation of four human proinsulin derivatives with 

R64→Q64mutation: MRR-(Q64) hpi, MTRR-(Q64) hpi, MFTRR-

(Q64) hpi, MHHR-(Q64) hpi. 

Now in order to prepare the four new derivatives of human proinsulin where R64 was 

mutated to Q64, one new primer Lqq-r was synthesized having the bases coding the 

amino acid glutamine in place of arginine at position 64 (R64→Q64). Details of the new 

primer are given in the materials and methods section 2.2. The whole process of 

cloning, expression, preparation of inclusion bodies, refolding, purification and 

conversion of proinsulin derivatives to insulin used for R64 series was repeated for the 

new constructs of the Q64 series. 

5.1.1 PCR amplification 

The forward primers for all the constructs were the same as used for four derivatives of 

the R64 series with NdeI restriction site (section 4.1). MRR-(R64) hpi/pET21a was used 

as a template for the construction of four new derivatives of Q64 series [MRR-(Q64), 

MTRR-(Q64), MFTRR-(Q64), and MRR-(Q64)]. Reaction conditions and concentration of 

different reagents used are described in the materials and methods section 2.5.1. 1% 

agarose gel was used for analyzing the amplified products (Appendix I). Figure 5.1 

below shows the result of 1% agarose gel showing the PCR amplifications for new four 

constructs of the Q64 series. 
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Figure 5.1: 1% agarose gel for PCR amplification of the Q64 series. Lane 1, 

Fermentas DNA ladder mixture. Lanes 2-5 PCR amplified product of MRR-(Q64), 

MTRR-(Q64), MFTRR-(Q64) and MHHR-(Q64) respectively. Lanes 6&7 are negative 

control. 

All the PCR products (Lanes 2-5) showed a positive result in the agarose gel and all 

four dark bands appeared in the gel at about 300 bp. Further in lane 6 and 7, no band 

appeared that justified the PCR result. The amplified products of all the four constructs 

were cut from the agarose gel separately with great care and purified by the gel 

extraction kit (Appendix I) as was done for MR-(R64) hpi (chapter 3) and other 

constructs of R64 series (chapter 4). 

5.1.2 Cloning of the four derivatives of Q64 series in cloning vector 

pTZ/57R/T 

The purified products of all the constructs (figure 5.1) were then, ligated into 

pTZ57R/T cloning vector as described in section 4.1.2. After transformation, mini and 

maxi preparations of plasmid DNA was performed (Appendix I) and then double 

restrictions of the plasmids were done.  Figure 5.2 shows the result of 1% agarose gel 

for double digested plasmids of Q64 series in pTZ57R/T and pET21a. 
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5.1.3 Cloning of the four derivatives of Q64 series in expression vector 

pET21a 

The doubly restricted genes (figure 5.2) were transferred to pET21a to give four new 

plasmids [MRR-(Q64) hpi/pET21a, MTRR-(Q64) hpi/pET21a, MFTRR-(Q64) hpi/pET21a 

and MHHR-(Q64) hpi/pET21a]. Details about it is described in section 4.1.3. 

 

 

Figure 5.2: 1% agarose gel for double digestion of Q64 constructs in pTZ57R/T 

and pET21a. Lane 1, DNA ladder mixture. Lanes 2-5 double digestion of MRR-(Q64) 

hpi//pTZ57R/T, MTRR-(Q64) hpi/pTZ57R/T, MFTRR-(Q64) hpi/pTZ57R/T and MHHR-

(Q64) hpi/pTZ 57R/T. Lanes 6&7 doubly digested pET21a. 

5.2 Sequencing of different human proinsulin derivatives with 

R64→Q64 cloned in pET21a [MRR-(Q64) hpi/pET21a, MHHR-(Q64) 

hpi/pET21a, MTRR-(Q64) hpi/pET21a &MFTRR-(Q64) hpi/pET21a] 

The plasmids of these four derivatives having Q64 were then DNA sequenced using 

primers for the T7 promoter region and also T7 terminator region giving the results 

shown below. The bases that are in bold letters show the actual gene in pET21a. After 

confirmation of N-terminal tags MRR, MTRR, MFTRR, MHHR, and glutamine at 

position 64 (Q64) in place of arginine in all the four constructs, these were used for the 

expression of the four proteins. 
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5.2.1 Sequence result of MRR-(Q64) hpi by T7 promoter 

GGATAACAATTCCCTCTAGAAATAATTTTGTTTTGTGGTGTTAAGAAGGAG

ATATACATATGCGTCGTTTTGTTAACCAGCATCTGTGCGGGTCGCACTT

AGTAGAAGCCCTGTATCTGGTCTGTGGTGAACGCGGGTTTTTCTATAC

CCCGAAAACTCGTCGCGAAGCGGAAGATCTGCAGGTGGGCCAAGTTGA

ACTGGGTGGCGGTCCAGGCGCTGGTAGCTTGCAGCCGTTAGCACTGGA

AGGGAGTTTGCAACAGCGTGGCATCGTGGAACAGTGCTGTACGTCTAT

TTGTTCCCTGTACCAGCTGGAAAATTACTGCAACTAGTAGAAGCTTGCG

GCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAA

GCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCA

TAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGA

GGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAA

GCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCACCG

CCCTAGCGCCGCTCCTTTCGCTTTCTCCCCTTCCTTCTCCCACGTTCGCCGGC

TTTCCCGTCAAGCTCTAAATCGGGGGCTCCCTTAAGGGTCCGAATTAAGTGC

TTTACCCGCCCCCC 

Encoded protein 

Met R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E A 

E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C C T 

S I C S L Y Q L E N Y C N 

5.2.2 Sequence result of MRR-(Q64) hpi by T7 terminator 

TAGACAGCTAGCCAACTCAGCTTCCTTTCGAGGCTTTGTTAGCAGCCGGATC

TCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTCTACTAGTT

GCAGTAATTTTCCAGCTGGTACAGGGAACAAATAGACGTACAGCACTGTTC

CACGATGCCACGCTGTTGCAAACTCCCTTCCAGTGCTAACGGCTGCAAGCT

ACCAGCGCCTGGACCGCCACCCAGTTCAACTTGGCCCACCTGCAGATCTTC

CGCTTCGCGACGAGTTTTCGGGGTATAGAAAAACCCGCGTTCACCACAGAC

CAGATACAGGGCTTCTACTAAGTGCGACCCGCACAGATGCTGGTTAACAAA

ACGACGCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAG

AGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTAAT

TTCGCGGGATCGAGATCTCGATCCTCTACGCCGGACGCATCGTGGCCG
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GCATCACCGGCGCCACAAGTGCGGTTGCTGGCGCCTATATCGCCGACA

TCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTT

GTTTCGGCGTGGGTATGGTGGCAGGCCCCCGTTGCCCGGGGGACTGTTG

GGCGCCATCTCCTTTGCATGCAACATTCCCTTGCGGCGGCCGGTGCTCAACG

GCCTCAACCTTCTCAGTGGACTCTTTCCTTA 

Encoded protein 

Met R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E A 

E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C C T 

S I C S L Y Q L E N Y C N 

5.2.3 Sequence result of MTRR-(Q64) hpi by T7 promoter 

GCGGATACAATTCCCTACTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA

TATACATATGACTCGTCGTTTTGTTAACCAGCATCTGTGCGGGTCGCAC

TTAGTAGAAGCCCTGTATCTGGTCTGTGGTGAACGCGGGTTTTTCTATA

CCCCGAAAACTCGTCGCGAAGCGGAAGATCTGCAGGTGGGCCAAGTTG

AACTGGGTGGCGGTCCAGGCGCTGGTAGCTTGCAGCCGTTAGCACTGG

AAGGGAGTTTGCAACAGCGTGGCATCGTGGAACAGTGCTGTACGTCTA

TTTGTTCCCTGTACCAGCTGGAAAATTACTGCAACTAGTAGAAGCTTGC

GGCCGCACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAA

AGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGC

ATAACCCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAACG

AGGCAACTATATCCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCCA

TAAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACCCTTGCC

AGCGCCCTAGCGCCCGCTCTTTTCGCTTTT 

Encoded protein 

Met T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

5.2.4 Sequence result of MTRR-(Q64) hpi by T7 terminator 

AGCTGCCAACTCAGCTTCCTTTCGGGCTTTGTTAGCAGCCGGATCTCAGTGG

TGGTGGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTCTACTAGTTGCAGTAA
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TTTTCCAGCTGGTACAGGGAACAAATAGACGTACAGCACTGTTCCACGATG

CCACGCTGTTGCAAACTCCCTTCCAGTGCTAACGGCTGCAAGCTACCAGCG

CCTGGACCGCCACCCAGTTCAACTTGGCCCACCTGCAGATCTTCCGCTTCGC

GACGAGTTTTCGGGGTATAGAAAAACCCGCGTTCACCACAGACCAGATACA

GGGCTTCTACTAAGTGCGACCCGCACAGATGCTGGTTAACAAAACGACGA

GTCATATGCCTATGACCTGTTTTTATGAACTCCCTGAAGCGGGTCAAGA

AGCGATCGTATCCACCCACTATGTGGTGCGTGAAGACGCGCTACTGCT

GTACGGATTTAGATATAAACAAGAGCGCACATAGTCCTAAGAGTCGAT

CTAACCAAACCGCGTCGGTCCCGATGTTGGCGCTGGCGATCCTCTACC

TGACTGTCAGGCGCAGCATTTGGCTTAATGCCCGTGGAGCCGGTGAAG

ACGCTGGGGGCACCCGGTGAGACTGCCTGGGTAGTCCGCCAAAAAAACCG

GCAGACCGCCTGACTCGTTGAAATGAAAGACCGAATTTAAGGGTTGGCATT

G 

Encoded protein 

Met T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

5.2.5 Sequence result of MFTRR-(Q64) hpi by T7 promoter 

CTAATACGACTCACTATAGGGAAAGCTTGCATTGCAGGCCTCTGCAGTCGA

CGGGCCCGGGATCCGATTCATATGTTCACTCGTCGTTTTGTTAACCAGCA

TCTGTGCGGGTCGCACTTAGTAGAAGCCCTGTATCTGGTCTGTGGTGA

ACGCGGGTTTTTCTATACCCCGAAAACTCGTCGCGAAGCGGAAGATCT

GCAGGTGGGCCAAGTTGAACTGGGTGGCGGTCCAGGCGCTGGTAGCT

TGCAGCCGTTAGCACTGGAAGGGAGTTTGCAACAGCGTGGCATCGTGG

AACAGTGCTGTACGTCTATTTGTTCCCTGTACCAGCTGGAAAATTACTG

CAACTAGTAGAAGCTTGTGCGAATCTAGATGCATTCGCGAGGTACCGAGCT

CGAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCG

TTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAA

TAGCGAAGAGGCCCGCACCGATCGCCCTTCCCANAGTTGCGCAGCCTGAAT

GGCGAATGGAATTGTAGCGTTATATTT 
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Encoded protein 

Met F T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

5.2.6 Sequence result of MFTRR-(Q64) hpi by T7 terminator 

GGCCAGTGAATTCGAGCTCGGTACCTCGTCGAATGCATCTAGATTCGCACA

AGCTTCTACTAGTTGCAGTAATTTTCCAGCTGGTACAGGGAACAAATAGAC

GTACAGCACTGTTCCACGATGCCACGCTGTTGCAAACTCCCTTCCAGTGCTA

ACGGCTGCAAGCTACCAGCGCCTGGACCGCCACCCAGTTCAACTTGGCCCA

CCTGCAGATCTTCCGCTTCGCGACGAGTTTTCGGGGTATAGAAAAACCCG

CGTTCACCACAGACCAGATACAGGGCTTCTACTAAGTGCGACCCGCAC

AGATGCTGGTTAACAAAACGACGAGTGAACATATGAATCGGATCCCGG

GCCCGTCGACTGCAGAGGCCTGCATGCAAGCTTTCCCTATAGTGAGTC

GTATTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAAT

TGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAG

TGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTG

CGCTCACTGCCCGG 

Encoded protein 

Met F T R R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P K T R R E 

A E D L Q V G Q V E L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

5.2.7 Sequence result of MHHR-(Q64) hpi by T7 promoter 

TTTGCCTTGTTGATGTTGACGATAACAGTGTCCCCTGCTAAGAAATAATTTT

GTTTTTAACTTTAAGCAAGGAGATATACATATGCATCATCGTTTTGTTAAC

CAGCATCTGTGCGGGTCGCACTTAGTAGAAGCCCTGTATCTGGTCTGT

GGTGAACGCGGGTTTTTCTATACCCCGAAAACTCGTCGCGAAGCGGAA

GATCTGCAGGTGGGCCAAGTTGAACTGGGTGGCGGTCCAGGCGCTGG

TAGCTTGCAGCCGTTAGCACTGGAAGGGAGTTTGCATACAGCGTGGCA

TCGTGGAACAGTGCTGTACGTCTATTCTGTTCCCTGTACCAGCTGGAAA

ATTACTGCAACTAGTAGAAGCTTGCGGCCGCACTCGAGCACCACCACCAC
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CACCACTGAGATCCGGCTGCTAACAAAGTCCCGAAAGGAAGCTGAGTTGGC

TGCTGCCACCGCTGAGCAATAACTAGCGATAACCCCCTTGCGGCGCACACC

AAACCCGGTACAAACATTTAAAAAAAAATTTACTTGACCACGGAGCGGAAC

TCATATTCCCGCGATCTGGCGAATATGGGGACCCCGCCCCTGCTACCCGGC

CACCTCACCGCGCGCGCCGGTGTCGGCCCTCCCGCGCTCTCTGCACC 

Encoded protein 

Met H H R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P E N S S R S 

G R S A G W A K L K L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C 

C T S I C S L Y Q L E N Y C N 

5.2.8 Sequence result of MHHR-(Q64) hpi by T7 terminator 

GGCCGGGGGGACAACGATTCCCCCACTCGANCTTCCTTTCGGGACTTTGTTA

GCAGCCGTTGATCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCCGCAA

GCTTCTACTAGTTGCAGTAATTTTCCAGCTGGTACAGGGAACAAATAGACG

TACAGCACTGTTCCACGATGCCACGCTGTTGCAAACTCCCTTCCAGTGCTAA

CGGCTGCAAGCTACCAGCGCCTGGACCGCCACCCAGTTTCAACTTGGCCCA

CCCTGCAGATCTTCCGCTTCGCGACGAGTTTTCCGGGGTATAGAAAAA

CCCGCGTTCACCACAGACCAGATACAGGGCTTCTACTAAGTGCGACCC

GCACAGATGCTGGTTAACAAAACGATGATGCATATGTATATCACACAC

CACATATCCCTAAAAAATAAAAAACAAATAAATTTTTATTTTTTTCTTTA

AGGAAAGGGGGGGGGACAATTTTTGGTTTTAAATTTCCCCGGCCTTTC

CACCCAAACTCTCCCCCCCCTTTATTTAGGTTTGACTGTTCCGGTTACTTT

AAATTTTTCCCGCCGGGGGGTACTTCCGGCTGACCTCCCTTCCGGACTCCCC

CTTCCTTTAATCCCGGNGCCCCGGGGTAACACCTGTCCCA 

 

Encoded protein 

Met H H R F V N Q H L C G S H L V E A L Y L V C G E R G F F Y T P E N S S R S 

G R S A G W A K L K L G G G P G A G S L Q P L A L E G S L Q Q R G I V E Q C 

C T S I C S L Y Q L E N Y C N 
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5.3 Expression of MRR-(Q64) hpi, MTRR-(Q64) hpi, MFTRR-(Q64) hpi 

and MHHR-(Q64) hpi 

Names of different constructs of four derivatives of proinsulin of Q64 series and the 

protein expressed by each construct are given in the table 5.1. 

Table 5.1: Proinsulin derivatives expressed by the four constructs of Q64 series. 

Name of constructs of Q64 series Proinsulin encoded by the constructs  

MRR-(Q64) hpi/pET21a MRR-(Q64) human proinsulin 

MTRR-(Q64) hpi/pET21a MTRR-(Q64) human proinsulin 

MFTRR-(Q64) hpi/pET21a MFTRR-(Q64) human proinsulin 

MHHR-(Q64) hpi/pET21a MHHR-(Q64) human proinsulin 

For the expression of all the constructs of human proinsulin having glutamine in place 

of arginine at position 64, E.coli BL 21 codon plus (DE3)-RIL were transformed with 

plasmids containing all of these sequences. Bacterial culture containing pET21a only 

was used as a standard of negative control as was used for R64 constructs. All of these 

four constructs were processed in parallel. Details of OD600 units are given in materials 

and methods section 2.6. Expression of all these four constructs was checked by 18% 

SDS-PAGE (Appendix I). Figure 5.3 below shows the expression of only MRR-(Q64) 

hpi by induction with 0.2 mM of IPTG. 

 

Figure 5.3: 18% SDS-PAGE for the expression of MRR-(Q64) hpi. Lanes1 and 2 

shows induced and uninduced samples of pET21a and lane 3and 4 shows induced and 

uninduced samples of MRR-(Q64) hpi respectively.  
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From the SDS-PAGE result in figure 5.3, it was clear that the band of about 9.5 kDa 

appeared only in lane 3, which was the induced sample of MRR-(Q64) hpi. Similar 

results were obtained after the expression of MTRR-(Q64) hpi, MFTRR-(Q64) hpi, and 

MHHR-(Q64) hpi. 

5.4 Expression of four derivatives of the Q64 series on large scale and 

production of inclusion bodies 

After getting the successful expression on small scale, the same protocol was extended 

for all the constructs of the Q64 series on large scale for up to 10 liters. Then inclusion 

bodies were prepared and quantified as described for the preparation of MR-(R64) hpi 

(methods section 2.7). Table 5.2 below shows the total quantity of inclusion bodies 

prepared from different batches for each construct of the Q64 series. 

Table 5.2: Total inclusion bodies from each construct of the Q64 series. 

Proinsulin 
derivatives 

Total Cultures 
(Liters) 

Wet cell weight 
g/L 

Inclusion 
bodies per 

liter of 
culture 

(OD280 units) 

Total 
inclusion 

bodies 
(OD280 units) 

MRR-(Q64) hpi 
 

25 liters 3.5 g/L 70 1750 

MTRR-(Q64) hpi 
 

20 liters 3.5 g/L 65 1300 

MFTRR-(Q64) 
hpi 

 

20 liters 3.5 g/L 66 1320 

MHHR-(Q64) hpi 
 

10 liters 3.5 g/L 60 600 

 

Quality of the inclusion bodies was checked by 18% SDS-PAGE and their masses were 

confirmed by MALDI-TOF as it was done before for other constructs of R64 series and 

the method for which is described in materials and methods section 2.8. Figure 5.4 

below shows the MALDI-TOF result of the inclusion bodies of four derivatives of the 

Q64 series. 
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Figure 5.4: Mass spectra of inclusion bodies of the four derivatives of human 

proinsulin having Q64 as obtained from MALDI-TOF showing the [M + H] 1+ ions 

of the fully reduced protein with 6 –SH groups. A. Inclusion bodies of MRR-(Q64) 

hpi, B. Inclusion bodies of MTRR-(Q64) hpi, C. Inclusion bodies of MFTRR-(Q64) hpi 

and D. Inclusion bodies of MHHR-(Q64) hpi. 

The theoretical Mr of MRR-(Q64) hpi, MTRR-(Q64) hpi, MFTRR-(Q64) hpi and MHHR-

(Q64) hpi were 9838.2, 9939.3, 10086.4 and 9956.2 (tables 3.1 & 5.4) respectively. The 

MALDI gave the [M + 1H] 1+ ion) for MRR-(Q64) 9839.112 (figure 5.4 A), for 

MFTRR-(Q64) hpi 10087.079 (figure 5.4 C) and for MHHR-(Q64) hpi 9957.024 (figure 

5.4 D) respectively. All these results of MALDI confirmed the masses for the inclusion 

bodies of three members of the Q64 series. The MALDI result for MTRR-(Q64) hpi 

further showed that the major peak gave a [M + 1H] 1+ ion of 9809.131 and minor peak 

was of 9940.353 (figure 5.4 B) which clearly proved that the major ion corresponded to 

a product in which   methionine has been removed and the minor with the N-terminal 

methionine.
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Table 5.3: Protein parameters and MALDI-TOF mass spectrometric analyses of proinsulin derivatives relevant to Q64 series extracted 

from table 3.1. Experimental Mr were calculated by subtracting 1 from the [M + 1H] 1+ ion as determined by MALDI-TOF. 

 

Constructs Name Total No of 
amino acids 

Theoretical 
Mr  of 

reduced form 

Theoretical 
Mr of 

oxidized form 

Experimental 
Mr of 

inclusion 
bodies 

Experimental 
Mr of 

oxidisedprote
in 

Theoretical 
Isoelectric 

point 

Extinction 
Coefficient 

MRR-(Q64) hpi 
M-3R-2R-1 F1…….Q64 89 9838.2 9832.2 9838.112 9833.438 5.57 0.644 

MTRR-(Q64) hpi 
M-4T-3R-2R-1 F1…….Q64 90 9939.3 9933.3 9939.353 9804.3 5.57 0.637 

*TRR-(Q64) hpi 
T-3R-2R-1 F1……..Q64 89 9808.1 9802.1 9808.131 9804.3 5.56 0.637 

MFTRR-(Q64)hpi 
M-5F-4T-3R-2R-1 F1…Q64 91 10086.4 10080.4 10086.079 10082.5 5.57 0.628 

MHHR-(Q64)hpi 
M-4H-3H-2R-1 F1……Q64 90 9956.2 9950.2 9956.024 9951.9 5.71 0.636 

 

*After removal of methionine by amino peptidase. 
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5.5 Refolding of different derivatives of human proinsulin of Q64 series 

and their purification 

From the refolding of all the constructs of R64 series, it was concluded that for greater 

yield of properly refolded purified protein, method in which cysteine to cystine ratio 

was 1:10 (method 1) , was favorable and the method in which cysteine to cystine ratio 

was 5:1 (method 3) is second alternate after method with high cystine ratio. So the 

refolding of all the constructs of Q64 series was done by these two methods only except 

for MRR-(Q64) hpi in which all four methods were used. 

5.5.1 Refolding of MRR-(Q64) hpi and its purification 

The refolding of MRR-(Q64) hpi was done with all the four methods described in table 

3.2, in order to make a final comparison of all the refolding methods with the same 

construct under same conditions used for the purification. 

For this purpose 350 ODs were solubilized in the solubilization buffer and refolding 

was done with all the four methods. After Q-column further purification was done with 

RP-HPLC as performed for other constructs. The analytical data at various stages of the 

purification of the MRR-(Q64) hpi with cysteine to cystine ratio of 1:10 (method 1, table 

3.2) is shown in figures 5.5 (A – C).  

Figure 5.5 A shows the resultant chromatogram after HPLC. The main peak eluted at 

38.5% of acetonitrile/0.1% TFA. This was collected separately and SDS analysis was 

performed (figure 5.5 B). The fast moving non reductive band confirmed the single 

monomers. Further analysis of HPLC purified protein was done with MALDI-TOF and 

also by ESI. Figure 5.5 C shows the [M + 1H] 1+ ion of purified protein of MRR-(Q64) 

hpi at 9833.438 (Mr 9832.438 and theoretical Mr 9832.2) with no significant 

contaminations of other proteins. From figure 5.6 Mr of 9833.47 for MRR-(Q64) hpi was 

obtained from ESI. The mass spectrum also shows a peak of Mr 9853.51 which 

represents the oxidation of MRR-(Q64) hpi during its refolding.   
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Figure 5.5: RP-HPLC of MRR-(Q64) hpi after Q-column (A), 18% SDS-PAGE 

analysis (B) and mass spectrum of main peak showing [M + 1H] 1+ as determined 

by MALDI-TOF (C). 

 

Figure 5.6: ESI mass spectrum of HPLC purified MRR-(Q64) hpi showing Mr 

9833.47. 

Complete comparison of overall yields of MRR-(Q64) by all four methods of refolding 

is summarized below in table 5.4.  
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Table 5.4: Comparison of % yield of MRR-(Q64) hpi after refolding with four 

different methods (table 3.2). The amount of protein is in OD280 units. 

Stage Cysteine : Cystine 
1:10 5:1 10:1 1:5 

Inclusion bodies 350 350 350 350 
Solubilized and reduced 

protein 350 350 350 350 

% Recovery of inclusion 
bodies 100 100 100 100 

After dialysis and before 
Q-sepharose column 280 260 240 250 

Total protein after Q 
Sepharose column 175 145 130 155 

% yield after Q-Sepharose 
column 50 41.4 37.1 44.2 

Properly refolded protein 
after Q-Sepharose column 100 80 35 65 

%yield of refolded protein 
after Q-Sepharose column 28.5 22.8 10 18.5 

Proper folded protein 
after RP-HPLC 65 40 18 35 

% Yield after all 
purification steps 18.5 11.4 5.14 10 

  

From table 5.4, it is clear that only method with high concentration of cystine (method 

1, table 3.2) gave reasonable yield of purified protein. 

5.5.2 Conversion of MRR-(Q64) hpi into human insulin 

The protocol for the conversion of human proinsulin MRR-(Q64) was the same as used 

for the conversion of MR-(R64) hpi into insulin and of other derivatives of the R64 

series. Here again the conversion was first done on a small scale by taking 100 

microgram of the protein and then the conversion was done using 10-50 milligrams of 

the protein, after getting successful results on a small scale. Details about the 

conversion process along with final concentrations of CPB and trypsin is described in 

materials and methods section 2.16. Figure 5.7 show the MALDI results of digestion at 

different time intervals. 
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Figure 5.7: Mass spectra of digested products of MRR-(Q64) hpi as obtained from 

MALDI-TOF showing the [M + 1H] 1+ ions at different time. A. after 0 minutes 

(intact protein), B. after 5 minutes of incubation with enzymes, C. after 10 minutes, D. 

after 20 minutes of incubation with enzymes. 

Theoretical Mr of different fragments obtained during the conversion of MRR-(Q64) hpi 

into insulin along with their experimental masses is summarized below in table 5.5. 
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Table 5.5: Fragments obtained from tryptic cum CPB digestion of MRR-(Q64) 

hpi.  The [M + 1H] 1+ ions from figure 5.6 have been converted into Mr. 

 
Fragments obtained  Theoretical Mr Experimental Mr 

Human insulin 5807.6 5806.9-5808.9 

MRR-insulin 6251.2 6250.2-6252.5 

Des-30 insulin 5706.5 5706.2-5706.7 

 

The results in figure 5.7 show after 5 minutes of incubation, insulin (Mr 5807.6) was 

present almost in double quantity than MRR insulin, theoretical Mr 6251.2 (figure 5.7 

B).   The MRR tag was almost completely removed and insulin was formed after 10 

minutes in good yield. With longer incubations des-30 insulin increased (figure 5.7 D). 

So from these data of the conversion of MRR-(Q64) hpi to insulin on a small scale, it 

was concluded that 10-15 minutes of incubation, with both the enzymes at 37 °C was 

suitable for larger scale preparations of insulin from this derivative of proinsulin. 

5.5.3 Refolding of TRR-(Q64) hpi and its purification 

The refolding of TRR-(Q64) hpi was done by only one method in which the cystine to 

cysteine ratio was 10:1 (5 mM cystine and 0.5 mM cysteine, method 1, Table 3.2). The 

process for this refolding was the same as described before for MR-(R64) hpi.  The 

analytical data at various stages of the purification of the TRR-(Q64) hpi with this 

method is shown in figures 5.8 A to 5.8 C.  
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Figure 5.8: RP-HPLC after Q-column (A), 18% SDS-PAGE of main peak (B)  and 

MALDI-TOF mass  spectrum of main peak of TRR-(Q64) hpi (C). 

The main peak in HPLC eluted at 38.5% and showed [M + 1H] 1+ ionic peak of 9804.3 

relevant to Mr 9803.3 (theoretical Mr 9802.1) corresponding to that of TRR-(Q64) hpi, 

produced by the removal of N-terminal methionine residue from the primary translation 

product, MTRR-(Q64) hpi (Tables 3.1 and 5.3).  

The purified protein was also analyzed by 18% SDS-PAGE result for which is shown 

in figure 5.8 B. The fast moving non-reductive band confirmed the presence of single 

monomers. 

Overall % yield of TRR-(Q64) hpi after refolding and subsequent purification is 

summarized below in table 5.6. 
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Table 5.6: % yield of derivative TRR-(Q64) hpi after different purification steps. 

The amount of protein is in OD280 units. 

Stage Total Protein  % yield 

Solubilized inclusion 
bodies 300 100 

Total protein after Q 
sepharose column 135 45 

Proper refolded protein 
after Q-sepharose column 65 21.6 

Proper folded protein after 
RP-HPLC 43 14.3 

  

5.5.4 Conversion of TRR-(Q64) hpi into human insulin 

Conversion of TRR-(Q64) hpi was similar to those of other constructs described 

previously. Different fragments obtained during the conversion process are shown by 

the MALDI analysis at different times in figure 5.9. 
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Figure 5.9: Mass spectra of digested products of TRR-(Q64) hpi as obtained from 

MALDI-TOF showing the [M + H] 1+ ions at different times. A. without enzymes 

(intact protein), B. after 5 minutes of incubation with enzymes, C. after 10 minutes of 

incubation with enzymes and D. after 15 minutes of incubation with enzymes. 

Theoretical Mr of all the major fragments obtained during the conversion of TRR-(Q64) 

hpi into insulin along with their experimental masses (figure 5.9) is summarized below 

in table 5.7. 

Table 5.7: Fragments obtained after tryptic cum CPB digestion of TRR-(Q64) hpi. 

The [M + 1H] 1+ ion from figure 5.9 has been converted into Mr. 

  

Fragments obtained Theoretical Mr Experimental Mr 

Human insulin 5807.6 5806.3-5807.1 

R-insulin 5963.8 5962.3-5962.5 

TRR-insulin 6221.1 6218.6 

Des-30 insulin 5706.5 5706.0-5708.0 

 

The results in figure 5.9 show that with TRR-(Q64) hpi, the double digestion occurred 

smoothly giving insulin (Mr, 5806.3) after 10 minutes of incubation; further incubation 

led the increasing formation of des-30 insulin (Mr, 5706.5).  
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5.5.5 Refolding of MFTRR-(Q64) hpi and its purification 

Like the preceding two constructs, the folding of MFTRR-(Q64) hpi was also performed 

using the redox couple ratio of cystine to cysteine as 5:1 (2.5 mM cystine and 0.5 mM 

cysteine).  In this case, however, after refolding, the pH of the refolding mixture was 

adjusted with 0.5 M acetic acid to 5.57 [theoretical isoelectric point of MFTRR-(Q64) 

hpi, table 3.1 and 5.3]. At this pH proteins other than MFTRR-(Q64) hpi were 

precipitated out that were removed by centrifugation at 48000g (20000 rpm) at 4 °C for 

30 minutes. The clear supernatant was then dialyzed and finally freeze dried to reduce 

the volume. The supernatant was filtered through 0.4 micron filter assembly and then 

further purified by RP-HPLC as with other constructs. Figure 5.10 shows the HPLC 

chromatogram, SDS-PAGE analysis and MALDI result of the purified MFTRR-(Q64) 

hpi. 

 

Figure 5.10: RP-HPLC after acid precipitation (A), 18% SDS-PAGE (B) and 

MALDI-TOF mass spectrum of MFTRR-(Q64) hpi (C). 

After acid precipitation and subsequent steps, the major peak was eluted at 37% of 

acetonitrile/0.1% TFA (figure 5.10 A). The MALDI gave ionic peak of 10082.5 (Mr 
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10081.5) corresponding to the theoretical Mr of MFTRR-(Q64) hpi (theoretical Mr 

10080.4). The overall yield from refolding till HPLC is summarized below in table 5.8. 

Table 5.8: % yield of derivative MFTRR-(Q64) hpi after different purification 

steps. The amount of protein is in OD280 units. 

Stage Total protein  % yield recovery 

Solubilized inclusion 
bodies 300 100 

Total protein after acid 
precipitation 105 35 

Proper refolded protein 
after acid precipitation 55 18.3 

Proper folded protein after 
RP-HPLC 33 11 

Final yield 33 11 

 

5.5.6 Conversion of MFTRR-(Q64) hpi into human insulin 

The procedure for the conversion of human proinsulin MFTRR-(Q64) into insulin was 

the same as for all other constructs above. Samples were taken after incubation with 

enzymes at different time intervals and quenched with 10% TFA. Figures 5.11 (A-G) 

below show the MALDI-TOF spectra at different time intervals during the conversion 

of proinsulin derivative MFTRR-(Q64) to human insulin. 
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Figure 5.11: Mass spectra of digested products of MFTRR-(Q64) hpi as obtained 

from MALDI-TOF showing the [M + H] 1+ ions at different time intervals. A. 

without enzymes (intact protein), B. after incubation of 5 minutes, C. after incubation 

of 10 minutes, and D. after incubation of 15 minutes.  

Theoretical Mr of different fragments, obtained during the conversion of MFTRR-(Q64) 

hpi into insulin along with their experimental masses is summarized below in table 5.9. 
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Table 5.9: Fragments obtained from tryptic cum CPB digestion of MFTRR-(Q64) 

hpi. The [M + 1H] 1+ ions from figures 5.11 (A-D) have been converted into Mr.  

 

Fragments obtained  Theoretical Mr Experimental Mr 

Human insulin 5807.6 5806.1-5809.9 

MFTRR-insulin 6499.5 6500.1-6501.9 

R insulin 5963.8 5962.4-5965.4 

Des-(B30)-insulin 5706.5 5705.3-5710.3 

 

From the conversion data of MFTRR-(Q64) hpi to insulin, it was surprising to note that a 

peak of Mr 5963.8, corresponding to R-insulin, was present till 15 minutes of incubation 

with enzymes. We had mutated the R64 with Q64 in order to get proper insulin. From 

these data it was clear that the R was from the N-terminal tag because trypsin had 

cleaved not only between R-1 and F1 (M-5F-4T-3R-2R-1F1…..Q64…..), to give insulin but 

also in between R-1 and R-2 producing R-insulin.  

5.5.7 Refolding of MHHR-(Q64) hpi and its purification 

For the refolding of MHHR-(Q64) hpi, 200 ODs were solubilized using method 1 (table 

3.1) with 10:1 cystine to cysteine ratio (5 mM cystine and 0.5 mM cysteine). The 

solubilized protein was added in refolding sink with a peristaltic pump in a total of 10 

hours. All purification steps were the same as for other constructs. 

Figure 5.12 below shows the HPLC chromatogram, SDS-PAGE and MALDI-TOF 

result for MHHR-(Q64) hpi. The main peak eluted at 38.3% of acetonitrile/0.1% TFA 

and gave [M + 1H] 1+ ionic peak of 9951.9 (Mr of 9950.9, theoretical Mr, 9950.2). 
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Figure 5.12: RP-HPLC after Q-column (A), 18% SDS PAGE of main peak after 

RP-HPLC (B) and MALDI mass spectrum of MHHR-(Q64) hpi, showing the [M + 

1H] 1+ ion (C). 

Detail of purified protein of MHHR-(Q64) hpi at different stages is summarized below 

in table 5.10. 

Table 5.10: % yield of derivative MHHR-(Q64) hpi after different purification 

steps. The amount of protein is in OD280 units. 

Total 
protein 
used in 
refolding 
(inclusio
n bodies) 

Total 
protein 
recovere
d after  
Q- 
column 

% 
recovery 
of 
protein 
after Q-
column 

Fully 
refolded 
protein 
recovere
d after Q 
column 

% 
recovery 
of 
refolded 
protein 
after Q 
column 

Fully 
refolded 
protein 
recovere
d after 
RP- 
HPLC 

% 
recovery 
of 
protein 
after all 
purificati
on steps 

 

200 

 

115 

 

57.5 

 

55 

 

47.8 

 

30 

 

15 
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5.5.8 Conversion of MHHR-(Q64) hpi to insulin 

Using the standard protocol, MHHR-(Q64) hpi was incubated with trypsin and CPB 

(section 2.16) and samples analyzed after various time intervals as shown in figure 5.13 

(A-F). 

 

 



   
 

143 
 

 

 

 



   
 

144 
 

 
Figure 5.13: Mass spectra of digested products of MHHR-(Q64) hpi as obtained 

from MALDI-TOF showing the [M + H] 1+ ions at different time intervals. A. 

without enzymes (intact protein), B. after 5 minutes of incubation with enzymes, C. 

after 10 minutes of incubation with enzymes, D. after 20 minutes of incubation with 

enzymes, E. after 30 minutes of incubation and F. after 70 minutes of incubation. 

Theoretical Mr of different fragments obtained during the conversion of MHHR-(Q64) 

hpi into insulin along with their experimental masses is summarized below in table 

5.11. 

Table 5.11: Fragments obtained from tryptic cum CPB digestion of MHHR-(Q64) 

hpi. The [M + 1H] 1+ ions from figures 5.13 (A-F) have been converted into Mr.  

Fragments obtained Theoretical Mr Experimental Mr 

Human insulin 5807.6 5808.1-5812.5 

MHHR-insulin 6369.3 6369.7-6374.0 

Des-30 insulin 5706.5 5706.6-5707.6 

 

As it is clear from the MALDI results (figure 5.13 C) that after 5 min of incubation 

with trypsin and CPB at 37 °C, the major peak corresponding to Mr 6369.3 was in 

almost double quantity as compared to human insulin (Mr 5807.6). After 10 minutes of 

incubation, there was not significant increase in the formation of human insulin. The 
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major peak here was corresponding to Mr of 6370 that was the molecular weight of the 

human insulin but with N terminal tag of MHHR. Even after 20 min, the human insulin 

with MHHR tag was in greater quantity as compared to proper insulin. After 30 minutes 

the quantity of human insulin was more than the MHHR insulin (figure 5.13 E). One 

sample was kept for up to 70 minutes of incubation also showed that about 40% of 

MHHR insulin is present in the reaction mixture (figure 5.13 F). 

From the conversion data about MHHR-(Q64) hpi, it can be easily concluded that 

MHHR is not a good tag for use in the cloning process because by this we did not get a 

good yield of human insulin that was our main goal during this research work. 

From the tryptic cum carboxypeptidase B digestion of Q64 series to convert into human 

insulin, it can be depicted that MRR-(Q64) hpi gave a good yield of human insulin 

among all the derivatives of Q64 series. So this construct was selected for the production 

of human insulin at large scale and further studies that were the part of the present 

research work. 

5.6 Conversion of MRR-(Q64) hpi to insulin on large scale 

As it has already been described in the last paragraph of the above section, that MRR-

(Q64) hpi gave a good yield of insulin among all the constructs of the present work. So, 

this construct was finalized for the conversion into insulin on larger scale. Firstly 10 mg 

of this construct was taken and kept at room temperature and then incubated with 

carboxypeptidase B and trypsin in presence of 20 mM Tris-Cl for 15 minutes and 

finally quenched the reaction mixture with 10% TFA such that the final concentration 

of TFA in the reaction mixture was about 2%. The mixture was then filtered by 0.4 

micron filter assembly and finally separated by RP-HPLC in three batches by loading 

about 3.3 mg of the protein at each time on Biobasic C18 semi preparative column. The 

HPLC chromatogram is shown below in figure 5.14. 
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Figure 5.14: RP-HPLC for separation of different products of the conversion of 

MRR-(Q64) hpi into insulin. 

The major peak of insulin eluted at 37.2%-40% of acetonitrile/0.1% TFA was analyzed 

by MALDI-TOF that gave [M + 1H] 1+ ionic peak of 5808.125 (Mr of 5807.1, 

theoretical Mr 5807.6). The major peaks in all the three batches of HPLC were 

combined and finally freeze dried and stored at -80 °C and used further for the 

bioassays experiments (chapter 8). Figure 5.15 shows the MALDI-TOF mass spectrum 

of the major peak of insulin after purification by RP-HPLC. 
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Figure 5.15: Mass spectrum of purified human insulin as obtained from MALDI-

TOF showing the [M + 1H] 1+ ion. 

Further conversion of proinsulin to insulin was done by treating 50 mg of this 

derivative [MRR-(Q64) hpi] with enzymes and insulin was separated by RP-HPLC in 

different batches as described above. 
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CHAPTER 6 

Isolation and Purification of carboxypeptidase B 

Carboxypeptidase B used for the conversion of different proinsulin derivatives to 

insulin was isolated and purified from pancreas of river buffalo (Babalus bubalis), the 

main source of the tissue in Pakistan. 

Carboxypeptidase B digests the C-terminal basic residues (arginine and lysine) 

resulting from trypsin cleavage. The isolation of the enzyme has been described from 

the pancreases of different organisms like monkey, porcine and dog etc. In the present 

work, pancreases of locally available buffalos were selected for the isolation and 

purification of this enzyme mainly due to two reasons. Firstly, it is economical to 

isolate and purify this enzyme in-house and secondly a large no of river buffalo 

pancreas are available in Pakistan at every slaughter house daily. 

Buffalo pancreases were purchased from a nearest slaughter house from Punjab 

University. These pancreases were cleaned by removing the fat and finally after a 

thorough washing were stored at -80 °C.  

6.1 Isolation of carboxypeptidase B 

Before the extraction process to be started, the frozen pancreases were thawed and 

weighed. About 1000 grams of this frozen tissue were brought to 4 °C and cut into as 

small slices as possible The slices were then kept in petri dish in a fume hood at room 

temperature for about 24 to 36 hours (depending on the environment temperature) for 

the process of autolysis After autolysis it was minced by using a locally made mincer. 

The minced tissues were then blended in equal volume of ice-chilled acetone in a heavy 

duty blender at full speed for one minute. The blended mixture was filtered through 

filter paper no113. The residue was re-extracted and blended again in two volumes of 

acetone and filtered. This process of blending was repeated again with three volumes of 

ice-chilled acetone, then with two volumes of acetone-ether and at the end finally with 

three volumes of ether. After filtration, the residue was put in a desiccator for overnight 

in order to get rid of acetone or ether that might interfere in further purification 

processes. This dried residue (acetone powder) can be store at 4 °C for several weeks or 
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can be processed at that time for the isolation of carboxypeptidase B. For this whole 

process one can produce about 200 grams of acetone powder starting with 10 

pancreases. 

6.2 Ammonium sulphate precipitation 

The extract of acetone powder was prepared by mixing 200 grams of acetone powder in 

3000 ml of ice chilled 10 mM Tris-Cl buffer having a pH of 7.5 in the ice box for about 

45 minutes. The suspension was then centrifuged at 14000g for 30 minutes at 4 °C and 

residue was discarded. The clear light yellow supernatant was used in the next step for 

the isolation of carboxypeptidase B. 

The light yellow supernatant from the above step was put on ice and brought to 0 °C 

and its pH adjusted to 7.5 if needed with 1 N NaOH solution. This supernatant was then 

saturated with 30% of solid ammonium sulphate (164 grams per liter) and gently mixed 

well for about one hour. It was centrifuged at 14000g at 4 °C for 30 minutes and 

precipitates were removed. The supernatant was then again saturated with solid 

ammonium sulphate from 30% to 65% (264 grams per liter). The precipitates were 

spun out by centrifugation at 14000g and 4 °C for 30 minutes and supernatant was 

discarded. 

These precipitates were then finally dissolved in 500 ml of 10 mM Tris-Cl buffer pH 

7.5 and dialyzed against the same buffer in 12 kDa cut-off dialysis tubing with four to 

six changes of buffer, after every six hours. The dialyzed material was centrifuged at 

48000g (20000 rpm) and precipitates were removed. The clear yellow supernatant 

(about 700 ml) was then used for the next step of purification through column 

chromatography. 

6.3 Purification of carboxypeptidase B through column 

chromatography 

About 2 grams of DEAE sephadex (Calzyme industries, California, USA) was soaked 

in 100 ml of water and kept for 3-4 hours at room temperature. It was then poured into 

the column and washed with two liters of water and finally equilibrated with two to 

three liters of 10 mM Tris-Cl pH 7.5. The dialyzate was then applied to the DEAE 

sephadex column at a flow rate of 2 ml per minute. The flow through was assayed to 
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check the activity of any unbound enzyme. After confirmation of flow through by 

assay, the column with bound protein was washed with 200 ml of 10 mM Tris-Cl pH 

7.5 in order to get rid of any loosely bound enzyme. Finally the bound proteins were 

eluted with sodium chloride gradient of 50 ml of 0.1M -0.5 M prepared in the same 

buffer. Fractions of 10 ml volume were collected.  

Activity and specific activity of all the fractions was measured and detail for which is 

described in materials and methods section 2.15.2. Table 6.1 along with figure 6.1 give 

the elution profile of the enzyme and of the total protein contents. 

Table 6.1: Different fractions of CPB eluted at different concentrations of NaCl 

along with their activities and specific activities.  

Fractions Activity 
(u/ml) 

Specific 
activity 

Fractions Activity 
(u/ml) 

Specific 
activity 

1 2.5 - 11 183 43 
2 3.3 - 12 160 39 
3 4.1 - 13 55 4 
4 4.6 - 14 30 7.3 
5 6.9 - 15 18 - 
6 13.7 2 16 13.7 - 
7 100 40.5 17 6.5 - 
8 135 65.8 18 4.5 - 
9 365 83.2 19 3.0 - 

10 230 49.0 20 2.2  
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Figure 6.1: Graphical representation of different fractions along with their 

activities and concentrations of NaCl gradient. 

Table 6.1 and figure 6.1 show that the carboxypeptidase activity was eluted in fractions 

7 to 13. The specific activity of the enzyme was highest in fractions 7 to 12.  For the 

carboxypeptidase B to be used for the conversion of proinsulin derivatives into insulin 

it needs to free of any proteinase activity.  For this purpose the various fractions were 

incubated with M-hpi for up to 20 minutes and it was found that in the presence of 

samples from fractions 8 and 9, the proinsulin remained intact as shown by mass 

spectrometric analysis (A and B, figure 6.2), while other fractions showed proteolysis 

(C-E, figure 6.2)  

 

Major Peak 0.15% 
NaCl 
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Figure 6.2: Mass spectra after incubation of different fractions of 

carboxypeptidase B with human proinsulin (M-hpi) as obtained from MALDI-

TOF showing the [M + 1H] 1+ ions.  M-hpi (100 µg) was incubated with 0.06 units of 

carboxypeptidase B in 100 µl of  20 mM Tris-Cl buffer and samples analyzed by 

MALDI after 20 minutes of incubation at 37 °C. A. incubation with CPB from fraction 

8, B. CPB from fraction 9, C. CPB from fraction 10, D. CPB from fraction 11 and E. 

CPB from fraction 12 respectively. 

In the light of preceding analysis, carboxypeptidase from fractions 8 and 9 was used 

together with trypsin for the conversion of various proinsulin derivatives into insulin 
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(chapters 4, 5, and 6).  Figures 7.24 and 7.25 (section 7.3) presents a comparison of the 

conversion of dodecanoyl MRR-(Q64) hpi to dodecanoyl des-30 insulin using the 

buffalo enzyme prepared in this work with its porcine counterpart from Sigma. 
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CHAPTER 7 

Acylation of human insulin and proinsulin 

The biological half-life of the therapeutic proteins can be increased by making their 

conjugates that protect the drug against in vivo proteolysis or delay the clearance of the 

protein from the kidney. Another strategy is the attachment of hydrophobic appendages 

which allows the drug to associate with albumin, from where it dissociates slowly. 

Examples of the latter are the acylation of insulin at the epsilon amino group of lysine 

at position 29 in B chain e.g. Levimer. In addition to epsilon amino group of lysine, 

there are two other sites in the native insulin that have potential for acylation. These are 

the N-terminal amino acids of A and B chains (glycine and phenylalanine respectively).  

During our research work we investigated the regioselectivity of the acylation reaction 

using reagents of two different chain lengths (C2 and C12) and also explored methods 

for the preparative separation of these hydrophobic derivatives. 

Firstly the modification method was optimized with human insulin from Sigma and 

then the protocol was extended to our own proinsulin derivative [MRR-(Q64) hpi] which 

was then converted into acylated insulin. One of the major problems associated with the 

modifications of proteins for the enhancement of their stability is that the modification 

may occur at N-termini (as mentioned above) and any other amino acid giving di, tri 

and tetra modified species in addition to the mono modified product. So the yield of the 

desired product is decreased to a certain extent. The optimization of conditions for 

obtaining mono modified product and also the separation of the main product from the 

other undesirable product is a hectic and cumbersome.  

The present chapter deals with the optimization of insulin acylation, purification and 

characterization by mass spectrometry and the extension of the protocol developed, to 

our proinsulin derivative to get a reasonable yield of the required product, and finally 

giving rise to modified insulin after enzymic cleavage. 
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7.1 Acylation of human insulin (Sigma) 

Acylation of insulin (Sigma) was performed with two reagents; N-succinimidyl acetate 

and N-succinimidyl laureate.  The features of these acylating reagents and the 

incremental masses added to the protein following their modification are given below 

in table 7.1. 

Table 7.1:  Acylating reagents used in the present study and their characteristics. 

 

Acylating agent 

 

N-succinimidyl acetate 

(C2) 

 

N-succinimidyl laureate 

(C12) 

 

Molecular formula 

 

C6H7NO4 

 

C16H27NO4 

 

Structural formula   

 

Mr 

 

157.13 

 

297.39 

 

Modification unit   

 

Mr of acyl moiety 

 

43 

 

183 

 

7.1.1 Acylation of human insulin (Sigma) with N-succinimidyl acetate  

Fresh stock of 40 mM N-succinimidyl acetate in 100% acetonitrile was used for 

acylation with this reagent. Detail of the reagent preparation is described in Appendix I. 

After several attempts on small scale using different concentrations of N-succinimidyl 

acetate, different times of incubation and pH values, desired result was obtained using 3 

mM of the reagent and incubation at room temperature for 10 minutes at pH 12 in 50 

mM borate buffer. The acylation reaction was then performed on a larger scale and 

figure 7.1 shows the mass spectrometric profile of the reaction mixture.  
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Figure 7.1: MALDI mass spectrum of crude mixture of acetylated insulin showing 

the [M + 1H] 1+ ionic peaks. 

It is clear from the MALDI ionic peaks in figure 7.1 that all the protein was modified 

giving mono- and di-acetyl insulin of masses 5849.8 and 5891.3 respectively and that 

these species were in almost equal quantities. There are some traces of tri-acetyl insulin 

as well, of mass 5933.8. Theoretical and experimental masses of various acetylated 

insulin species from N-succinimidyl acetate are given below in table 7.2. 

Table 7.2: Experimental masses of various acetylated insulin species prepared 

using N-succinimidyl acetate (also see table 7.1). 

Acetylated insulin species Theoretical Mr Experimentala Mr 

Human insulin 5807.6 5808.0 

Mono-acetylated  insulin 5849.6 5849.8 

Di-acetylated insulin 5891.6 5891.3 

Tri-acetylated insulin 5933.6 5933.8 
a subtracting 1 from the [M + 1H] 1+ ionic peak 

After MALDI analysis of an aliquot of the crude mixture, the remaining sample was 

purified by RP-HPLC using Biobasic C4 analytical column with a shallow gradient of 

0.1% TFA in acetonitrile and 0.1% TFA in water, and a ramp of 0.5%/min. Three peaks 

could be separately collected and characterized by MALDI analysis, giving the expected 

masses for the three species, except that tri-acetyl insulin was contaminated with the di-
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acetyl derivative (fig. 7.2 and 7.3). Details of the HPLC reagents are given in Appendix I 

and procedure is described in materials and methods section 2.12 and 2.17.3 respectively. 

The HPLC chromatogram is shown below in figure 7.2. 

 

Figure 7.2: RP-HPLC of modified insulin (Sigma) with N-succinimidyl acetate 

using C4 Biobasic analytical column. Peaks A, B, and C were eluted at 38.5%, 

39.5%, and 40% of acetonitrile/0.1% TFA respectively. 

The three peaks A, B, and C from figure 7.2 were separately collected and subjected to 

MALDI analysis.  The results of MALDI analysis are shown below in figure 7.3 (A-C). 

 

 

 



   
 

159 
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Figure 7.3: Mass spectra obtained from MALDI-TOF showing the [M + 1H] 1+ 

ions of three major peaks separated by RP-HPLC. A. mono acetylated insulin, B. di 

acetylated insulin, and C. mixture of mono and di acetylated insulin. 

As it is clear from the MALDI result that peak A corresponded to mono acetyl insulin, 

peak B was identified as diacetyl insulin and peak C contained a mixture of 

diacetylated and triacetylated insulin (Table 7.2). UV quantification showed that the 

yield of monoacetylated and diacetylated insulin in peaks A and B was about 30% each 

on the basis of the starting insulin while peak C, a minor product, was a mixture of 

diacetylated and triacetylated insulin species. Finally the HPLC fractions A and B were 

separately lyophilized and stored at – 80 °C.  

An attempt was also made to improve the separation of peaks A and B using C8 and 

C18 Biobasic analytical columns (figure 7.4) in addition to the C4 analytical column. 
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Figure 7.4: Comparative HPLCs for the separation of different modified products 

of acetylated insulin (Sigma) with C8 and C18 Biobasic analytical columns. A. 

HPLC using C8 analytical Biobasic column and B. HPLC using C18 analytical 

Biobasic column. 

A careful examination of the profiles in figures 7.3 and 7.4 shows that there was no 

significant difference of separation of the three peaks with three different analytical 

columns. 

7.1.2 Determination of position of acylation 

After separation of mono and di modified species, the next target was the determination 

of position of acylation. As it has already been described that there were three amino 

acids in insulin that can be acylated, N-terminal glycine of A chain (GlyA1), N-terminal 

phenylalanine of B chain (PheB1), or Ɛ- amino group of lysine at position 29 of B chain 

(LysB29), so in case of modified insulin, it is important to identify the position of 

modification. 

For this purpose thiolytic cleavage of HPLC purified acetylated insulin fractions was 

performed (methods section 2.17.4) using tris (2-carboxyethyl) phosphine 

hydrochloride and analyzed by MALDI-TOF under negative and positive polarity.  
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Figure 7.5: MALDI mass spectra of thiolytic cleavage products of insulin modified 

with N-succinimidyl acetate in linear negative mode showing [M - 1H] 1- ionic 

peaks. (A), acetylated-B-chain at 3471.1 and normal A-chain at 2382.5 from mono-

acetyl insulin; (B), acetylated-B-chain at 3471.2, normal and acetylated A-chains at 

2382.8 and 2424.5 respectively from di-acetyl insulin. 

MALDI results for thiolytic cleavage of mono-acetyl insulin showed single addition of 

acetyl group (+42) on B-chain with a [M - 1H] 1- ion at 3471.1 (theoretical, 3471.5) and 

unmodified A-chain at 2382.5 (theoretical, 2382.7) whereas di-acetyl insulin exhibited 

acetylation at both the A and B chains with [M - 1H] 1- ionic peaks at 2424.5 and 

3471.1 respectively (theoretical, 2424.7 and 3471.5). The presence of unmodified A-
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chain at 2382.8, in the di-acetylated sample suggests a contamination with the singly 

modified insulin. 

It is to be noted that thiolytic cleavage products of acylated insulin species were 

analyzed and observed, both in negative and positive mode whereas modified A-chain 

with the dodecanoate moiety (detailed in next section) was only visible in negative 

mode. Hence, the data analyzed on MALDI-TOF for thiolytic cleavage analysis of 

acylated insulin derivatives are shown for only negative mode. 

From the above thiolytic cleavage-mass spectrometric analyses, it was concluded that 

mono-acetyl insulin was modified in the B-chain, while the di-acetyl insulin was 

acylated in both A and B chains. Table 7.3 summarizes theoretical and experimental 

masses as determined from MALDI spectra of acetylated A and B chains (figure 7.5)  

Table 7.3: Experimentally determined masses, from MALDI analysis in negative 

mode, of reduced acetylated insulin chain species. The experimental masses are: 

adding 1 to the data in figure 7.5. 

Species Theoretical Mr Experimental Mr 

A Chain unmodified 2383.7 2383.5 

Mono acetylated A chain 2425.7 2425.5 

B Chain 3430.5 Not seen 

Mono acetylated B chain 3472.5 3472.1 

 

The A chain acetylation would have occurred at Gly1A and the B chain acetylation 

could be at Phe1B or Lys29B. Further investigation was, therefore, required to determine 

the amino acid from B chain that was actually modified and detail of this investigation 

is described below section 7.1.3. 

7.1.3 Acylation of human insulin (Sigma) with N-succinimidyl laureate 

Following insulin acetylation by N-succinimidyl acetate, the protocol was used for the 

modification of native insulin with the longer carbon chains such as C12. For this 

purpose N-succinimidyl laureate was used and procedural details are described in 

section 2.17.2. 
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The reaction was again optimized on small scale of insulin with varying concentrations 

of N-succinimidyl laureate, different time of incubation for the reaction and pH values. 

After several attempts, the optimum conditions for acylation by N-succinimidyl 

laureate was found out to be 3 mM of the reagent at pH 12 and incubation time was 30 

minutes. Final ratio of the concentrations of the reagent to protein was 1:10 (methods 

section 2.17.2). The crude reaction mixture was desalted and analyzed by MALDI mass 

spectrometry.  

 

Figure 7.6:  MALDI mass spectrum of crude mixture of acylated insulin with N-

succinimidyl laureate showing the [M + 1H] 1+ ionic peaks. [M + 1H] 1+ ion peaks in 

the crude product at 5990.6 and 6172.5 are due to mono and di dodecanoyl insulin 

respectively. 

The crude reaction mixture was then purified by RP-HPLC (materials and methods 

section 2.12 and 2.15.3 respectively) using two types of mobile phases. In first HPLC 

method, acetonitrile/0.1% TFA system was used and the second was an ethanol system. 

The HPLC profiles with the two systems are shown in figures 7.7 and 7.8. 
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Figure 7.7: RP-HPLC of modified insulin with N-succinimidyl laureate using C4 

Biobasic analytical column and acetonitrile/0.1% TFA gradient. Peaks A and B 

were eluted at 46% and 53% of acetonitrile/0.1% TFA respectively. 
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Figure 7.8: RP-HPLC of insulin (Sigma) acylated with N-succinimidyl laureate 

using C4 Biobasic analytical column and ethanol gradient. Peaks A and B were 

eluted at 68% and 73% of ethanol/0.1% TFA respectively. 

Both peaks A and B separated by RP-HPLC (from figures 7.7 & 7.8) were subjected to 

MALDI-TOF mass spectrometric analyses and figure 7.9 (A & B) below shows the 

mass spectrometric profiles of the peaks. 
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Figure 7.9: Mass spectra obtained from MALDI-TOF showing the [M + 1H] 1+ 

ions of two major peaks (figures 7.7 and 7.8) separated by RP-HPLC. A. mono 

modified with laureate and B. dimodified with laureate. 

The MALDI results showed that peak A of HPLC corresponded to mono dodecanoyl 

insulin (Mr; 5989.6) and peak B was identified as di dodecanoyl insulin (Mr; 6171.5). 

UV quantification showed that the yield of mono dodecanoyl insulin is 38% while that 

of di dodecanoyl is 5%. Monomodified product from above two HPLC runs, were 

collected together, UV quantified, lyophilized and freeze-dried powder was stored at -

80 °C, till further use. Dimodified species from both HPLC methods were also treated 

in the same way. Theoretical and experimental Mr values for different dodecanoyl 
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modified insulin species obtained from their [M + 1H] 1+ ionic peaks (figure 7.7 and 

7.8) are given below in table 7.4. 

Table 7.4: Theoretical and experimental Mr values of various acylated insulin 

species prepared using N-succinimidyl laureate (also see table 7.1). 

Acylated insulin species Theoretical Mr Experimental Mr 

Mono dodecanoyl insulin 5989.6 5989.6 

Di dodecanoyl insulin 6171.6 6171.5 

 

7.1.4 Determination of position of acylation with N-succinimidyl 
laureate 

For the determination of position of acylation, both mono and di dodecanoyl insulin 

were subjected to thiolytic cleavage by TCEPH as described in section 7.1.2 and 

products were analyzed by MALDI-TOF (Figure 7.10). 

  



   
 

169 
 

 

Figure 7.10: MALDI spectra of thiolytic cleavage products of insulin acylated with 

N-succinimidyl laureate in linear negative mode showing [M - 1H] 1- ionic peaks. 

(A), dodecanoyl B-chain at 3611.16 and normal A-chain at 2382.69 from mono 

dodecanoyl insulin sample; (B), dodecanoyl B-chain at 3611.33, normal and 

dodecanoyl A-chains at 2382.83 and 2564.53 respectively from di dodecanoyl insulin 

sample. 

From figure 7.10 A, two [M - 1H] 1- peaks at 2382.691 and 3611.160 appeared in the 

MALDI spectrum, corresponding to unmodified A chain and mono dodecanoyl B chain 

respectively. In figure 7.10 B, three species at 2382.83, 2564.53, and 3611.33 were 

found; exhibiting fingerprints of unmodified A chain, mono dodecanoyl A chain, and 

mono dodecanoyl B chain respectively. As mentioned earlier in section 7.1.2 that 

MALDI analysis of thiolytic cleavage of acylated insulin species was performed both in 

negative and positive mode but modified A-chain with the laureate moiety was clearly 

able to be seen in negative mode. Traces of unmodified A-chain at 2382.8, in the di 

dodecanoyl sample could be a contamination from singly modified insulin. 

It has already been described that acylation in case of A chain was only possible at 

amino group of Gly1A but in case for acylation with B chain, it could be at Phe1B or 

Lys29B, therefore, further study was required in order to find the specific amino acid of 

B chain that was acylated by N-succinimidyl acetate and N-succinimidyl laureate. 
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Table 7.5: Experimentally determined masses, corresponding to negative mode 

MALDI analysis, of reduced modified dodecanoyl insulin chain species.  

Species Theoretical Mr Experimental Mr 

A Chain unmodified 2383.7 2383.7 

Mono acetylated A chain 2565.7 2565.5 

B Chain 3430.5 Not seen 

Mono acetylated B chain 3612.5 3612.16 

 

7.1.5 Regiospecificity and fingerprinting of acylated insulin by 

proteomics analysis 

In order to study the regiospecificity of acylated insulin by proteomics approach, mono 

acetyl and mono dodecanoyl insulin were reduced, alkylated and subjected to trypsin 

digestion followed by on-line LC MS analysis on 6224 TOF LC/MS (Agilent 

Technologies, USA) as explained in methods section 2.14. 

In case of mono acetylated insulin, following reduction, alkylation and tryptic digestion 

monoisotopic masses of 2600.27 Da, 2610.09 Da, and 1001.49 Da were obtained 

(theoretical, 2600.26, 2610.08 and 1001.47).  The fragment of mass 1001.49 

corresponded to octapeptide of insulin B-chain from residues G23B to T30B (see below) 

containing a signature acetylated moiety attached on ɛ-amino group of lysine at position 

29.  The counter fragments of 2600.27 Da corresponded to a reduced alkylated, des-

octa B-chain (F1B-R22B) and of 2610.09 Da to A-chain without modification. In case of 

mono-dodecanoyl insulin, apart from reduced alkylated A-chain and des-octa B chain, 

the signature octapeptide fragment (residues G23B to T30B) of monoisotopic mass of 

1141.67 Da (theoretical, 1141.47) was observed which showed the dodecanoyl moiety 

to be attached to ɛ-amino group of lysine at position 29. 

The origin of the tryptic peptides above may be deduced from the sequences of A- and 

B-chains (below): tryptic sites in the B-chain are present at R22B and K29B (shown by 

arrow), however, modification of the ɛ-amino of K29B prevents the cleavage of the 

K29B-T30B bond, by trypsin, which would occur in the native B-chain. 

A-chain  H2N-GIVEQCCTSICSLYQLENYCN-COOH 

B-chain H2N-F1VNQHLCGSH LVEALYLVCG ER22↑G23FFYTPK29↑T30-COOH 
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Identification of different species obtained by this reduction, alkylation and tryptic 

digestion is shown below in Table 7.6. 

Table 7.6: Monoisotopic masses of reduced, alkylated, tryptic fragments of mono-

acetylated and mono- dodecanoyl insulin showing the fingerprints of acylated 

insulin peptides. 

Sr. 

No. 
Species 

Theoretical 

monoisotopic masses 

Experimental 

Monoisotopic 

masses 

1 
Reduced alkylated, des-octa B-chain 

(F1B-R22B) 
2600.26 2600.27 

2 A-chain without modification 2610.08 2610.09 

3 
Unmodified octapeptide of B-chain 

G23B-T30B 
959.47 Absent 

4 

Octapeptide of B-chain G23B-T30B 

containing acetylated moiety attached 

on ɛ-amino group of K29B 

1001.47 1001.49 

5 

Octapeptide of B-chain G23B-T30B 

containing  dodecanoyl moiety attached 

on ɛ-amino group of K29B 

1141.47 1141.67 

 

7.2 Acylation of human proinsulin derivatives 

After successfully optimizing the acylation of insulin with N-succinimidyl acetate and 

N-succinimidyl laureate, the same protocols were used for the modifications of our 

proinsulin derivatives, with both the reagents. Among different derivatives of human 

proinsulin; [MR-(R64) hpi, MRR-(R64) hpi, MTRR-(R64) hpi, MFTRR-(R64) hpi, MHHR-

(R64) hpi, MRR-(Q64) hpi, MTRR-(Q64) hpi, MFTRR-(Q64) hpi and MHHR-(Q64) hpi], 

only modification was done on MRR-(Q64) hpi, mainly due to two reasons. Firstly, as it 

has already been described in the result section (chapter 4) that all the derivatives 

having arginine at position 64 (R64) on conversions into insulin, produced two types of 

insulin; one having an additional arginine at A chain and second native insulin in the 

ratio of 40:60. These constructs were, therefore, not further modified. Secondly, among 

the derivatives where glutamine is at position 64 (Q64), only MRR-(Q64) hpi was 
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selected for the modification process because among the derivatives of Q64 series, only 

this construct gave a good yield of proper insulin.  In the other derivatives of this series 

MTRR-(Q64) hpi, MFTRR-(Q64) hpi, and MHHR-(Q64) hpi, the N-terminal tags were 

partially removed and hence the yield of insulin decreased in these three constructs 

(chapter 5). 

7.2.1 Acylation of MRR-(Q64) hpi with N-succinimidyl acetate 

The methodology in section 7.1 was applied, for the modification of MRR-(Q64) hpi 

with N-succinimidyl acetate. An aliquot was desalted using PD-10 column and 

analyzed by ESI-TOF. Figure 7.11 shows the ESI mass spectrum of the crude mixture 

of MRR-(Q64) hpi acetylated using N-succinimidyl acetate and figure 7.12 its separation 

by RP-HPLC.  

 

Figure 7.11: ESI mass spectrum of the crude mixture of acetylated MRR-(Q64) hpi 

with N-succinimidyl acetate, showing mono-acetylated MRR-(Q64) hpi of Mr 

9874.72, diacetylated MRR-(Q64) hpi of Mr 9914.34 respectively. 

Figure 7.11, shows a major peak of Mr 9874.72 along with a minor peak of 9914.34 

which are attributed to mono and di acetylated MRR-(Q64) hpi respectively.  The mass 

spectrum also shows a peak of Mr 9893.51 which represents the oxidation of MRR-

(Q64) hpi during its refolding.  The level of this product varies between different 

refolding experiments. 
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Two major peaks were eluted during the HPLC of above acetylated MRR-(Q64) hpi 

mixture. Peak A eluted at 40% of acetonitrile/0.1% TFA and peak B at 42% 

acetonitrile/0.1% TFA (figure 7.12).  

 

Figure 7.12: RP-HPLC for the separation of acetylated MRR-(Q64) hpi, showing 

two modified species of MRR-(Q64) hpi eluted at 40% and 42% of 

acetonitrile/0.1% TFA respectively. 

These two peaks were analyzed by MALDI-TOF showing [M + 1H] 1+ionic peak at 

9872.3 due to mono acetyl MRR-(Q64) hpi (figure 7.13 A) and 9917.5 for di acetyl 

MRR-(Q64) hpi (figure 7.13 B). 
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Figure 7.13: MALDI mass spectra of two major HPLC peaks of acetylated MRR-

(Q64) hpi sample (figure 7.12). The spectra show [M + 1H] 1+ ion for HPLC peak A at 

9872.3 (spectrum A) and peak B at 9917.5 (spectrum B) identified as mono acetylated 

and di acetylated MRR-(Q64) hpi respectively. 

The theoretical masses of these acetylated MRR-(Q64) hpi species along with their 

experimental masses are given below in table 7.7.  
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Table 7.7: Experimental masses of various acetylated MRR-(Q64) hpi species 

obtained during acylation by N-succinimidyl acetate (also see table 7.1). 

Acetylated MRR-

(Q64) hpi species 

Theoretical Mr Experimental Mr determined from 

ESI MALDI 

MRR-(Q64) hpi 

 

9832.6 

(from figure 5.5) 

9833.47 

(from figure 5.6) 

9832.438 

Mono acetylated 

MRR-(Q64) hpi 

9874.6 9874.7 9871.3 

Di acetylated 

MRR-(Q64) hpi 

9916.6 9914.34 9916.5 

  

7.2.2 Conversion of acetylated MRR-(Q64) hpi into acetylated insulin 

The freeze dried proteins of both mono and di modified fractions were mixed and 

subjected to conversion into acetylated insulin, using the standard procedure (materials 

and methods section 2.18.2). First, conversion was done by treating 100 µg of the 

acetylated proinsulin with trypsin and CPB and samples were taken at various time 

intervals quenched with 10% TFA and analyzed by MALDI-TOF mass spectrometry 

(method section 2.13). It was found that, optimum time for the conversion of acetylated 

proinsulin into acetylated insulin was 12-15 minutes. Further incubation with the 

enzymes lead to increase in the concentration of acetyl des-30 insulin. Figure 7.14 

below shows the MALDI-TOF spectrum obtained for the protein before reaction and 

after 15 minutes of incubation with both enzymes. 
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Figure 7.14: Mass spectra obtained from MALDI-TOF showing the [M + H] 1+ ion 

after the treatment of acetylated MRR-(Q64) hpi with CPB and porcine trypsin. A. 

after 0 minutes (intact protein), B. after 15 minute. 

From the MALDI spectrum it is clear that both, mono- and diacetyl MRR-(Q64) hpi 

were converted into a single species, mono acetyl insulin with some acetyl des-30 

insulin.  As anticipated, the acetylated N-terminal linker was smoothly removed during 

processing, with the two enzymes. 

Later, the conversion of acetylated MRR-(Q64) hpi was done on a large scale by treating 

50 mg of this modified derivative (methods section 2.18.2).and finally mixture was 

separated by RP-HPLC (figure 7.15). It is clear from figure 7.15 that the major peak of 
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acetyl insulin was eluted at 39% of acetonitrile/0.1% TFA, yielding 30% of this final 

purified product. It was collected separately, freeze dried and lyophilized powder was 

stored at – 80 °C for further use in bioassays. Its Mr was confirmed by ESI-TOF that 

showed 5850.63 (theoretical Mr, 5849.7). 

 

Figure 7.15: RP-HPLC chromatogram for separation of acetylated insulin after 

conversion of a mixture of mono and di acetylated MRR-(Q64) hpi into mono-

acetyl insulin (A) Mass spectrum showing mass of the acetyl insulin as determined 

by ESI-TOF (B). 

7.2.3 Acylation of MRR-(Q64) hpi with N-succinimidyl laureate  

For the modification of MRR-(Q64) hpi with N-succinimidyl laureate, the methodology 

in section 7.1.2 was used. Figure 7.16 shows the mass spectrum of the crude mixture 

for the reaction of MRR-(Q64) hpi with N-succinimidyl laureate.   
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Figure 7.16:  MALDI-TOF spectrum of crude mixture of the reaction of MRR-

(Q64) hpi with N-succinimidyl laureate, showing the [M + 1H] 1+ ionic peak at 

10016.3 corresponding to mono dodecanoyl MRR-(Q64) hpi. 

After analyzing the crude mixture, which exhibited mostly mono dodecanoyl MRR-

(Q64) hpi, the sample was subjected to RP-HPLC purification (figure 7.17). HPLC 

chromatogram shows two major peaks, peak A eluted at 44% of acetonitrile/0.1% TFA 

and peak B at 50% acetonitrile/0.1% TFA.   

 

Figure 7.17: RP-HPLC for the separation of mono and di modified products after 

reaction of MRR-(Q64) hpi with N-succinimidyl laureate. 
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These two peaks from figure 7.17 were collected separately, analyzed by MALDI-TOF 

and the results are shown in figure 7.18. 

 

 

Figure 7.18: MALDI mass spectra of two HPLC peaks of dodecanoyl modified 

MRR-(Q64) hpi sample (from figure 7.17).  The spectra show [M + H] 1+ ion for 

HPLC peak A at 10016.00 (spectrum A) and peak B at 10197.1 (spectrum B) identified 

as mono-dodecanoyl (theoretical Mr 10014.6) and di dodecanoyl MRR-(Q64) hpi 

(theoretical Mr 10196.6) respectively.  

The theoretical and experimental masses of acylated MRR-(Q64) hpi species as 

determined from ESI and MALDI are summarized below in table 7.8. 
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Table 7.8: Experimental masses of various acetylated MRR-(Q64) hpi species 

obtained during acylation by N-succinimidyl laureate (also see table 7.1). 

Laureate MRR-(Q64) 

hpi species 

Theoretical 

Mr 

Experimental Mr determined from 

ESI MALDI 

MRR-(Q64) hpi 

(from figure 5.5) 

9832.6 9833.47 

(from figure 5.6) 

9832.438 

Mono dodecanoyl 

MRR-(Q64) hpi 

10014.6 10014.53 10015.0 

Di dodecanoyl MRR-

(Q64) hpi 

10196.6 10196.88 10196.1 

 

7.2.4 Conversion of dodecanoyl MRR-(Q64) hpi to dodecanoyl insulin 

For the processing of dodecanoyl MRR-(Q64) hpi, the same methodology was adopted 

as described for the conversion of acetylated MRR-(Q64) hpi into acetylated insulin 

(section 7.2.2). After the addition of CPB and trypsin, reaction mixture was incubated 

at 37 °C and samples were taken at different time intervals and quenched with 10% 

TFA and analyzed by ESI-TOF. 

Figure 7.19 shows the result of mass spectra by ESI-TOF before and after incubation 

with trypsin and CPB. The samples removed at all time intervals showed that it was not 

dodecanoyl insulin but dodecanoyl des-30 insulin. Detail about this conversion is given 

in materials and methods section 2.18.4. 
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Figure 7.19: ESI mass spectra of the mixture of mono and di dodecanoyl MRR-

(Q64) hpi at 0 min (A) and after the treatment with CPB and trypsin at 12.5 min 

(B). 

Results of figure 7.19 are also tabulated in table 7.9 below, along with the theoretical 

Mr values of the dodecanoyl insulin derivatives formed. 
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Table 7.9: ESI experimentally determined Mr for dodecanoyl insulin species 

derived from dodecanoyl MRR-(Q64) hpi, following tryptic cum CPB digestion. 

Insulin species Theoretical Mr Experimental Mr 

Mono dodecanoyl insulin 5989.6 5989.91 

 dodecanoyl des-30 insulin 5888.6 5889.25 

 

7.2.5 Regiospecificity of dodecanoyl MRR-(Q64) hpi and dodecanoyl 

des-30 insulin 

Mono dodecanoyl MRR-(Q64) hpi was also subjected to regiospecificity analysis by 

performing LC MS of the tryptic digested sample of reduced alkylated mono-

dodecanoyl MRR-(Q64) hpi (as explained in section 7.1.5) and shown below in figure 

7.20. 

 

Figure 7.20: ESI spectrum showing signature fragment of dodecanoyl G23B - 

T30BR31 of monoisotopic mass 1297.73 Da, from tryptic digestion of reduced 

alkylated mono dodecanoyl MRR-(Q64) hpi. 

A major peak of monoisotopic mass 1297.73 Da was seen, identified as an octapeptide 

of B-chain with single arginine i.e. G23B - T30BR31 containing dodecanoyl moiety 

(theoretical monoisotopic mass, 1297.58 Da). This also highlights that K29B - T30B bond 

is resistant to tryptic cleavage when K29B is acylated and also that  at BC junction, R31 – 
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R32 bond is prone to be cleaved in acylated proinsulin sample, which otherwise in 

unmodified proinsulin would have cleaved at R32
 – E33 and K29B - T30B (Gardner et al., 

2013).  

In addition to above specie, another peak of monoisotopic mass 3303 Da (theoretical 

mass 3302.7 Da) was also seen which corresponded to C-peptide of sequence;  

EAEDLQVGQVELGGGPGAGSLQPLALEGSLQQR  

Regiospecificity proteomics analysis was also performed for insulin derived from 

MRR-(Q64) hpi and LC MS spectra are shown below (figure 7.21).  

The spectrum (7.21 A) showed no laureate modification on A chain and B chain. A 

chain is free from laureate modification as at C-A knuckle K64 was mutated to Q64, and 

trypsin cleaved at QQ64R65--G66 bond, hence no modification on A chain of insulin 

derived. B-chain terminus is free from laureate modification as N terminus tag was 

removed during tryptic cum carboxypeptidase B digestion. The fragments of 2600.27 

Da corresponded to a reduced alkylated, des-octa B-chain (F1B-R22B) and of 2610.10 Da 

to A-chain without laureate modification as mentioned before in section 7.1.3. Also, the 

signature octapeptide fragment of B-chain G23B to K29B of monoisotopic mass of 1040.6 

Da (theoretical, 1040.5 Da) was observed (Figure 7.21 B) which showed the 

dodecanoyl moiety to be attached to ɛ-amino group of lysine at position 29 of B-chain 

of des-30 insulin derived from dodecanoyl MRR-(Q64) hpi.  
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Figure 7.21:ESI spectra showing; alkylated A-chain and des-octa B chain F1 – R22 

without any dodecanoyl moiety (A) and signature fragment of dodecanoyl des-30 

G23B –K29B of monoisotopic mass 1040.60 Da (B), from tryptic digestion of reduced 

alkylated mono dodecanoyl des-30 insulin derived from dodecanoyl MRR-(Q64) 

hpi.  
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7.3 Studies on the kinetics for the formation of dodecanoyl 

des-30 insulin 

Unlike unmodified MRR-(Q64) hpi conversion into proper insulin, dodecanoyl MRR-

(Q64) hpi, under same conditions, surprisingly produced dodecanoyl des-30 insulin 

rather than proper dodecanoyl insulin. Further investigations were required to unravel 

this riddle. For this purpose different kinetics experiments were conducted with 

acylated and unmodified insulin using only; bovine trypsin, porcine CPB (Sigma), and 

CPB (prepared in SBS) to see the cause of the formation of des-30-docanoyl insulin. 

7.3.1 Reaction of acetylated insulin and un-modified insulin with 

trypsin 

In this series of studies, the first experiment performed was treatment of a mixture of 

equal quantities of mono acetylated insulin (prepared from insulin) and unmodified 

insulin, with trypsin using a1:500 ratio of trypsin to substrate.  The reaction mixture 

was incubated at 37 °C and samples were taken after different time intervals, quenched 

with 10% TFA, and analyzed by MALDI-TOF (figure 7.20, A-D). 

It was interesting to note that mixture of mono-acetyl insulin and unmodified insulin 

did not show any sign of degradation, even after incubation with trypsin for up to 115 

minutes.  
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Figure 7.22: Mass spectra obtained from MALDI-TOF showing the [M + 1H] 1+ 

ions after the treatment of mixture of mono acetyl insulin and unmodified insulin 

with TPCK treated trypsin. A. Mass spectrum obtained without trypsin at 0 minute, 

B. after 5 minutes of treatment with trypsin, C. after 60 minutes of treatment with 

trypsin, and D. after 115 minutes of treatment with trypsin. 

7.3.2 Reaction of dodecanoyl insulin and un modified insulin with CPB 

In a second set of kinetics experiment, a mixture of dodecanoyl insulin (prepared from 

the insulin; section 7.1.2) and unmodified insulin was treated with CPB (prepared in 

SBS) as above. Time course analysis was performed and the samples subjected to 

MALDI analysis. Figures 7.21 (A-C) show that unmodified insulin (Mr ) remained 
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intact under these conditions but mostly dodecanoyl insulin (prepared by taking Sigma 

insulin) converted into dodecanoyl des-30 insulin. 
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Figure 7.23: Mass spectra obtained from MALDI-TOF showing the [M + 1H] 1+ 

ions of the mixture of mono dodecanoyl insulin (Sigma) and unmodified insulin 

(Sigma) after the treatment with CPB (SBS) after A; 0 minutes, B; 5 minutes, and 

C; 10 minutes. 

7.3.3 Treatment of mono dodecanoyl insulin with CPB (SBS) 
Since trypsin did not show any sign of degraded products for modified insulin and 

show similar behavior like unmodified insulin as a control, therefore the other factor to 

check was the effect of merely CPB on modified acylated insulin. For this purpose, 

kinetics experiment was performed in the same way with mono dodecanoyl insulin 

treated only with CPB (prepared in SBS) without using trypsin, and analyzed by 

MALDI mass spectrometry, as shown in shown in figure 7.24 (A-D). 
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Figure 7.24: MALDI mass spectra showing the [M + 1H] 1+ ions after the 

treatment of mono dodecanoyl insulin with only CPB (prepared in SBS). A. after 0 

minutes, B. after 5 minutes, C. after 10 minutes. and D. after 20 minutes. 

It was quite surprising to note that even after 5 minutes of incubation with CPB, 

dodecanoyl des-30 insulin was produced as clearly shown in figure 7.24. 

7.3.4 Treatment of dodecanoyl insulin with carboxypeptidase B 
(porcine from Sigma) 

Mono-dodecanoyl insulin was treated with porcine CPB (Sigma) and a time course 

study of the experiment is shown below in figure 7.25 (A-C). 
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Figure 7.25: MALDI mass spectra showing the kinetics profile of the action of 

porcine CPB with mono dodecanoyl insulin. A. after 5 minutes, B. after 10 minutes, 

and C. after 15 minutes. 

MALDI kinetics profile in figure 7.25 shows that after 15 minutes of treatment of 

dodecanoyl insulin with porcine CPB (Sigma), most of the protein was converted into 

dodecanoyl des-30 insulin as was converted in case of CPB (SBS). 

In the light of the above experiments, it was concluded that only dodecanoyl des-30 

insulin can be obtained in major quantity rather than mono-dodecanoyl insulin after 

tryptic cum CPB digestion of dodecanoyl MRR-(Q64) hpi. Subsequently, dodecanoyl 

des-30 insulin was prepared, on a larger scale (50 mg) and purified in 10 batches by 
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RP-HPLC using C4 semi preparative column. Figure 7.25 below shows the 

chromatogram of RP-HPLC for the separation of dodecanoyl insulin from other species 

formed during this conversion (A) and ESI spectrum of the purified protein (B). 

 

 

Figure 7.26: RP-HPLC chromatogram for separation of dodecanoyl des-30 insulin 

after conversion of dodecanoyl MRR-(Q64) hpi (A). Mass spectrum as obtained 

from ESI showing the mass of dodecanoyl des-30 insulin purified by HPLC (B). 

Apart from salts in the void volume, two major peaks were eluted at 65% and 67% of 

ethanol/0.1% TFA respectively. The peak eluted at 67%was identified as dodecanoyl 

des-30 insulin (theoretical Mr; 5889.6, experimental Mr from ESI, 5889.08). 

Dodecanoyl des-30 insulin after freeze drying was stored at -80 °C and finally used for 

bioassays after solubilization as described in section 8.4. 
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CHAPTER 8 

Bioassays 

The activity of insulin can be determined by immunoassay, radioimmunoassay or 

receptor bindings or by injecting in some model organisms. All of these facilities were 

not available except animals. School of Biological sciences has its own animal 

husbandry established by Dr. Muhammad Ali (Veterinary Doctor). Here we have 

different types of domestic rabbits all over the year. As the insulin produced in rabbits 

have 98% homology with the human insulin, so these rabbits were good source for the 

study of different insulins used in my research work. The basic methodology for the 

bioassay was originally established by Drs Ali and Gardner (Gardner, May 2009) and 

details of this are described in sections 2.20. 

Before starting the bioassays, all the insulins were analyzed through RP-HPLC. 

Different insulins used for the bioassays are tabulated in Table 8.1 and their main 

structural features shown in figure 8.1. 

 
Figure 8.1:  Schematic representation of human insulin and its acylated products: 

(1) Insulin (sigma and present work) X=H, Y=H, Z=H) 

(2) Mono acetyl insulin X=H, Y=H, Z=CH3-CO-  

(3) Di acetyl insulin Y=H, X=CH3 –CO-, Z=CH3 –CO-  

(4) Mono dodecanoyl insulin X=H, Y=H, Z=CH3-(CH2)10-CO-  

(5) Di dodecanoyl insulin Y=H, Z=CH3-(CH2)10-CO-, X=CH3-(CH2)10-CO-  

(6) Dodecanoyl des-30 insulin X=H, Y=H, Z=CH3-(CH2)10-CO-, without Thr30 

(7) Levimer (insulin detimer, Novo Nordisk) X=H, Y=H, Z=CH3-(CH2)12-CO-, without 
Thr30 
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Table 8.1: Masses of different insulins from MALDI-TOF and % acetonitrile from 

RP-HPLC used for bioassays 

Insulin Type Mr (from MALDI/ESI) % acetonitrile/%ethanol 
(RP- HPLC) 

Insulin (sigma) 5807.125 38% (acetonitrile) 

Insulin (present work)  5806.9-5809.9 37.5% (acetonitrile) 

Levimer (detimer insulin)* 5913.3 52% (acetonitrile) 

 Acetyl  insulin ( prepared 
by taking Sigma insulin, 
section 7.1.1) 

5849.8 38.5% (acetonitrile) 

Dodecanoyl  insulin ( 
prepared by taking sigma 
insulin, section 7.2) 

5989.6 46% (acetonitrile) 
68% (ethanol) 

Acetyl insulin ( from 
proinsulin MRR-(Q64)hpi, 
section 7.4) 

5850.63 39% (acetonitrile) 

Dodecanoyl des-30 insulin 
(from dodecanoyl MRR-
(Q64) hpi, section 7.5) 

5889.8 67% (ethanol) 

 

*The commercial preparation of Levimer was subjected to HPLC and the purified 
protein analyzed by MALDI to give the expected [M + 1H] 1+ ion (Appendix II) at 
5914.3 (Mr 5913.3; theoretical Mr, 5916.6) 

8.1 Normal Blood Glucose profiles and effect of phosphate 

buffer saline (PBS) on Rabbits 

The bioassays experiments were conducted in the months of March till May. All the ten 

rabbits (section 2.20.1) were used for the bioassays of insulins mentioned in table 

8.1and figure 8.1. Firstly the normal blood glucose level was monitored without any 

injection and then with phosphate buffer saline used as mock experiments. In the 

morning blood glucose level of the rabbits were checked with a glucometer and then 

200 µl of the phosphate buffer saline were injected into the rabbits. After half an hour 

the glucose level was checked again and then berseem (Trifolium alexandrinum) was 

offered and after every two hours, the blood glucose level was monitored three times 

for slow acting insulin and for five to six times for long acting insulin. Details of 

glucose monitoring and administration of different insulin are given in materials and 
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methods section 2.20.2 and 2.20.3 respectively. The normal glucose level of the rabbits 

for up to 10 hours is given below in table 8.2. 

Table 8.2: Blood glucose levels profile of all the rabbits for up to ten hours after 

the injection of phosphate buffer. The mean blood glucose levels at various time 

points are emboldened. 

Rabbit
s 

Blood glucose mg/dl 
Fasti

ng 
(0hr) 

0.5 hr  
 
 

Offer 
berseem 

(Trifolium 
alexandri

num) 

2 hr 4 hr 6 hr 8 hr 10 hr 

R1 98 100 112 104 98 95 110 
R2 109 110 120 104 105 102 103 
R3 80 80 113 94 95 95 77 
R4 88 85 114 104 97 98 91 
R5 87 87 115 113 108 90 82 
R6 104 99 116 109 108 103 88 
R7 119 98 107 111 114 100 92 
R8 105 93 117 105 97 100 87 
R9 111 95 113 111 99 102 98 

R10 117 96 121 112 101 91 104 
M.B.G 101.8 94.3  114.8 106.7 102.2 97.9 93.2 

S.D 13.24 8.59 4.05 5.74 6.23 4.83 10.42 
S.E.M 

±  
3.64 2.93 2.01 2.39 2.50 2.20 3.23 

% C.V 13.01 9.11 3.53 5.38 6.10 4.94 11.18 
M.B.G = mean blood glucose, S.D = standard deviation, S.E.M = standard error of the 
mean, % C.V = percent calculated variance 

The fasting average blood glucose of the rabbits was 101.8 mg/dl (SE ± 3.64) and after 

30 minutes there was a slight drop in it giving an average of 94.3 mg/dl (SE ± 2.93). 

Then after feed it was slightly increased and then started to decrease and after 8 hours 

of feed, it came to 93.2 mg/dl (SE ± 3.23). 

After taking the normal blood glucose levels profile of the rabbits, the mock 

experiments were performed after a gap of three days. Firstly, the blood glucose level 

was checked in the morning (0 hr) and then 200 µl of the phosphate buffer saline pH 

7.4 (Appendix I) was injected subcutaneously and blood glucose was monitored after 

30 minutes and then feed (berseem) was offered to the rabbits and finally after 2 hours 

of injection, at least three times blood glucose level was monitored. Table 8.3 below 

shows the blood glucose profile of all the rabbits with phosphate buffer saline injection. 
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Table 8.3: Blood glucose levels profile of all the rabbits with phosphate buffer 

saline repeated three days after the first experiment. The mean blood glucose levels 

at various time points are emboldened. 

Rabbits Blood glucose mg/dl 
 Fasting(0hr) 0.5 hr  

 
 
 
 

Offer 
Berseem 

2 hr 4 hr 6 hr 
R1 93 100 120 110 107 
R2 111 122 138 115 116 
R3 90 110 108 109 106 
R4 89 120 115 106 106 
R5 91 102 109 110 102 
R6 76 94 101 98 97 
R7 113 103 122 112 118 
R8 103 101 124 112 107 
R9 87 100 116 96 96 
R10 109 100 121 98 102 

M.B.G 96.2 105.5  117.4 106.6 105.7 
S.D 12.16 9.70 10.24 6.82 7.13 

S.E.M ± 3.49 3.11 3.20 2.61 2.67 
% C.V 12.64 9.19 8.73 6.40 6.75 

 

The mean blood glucose of the rabbits in the fasting was 96.2 mg/dl (SE ± 3.49) and 

after 30 minutes of injection of phosphate buffer saline, there was a slight increase in 

the blood glucose. After two hours of feed, it was 105.5 mg/dl (SE ± 3.11) and after 

four hours, it reached at 117.4 mg/dl (SE ± 3.20). Then there was a decline in mean 

blood glucose and after 8 hours of feed, it came to 105.7mg/dl (SE ± 2.67).  

 The following figure 8.2 illustrates the graphical comparison of normal blood glucose 

levels (without injection) and for the mock experiments with phosphate buffer saline. 

This clearly shows that the only difference between the experiments was after 30 

minutes of PBS injection. The mean blood glucose was lower as determined in a 

normal way without any injection and in case of injecting a mock injection of PBS, 

slight increase took place. After 2 hours, there was no significant change in the level for 

both experiments. 
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Figure 8.2: Comparative analysis of blood glucose levels profile of normal and 

mock experiments.  

8.2 Bioassays with unmodified insulin 

After examining the blood glucose profiles in normal and mock experiments, insulin 

(Sigma) and insulin (present work) were used for bioassays experiments. Previous work 

from our seniors in SBS showed that 10 µg of the unmodified insulin was enough for 

the maximum fall of glucose level (Gardner, May 2009). Table 8.4 shows the blood 

glucose profile for the rabbits when they were injected 10 µg/200 µl of the standard 

insulin (Sigma). 

Table 8.4: Blood glucose levels profile of all the rabbits with insulin (Sigma). The 

mean blood glucose levels at various time points are emboldened. 

Rabbits Blood glucose mg/dl 
 Fasting(0hr) 0.5 hr  

 
 
 

Offer 
Berseem 

2 hr 4 hr 6 hr 
R1 80 62 95 107 94 
R2 90 66 56 72 106 
R3 98 69 90 108 98 
R4 88 57 70 90 115 
R5 74 49 69 91 107 
R6 102 55 85 100 110 
R7 91 62 75 86 105 
R8 81 46 74 88 101 
R9 93 63 79 96 108 

R10 99 48 73 97 112 
M.B.G 89.6 57.7  76.6 93.5 105.6 

S.D 9.06 8.00 11.27 10.65 6.42 
S.E.M ± 3.01 2.83 3.36 3.26 2.53 
% C.V 10.11 13.87 14.71 11.39 6.08 
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From table 8.4 it can be inferred that the mean blood glucose of the rabbits in the 

fasting was 89.6 (±3.01) mg/dl and after 30 minutes of injection of 10 µg/200 µl of 

human insulin (Sigma), it dropped to 57.7 (±2.83) mg/dl. Then after feed, it increased 

till 6 hours up to 105.6 57.7 (±2.53) mg/dl. The same experiments were repeated with 

insulin (present work) by injecting 10 µg/200 µl of this insulin. Details of the 

formulations of these insulins used for bioassay experiments are given in materials and 

methods section 2.20.2. Table 8.5 illustrates the results of blood glucose profiles with 

our own prepared insulin. 

Table 8.5: Blood glucose levels profile of all the rabbits with insulin (present 

work). The mean blood glucose levels at various time points are emboldened. 

Rabbits Blood glucose mg/dl 
Fasting(0hr) 0.5 hr 2 hr 4 hr 6 hr 

R1 75 58 94 105 106 
R2 85 39 74 114 115 
R3 79 58 105 91 90 
R4 85 30 88 112 100 
R5 73 53 64 95 95 
R6 61 33 106 115 91 
R7 69 46 58 117 105 
R8 64 49 94 92 102 
R9 60 44 54 94 89 
R10 65 47 76 101 115 

M.B.G 71.6 45.7 81.3 103.6 100.8 
S.D 9.32 9.57 18.88 10.31 9.64 

S.E.M ± 3.05 3.09 4.35 3.21 3.10 
% C.V 13.02 20.94 23.22 9.95 9.56 

 

From table 8.5, it can be depict that the mean blood glucose of the rabbits on this day of 

experiment in the fasting was 71.6 (±3.05) mg/dl and after 30 minutes of injection of 10 

µg/200 µl of insulin (present work), it dropped to 45.7 (±3.09) mg/dl. Then after feed, it 

was started to increase and till 6 hours, it was increased up to 100.8 (±3.10) mg/dl. 

Figure 8.3 below shows the comparative analysis of the results of bioassays conducted 

with insulin (Sigma) and insulin (present work) in a graphical form. 
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Figure 8.3: Comparative analysis of blood glucose levels profile with insulin 

(Sigma) and insulin (present work). 

Figure 8.4 below shows the graphical representation of both insulins along with the 

mock experiments. 

 

Figure 8.4: Comparative analysis of blood glucose levels profile with insulin 

(Sigma) and insulin (present work) and correlation with mock experiments. 
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The percent reduction in glucose of both insulin (sigma) and insulin (present work) is 

calculated in table 8.6. 

Table 8.6: % glucose reduction of insulin (Sigma) and insulin (present work). 

Name of 
insulin 

M.B.G (mg/dl) 
at 0 hr  (A) ± 

S.E.M 

M.B.G (mg/dl) 
at 0.5 hr  (B) ± 

S.E.M 

Difference of 
the two means 

(A-B) mg/dl 

% blood 
glucose 

reduction 
Insulin (Sigma) 

 
 

89.6 (±3.01) 
 

57.7 (±2.83) 
 

31.9 
 

35.60 
Insulin (present 

work) 
 

71.6 (±3.05) 
 

45.7 (±3.09) 
 

25.9 
 

36.17 
 

After the comparative analysis of the blood glucose of the rabbits with both insulins, it 

was clear that after injection of 10 µg/200 µl of insulin (Sigma), there was a drop of 

35.60% of blood glucose and after injection of 10 µg/200 µl insulin (present work) 

there was a drop of 36.17% of blood glucose. From these data, it can be concluded that 

insulin (present work) is as active as insulin (Sigma). 

8.3 Bioassays with acetylated insulin 

Experiments were then performed with the acetylated insulin. Firstly acetyl insulin 

made by acylation of insulin with N-succinimidyl acetate (section 7.1.1) was used 

(materials and methods section 2.20.3). 10 µg/200 µl of this insulin was injected 

subcutaneously and the effect was monitored for up to six hours. Table 8.7 below 

shows the blood glucose profile of all rabbits for up to 6 hours after giving injection of 

this acetyl insulin. 
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Table 8.7: Blood glucose levels profile of all the rabbits with acetyl insulin (Sigma). 

The mean blood glucose levels at various time points are emboldened. 

Rabbit 
names 

 

Blood glucose mg/dl 

 Fasting(0hr) 0.5 hr 2 hr 4 hr 6 hr 
R1 95 45 110 111 105 
R2 97 41 62 103 110 
R3 72 29 77 98 92 
R4 81 45 51 87 88 
R5 60 32 62 68 72 
R6 67 24 84 111 107 
R7 81 27 48 91 114 
R8 74 43 94 115 100 
R9 64 42 71 106 96 
R10 66 49 99 104 105 

M.B.G 75.7 37.7 75.8 99.4 98.9 
S.D 12.70 8.83 20.82 14.15 12.43 

S.E.M ± 3.56 2.97 4.56 3.76 3.53 
% C.V 16.78 23.43 27.46 14.24 12.57 

 

The mean blood glucose in fasting was 75.5 mg/dl and after 30 minutes of injection, it 

dropped to 37.7 mg/dl. Then after two hours of feed, it increased maintaining at 75.8 

mg/dl and then after 6 hours, it reached to 98.9 mg/dl.  

The experiments were then performed with acetyl insulin (present work, section 7.2.1). 

Table 8.8 below shows the result of the blood glucose profile with acetyl insulin. 
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Table 8.8: Blood glucose levels profile of all the rabbits with acetyl insulin (present 

work). The mean blood glucose levels at various time points are emboldened. 

Rabbit names 
 

Blood glucose mg/dl 

 Fasting(0hr) 0.5 hr 2 hr 4 hr 6 hr 
R1 108 78 96 102 113 
R2 120 74 75 109 121 
R3 95 45 69 92 108 
R4 103 47 68 86 101 
R5 97 46 61 96 113 
R6 120 82 110 114 109 
R7 121 33 97 102 126 
R8 125 57 93 106 122 
R9 98 74 95 107 121 
R10 114 84 115 109 124 

M.B.G 110.1 62 87.9 102.3 115.8 
S.D 11.32 18.45 18.53 8.65 8.20 

S.E.M ± 3.36 4.30 4.30 2.94 2.86 
% C.V 10.28 29.76 21.08 8.46 7.08 

 

The average blood glucose of the rabbits was 110.1 mg/dl and after 30 minutes of 

injection, it dropped to 62 mg/dl. Then after feed the blood glucose started to increase 

finally after 6 hours of feed it was 115.8 mg/dl. Figure 8.5 below shows the comparison 

of blood glucose after injection of acetyl insulin (prepared from Sigma insulin, section 

7.1.1) and acetyl insulin (prepared from proinsulin, section 7.2.1). 

Figure 8.5: Comparative analysis of blood glucose levels profile with acetyl insulin 

(Sigma) and acetyl insulin (present work). 
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Figure 8.6 below shows the graphical representation of both insulins along with the 

mock experiments. 

 

Figure 8.6: Comparative analysis of blood glucose levels profile with acetyl insulin 

(Sigma) and acetyl insulin (present work) along with the normal and mock 

experiments. 

The percent reduction in glucose of  both acetyl insulin is calculated in table 8.9. 

Table 8.9: Percent glucose reduction of acetyl insulin (Sigma) and acetyl insulin 

(present work) 

Name of 

insulin 

M.B.G 

(mg/dl) at 0 

hr  (A) ± 

S.E.M 

M.B.G 

(mg/dl) at 0.5 

hr  (B) ± 

S.E.M 

Difference of 

the two 

means (A-B) 

mg/dl 

% blood 

glucose 

reduction 

Acetyl insulin 

(Sigma) 

 

75.7 (±3.56) 

 

37.7 (±2.97) 

 

38 

 

50.2 

Acetyl insulin 

(present work) 

 

110.1 (±3.36) 

 

62 (±4.30) 

 

48.1 

 

43.7 

 

After the comparative analysis of the blood glucose of the rabbits with acetyl insulin, 

prepared by the two methods, it was clear that within experimental error the two drugs 
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were about equally effective, Somewhat lower reduction produced by acetyl insulin 

generated from the proinsulin derivative may be explained by the fact that in these 

measurements the basal of glucose in the rabbits was higher. 

8.4 Long acting insulin (Dose Adjustment) 

Before starting the bioassays with dodecanoyl insulin (prepared from Sigma insulin, 

section 7.1.2) and dodecanoyl des-30 insulin derived from dodecanoyl MRR-(Q64) hpi 

(section 7.2.2), the experiments were firstly conducted with long acting insulin, 

Levimer (detemir insulin), currently in clinical use. These experiments showed that 30 

µg per rabbit was required to detect a significant reduction in the blood glucose level 

(25-30% after 6-8 hours). In the light of these findings bioassays were conducted with 

dodecanoyl insulin and dodecanoyl des-30 insulin as described below. 

Experiments were, thus, performed with 30 µg of dodecanoyl insulin on all the 10 

rabbits.  Table 8.10 below shows the blood glucose profile of the rabbits and their 

graphical presentation in figure 8.7.  Similarly, data with dodecanoyl des-30 insulin are 

shown in Table 8.11 and figure 8.7. 

Table 8.10: Blood glucose levels profile of all the rabbits injected with 30 µg of 

dodecanoyl insulin (Sigma). The mean blood glucose levels at various time points are 

emboldened. 

Rabbit 
names 
 

Blood Glucose mg/dl 
 

0 hr 
 

0.5 hr 
 
 
 
 
 
 

Feed 
offered 

 
2 hr 

 
4 hr 

 
6 hr 

 
8 hr 

 
10 hr 

R1 85 103 96 73 58 71 73 
R2 77 86 78 61 63 78 90 
R3 84 83 86 68 65 54 49 
R4 73 64 62 52 56 44 106 
R5 70 67 98 106 62 43 109 
R6 92 101 101 82 54 74 79 
R7 88 91 88 57 54 68 91 
R8 89 84 81 69 62 49 86 
R9 72 66 63 54 49 56 93 
R10 71 68 76 78 65 51 79 

M.B.G 80.1 81.3  82.9 70 58.8 58.8 85.5 
S.D 14.53 14.53 13.63 16.15 5.43 12.87 17.7 

S.E.M 
± 

3.81 3.81 3.69 4.02 2.33 3.59 4.14 

% C.V 17.87 17.87 16.44 23.07 9.24 21.88 20.08 
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It is clear from the table that the 30 µg of the dodecanoyl standard insulin was enough 

for the maximum control of the glucose for the longer time and it also proved that 

dodecanoyl insulin (prepared by the acylation of Sigma insulin) with N-succinimidyl 

laureate during the present research work was also as much active as the Levimer from 

Novonordisk. 

After getting the expected results by using 30 µg of the dodecanoyl insulin (Sigma), 

finally the bioassays experiments were performed with dodecanoyl des-30 insulin 

(present work). The complete method for dissolving this modified insulin is described 

in materials and methods section 2.20.2. The procedure for the bioassays with this 

insulin was same as used for the acetylated insulin (Sigma) and acetylated insulin 

(present work). Table 8.11 below shows the complete result of blood glucose profile for 

up to 10 hours after injection of this dodecanoyl des-30 insulin. 

Table 8.11: Blood glucose level profile of all the rabbits injected with dodecanoyl 

des-30 insulin (present work). The mean blood glucose levels at various time points 

are emboldened. 

Rabbit 
names 

Blood glucose mg/dl 
 

0 hr 
 

0.5 hr 
 
 
 
 
 

Feed 
offered 

 
2 hr 

 
4 hr 

 
6 hr 

 
8 hr 

 
10 
hr 

R1 95 106 93 70 56 69 77 
R2 87 92 78 65 60 75 94 
R3 88 92 83 64 68 58 69 
R4 78 62 58 52 59 42 106 
R5 79 72 94 82 57 47 101 
R6 91 99 100 87 53 71 79 
R7 93 97 86 55 51 73 93 
R8 100 90 80 68 62 46 91 
R9 83 69 69 59 52 46 98 

R10 78 66 78 71 62 50 87 

M.B.G 87.2 84.5  81.9 67.3 58 57.7 89.5 
S.D 7.66 15.69 12.41 11.04 5.29 13.0

5 
11.5

7 
S.E.M ± 2.77 3.96 3.52 3.32 2.30 3.61 3.40 
% C.V 8.78 18.57 15.16 16.40 9.12 22.6

1 
12.9

3 
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Figure 8.7: Comparative analysis of blood glucose levels profile with dodecanoyl 

insulin (Sigma) and dodecanoyl des-30 insulin (present work). 

It is clear from figure 8.7 that fasting mean blood glucose was 80.1 mg/dl and after 

using dodecanoyl insulin (sigma) it dropped to 58.8 mg/dl after 6-8 hours showing 

about 27% decrease in blood glucose. Further in case of dodecanoyl des-30 insulin 

(present work), the mean blood glucose was 87.2 mg/dl and then it dropped to 58 mg/dl 

after 8 hours post injection showing 34% decrease in blood glucose.  In general the two 

derivatives modified with C12 fatty acyl moiety showed similar long acting profile as 

indicated by Levimer (insulin detimer from Novo Nordisk) which differs from 

dodecanoyl des-30 insulin in having two extra CH2  groups in the acyl chain (figure 

Appendix II). 
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Figure 8.8: Comparative analysis of blood glucose levels profile with dodecanoyl 

insulin (Sigma) and dodecanoyl des-30 insulin derived from dodecanoyl MRR-

(Q64) hpi along with normal and mock experiments. 
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CHAPTER 9 

DISCUSSION 

One of the approaches to increase the biological half-life of peptide drugs is to produce 

conjugates which either protect the drug against in vivo proteolysis or delay its 

clearance from the kidney (Gershonov, Shechter, & Fridkin, 1999; Hinds, et al., 2000, 

and Nucci, & Abuchowski, 1991).  Another strategy is the attachment of hydrophobic 

appendage which allows the drug to associate with albumin, from where it dissociates 

slowly (Jonassen, et al., 2012, Kurtzhals, et al., 1995). Examples of the latter are the 

acylation of insulin at the ɛ-amino group of lysine at position 29 in the B-chain or 

another lysine residue introduced in the A-chain [Havelund, U S patent, U S 5750497 A 

(1998)]. Apart from the ɛ-amino group of Lys29B, native insulin contains two other sites 

for potential acylation; these are the N-terminal amino acid residues of A and B chains 

(Gly1A and Phe1B respectively). 

This thesis deals with two interrelated objectives. These are (1) the investigation of the 

regiospecificity of acylation of human insulin using reagents of two different chain 

lengths and (2) the development of chemo-genetic approaches to the preparation of 

acylated proinsulin derivatives and their conversion into insulin modified at the ɛ-

amino group of Lys29B. 

(1) Regiospecificity of acylation of human insulin. 

For the acylation of human insulin (Sigma) and proinsulin derivative, esters of N-

hydroxysuccinimde (N-succinimidyl acetate and N-succinimidyl laureate were used 

(Figure 9.1). These esters (A and B, Figure 9.1) were prepared by following the 

procedure of Lapidot, et al., (1967).  
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Figure 9.1: Structures of N-succinimidyl acetate (A) and N-succinimidyl laureate 

(B). 

The reaction of N-succinimidyl acetate with insulin was studied using different ratios of 

the reagent and protein and at various pH values; the most favorable condition was the 

use of 10: 1 ratio of the reagent: insulin, with incubation time of 10 min in 50 mM 

sodium borate buffer, pH 12.0. Crude reaction mixture was analyzed by MALDI 

(Gardner, et al., 2013). The MALDI analysis of the crude reaction mixture showed the 

disappearance of all the insulin and the formation of mono- and di-acetyl insulin in 

about equal amounts, while tri-acetyl insulin was present as a minor product.  Using 

RP-HPLC with a shallow gradient of 0.1% TFA in acetonitrile and 0.1% TFA in water, 

and a ramp of 0.5%/min, mono-acetyl insulin (2, Scheme 1) was narrowly separated 

from the di-acetyl derivative, (3,Scheme1), while tri-acetyl insulin eluted in peak 3 

(figure 7.2).  These peaks could be separately collected and characterized by MALDI 

analysis, giving the expected masses for the three species, except that tri-acetyl insulin 

was contaminated with the di-acetyl derivative (figure 7.3). 

Thiolytic cleavage of these derivatives, using tris (2-carboxyethyl) phosphine 

hydrochloride led to the separation of the two chains and showed that the mono-acetyl 

insulin (2, scheme 1) contained the acetyl moiety only in the B-chain, which was 

located at the ɛ-amino group of K29B.  While the di-acetyl-insulin (3, Scheme 1) 

following separation of the two chains was acetylated in both the chains. 

Next, the above protocol was extended to acylation using reagent with a C12 chain 

length, N-succinimidyl laureate.  Here, preliminary experiments showed that the 

reaction at pH 8.0 in 50 mM sodium phosphate buffer, gave a rather complex profile of 

multiple modifications which could be improved, in favor of predominant mono-

acylation, by increasing the pH of the acylation medium.  The optimal reaction 

conditions were found to be the use of 10: 1molar ratio of the reagent: insulin at pH 
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12.0 in 50 mM sodium borate buffer. The HPLC profile together with the MALDI 

spectrum of a typical experiment showed the presence of mono- as well as di-

dodecanoyl species(4, 5, Scheme 1), with the predominance of the former.  The two 

could be separated by HPLC using the traditional acetonitrile-water gradient, however, 

with this system the column tended to get blocked, after a few runs, presumably due to 

the presence of hydrophobic impurities arising from higher order modification by the 

C12 reagent.  A safer option was the use of a gradient of 30% ethanol in water and 95% 

ethanol, which also gave good separation of the mono- and di-dodecanoyl insulin. 

The thiolytic cleavage of mono-dodecanoyl insulin (4, Scheme 1) showed that the 

modification was on the B-chain and its tryptic digest analysis, following thiolysis, 

established that the residue modified by the reagent was present in the octa peptide 

fragment constituting residues G23B to T30B in the B-chain of insulin.  Since the only 

amino group in this part of insulin is the amino group of K29B this must have been 

acetylated. 

It has been observed before, that differences in the pKa values of α- and ε-amino groups 

(8.0 and 10.0 respectively) of peptides can influence their reactivity towards acylation 

reaction (Leclerc, & Benoiton, 1968). In general here, the modification of insulin by N-

succinimidyl acetate at pH 12.0 led to acetylation at the α-amino group of Gly1A in A-

chain and ε-amino group of Lys29B in the B-chain giving rise to an equal mixture of 

mono- and di-acetylated products.  No significant reaction occurred at the amino group 

of Phe1B in the B-chain.  Since the pKa values of Gly1A and Phe1B are likely to be very 

similar, the lack of modification of the latter may be attributed to steric factors due to a 

bulky benzyl moiety in the neighborhood of the amino group to be functionalized.   

Despite the greatly differing pKa values of α- and ɛ- amino group of proteins, at pH 

12.0 both these will be in a non-protonated and in a reactive form (Leclerc, & Benoiton, 

1968). The high degree of regiospecificity to modification of insulin by N-succinimidyl 

laureate at pH 12.0, thus, is unlikely to be due to electronic factors and may be 

attributed to steric factors.  Now, the size of the dodecanoyl moiety greatly retarded the 

modification at the α-amino position because of steric hindrance arising from the 

peptide chain and the large size of the C12 regent, thus predominantly mono-acylated 

product was observed.  This is, despite the presence of a large access of the reagent, but 

fortunately, rapid hydrolysis of the reagent at high pH, used in the reaction, further 
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contributed to the fact that the rapidly formed initial product, ε- mono-dodecanoyl 

insulin was protected from further reaction at the Gly1A amino group (Jonassen, et al., 

2012).  

 

Scheme 1:  Partial structure of human insulin and its acylated products. The 
complete structure showing all the amino acids is given in appendix II. 

(1), X=H, Y=H, Z=H 

(2), X=H, Y=H, Z=CH3-CO-  

(3), Y=H, X=CH3 –CO-, Z=CH3 –CO-  

(4), X=H, Y=H, Z=CH3-(CH2)10-CO- 

(5), Y=H, Z=CH3-(CH2)10-CO-, X=CH3-(CH2)10-CO- 

In case of triacetyl insulin, X, Y, Z = CH3 –CO- 

(2) Engineering of proinsulin derivatives suitable for 

conversion into insulin modified at Lys29B. 

Native human proinsulin contains three sites for N-acylation; its N-terminal amino 

group, Lys64 in the C-peptide region and Lys29 destined to become Lys29B in the derived 

insulin.  Our projected objective required the availability of proinsulin derivatives 

which contained minimum number of N-acylation sites, necessitating the mutation of 

Lys29 by a residue lacking an amino group, yet maintaining the characteristics of the 

dibasic residues, Arg65- Lys64, required for the removal of the C-peptide (Scheme 3).  

Furthermore, the N-terminal Met which will be the integral part of any genetically 

produced protein in E. coli is also likely to be modified during the acylation of 

proinsulin at Lys29, and should be present in a sequence that is removed during the 

processing of proinsulin by a single-pot reaction involving trypsin plus 

carboxypeptidase B, generating the N-terminal Phe of the B-chain of insulin (Scheme 
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3).  Initially, we produced proinsulin mutants, in which Lys64 (X64=K64, Scheme 2) was 

changed to Arg64 and the N-terminal contained five different linkers (Scheme 2) which 

should be removable by trypsin during the excision of the C-peptide.  The linkers 

needed to fulfill another requirement, which is, that these are removable whether or not 

the N-terminal Met is acylated. 

 

Scheme 2.  Linear polypeptide sequence of various proinsulin constructs. The N- 

and C-termini, in the primary sequence of native proinsulin, are emboldened and X64 is 

K64.  In the K64-R64 and K64-Q64 mutants, X64 is R64 and Q64 respectively. All the 

potential trypsin sensitive bonds in the constructs are shown by arrows and those which 

should be cleaved to produce the insulin skeleton are labeled (a-c).  In the proinsulin 

derivative 8 (X=R64 and Q64) the expressed proteins lacked M-4, removed by E. coli 

methionine-amino peptidase. 

E. coli BL 21 codon plus, harboring pET21a derivatives encoding the proteins in 

Scheme 2, gave good expression of the desired proteins which were found in inclusion 

bodies. These were purified by repeated sonication in wash buffer containing Triton 

X100 and then washed with 20 mM Tris-Cl buffer (pH 8). It has been found by Futami 

et al., (2000) that refolding yield is decreased in presence of impurities in the refolding 

mixture. The solubilization of inclusion bodies can be achieved in presence of strong 

denaturants such as guanidine hydrochloride or urea with a final concentration of 6 M - 
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8 M (Oberg, et al., 1994; Przybycien, et al., 1994). Guanidine hydrochloride is a strong 

chaotroph but it precipitates SDS during PAGE analysis, so 8 M urea was used for the 

refolding of different derivatives of proinsulin during the present work. The major 

disadvantage of urea is that it may contain isocyanate that on incubation in alkaline 

buffer causes the carbamylation of free amino acids (Hagel, et al., 1971). This problem 

was solved by adding 50 mM glycine in order to capture the cyanate. DTT was used for 

the reduction of inter as well as intra disulphide bonds that converted oligomeric 

species into monomers in addition to increasing   solubility of inclusion bodies 

(Fischer, Sumner, & Goodenough, 1992; Schoemaker, Brasnett, & Marston, 1985; Yan, 

et al., 2001).This solubilized protein was then subjected to refolding.  

Various methods used for refolding of proinsulin derivatives in this study are based on 

the use of different redox ratios of cysteine and cystine. The refolding of human 

proinsulin is very much dependent on the redox potential and also on the pH (Winter et 

al., 2002). Wetlaufer et al., (1987) showed that ratio of the redox couple effects the rate 

and yield of refolding. The refolding of protein is also affected by the temperature. 

Increase in temperature enhances the folding rate but in addition also increases the 

aggregate formation whereas low temperature decreases the aggregates and slows down 

the rate of folding (Vallejo and Rinas, 2004). After analyses of refolding of derivatives 

of proinsulin with different ratios of cystine to cysteine, it was concluded that the 

method using a high ratio of cystine to cysteine (10:1) was the best, giving up to 18% 

yield based on the total protein in inclusion bodies and 35% base on the basis of 

proinsulin polypeptide . 

These derivatives were purified to homogeneity by sepharose Q chromatography 

followed by HPLC and gave the predicted masses on analysis by MALDI.  Except that 

the derivative 8 (Scheme 2) following purification as well as in inclusion bodies, lacked 

the N-terminal M-4, which must have been removed by methionine amino peptidase, 

during the bacterial growth.  This observation is consistent with the properties of 

methionine amino peptidases which remove N-terminal methionine from sequences 

where the next amino acid has a radius of gyration of less than 0.129 nm, as is the case 

with threonine (Ben-Bassat et al., 1987). 

These constructs apart from the K64-R64 mutation, have five trypsin cleavable sites 

(shown by arrows in Scheme 2).  The experimental conditions were required which 
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during the processing of these constructs by trypsin cum carboxypeptidase B, catalyzed 

the cleavage by trypsin, of only three of these bonds (shown by arrows a, b and c in 

Scheme 2), excising the linker as well the C-peptide, to produce diarginyl insulin (11, 

X=H, Scheme 3).  The latter is then available for the removal of the two arginine 

residues by carboxypeptidase B.  Another condition which needed to be fulfilled was 

the relative activities of trypsin to carboxypeptidase B.  The latter enzyme needed to 

have such an activity that it rapidly acted on the diarginyl residues as soon as cleavage 

by trypsin at the B/C junction occurred.  This is an essential precondition to obtain the 

native insulin skeleton, since if the two arginine residues are not rapidly removed by 

carboxypeptidase B, trypsin would act on the K29-T30 bond to produce des-30 insulin.  

Our previous kinetic studies have shown, that once the, arginine residues are removed, 

from 11 (Scheme 3), the insulin sequence 12 (Scheme 3) has greatly reduced tendency 

to be cleaved at the K29-T30 bond.  The k cat/Km value for the cleavage of the K29-T30 

bond in diarginyl insulin is two orders of magnitude greater than is for insulin (Gardner 

et al., 2013) 

Following a systematic study, the most appropriate composition meeting the above 

requirement was; proinsulin: trypsin: carboxypeptidase B::1 mg: 2x10-2 µg: 0.6 units.  

Under these conditions, the linker was smoothly removed along with the excision of the 

C-peptide from the construct 7 (Scheme 2), satisfactorily from 8 and 10 (Scheme 2) but 

sluggishly from 6 and 9 (Scheme 2).  In the latter case the removal of the linker was so 

slow that longer incubation time required, led to increasing formation of des-30 insulin.  

Another problem with all of the constructs was that during the excision of the C-peptide 

the cleavage at the C/A junction occurred not only at, the desired, R65-G66 bond but also 

between R64-R65 (6-10 scheme 2 when X64=R64) thus yielding insulin as well as another 

species in which insulin contained an Arg residue at its A-chain. 
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Scheme 3: Conversion of proinsulin and its acylated derivatives into human 

insulin and its acylated products. 

(12) X = H 

(13) X = CH3CO  

(14) X = CH3(CH2)10CO 

(15) X = CH3(CH2)10CO without T30 

In order to circumvent the unwanted cleavage between R64-R65, we searched for a 

mutant which will contain a single tryptic site at the C/A junction, yet maintain the 

intrinsic properties of the dibasic amino acids at this site to give the folding profile 

Folded and oxidized proinsulin or its acylated products 
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expected from the native sequence.  The choice fell on glutamine at position 64, and 

K64-Q64 mutants containing the four linkers (7-10, scheme 2) were engineered which 

following characterization of the DNA sequences were expressed, the proteins refolded 

and purified as above.  In general, the protein profile of these K64-Q64 mutants was 

similar to that noted for the K64-R64 series, here also M-4was removed from 8 (X64 = 

Q64, Scheme 2) and the proteins gave the expected masses.  With respect to processing 

by trypsin-cum-carboxypeptidase B, the linker from 7 (X64 = Q64, Scheme 2) was 

removed most smoothly and from 9 (X64 = Q64, scheme 2) sluggishly.  In all the cases, 

the excision of the C-peptide occurred smoothly giving the native insulin skeleton. 

With the encouraging results above, 7 (X64 = Q64, Scheme 2) was selected for further 

studies and treated with acylating agents of two chain lengths, N-succinimidyl acetate 

and N-succinimidyl laureate.  In the case of modification with N-succinimidyl acetate, 

mono- and di-acetylated derivatives of MRR-(Q64) hpi (7, X64 = Q64, Scheme 2) were 

produced in the ratio of 50:50.  These when treated with trypsin cum carboxypeptidase 

B, singly or as a mixture, led to a smooth processing of the linker as well the C-peptide 

producing mono-acetyl insulin (13, Scheme 3).  It is gratifying that, as hoped for, the 

linker whether contained a free or an acylated amino group at M-3 was removed with 

equal facility.  Mono-acetyl insulin produced by this procedure was identical to the one 

obtained from the acetylation of insulin (2, Scheme 1).  In the latter procedure, 

however, mono-acetyl insulin was formed as a mixture with di-acetyl insulin and 

purified by HPLC.  

Reaction of N-succinimidyl laureate with MRR-(Q64) hpi (7, X64=Q64), predominantly 

led to the formation of mono-dodecanoyl proinsulin, containing modification at the ε-

amino group of Lys29; di-derivative with modifications at the ε-amino group of Lys29 

and N-terminal of M-3 was produced as a minor product.  Treatment of the mono-

derivative or of the mixture containing the di-derivative with trypsin cum 

carboxypeptidase B gave dodecanoyl des-30 insulin.  In the formation of latter, not only 

have the linker and C-peptide been excised but was additional removal of Thr30.  In 

general des-30 insulin skeleton is produced by the tryptic cleavage of the bond between 

Lys29B and Thr30B, however, for this to occur Lys29B needs to contain a free ε-amino 

group.  Indeed, authentic dodecanoyl insulin, produced from commercial insulin when 

incubated with trypsin remained unchanged. A systematic study revealed that 
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carboxypeptidase B, prepared in our laboratory from river buffalo pancreas or 

commercially obtained from porcine pancreas, contained an activity, which acted on the 

Lys29B-Thr30B, when the Lys29B residue at its ε-amino group has a bulky hydrophobic 

substitution.  This enzymatic activity requires further exploration but for the problem in 

hand, it fortuitously produced an analogue of currently used long-acting insulin, 

Levimer (tetradecanoyl des-30 insulin). 

Using two extreme cases, exemplified by N-succinimidyl acetate and laureate, we have 

noted here the contrasting behavior of the acylation reaction depending on the size of 

the acyl chain.  The regiospecificity of the acylation reaction was originally studied 

using a variety of amino acids and different acyl-transfer reagents (Leclerc and 

Benoiton, 1968). The broad conclusion in the paper was that at high pH values, the 

acylation reaction is predominantly at the ω-amino group.  However, a careful 

examination of the data (Leclerc and Benoiton, 1968) shows that the discrimination 

against the modification of the α-amino group occurred only with bulky acylating 

reagents.  Such a bias was removed when modification involved the transfer of a small 

acyl moiety.  Thus the preference for the modification of ε-amino group of amino acids 

(Leclerc and Benoiton 1968) or of proteins, as shown here, over the α-amino group, at 

pH values above the pK of both the groups, is governed not by electronic but steric 

factors. As is the case with the lack of modification at PheB1 which is due to the 

conventional expectation that the amino group is attached to a secondary C centre, 

hence more sterically hindered. 

The biological activity of all modified and unmodified insulins of the present work was 

determined by following the method of Lin and Chien, (1995) on non-diabetic rabbits. 

For this purpose the modified insulins with C2 and C12 chains (both from our own 

proinsulin and direct acylation of insulin) and unmodified insulin were administered to 

rabbits in order to get a comparison of activity of all these. Firstly mock experiments 

were done with phosphate buffer saline only and then unmodified insulin (Sigma) and 

unmodified insulin from proinsulin derivative MRR-(Q64) hpi were injected. Gardner 

(2009) and Younas (2009) showed that 10 µg of unmodified insulins to non-diabetic 

rabbits were sufficient for monitoring the lowering effect of blood glucose. It was 

concluded that our own insulin from derivative MRR-(Q64) hpi is as active as was 

insulin (Sigma). 
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The acetylated insulin having a C2 chain at Lys29B was solubilized in phosphate buffer 

saline and injected to rabbits as done for unmodified insulin (Sigma) and from 

proinsulin derivative MRR-(Q64) hpi. It was not possible to solubilise the dodecanoyl 

insulin even after extensive sonication because of the attachment of the hydrophobic 

C12 chain with them. This problem was overcome by following a methodology of 

Jonassen et al., (2012). Firstly levimer insulin (insulin detimer) was passed through RP-

HPLC using C18 Biobasic column and relevant fraction freeze dried and then it was 

solubilized by the method described above. After successful solubilization of Levimer, 

this protocol was used for the solubilization of dodecanoyl insulin (4, Scheme 1) and 

dodecanoyl des-30 insulin (15, Scheme 3). 

Levimer (detimer) from Novo Nordisk having a C14 appendage at Lys29B was used for 

the dose adjustment of the long acting insulins and it was finalized that 30 µg was 

enough for the lowering of blood glucose level of the rabbits and its effect was 

monitored for up to 10 hours. Keeping in view this result of Levimer, dodecanoyl 

insulin (4, Scheme 1) and dodecanoyl des-30 insulin (15, Scheme 3) was assayed and it 

was noted that the effect of our own dodecanoyl des-30 insulin (15, Scheme 3) was 

same as the effect of Levimer and dodecanoyl insulin (4, Scheme 1).  

In broad conclusion, the results show that from a steric view point, ε-amino group 

Lys29B is the least hindered and accessible to C2 as well as C12 reagents, then is the 

amino group of G1A which is accessible to C2 but not  the C12 reagent, finally that of 

Phe1B is most hindered and accessible to neither. Further, we have successfully 

engineered a proinsulin derivative which in a single pot reaction can be processed by 

trypsin-plus-carboxypeptidase B, to excise the C-peptide sequence, remove the N-

terminal linker generating Phe residue of insulin B-chain, and trim the two Arg residues 

to create the insulin skeleton.  The derivative may be modified by acylating agents, to 

produce proinsulin analogues.  The latter are also processed by trypsin cum 

carboxypeptidase B in a manner similar to the unmodified proinsulin.  The feature 

allows a regiospecific synthesis of insulin acylated at the group of K29B.  The letter type 

of derivatives can also be synthesized from insulin, however, here the regiospecificity 

depends on the chain length of the acyl group; acyl groups of longer chain length show 

greater specificity for reaction at Lys29B than is observed with acyl group of shorter 

chain length which also react with amino group of GlyA1.  
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APPENDIX I 

1: Agarose gel electrophoresis 

During the preparation of different constructs used in the present work, 1-2% agarose 

gel was made and used for the analysis of various PCR products, single and double 

restriction analysis of different plasmids.  

a) Reagents for agarose gel electrophoresis 

Different reagents used for the preparation of agarose gel electrophoresis and its 

methodology are described below. 

50X TAE (Tris acetate EDTA) buffer 

For the preparation of 1000 ml of 50X TAE buffer, 242 g of tris base, 57.1 ml of glacial 

acetic acid, and 100 ml of 0.5 M EDTA were mixed and finally volume made up to 

1000 ml with autoclaved distilled water. This solution was used as stock solution and 

stored at 4 °C. 

6X DNA loading buffer 

In order to prepare 10 ml of the 6X DNA gel loading buffer, 3 ml of 99% glycerol and 

30 mg of bromophenol blue (0.25%) were mixed in a sterilized 15 ml falcon tube and 

volume was made to 10 ml with TE buffer pH 8 (10 mM tris-Cl and 1mM EDTA, pH 

8). It was then aliquoted in different eppendorff and stored at 4 °C. 

Ethidium bromide 

This solution was prepared by dissolving Ethidium bromide in TE buffer (pH 8.0) such 

that the final concentration was 10 mg/ml. It was stored in a dark bottle at 4 °C. 

b) Method of DNA gel electrophoresis 

1X TAE buffer was made from 50X stock solution. For a small gel (6x10x0.5 cm; 

Takara; Japan), 0.5 g of agarose was dissolved in 50 ml of 1X TAE, in a washed and 

sterilized 250 ml conical flask to give 1% gel. For 2% agarose was raised to 1 g in the 

same amount of buffer. It was then melted in a microwave oven until a clear, 
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transparent and homogenous solution formed. The melted agarose solution was then 

poured into the gel tray. A comb was inserted immediately in order to form the wells. 

After the gel solidifies, the comb was removed with great care without disturbing the 

wells and placed in electrophoresis tank containing the 1X TAE buffer. DNA samples 

of various constructs at different stages were mixed with the 6X gel loading buffer such 

that the final concentration of the gel buffer was 1X in all the samples. The samples and 

standards are loaded in the wells. Electrophoresis was done at 80 volts. After 

electrophoresis, the gel was stained in 0.05% Ethidium bromide solution for 10-15 

minutes and then destained in distilled water for about 5 minutes. Finally Dolphin-Doc 

gel documentation system was used to analyze different bands and to get photographs. 

2: Extraction of DNA from agarose gel 

The purification of the amplified DNA was done by Fermentas GeneJETTM Gel 

Extraction Kit (#K0692). The kit composed of binding buffer, wash buffer, elution 

buffer and GeneJETTM purification columns with collection tubes. Following 

methodology was adopted to purify the amplified product from agarose gel. The bands 

of the amplified product were cut from the gel with a surgical blade and put in an 

eppendorff that was already weighed. The weight of the gel slice was taken by 

subtracting the weight of the eppendorff. Equal volume of the binding buffer was added 

in the gel slice and incubated at 50-60 °C for about 10 minutes by inverting the tube 

many times until the entire gel slice was dissolved and a transparent mixture was 

formed. This transparent mixture was then transferred to the GeneJETTM purification 

column and centrifuged at 10000g for 1 minute at 4 °C and supernatant was discarded. 

The column with bounded DNA was washed with 700 µl of the wash buffer containing 

ethanol and centrifuged again at 10000g at 4 °C for 1 minute and this process of 

washing was repeated twice. The empty column was then again centrifuged for 1 

minute to get rid of any residual ethanol that may contaminate with the purification of 

the DNA. Finally the column was transferred into a clean 1.5 ml eppendorff and added 

50 µl of the elution buffer and kept at room temperature for 2 minutes and centrifuged 

at 4 °C for 1 minute at 10000g. The process of elution was repeated twice and the 

purified product was analyzed on 2% agarose gel. 
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3: Isolation of plasmid DNA (Mini preparation of plasmid 

DNA) 

Isolation of the plasmid DNA was done using the Fermentas Gene JETTM plasmid 

miniprep kit (#K0503). The kit contained resuspension solution, lysis solution, 

neutralization solution, wash solution, and elution buffer. The method for isolation and 

purification of plasmid by this kit was the following. Single colony after transformation 

was inoculated in 5 ml of the LB broth in a 100 ml flask containing 100µg/µl of 

ampicillin and kept in shaker at 37 °C for overnight (about 12-14 hrs). This culture was 

then transferred into 15 ml falcon tube and centrifuged at 3214g (5000 rpm, Eppendorff 

centrifuge, 5804 R) and 4 °C for 10 minutes. The pelette was resuspended in 250 µl of 

the resuspension solution and mixed thoroughly by vortex until no clamps was 

appeared. Then 250 µl of the lysis solution was added and mixed thoroughly by 

inverting the tube 4-6 times until the solution became viscous and slightly clear. After 

it, 350 µl of neutralization solution was added and mixed immediately and thoroughly 

by inverting the tube 4-6 times. After it centrifugation was done at 12000g for 5 

minutes. Supernatant was transferred to the Gene JETTM spin column by pipeting. 

Again centrifugation was done for 1 minute at 12000g and supernatant was discarded 

from the collection tube. 500 µl of the wash buffer containing ethanol was then added 

and centrifuged for 1 minute at 12000g and supernatant was again discarded. This 

process of washing with wash buffer was repeated twice and finally the GeneJETTM 

spin column with bound DNA was transferred into fresh autoclaved 1.5 ml eppendorff. 

Finally 50 µl of the elution buffer was added to the centre of Gene JETTM spin column 

membrane to elude the plasmid DNA. Before centrifugation, it was incubated at room 

temperature for 2 minutes and finally centrifuge at 12000g for 2 minutes. The process 

of elution with elution buffer was repeated twice. The plasmid DNA was quantified by 

eppendorff spectrophotometer and stored at -20 °C. 

4: Maxi preparation of plasmid DNA 

For maxi preparation of, alkaline lysis method was followed (Sambrook and Russell, 

2001; Birnboin and Doly, 1979). Inoculation was done with a single bacterial colony 

containing gene in a 250 ml flask containing 50 ml of LB-ampicillin broth and kept for 

growth in a shaker at 37 °C for overnight (14 hrs). 5 ml of the overnight culture was 
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then used for the inoculation of 500 LB-ampicillin medium in a 2 L flask and kept in 

shaker for 3-4 hours. The bacterial culture was then centrifuged and pelette was 

obtained by Beckman Coulter centrifuge. The cell pelette was then suspended in 100 ml 

of STE buffer (100 mM NaCl, 10 mM Tris-Cl pH 8.0 and 1 mM EDTA pH 8.0) and 

centrifuged again at 5000 rpm for 15 minutes at 4 °C. The cell pelette was then 

resuspended in 10 ml of solution I (50 mM glucose, 25 mM Tris-Cl pH 8.0 and 10 mM 

EDTA pH 8.0), 1 ml of freshly prepared solution of lysozyme (10 mg/ml in 10 mM 

tris-Cl pH8.0) and 20 ml of freshly prepared solution II (0.2 N NaOH and 1% SDS). All 

the components were mixed well by inverting the falcon tube several times and kept at 

room temperature for 10 minutes and finally 15 ml of the ice cold solution III (60 ml of 

5 M potassium acetate, 11.5 ml of glacial acetic acid and 28.5 ml of distilled water). All 

the contents were mixed well by shaking the tube several times and then kept on ice for 

10 minutes and finally centrifuged at 5000 rpm and 4 °C for 15 minutes. Supernatant 

was then filtered through four layers of cheese cloth into a 250 ml centrifuge bottle. 

Isopropanol (0.6 volume) was then added into this solution and stored at room 

temperature for 10 minutes. It was then centrifuged at 5000 rpm at room temperature 

for 15 minutes. The supernatant was pipette out and the pelette rinsed with 70% ethanol 

at room temperature and allowed to dry in laminar flow cabinet. The pelette was then 

dissolved in 3 ml of TE buffer (10mM Tris-Cl pH 8.0, and 1mM EDTA) and then 

treated with 5 M Lithium Chloride, mixed and centrifuged for 10 minutes at 10000 rpm 

and 4 °C. Equal volume of isopropanol was then added in the supernatant of the latter 

solution and centrifuged again at 10000 rpm for 10 minutes at 4 °C. The pelette 

obtained after this centrifugation was rinsed with 70% ethanol and dried in air. After 

dry, pelette was then dissolved in 500 µl of TE buffer having 20 µg/ml RNase and 

incubated at 37 °C for half an hour. To this solution 500 µl of 1.6 M NaCl containing 

13% (w/v) polyethylene glycol 8000 was added after mixing completely centrifuged at 

12000 rpm for 10 minutes at 4 °C. The pelette after the centrifugation was then 

dissolved in 400 µl of TE buffer and extracted firstly with phenol: chloroform and then 

with chloroform. 100 µl of 10 M ammonium sulphate and 2 volumes of ethanol were 

then added after chloroform extraction. This mixture was then kept at room temperature 

for about 10 minutes and then centrifuged at 12000 rpm and 4 °C. The final pellet was 

then rinsed with 70% ethanol and dried in air. It was finally dissolved in 500 µl of TE 
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buffer and quantification was done by agarose gel electrophoresis. Plasmid was stored 

at -80 °C. 

5: Transformation  

In order to perform the transformation of ligation mixture into the host organism, firstly 

competent cells of E.coli DH5 α were prepared by the method described below. 

a) Preparation of competent cells of E.coli DH5 α 

One colony from the host strain E.coli DH5 α was inoculated in 5 ml of the LB medium 

and kept in shaker overnight at 37 °C at 200 rpm. Next day 1% inoculation was done by 

adding 1 ml of the overnight culture in 100 ml of the LB medium and kept in shaking 

incubator  at 37 °C until the OD600 was 0.4-0.6 (about 2 to 2.5 hrs). After it, the 

bacterial culture was kept on ice for about 10 minutes and then 40 ml of it was 

transferred into a 50 ml sterilized falcon tube in the laminar flow cabinet. The bacterial 

culture was centrifuged at 4 °C and 3214 g (5000 rpm, Eppendorff centrifuge, 5804 R) 

for five minutes. Supernatant was discarded and the cell pelette was suspended in 20 ml 

of ice cold 50 mM CaCl2 (0.56 g of anhydrous CaCl2 pelette was dissolved in 100 ml of 

distilled water and autoclaved and stored at 4 °C) and kept on ice for 40 minutes. It was 

again centrifuged at 3214 g and 4 C for five minutes. Finally the bacterial pelette was 

suspended in 5 ml of the ice cold 50 mM CaCl2 and kept on ice. Before using these 

competent cells for transformation of the plasmids, these were checked by streaking 5 

ml of the suspension on each of the LB agar plate and LB agar ampicillin plate. 

b) Procedure for transformation 

E.coli DH5 α cells were transformed by following the procedure recommended by 

Sambrook J., 2001. 2 µl of the plasmid was added in 200 µl of the competent cells and 

kept on ice after mixing well for 40 minutes and then incubated at 42 °C for 90 

seconds. Again kept on ice for 5 minutes and then added 800 µl of the LB broth and 

kept in an incubator at 37 °C for 2 hours. As a control, only cells were also processed 

by the same procedure and for a negative control only vector were also transformed. 

After it 200 µl was streaked on the LB agar plates containing 100 µg/µl ampicillin. 

Remaining 800 µl was spun at room temperature at 12000 g and 500 µl of supernatant 

was discarded. Pelette was suspended in the remaining 300 µl of the supernatant and 
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streaked on separate LB agar ampicillin plates and all the plates were kept at 37 °C 

incubators upside down for about 14-16 hours and colonies were grown for the 

isolation of MR-(R64) hpi/pTZ 57. 

6: SDS-PAGE 

SDS-PAGE was used for the analysis of expression, inclusion bodies, refolding and 

purification of various derivatives of proinsulin derivatives in the present research 

work. 

a) Reagents for SDS-PAGE 

Different reagents used for the preparation of SDS-PAGE along with their recipe are 

described below. 

30% acrylamide solution  

To prepare 100 ml of the 30% acrylamide solution, 1.0 g of bis-acrylamide was firstly 

dissolved in 25 ml of the distilled water and stirred at 50 C until a clear solution 

appeared. 29.0 g of acrylamide was then added to the bis-acrylamide solution and 

stirred until dissolution and finally volume was made to 100 ml with distilled water. 

The solution was filtered through ordinary filtered paper and store in a brown bottle at 4 

°C. 

Resolving gel buffer 

In order to prepare 100 ml of the 1.5 M resolving buffer pH 8.7, 81.21 g of the tris base 

was dissolved in 75 ml of distilled water and pH was then adjusted to 8.7 with 

concentrated HCl (37% HCl). The volume was then made to 100 ml with distilled water 

and filtered and finally stored at 4 °C. 

Stacking gel buffer 

100 ml of 1.0 M stacking buffer was prepared by dissolving 12.11 g of tris base in 75 

ml of distilled water and its pH was adjusted to 6.8 with concentrated HCl (37% HCl). 

Final volume was made up to 100 ml with distilled water and stored at 4°Cafter 

filtration. 
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2X SDS loading buffer 

10 ml of 2X SDS reductive loading buffer was prepared by mixing 1ml of 1 M Tris-Cl 

(pH6.8), 2 ml of 99% glycerol, 20 mg of bromophenol blue, 308.5 mg of DTT, and 400 

mg of SDS in a 15 ml falcon tube and volume was adjusted to 10 ml with distilled 

water. It was aliquoted in different eppendorff of 1 ml each and stored at -20 °C. 

2X SDS non-reductive loading buffer 

10 ml of 2X SDS non-reductive loading buffer was prepared by mixing 1ml of 1 M 

Tris-Cl (pH 6.8), 2 ml of 99% glycerol, 20 mg of bromophenol blue, and 400 mg of 

SDS in a 15 ml falcon tube and volume was adjusted to 10 ml with distilled water. It 

was aliquoted in different eppendorff of 1 ml each and stored at -20 °C. 

10X tank buffer 

For the preparation of 1 L of 10X tank buffer, 188 g of glycine and 30.2 g of tris base 

were dissolved in 750 ml of distilled water on a magnetic stirrer. pH was adjusted to 8.3 

with concentrated HCl (37% HCl) and volume was made to 1000 ml with distilled 

water. This buffer was stored at room temperature. During the processing of different 

gels, 1X of this buffer was used by diluting the stock of 10X to 10 times. 

R-250 coomassie brilliant blue stain 

1000 ml of the coomassie stain was prepared by mixing 450 ml of distilled water, 450 

ml of methanol and 100 ml of glacial acetic acid together and then 1.25 g of coomassie 

brilliant blue R was added and mixed thoroughly by vigorous shaking. It was stored at 

room temperature in a dark bottle. 

Destaining solution 

For the preparation of 1000 ml of the destain, 300 ml of ethanol and 100 ml of glacial 

acetic acid were added in 600 ml of distilled water and mixed well. It was stored at 

room temperature. 

10% SDS 

100 ml of the 5% SDS was prepared by dissolving 5 g of it in 50 ml of distilled water 

and finally volume was made 100 ml with distilled water. 
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10% ammonium per sulphate (APS) 

This solution was always prepared freshly by dissolving 10 mg of the anhydrous solid 

in distilled water and then volume was made up to 1 ml. 

b) Preparation of SDS-PAGE 

In the present research work, 18% resolving gels with 5% stacking gels were made and 

used for analysis of the proteins at different stages of purification. The recipe of the 10 

ml of the resolving gel and 5 ml of the stacking gel is shown below. 

18% resolving gel 

Distilled water         1.29 ml 

30% Acrylamide/Bis-acrylamide      6.0 ml 

Resolving gel buffer (1.5 M)       2.5 ml 

10% SDS         0.1 ml 

10% Ammonium per sulphate (APS)      0.1 ml 

TEMED         0.01 ml 

5% stacking gel 

Distilled water         3.4 ml 

30% Acrylamide/Bis-acrylamide      0.83 ml 

Stacking gel buffer (1.0 M)       0.63 ml 

10% SDS         0.05 ml 

10% Ammonium Per sulphate (APS)      0.05 ml 

TEMED         0.006 ml 

c) Preparations of samples for SDS-PAGE 

1 ml pelette of each construct was washed thrice with 1ml of 20 mM Tris-Cl buffer pH 

8 and finally suspended in 100 µl of the same buffer. It was then sonicated for 3-5 times 
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of 30 seconds and 10 µl of this suspended pelette was mixed with 10 µl of 2X SDS dye 

for every construct and boiled these samples for 5 minutes. It was then centrifuged at 

10000g at 4 °C for 3 minutes and supernatant was loaded on the SDS-PAGE. 

d) Method of electrophoresis for SDS-PAGE 

CBS SDS gel system was used for making the gels. The gel was prepared by holding 

the two plates having terminal spacers in between them with large clamps. Resolving 

gel mixture were prepared and poured into the gel system leaving some space for the 

stacking gel. In order to avoid the rough surface about 500 µl of water or ethanol was 

poured above the resolving gel. After polymerization of the resolving gel, stacking gel 

mixture was prepared and then poured above the resolving gel by decanting the water 

or ethanol. After pouring the stacking gel, a plastic comb having 10 wells were inserted 

between the plates. 

This whole gel system was adjusted in the gel tank by removing the ceiling of the gel 

with the help of small clamps. 1X Tris glycine buffer was poured into the tank and then 

comb was removed. After removing the comb, the wells were washed with the same 

buffer using 5 ml syringe and finally the whole system was attached with the battery. 

20 µl of each sample of proteins prepared with SDS dye was loaded in the wells Firstly 

the gel was run by applying the voltage of 80 volts until the sample enter in the 

resolving gel and then for 120-140 volts till the gel completed. 

7: Estimation of free thiols during refolding 

5, 5-Dithiobis (2-nitrobenzoic acid) DTNB was used for the estimation of free thiols 

present in the reduced form during the process of refolding. DTNB gave absorbance at 

412 nm in  the presence of free thiols. These thiols may be from DTT, cysteine or 

protein. 

a) Reagents for the preparation of 5, 5-Dithiobis (2-nitrobenzoic acid) 

This reagent was prepared in 10 mM sodium phosphate buffer (pH 7.3). For the 

preparation following reagents were prepared.  
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1M sodium dihydrogen phosphate 

Stock solution of 1 M sodium dihydrogen phosphate was prepared by dissolving 13.8 

grams of sodium dihydrogen phosphate in 50 ml of distilled water and finally the 

solution was diluted up to 100 ml. 

1 M disodium hydrogen phosphate 

Stock solution of 1 M disodium hydrogen phosphate was prepared by dissolving 14.2 

grams of disodium hydrogen phosphate in 50 ml of distilled water and finally the 

solution was diluted up to 100 ml. 

100 mM sodium phosphate buffer (pH 7.3) 

In order to prepare of 100 ml of 100 mM sodium phosphate buffer (pH 7.3), 5.77 ml of 

1 M disodium hydrogen phosphate, Na2HPO4, was added in 4.23 ml of sodium 

dihydrogen phosphate, NaH2PO4, and finally solution was diluted up to 100 ml with 

autoclaved distilled water. The final pH of the resulting 100 mM sodium phosphate 

buffer was automatically 7.3. 

10 mM 5, 5-Dithiobis (2-nitrobenzoic acid) 

For the preparation of 10 mM DTNB, .39.6 milligrams (0.0396 g) of DTNB was 

dissolved in 10 ml of 100 mM sodium phosphate buffer (pH 7.3). There was a slight 

decrease in the pH of the buffer after dissolving DTNB. The final pH of the 10 mM 

DTNB solution was 7.0. It was stored in dark bottle at 4 °C. 

DTNB assay buffer (200 mM Tris-Cl pH 8.0) 

Stock of 200 mM Tris-Cl, pH 8.0 was prepared by diluting 200 ml of autoclaved 1 M 

Tris-Cl, pH 8.0 to 1 L with distilled water. 

b) Procedure for thiols calculation by using DTNB 

In order to estimate thiols, 900 µl of 200 mM Tris-Cl pH 8 was taken in a cuvette and 

100 µl of 10 mM DTNB was added in it and mixed well with a piece of parafilm. It was 

used as a blank and its OD at 412 nm was measured which was called OD1. Then 10 µl 

from the refolding sink was added in the same cuvette and after mixing well OD at 412 
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nm was taken again that was called OD2. The difference between these two ODs gave 

the number of thiols that were actually present in our solution.  

Total No of Thiols = OD2 at 412 nm -   OD1 at 412 nm 

For the estimation of free thiols in the solubilized inclusion bodies, the same method 

was repeated by adding 5 µl from the solubilized inclusion bodies. 

8: Refolding of different proinsulin derivatives  

Different reagents and buffers used for the refolding of various constructs in the present 

work are described below. 

1M Tris-Cl buffer pH 8.0 

1000 ml of Tris-Cl buffer was prepared by dissolving the 121.1 g of tris-base in 800 ml 

of distilled water. Then its pH was adjusted to 8.0 by adding concentrated HCl (37% 

HCL) and finally volume was made up to 1 L with distilled water. The buffer was then 

filtered through ordinary filter paper and autoclaved. It was stored at room temperature. 

50mM Cystine 

To prepare the stock solution of 50 mM cystine, 2.4 grams of cystine was dissolved in 

50 ml of autoclaved distilled water containing 3.4 ml of 36% hydrochloric acid (final 

concentration was 2 N) and then diluting it up to 200 ml with autoclaved distilled 

water. 

100 mM Phenylmethylsulfonyl fluoride (PMSF) 

100 mM PMS was prepared by dissolving 17.42 milligrams of the powdered crystals in 

1ml of isopropanol (2-Propanol). It was always made fresh before use. 

9: Reverse phase high performance liquid chromatography  

Two solvents, A and B, were prepared and used for the purification of proteins by RP-

HPLC. Solvent A was water/0.1% TFA and solvent B was acetonitrile/0.1% TFA. 
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Solvent A (Water with 0.1% TFA) 

Stock of 4 L of this solvent was made by taking 4 L of distilled water in a large reagent 

bottle and then to it was added 4 ml of 99.99% TFA in a fume hood and mixed well. Its 

pH was checked with pH meter that was 2.8-3. It was stored at room temperature. 

Solvent B (Acetonitrile with 0.1% TFA)  

Stock of 4 L of this solvent was made by adding 4 ml of 99.99% TFA in a regent bottle 

containing 4 L of 99.99% acetonitrile.  It was mixed vigorously and its pH was checked 

with pH meter that was 2.8-3. It was stored at room temperature. 

10: Solutions for MALDI-TOF analysis 

Diluent A (50% acetonitrile, 0.3% TFA) 

For the preparation of 5 ml of diluent A, 2.5 ml of 99% acetonitrile was mixed with 

0.15 ml of 10% TFA and adjusting the final volume with distilled water. It was stored 

at room temperature. 

Diluent B (30% acetonitrile, 0.3% TFA) 

For the preparation of 5 ml of diluent B, 1.5 ml of 99% acetonitrile was mixed with 

0.15 ml of 10% TFA and adjusting the final volume with distilled water. It was stored 

at room temperature. 

CHCA solution (Matrix A solution; 7-10 mg/ml) 

For the preparation of 1 ml of CHCA (matrix A), 7-10 mg of it was dissolved in 1ml of 

diluent A with vigorous vortexing. It was centrifuged at 85000 g at room temperature 

for 1 minute and finally stored at 4 °C. 

Sinapinic acid solution (Matrix B solution; 5-8 mg/ml) 

For the preparation of 1 ml of sinapinic acid (matrix B), 5-8 mg of it was dissolved in 

1ml of diluent B with vigorous vortexing. It was centrifuged at 85000 g at room 

temperature for 1 minute and finally stored at 4 °C. 
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11: Reagents for acylation 

40 mM N-succinimidyl acetate 

The stock of 40 mM of N-succinimidyl acetate was always prepared freshly before the 

start of the acylation reaction with this reagent. For this purpose 6.32 mg of the reagent 

(M.W. 158) was dissolved in 1 ml of 100% acetonitrile. During the present study final 

concentration of the reagent in the reaction mixture was 3 mM. 

40 mM N-succinimidyl laureate 

Stock of 40 mM of N-succinimidyl laureate was always prepared freshly before the 

start of the acylation reaction with this reagent. For this purpose 11.88 mg of the 

reagent (M.W. 297) was dissolved in 1 ml of 100% acetonitrile. During the present 

study final concentration of the reagent in the reaction mixture was 3 mM. 

1 M sodium borate buffer (pH 10, pH 11, pH 12) 

For the preparation of 1 L of sodium borate buffer, 61.83 g of boric acid was dissolved 

in 800 ml of distilled water and its pH was adjusted to the desired pH with sodium 

hydroxide and finally volume was made up to 1 L. These were autoclaved and stored at 

room temperature. 

12: Reagents for Bioassays 

1M sodium phosphate monobasic (NaH2PO4) 

500 ml stock of 1M sodium phosphate monobasic was prepared by dissolving 69 g of it 

in distilled water and finally volume was made up to 500 ml. It was autoclaved and 

finally stored at room temperature. 

1M sodium phosphate dibasic (Na2HPO4) 

500 ml stock solution of 1M sodium phosphate dibasic was prepared by dissolving 71 g 

of it in distilled water and finally volume was made up to 500 ml. It was autoclaved and 

finally stored at room temperature. 

100 mM sodium phosphate buffer (pH 7.4) 



   
 

248 
 

1000 ml of 100 mM buffer was prepared by adding 77.4 ml of 1 M Na2HPO4in 22.6 ml 

of NaH2PO4and finally diluting the mixture to 1000 ml with autoclaved distilled water. 

The solution was autoclaved and stored at room temperature. 

10 mM Phosphate buffer saline (PBS) 

100 ml of phosphate buffer saline (PBS) was prepared by mixing 10 ml of 100 mM 

sodium phosphate buffer (pH7.4) with 3 ml of 5 M NaCl and finally diluting the 

mixture to the said volume. This solution was filtered through 0.45 micron filter 

assembly in laminar flow and stored at 4 °C. 
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APPENDIX II 

 

1. Restriction Map of pTZ57R/T 
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2. Restriction Map of pET21a 
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3. MALDI mass spectra of human insulin (Sigma) and 

Levimer 

 

 
Mass spectrum obtained from MALDI-TOFF showing the [M + H] 1+ ion for (A) 

un modified insulin (Sigma) and (B) Levimer (detimer insulin) from Novo 

Nordisk. 
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 Schematic representation of complete structure of human insulin and its acylated products.  

 (1) Human insulin, X=H, Y=H, Z=H 

(2) Mono acetyl insulin, X=H, Y=H, Z=CH3-CO-  

(3) Di acetyl insulin Y=H, X=CH3 –CO-, Z=CH3 –CO-  

(4) Tri acetyl insulin, X, Y, Z = CH3 –CO- 

(5) Mono dodecanoyl insulin X=H, Y=H, Z=CH3-(CH2)10-CO- 

(6) Di dodecanoyl insulin Y=H, Z=CH3-(CH2)10-CO-, X=CH3-(CH2)10-CO- 


