
 

 
i 

 
 

 

 

Cloning and overexpression of the CaiC protein from the 

caiTABCDE operon involved in the biosynthesis of L-carnitine 

in Escherichia coli 

 

Tânia Batista Corrales 

 

Thesis to obtain the Master of Science Degree in 

Biological Engineering 

 

 

Supervisors: Professor Gabriel António Amaro Monteiro 

Professor Manuel Cánovas Diaz 

 

 

Examination Committee 

Chairperson: Professor Helena Maria Rodrigues Vasconcelos Pinheiro 

Supervisor: Professor Gabriel António Amaro Monteiro 

Members of the Committee:  Professor Jorge Humberto Gomes Leitão 

 

November 2016 

  



 

ii 

 

 

  



 

iii 

 

ACKNOWLEDGEMENTS 

Reaching this step in my academic life required a lot of work, sacrifice and dedication, not only on my 

part but also from everyone that were around me. Thus, I want to thank you all from the bottom of my 

heart. 

First of all, I want to thank everyone that helped me during my stay in Spain, turning it in an unforgettable 

experience, exceeding on a large scale everything I had imagined. I want to thank Professor Manuel 

Cánovas for being always available for any doubt, for his dedication and advices; Professor José María 

Pastor for the guidance, advices but also for the funny and relaxing moments in the laboratory; Rosa 

Alba Sola for being always there when I needed, for all the great moments, laughs, work and debates, 

without you this would have been a lot harder; everyone in the laboratory that were always available to 

help, especially Ana Écija y Julia Gallego. 

Thanks to all the teachers and professors that shared their knowledge and experience, which allowed 

us to understand how stunning the world can be. I thank especially Professor Gabriel Monteiro for 

accepting be the supervisor of this thesis and for his guidance. 

I would also like to thank everyone that in one way or another helped me going through these five years 

in I.S.T. My friends Bárbara, Beatriz, Diogo, Manuel and Mariana, for being always there for me, for the 

advices, motivation and for all the great moments spent together; João, Kikas, Lídia and Margarida for 

the laughs, good company and help; David, Luís, Pedro and Teresa for all the years spend together, for 

the greatest coffees and for the most random conversations; André for all the support, hearing me talk 

for hours without complaining and helping making everything easier. I want specifically thank Beatriz, 

Diogo and David, for the suggestions, for revising, and for all the critics toward my thesis. 

Finally, I want to thank specially my family for all the sacrifices, effort and help. Without you, nothing of 

this were possible. All of this I owe to you. 

All of you, my sincere and enormous, Thank you. 

 

 

Tânia Corrales 

 

 

  



 

iv 

 

 

 

 

 

 

  



 

v 

 

ABSTRACT 

The demand of L-carnitine is nowadays increasing mainly in medicine. Therefore, studies aiming to 

improve and optimize its biotechnological production are raising interest. The aim of this work was to 

study and better understand the role of the caiC gene of the caiTABCDE operon in Escherichia coli, and 

the protein it encodes, for obtaining useful information that could subsequently help improving 

L-carnitine bioproduction. Transformations of caiC gene in via pRSET plasmid as vector were 

successfully performed into E. coli K-12 Top10F’ for plasmid propagation. Overexpression of proteins 

was carried out using the strain E. coli BL21. Different purification conditions were performed to optimize 

the amount, and preserving the native activity of CaiC protein, the last one achieving a concentration of 

10.54 µM, and a maximal specific activity of 0.388 U/mg. With native polyacrylamide gel electrophoresis 

and gel permeation chromatography, it was verified that the native conformation of CaiC was likely 

tetrameric, with a molecular weight of approximately 250 kDa. Activity tests with four different known 

substrates, namely crotonobetaine, γ-butyrobetaine, D- and L-carnitine, were performed, and it was 

verified that CaiC followed a Michaelis-Menten kinetics where Km values of 0.500, 0.485, 3.567 and 

0.250 mM, respectively, were estimated. Thus, CaiC appeared to possess higher affinity for L-carnitine. 

CaiC was not initially acetylated and only acetyl-CoA was able to acetylate. The acetylation apparently 

affected the activity by lowering CaiC affinity. 
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RESUMO 

A procura por L-carnitina tem estado atualmente a aumentar, principalmente em medicina. Desta forma, 

estudos focados na melhoria e otimização da sua produção biotecnológica são de interesse crescente. 

O objetivo deste trabalho foi entender melhor e estudar o papel do gene caiC do operão caiTABCDE 

de Escherichia coli, e a respetiva proteína codificada, para obter informação que possa ajudar no 

aperfeiçoamento da bioprodução de L-carnitina. Transformações de caiC, usando plasmídeo pRSET 

como vetor, foram efetuadas com êxito em E. coli K-12 Top10F’ para a propagação do plasmídeo. A 

sobreexpressão de proteínas foi efetuada na estirpe E. coli BL21. Diferentes condições de purificação 

foram testadas para otimizar a quantidade e preservar a atividade nativa da proteína CaiC, sendo que 

a última obteve uma concentração de 10.54 M e uma atividade específica máxima de 0.388 U/mg. 

Com eletroforese de gel nativo de poliacrilamida e estudos por cromatografia de permeação em gel foi 

verificado que a conformação nativa de CaiC era provavelmente um tetrâmero, com um peso molecular 

de aproximadamente 250 kDa. Testes de atividade com quatro substratos diferentes conhecidos, 

nomeadamente, crotonobetaina, γ-butyrobetaina, D- e L-carnitina, foram realizadas e verificou-se que 

CaiC seguia uma cinética de Michaelis-Menten, onde valores de Km de 0,500, 0,485, 3,567 e 0,250 

mM, respetivamente, foram estimados. Desta forma, CaiC apresenta possuir uma maior afinidade com 

L-carnitina. CaiC não estava inicialmente acetilada e apenas acetil-CoA apresentou capacidade de a 

acetilar. A acetilação aparentemente afeta a atividade ao diminuir a afinidade de CaiC.  
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I. INTRODUCTION 

Since this work is focused in gaining as much insight as possible in caiC gene and CaiC protein structure 

and function for helping to improve L-carnitine production, it is firstly necessary to understand 

L-carnitine, which are its functions, how is its biosynthesis, why it is relevant and which are its 

applications. Thus, this introduction will review the production of L-carnitine by Escherichia coli, then the 

caiTABCDE operon, and finally the gene of interest caiC.  

I.i. HISTORY OF L-CARNITINE 

L-Carnitine has a long history in biochemistry. Research about a betaine derivative of β-hydroxybutyrate, 

L-carnitine, started in 1905, when it was first isolated from meat extracts and discovered to be a 

quantitatively important compound in muscle tissue, identified as a nitrogenous constituent of muscles. 

This discovery occurred at almost the same time by two different groups, Gulewitsch and Krimberg in 

Moscow and Kutscher in Marburg 1–3. Its chemical structure and its physiological function remained 

unclear until 1927. 4,5 

Despite the resemblances of L-carnitine’s and choline’s structures, which inspired extensive 

physiological and pharmacological studies, it did not allow the discovery of its physiological role nor of 

its biosynthesis or degradation 2. In the fifties, Fraenkel et al but also Carter et al recognized L-carnitine 

as growth factor for the yellow worm larva Tenebrio molitor, a parasitic bug of flour, due to what it also 

acquired the name of vitamin BT, where B stands for B-vitamin and T for the abbreviation of Tenebrio 

molitor 3,6,7. 

In 1955 Friedman and Fraenkel discovered that L-carnitine could be reversibly acetylated by 

acetyl-Coenzyme A (CoA) while Fritz was capable to show that L-carnitine stimulated fatty acid oxidation 

in liver homogenates and was capable to transfer the long chain fatty acids across the mitochondrial 

membrane, allowing their energy-yielding oxidation 8,9. 

In 1962 Kaneko and Yoshida, demonstrate that despite of the existence of two enantiomers of carnitine, 

L-carnitine and D-carnitine, only L-carnitine occurs in nature 3. 

              

Figure I.1- Enantiomers of Carnitine, L-carnitine (left) and D-carnitine (right). 

Posteriorly, it was also shown that L-carnitine plays a role in the elimination of selective acyl residues 

from subcellular organelles and from cells to urine before they accumulate in toxic concentrations, so 

as in the modulation of the acyl-CoA/CoA ratio 10. 

As the biological functions of L-carnitine were uncovered, the need of tracing its biosynthetic route arose. 

In 1961, it was proven that methyl groups of carnitine came from methionine and not from choline, as 

mentioned before. In addition, it was shown that γ-butyrobetaine was converted into L-carnitine. Only 
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ten years later it was verified the origin of the four-carbon chain, which was demonstrated to come from 

lysine. 2 

Afterwards it was determined by Eichler et al that the sequence containing the caiC  genes of E. coli 

encoded as well the carnitine pathway 11. This thesis will focus specifically in caiC gene from the 

caiTABCDE operon. 

I.ii. BIOSYNTHESIS IN EUKARYOTES    

Studies demonstrated that the precursors for the biosynthesis of carnitine in eukaryotes were lysine and 

methionine, as already mentioned. While in mammals lysine is a precursor via protein-bound 

trimethyl-lysine, in yeast, free lysine is methylated via S-adenosylmethionine, which provides the methyl 

groups for enzymatic trimethylation of peptide-linked lysine 10,12.  

The biosynthesis of L-carnitine in mammals is represented in Figure I.2. 

 

Figure I.2- Biosynthesis of D-, L-carnitine by lysine in mammals. [Adapted from 2,10,13,14] 

The biosynthesis starts with the methylation of lysine residues in proteins, such as myosin, actin, and 

histones, giving origin to 6-N-trimethyl-lysine. The first enzyme in Figure I.2 would be 

S-adenosyl-6-N-L-lysine methyltransferase in case of yeasts. Afterwards, this product is catalyzed by 6-

N-trimethyl-lysine dioxygenase but requires also 2-oxoglutarate, ascorbate, ferrous iron and molecular 

oxygen to form 3-Hydroxy-6-N-trimethyl-lysine 2,10,15. The next step is its cleavage in order to obtain 

γ-butyrobetaine aldehyde and glycine. The enzymes for this cleavage were found in several tissues, 

namely skeletal muscle, heart, liver, kidney, and brain, and uses pyridoxal 5’-phosphate (PLP) as a 

cofactor 14,16. The γ-butyrobetaine aldehyde is then oxidized to γ-butyrobetaine by butyrobetaine 

aldehyde dehydrogenase 2. The last step is the conversion of γ-butyrobetaine to L-carnitine due to the 

action of γ-butyrobetaine dioxygenase, needing also 2-oxoglutarate, ascorbate, ferrous iron and 

molecular oxygen 2. γ-butyrobetaine dioxygenase was only found in few tissues, namely, human liver, 

kidney and brain, but not in skeletal muscle or heart 2,12. Its presence also showed species variations in 

tissue distribution, normally occurs in the liver but in some species it was observed in kidneys. Due to 

the different organs where the beginning and the end of this biosynthesis can occur, it is possible to 
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observe that exists inter-organ transport of butyrobetaine and carnitine 2. In conclusion, with the 

exception of the small intestine and liver in humans, the remaining organs must obtain L-carnitine from 

the circulatory system 10. 

I.iii. BIOLOGICAL FUNCTIONS 

I.iii.1. EUKARYOTIC UNICELLULAR ORGANISMS 

L-Carnitine is a cofactor of several enzymes, namely carnitine translocases, carnitine acetyltransferases 

and carnitine palmitoyltransferases 17,18. Its main role is to transport, across the inner mitochondrial 

membrane, long-chain fatty acids to be oxidized and generate adenosine triphosphate (ATP), and 

activated acetate for the modulation of the intramitochondrial acyl-CoA/CoA ratio 12,18. It is also 

responsible for the storage of energy as acetylcarnitine 14. 

In Figure I.3 it is possible to observe a scheme where is represented L-carnitine transporter function 

and the enzymes involved.  

 

Figure I.3- Representation of the L-carnitine transporter function of activated long-chain fatty acids through the 

inner mitochondrial membrane and regulation of the intramitochondrial acyl-CoA/CoA ratio. Organic cation 

transporter (OCTN2) and fatty acid transport protein (FATP) are transporters for L-carnitine and fatty acids, 

respectively; CPT I and II are carnitine palmitoyltransferases; CACT is a carnitine acylcarnitine translocase; and 

CAT a carnitine acetyl transferase. [Adapted from 3,14,19,20] 

The fatty acid enters in the cell due to the fatty acid transport protein (FATP), while L-carnitine is actively 

transported via a transmembrane protein, the organic cation transporter (OCTN2) 20,21. After the 

entrance of the long chain fatty acid in the cell, it will be transformed by acyl-CoA synthase, in addition 

of CoA, to long chain acyl-CoA. The next steps will be performed by carnitine palmitoyltransferase I and 

II (CPT I and II), which  are located respectively in the inner layer of the outer mitochondrial membrane 

and in the inner layer of the inner mitochondrial membrane 3,19. While CPT I forms ester bonds between 

L-carnitine and long chain carboxylic acids releasing CoA, CPT II cleave the ligation 19. Thus the prior 

product, through CPT I together with L-carnitine, will form long chain acylcarnitine. Carnitine 

acylcarnitine translocase (CACT)  will allow the translocation of acylcarnitine across the inner 
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mitochondrial membrane 18,19. After the cleavage of the long chain acylcarnitine by CPT II, the fatty acid 

will conjugate back to CoA in the mitochondrial matrix, forming long chain acyl-CoA, and then enter the 

pathway of β-oxidation, producing acetyl-CoA 3,19. Afterwards, the enzyme carnitine acetyltransferase 

(CAT) will transform the acetyl-CoA in acetylcarnitine using the L-carnitine still present in the 

mitochondrial matrix and freeing CoA 14. Acetylcarnitine will be transported to the cytosol of the cell also 

by CACT 14,18,20. The L-carnitine that did not react will return to the cytoplasm, due to an exchange 

mechanism of CACT 14,19,20.  

In this process are present acylcarnitine transferases, as the already mentioned CPT and CAT, but also 

carnitine octanoyltransferase (COT). The division is based on their cellular localization but also upon 

their specificity to acyl groups. CAT uses as substrate short-chain acyl groups, while COT and CPT use 

both medium and long-chain fatty acids, however CPT prefers the longer ones. 3,20 

Although in this process was only referred one carnitine transporter, OCTN2, it belongs to a family of 

organic cation transporters where three play an important role in the intracellular carnitine homeostasis, 

namely OCTN1, OCTN2, and OCTN3. OCTN2 is a sodium-dependent organic cation transporter, being 

the most relevant controlling factor in the plasma membrane for carnitine exchange. It is responsible for 

carnitines transport to other tissues and its reabsorption in kidney 20,22. It is especially expressed in 

kidney, skeletal muscle, heart, and placenta in adult humans 22. OCTN1 is a lower-affinity mitochondrial 

carnitine transporter, which is pH-dependent and sodium-independent 20,23. The last transporter, 

OCTN3, is a mammalian peroxisomal membrane carnitine transporter uniquely involved in intracellular 

carnitine-dependent transport 20. 

For the modulation of the acyl-CoA/ CoA ratio, the mitochondrial enzyme CAT catalyzes the reaction, 

which is reversible. This role has a major importance in maintaining mitochondrial function and the 

viability of the cell. For example, it was proven that in stress conditions carnitine helps freeing reduced 

CoA, while in normal conditions its role as a mitochondrial buffer for excess organic acids is probably 

minor. Several pathways produce CoA esters of short- and medium-chain organic acids, which in normal 

conditions are further metabolized to regenerate free CoA. Under stress conditions, when one or more 

of these metabolic pathways produces large amounts of these esters, the organic acid may be 

transesterified to carnitine, allowing the newly free reduced CoA to participate in other mitochondrial 

pathways. 12  

Beyond these functions, it was also studied that L-carnitine affects lipid metabolism, enhancing 

carbohydrate utilization 18. It was likewise observed that it is responsible for the transport of toxic 

compounds out of cellular organelles and cells to prevent their accumulation in dangerous 

concentrations, excreting them as carnitine esters. 17,18,20 

It is important to highlight that in these studies, the isomer worked with was always L-carnitine. It was 

noted that D-isomer could inhibit acylcarnitine transferases, which clearly demonstrate an 

isomer-specific effect. 24 
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I.iii.2. EUKARYOTIC MULTICELLULAR ORGANISMS  

L-Carnitine can be synthesized endogenously or obtained from dietary sources, being found in animal, 

vegetal and in microorganisms, as referred before 18,25. 

In animals it is produced in the liver and kidneys and stored in tissues like cardiac muscle, liver, adipose 

tissues, brain and skeletal muscle, the latter represents circa 90% of the total human body’s store. All 

of the mentioned examples are tissues where fatty acids are used as a dietary fuel 2,26,27. There were 

also characterized some roles in sperm maturation, in the immune system and connecting tissues 25.  

Some human tissues are able to synthesize L-carnitine, however not in enough quantity to match the 

body requirements, due to what  approximately 75% of carnitine has to be obtained through diet 24. 

Carnitine that is obtained through diet may be absorbed from the lumenI of the small intestine. In this 

case they will be further transported into enterocytesII and diffuse past the serosal membraneIII into the 

circulatory system, allowing its posterior transportation to other cells 28,29. L-Carnitine that is not 

absorbed will be metabolized by bacteria in the large intestine.24 

I.iv. L-CARNITINE DEFICIENCY  

I.iv.1. EUKARYOTIC UNICELLULAR ORGANISMS 

The shortage of L-carnitine in cells affects several mechanisms. Its intracellular deficiency disturbs the 

entrance of long-chain fatty acids into the mitochondrial matrix, which impair β-oxidation and energy 

production. It also leads to the accumulation of lipids in the cytosol. 2,19,30,31 

Its shortage also affects the regulation of the intramitochondrial free CoA. If the concentration of carnitine 

is not the adequate, the reaction will be orientated in the direction of acyl-CoA and will cause the 

decrease of free CoA concentrations inside the mitochondrial matrix. This decrease will interfere in all 

the reactions dependent of free CoA, as Krebs cycle, pyruvate oxidation, amino acid metabolism, and 

downregulating the intermediary metabolism within the mitochondria by affecting mitochondrial and 

peroxisomal β-oxidation. 18 

The L-carnitine deficiency can be caused by mutations of SLC22A5 gene, which encodes the transporter 

OCTN2, since it affects the carnitine transport, as already mentioned in Section I.iii.1 32,33.  

Taking in account the action of L-carnitine as long-chain fatty acids transporter, as represented in Figure 

I.3, the deficiency in the transferases as in the translocase, also affects the quantity of L-carnitine. 

Defects in CPT I cause an elevated level of plasma carnitine. There are three different isoforms of CPT 

I, but only the isoform present in liver was demonstrated to be affected in humans, the isoforms of the 

heart and the muscle, which express a genetically distinct form of CPT I, are unaffected 34. Defects in 

CACT cause plasma carnitine levels to be extremely reduced, while long-chain acylcarnitines show an 

increased concentration 34. Deficiency in CPT II has a very similar consequence than the CACT 

                                                      
IOpening inside a tubular body structure that is surrounded by body tissue known as an epithelial membrane. 
II Intestinal absorptive cells. 
III One of the thin membranes that cover the walls and organs in the thoracic and abdominopelvic cavities. 



 

6 

 

deficiency, this is, reduced levels of carnitine, with an increased level of long-chain acylcarnitine 

fraction34. 

It was also studied that diphtheria toxin could cause the loss of carnitine in the cells, since it would inhibit 

and avoid the synthesis of OCTN2 35. Beyond toxins, also antibiotics or drugs can also cause deficiency 

of carnitine. Several mechanisms have been already listed, for example, the sequestration of CoA and 

direct inhibition of fatty acid oxidation enzymes by valproic acid and metabolites. 36,37 

I.iv.2. EUKARYOTIC MULTICELLULAR ORGANISMS 

The deficiency of L-carnitine taking in account a multicellular organism has different impacts from the 

ones mentioned for unicellular organisms. Two types of L-carnitine deficiency are known, the primary 

and secondary. Briefly, the primary carnitine deficiency occurs due to a defect in active transport of 

carnitine across the plasma membrane, while the secondary carnitine deficiency is related with an 

enzymatic defect 22,38. 

I.iv.2.1. PRIMARY CARNITINE DEFICIENCY 

When SLC22A5 gene is mutated it can cause systemic primary carnitine deficiency, which is an 

autosomal recessive disorder of mitochondrial β-oxidation, manifested early in life by hypoketotic 

hypoglycemiaIV, cardiomyopathy, myopathy and acute metabolic decompensation, and later in life 

specially by skeletal myopathy or cardiomyopathy 1,19,26,33,34,39. Normally, carnitine is eliminated via urine 

as free carnitine and acylcarnitines, but most of it is reabsorbed by the proximal tubulesV maintaining 

the balance of carnitine in the body 40. In case of a deficiency in the OCTN2 transporter, the loss of 

carnitine in the urine will be increased and the accumulation in the tissues decreased 33,34,39.  

It was also verified that if preterm newborns have an immature renal tubular function together with a 

compromised carnitine biosynthesis, they may run a greater risk of developing carnitine deficiency and 

to become strictly dependent of exogenous supplies to maintain the normal carnitine plasma levels 2,31. 

So as an overall of systemic primary carnitine deficiency, it can be caused by a defect in carnitine 

biosynthesis; due to an abnormal renal handling of carnitine; because of alterations in cellular 

mechanisms for carnitine transportation, which affects the uptake and release of carnitine from tissue; 

due to excessive degradation of carnitine; or due to defective intestinal absorption of carnitine. 12,39 

I.iv.2.2. SECONDARY CARNITINE DEFICIENCY 

Considering the secondary carnitine deficiencies, they can be caused in persons with metabolic 

disorders, by organic acidemiasVI, by defects of fatty acid oxidation and of the carnitine cycle, by 

pharmacological therapy, by poor diet or by malabsorption of carnitine or increased excretions 19,26,27. 

As observable, the primary carnitine deficiencies are the only the genetic defect in which carnitine 

deficiency is the cause rather than the consequence 19.  

                                                      
IV Extremely low levels of ketones associated with low blood sugar (hypoglycemia) 117. 
V Major resorptive segment of the nephron. The nephron is the basic structural and functional unit of the kidney.118 
VI Group of heterogeneous metabolic inherited disorders characterized by the accumulation of organic acids in body 
fluids and tissues.119. 
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The disorders usually linked to secondary carnitine deficiency can be, for example, chronic renal failure, 

renal Fanconi syndromeVII and cystinosisVIII 2,12,18,26,41 . Another cause may be an increase of the loss of 

lysine in urine, which is seen in lysinuric protein intolerance, and causes the impairment of carnitine 

biosynthesis 39. 

As mentioned before, deficiencies in the transferases as in the translocase, also affect L-carnitine levels, 

but at multicellular level they also cause several problems, which are englobed in the secondary 

carnitine deficiencies. In CPT I deficiency, in which liver isoform is affected, is typically present with 

recurrent attacks of fasting hypoketotic hypoglycemia. CACT deficiency is mostly present in neonatal 

period by hypoglycemia, hyperammonemia, cardiomyopathy and with arrhythmia leading to cardiac 

arrest. Defect in CPT II is generally present in adults with rhabdomyolysisIX, but more severe variants of 

it are found in neonatal period similarly to CACT. 34,39 

Some pharmacological therapies use certain antibiotics or drugs, which influence carnitine, for example, 

valproic acid, as mentioned before, or pivampicillin, cephaloridine, verapamil, emetine, zidovudine and 

sulfonylureas. 26,31. Their action usually consists in a competitive inhibition of L-carnitine transport by its 

OCTN2 transporter, or mechanisms involving alteration in the transporter expression 26,42. 

I.v. CARNITINE EXCESS IN ORGANISMS  

In an organism, despite of most of the deficiencies being related with the shortage of carnitine, an excess 

of L-carnitine can also occur, compromising its healthy state. 

An excess dosage of L-carnitine can occur due to an excessive administration of carnitine supplements. 

Its symptoms include nausea, vomiting, abdominal cramps, diarrhea and a "fishy" body odor 1,41,43. 

It was also noticed that intestinal bacteria were able to metabolize carnitine to form 

trimethylamine-N-oxide (TMAO), a compound that increases the risk of adverse cardiovascular events 

44,45. Since in an organism with higher quantity of L-carnitine TMAO will also be produced in major 

quantities, it increases the risk of cardiovascular disease 44. 

I.vi. APPLICATIONS 

Nowadays L-carnitine has gained a considerable importance. Its demand has increased widely, 

particularly in medicine, industry and applied science 25,46. 

The relevance of this compound in medicine can be revealed by reviewing, for example, the proportion 

of cases of primary systemic carnitine deficiency in the population. For instance, in a Japanese study 

the incidence was of 1 per 40000 births, while in Australia it was estimated to be 15.7 per 100000 births 

47,48.  Since some individuals with this deficiency may remain asymptomatic throughout their entire life, 

the general population may be much higher than originally anticipated 49. 

                                                      
VII Disease of the proximal renal tubules of the kidney in which glucose, amino acids, uric acid, phosphate and 
bicarbonate are passed into the urine, instead of being reabsorbed. 
VIII Accumulation of the amino acid cysteine within cells. 
IX A syndrome caused by injury of skeletal muscle and involved in the leakage of large quantities of potentially toxic 
intracellular contents into plasma. 
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L-Carnitine applications can go from treatment of carnitine deficiency, caused either by genetic disorder, 

drugs, shortage in diet or medical procedure as mentioned before, as a treatment of other diseases or 

even for improvement of athletic performances. 

Oral L-carnitine is often used to attenuate the symptoms associated with primary and secondary 

L-carnitine deficiency, for example, in cases of CACT deficiency, L-carnitine supplementation showed 

therapeutic benefits by improving the acylcarnitine profile and by preventing further attacks of 

hypoglycemia and arrhythmia 20,26,50. Intravenous injection of L-carnitine is used, for example, in acute 

propionic acidemia, for the elimination of accumulated propionyl-CoA thanks to the formation of 

propionylcarnitine 51. 

Other diseases where carnitine might help are, for example, cardiac, circulatory, neurologic conditions 

or muscle and brain development disorders, as well as infertility. It may also help in anorexia, chronic 

fatigue syndrome, diabetes, Alzheimer disease and memory impairment, in the treatment of dialysis 

patients or as a substitution therapy to diminish hypertriglyceridemia. 2,11,20,26,52–56 

It was demonstrated that L-carnitine might also be helpful in cancer. Cancer patients may be deficient 

in carnitine and when supplemented with it, most of chemotherapy-treated subjects showed and 

ameliorated fatigue, improved mood and quality of sleep and restored normal blood levels of carnitine 

57,58. 

L-Carnitine application is likewise being studied in HIV and AIDS. It was shown that L-carnitine helps 

slowing down the death of lymphocytes, reduces neuropathy and favorably affects blood lipid levels 

when supplemented both intravenously and orally, however further studies are needed. 59,60.  

In addition, L-carnitine was also associated with aging. Its contribution to aging is based in the fact that 

its concentration in tissues declines with age, therefore, reducing the integrity of the mitochondrial 

membrane 52. The referred studies were only carried out in rats, where supplementation with 

acetylcarnitine reversed age-associated decline in many indices of mitochondrial function, general 

metabolic activity, decreased oxidative stress and improved memory, besides increasing L-carnitine 

levels in tissues 61–63. In studies with humans it was suggested that acetylcarnitine supplementation 

could improve mental function and reduce deterioration in older adults with mild cognitive impairment 

and Alzheimer's disease, but further studies are needed 64. 

As mentioned before, L-carnitine has gained a particular interest among the athletic community. It is 

thought to improve exercise or physical performance in healthy subjects, to foster weight loss or to 

improve of individual maximal aerobic power 18,41. In the last years it has been demonstrated that muscle 

carnitine content can be increased in humans by supplementation, and that carnitine plays a dual role 

in skeletal muscle fuel metabolism, which is exercise intensity dependent 65. Nevertheless, there is still 

no agreement about the real effects. 

Despite the uses of L-carnitine in health and in pharmaceuticals, it is also used in food products, food 

additives, as biomarkers for agrochemicals and toxic substances 24,56. 
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At a cellular level it may be used with the goal of increasing the compatibility of microorganisms that are 

suffering of osmotic stress or in order to suppress position-effect variegationX 56,66,67. In bacteria it is an 

important osmoprotectant and can also enhance thermotolerance, cryotolerance and barotolerance 24. 

It may be used as a final electron acceptor or even as a sole carbon, nitrogen and energy source 24.  

I.vii. PRODUCTION OF L-CARNITINE IN BACTERIA 

Since the demand for L-carnitine was increasing, predominantly in medicine, its production gained more 

importance which encouraged the research to develop optimal processes for its production 46. 

In order to produce an optically pure form of L-carnitine, several types of procedures can be followed, 

such as chemical synthesis or biotechnological synthesis. The chemical synthesis of L-carnitine has an 

important limitation: the need to perform optical resolution of racemic carnitine or its derivatives. 

Racemic carnitine cannot be administered to patients due to the lack of capacity of the organisms to 

assimilate the D-carnitine form 56,68. The waste product, D-carnitine, formed in equimolar amounts as 

the L-enantiomer, needs therefore an effective separation strategy 56,68. The separation processes 

consist usually in an expensive selective precipitation with chiral compounds which allows the isolation 

of the L-isomer 69. However, at industrial scale, few of these chemical procedures are used due to the 

high number of steps, the use of chiral starting materials or chiral auxiliaries and the need of separation 

of D-carnitine considered as waste product 25. 

Therefore, using microorganisms and enzymes was considered for biotechnological synthesis. 

Biotechnological processes have advantages over chemical synthesis. L-Carnitine can be produced 

from waste products coming from the chemical industry, namely D-carnitine or crotonobetaine, having 

a production with high enantiomeric excess and optical purity in a single step without subproduct 

accumulation 25,46,69. It was also shown that those processes produce about 50% less of total organic 

waste, 25% less waste water and 90% less waste for incineration than chemical processes 56,70. In 

addition, microorganisms have a well-demonstrated capacity for high-density cultivation, can be 

resistant to immobilization and to environmental stresses during bioprocesses, and there are available 

several well-established molecular biology techniques that can be applied for the obtaining of genetically 

improved producer strains. 25,69,71 

As mentioned above, in eukaryotic cells it is possible de novo carnitine synthesis starting with lysine and 

methionine, giving 6-N-trimethyl-lysine. In bacteria it has been proven de novo synthesis of 

N-trimethyl-lysine, which would supposedly allow in its turn, the possibility of de novo synthesis of 

L-carnitine, despite it has not been demonstrated yet 24,72. Therefore, precursors are needed for the 

bacterial synthesis of L-carnitine.  

The biotechnological processes can be divided into two categories, namely, synthesis from racemic 

mixtures, and from achiral precursors 25,55,56. 

                                                      
X Property of having discrete markings of different colors, caused by the inactivation of a gene in some cells through 
its abnormal juxtaposition with heterochromatin. 
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L-Carnitine can be produced from racemic mixtures as D-, L-carnitine, D-, L-acyl carnitine, D-, 

L-carnitine amide or D-, L-carnitine nitrile, and from achiral precursors as γ-butyrobetaine, 

crotonobetaine and 3-dehydrocarnitine 55,56. 

D-carnitine can be converted into L-carnitine by enzymes and microorganisms as Pseudomonas sp. 

AK1 and E. coli O44K74, due to the presence of carnitine racemase, and Acinetobacter calcoaceticus 

and A. lwoffi, due to enantioselective assimilation 24,25,55,56,68,73. 

D-, L-carnitine derivatives, namely, D-, L-carnitine amides, esters or nitriles, can be used by Escherichia, 

Enterobacter, Proteus, Salmonella, Micrococcus, Bacillus, Pseudomonas, Fusarium, among others 56. 

L-Carnitine can be produced by enantioselective hydrolysis, by D-, L-carnitine amide catalyzed by 

carnitine amidase or by D-, L-carnitine nitrile catalyzed by carnitine nitrilase 24,25,56,74,75. It is also possible 

to obtain L-carnitine by hydrolysis of acylcarnitine catalyzed by acylcarnitine esterase 24,56,76. 

Approaching now the achiral precursors, 3-dehydrocarnitine can be reduced into L-carnitine with 

Nicotinamide adenine dinucleotide - reduced form (NADH) and catalyzed by L-carnitine dehydrogenase. 

It was observed in Pseudomonas and Agrobacterium species. 25,55,56 

It is also known that D-carnitine can be converted into L-carnitine due to D-, L-carnitine dehydrogenase, 

which causes an oxidation reaction of D-carnitine converting it to 3-dehydrocarnitine 56,77,78. 

γ-Butyrobetaine can act as a precursor of L-carnitine through hydroxylation by the enzyme 

γ-butyrobetaine hydroxylase 24,55,56,70. This enzyme has been identified in Pseudomonas sp. but also in 

Saccharomyces cerevisiae and requires oxygen, the cofactors iron, ascorbate and α-ketogluterate  

24,56,79. 

Similarly, L-carnitine can be synthesized by stereospecific hydroxylation. In this process, 

γ-butyrobetaine is firstly converted into γ-butyrobetainyl-CoA by a synthetase, and then converted into 

crotonobetainyl-CoA by a dehydrogenase. Afterwards, it is hydrated to L-carnitinyl-CoA by a hydrolase 

and hydrolysed by a thioesterase to L-carnitine 55,56. This pathway is common in Agrobacterium-like 

strains 55. 

Another precursor that may be used for the production of L-carnitine is crotonobetaine. There are several 

microorganisms capable to produce L-carnitine from crotonobetaine, namely, Aerobacter, Enterobacter, 

Escherichia, Flavobacterium, Lactobacillus, Micrococcus, Neurospora, Proteus, Salmonella, 

Xanthomonas, among many others 55,56. It was found that E. coli was the best L-carnitine producing 

strain 69. 

In E. coli and Proteus L-carnitine is produced from crotonobetaine due to the joint action of several 

enzymes and cosubstrates  46,80,81. Without their combination it is not possible to produce L-carnitine 81. 

The enzymes involved are an enoyl-CoA hydratase and a CoA-transferase which are induced in the 

presence of crotonobetaine and even L-carnitine, since the reaction is reversible, and the cosubstrates 

γ-butyrobetainyl-CoA or crotonobetainyl-CoA 46,80,81. Its production can be done in aerobic conditions 

since O2 represses the synthesis of crotonobetainyl-CoA reductase, which is an enzyme involved in the 

metabolization of L-carnitine, and uses crotonobetaine to obtain γ-butyrobetaine 25,46,55,56,68,82. As this 
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reaction will cause the loss of precursor for L-carnitine production, it has to be inhibited. In anaerobic 

conditions the inhibition is possible due to the addition of fumarate 25,55,56,68,69. The synthesis of 

L-carnitine from the precursor crotonobetaine is represented in Figure I.4.  

 

Figure I.4- Synthesis of L-carnitine from crotonobetaine in E. coli and Proteus [Adapted from 46,80,81] 

A summary of all the biosynthesis processes mentioned before are represented in Figure I.5. 

 

 

Figure I.5 – Summary of the biosynthesis processes mentioned for the production of L-carnitine with racemic 

mixtures (figure above) and achiral precursors (figure below) of different bacteria. [Adapted from 55,68,77] 
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Comparing the racemic mixtures and the achiral precursors it can be deduced that the latter are a better 

strategy since in racemic mixtures the production of L-carnitine is only 50% of the substrates used. On 

the other hand, achiral precursors provide a high enantiomeric purity with high yields 55,56. In this way, 

crotonobetaine and γ-butyrobetaine seem suitable alternatives for large scale industrial production 

55,56,69. Between these precursors, it was revealed a bigger advantage in the use of crotonobetaine 

instead of γ-butyrobetaine, since it can be obtained easily by chemical dehydration from the waste 

product D-carnitine. 56,69.  

I.vii.1. GROWTH CONDITIONS AND CELLULAR STATE FOR L-CARNITINE PRODUCTION 

As already mentioned, the production of L-carnitine can occur either in aerobic or anaerobic conditions. 

The yield and productivity of L-carnitine production in anaerobic conditions presented a higher value 

than in aerobic environments, proving that anaerobiosis is preferred for carnitine metabolism induction 

24,25. This occurrence has been verified in E. coli but also in Proteus sp. 25. 

Despite L-carnitine production is possible both in growing and in resting cells, the yield is bigger in the 

latter 55,56,68,71. This was verified in several species of bacteria tested, namely E. coli, Acinetobacter 

calcoaceticus, Salmonella typhimurium and Proteus vulgaris 25,55,82. 

I.viii. L-CARNITINE IN ESCHERICHIA COLI 

L-Carnitine is used in several bacteria as source of nitrogen and/or carbon under aerobic conditions, for 

example in Pseudomonas sp., Acinetobacter calcoaceticus 69/V 77,83. Enterobacteriaceae, as E. coli, 

Salmonella typhimurium and Proteus vulgaris, are not able to assimilate the carbon and nitrogen of 

carnitine but are able to metabolize it via crotonobetaine and γ-butyrobetaine in the presence of other 

carbon and nitrogen sources and during anaerobic growth 77. 

E. coli itself is a model organism for molecular biology studies and is widely used for L-carnitine 

production researches since it possesses an inducible, active and carrier-mediated uptake system for 

L-carnitine, and the fact that its L-carnitine metabolism has been widely studied and characterized due 

to its role in anaerobic respiration and stress survival, especially osmoprotection. Due to all this factors, 

focusing on this bacterium is a suitable strategy. 25,46,77,84. 

When E. coli lives in an anaerobic environment, where oxygen cannot be used as the final electron 

acceptor, it uses alternative electron acceptors. However, if common electron acceptors are not present, 

it can use carnitine and crotonobetaine as such, but needs also the presence of additional carbon and 

nitrogen sources, since carbon and nitrogen from carnitine are not assimilated, as already mentioned 

24,85.  

The genes involved in L-carnitine metabolism in E. coli comprise two divergent operons, caiTABCDE 

and fixABCX, which are transcribed in anaerobic conditions and in the presence of carnitine or 

crotonobetaine, which act as an inducer 11,24,81,85,86. While caiTABCDE will be responsible for encoding 

the carnitine biotransformation enzymes, fixABCX will be responsible for encoding putative flavoproteins 

involved in anaerobic carnitine respiration 84.  
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The aim of the L-carnitine metabolism is to transform L-carnitine into γ-butyrobetaine, however, this 

pathway can be reverted and used for the enantioselective production of L-carnitine, which turns this 

pathway particularly interesting 87. 

I.ix. L-CARNITINE OPERONS IN E. COLI 

The use of L-carnitine or crotonobetaine as electron acceptor is regulated by the transcriptional activator, 

CaiF; by the cyclic AMP receptor (CRP) and by the transcriptional regulator fumarate nitrate reduction 

(FNR); or by the DNA-binding protein H-NS. CRP is known for mediating the activation of catabolic 

operons while FNR is responsible for the induction of the operons caiTABCDE and fixABCX in an 

anaerobic environment. These two regulatory proteins regulate positively the expression of the operons 

caiTABCDE and fixABCX, but H-NS regulates them negatively. 24,84,86,88–92. In this work, it will be only 

focused in one of the genes from the operons caiTABCDE, namely caiC. 

CaiT gene produces CaiT, a highly hydrophobic protein, which is a membrane-bound transporter, more 

precisely an antiporter, with the function of carnitine and related betaines transportation 11,24,25,84,88,89,92. 

It has an antiporter mechanism, and minimizes the energy cost for transportation, since CaiT has been 

stated to be highly specific and able to work independently of cellular energy. In this case this energy 

saving is particularly important since under anaerobic conditions the cell must grow without a functional 

respiratory chain. CaiT displays some similarities with some other transporters, which motivated its 

inclusion in the betaine/carnitine/choline transporter (BCCT) family. The proteins of this family have 

been shown to use electrochemical ion gradients or being osmotically regulated. Based on these facts, 

on sequence comparison and on hydropathic profile analysis, it was initially suggested that L-carnitine 

transport in E. coli was driven by an electrochemical ion gradient. However, afterwards, it was proven 

that the transport was not affected by electrochemical H+ or Na+ gradients. Furthermore, contrary to 

similarly proteins, it does not respond to osmotic stress. 25,87,93. L-carnitine can also enter the cell by a 

second mechanism not related with the cai operon. It may be transported by an ATP-dependent 

ATP-binding cassette (ABC) transport system, which consists of three subunits, a transmembrane 

domain, an ATPase, and a periplasmic binding protein 24. 

CaiA encodes for a crotonobetainyl-CoA reductase, which is responsible for the reduction of 

crotonobetainyl-CoA to γ-butyrobetainyl-CoA, an irreversible reaction. The enzyme activity was not 

detected in the presence of electron acceptors such as oxygen or fumarate, as already mentioned in 

Section I.vii. It is thought that the electrons needed for the reduction of crotonobetainyl-CoA are 

supplied from the proteins encoded by the operon fixABCX. 11,24,25,46,81,84,85,88,89,91  

CaiB was misidentified as carnitine dehydratase for some time, but nowadays it is known as a CoA 

transferase 80,89,91,94. It is responsible for the inexpensive exchange of CoA between betaines, namely 

from γ-butyrobetaine-CoA, crotonobetainyl-CoA or carnitinyl-CoA to originate γ-butyrobetaine, 

crotonobetaine or carnitine, respectively 24,84,85. It was the first enzyme of the cai operon to be 

characterized and its corresponding gene cloned 46,95. 

caiC, the gene to which this project is focused, encodes an ATP-dependent betainyl-CoA ligase. It 

activates trimethylammonium compounds by adding a CoA group, being specific for carnitine, 
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crotonobetaine and γ-butyrobetaine 11,24,25,84,88,89,91,92. The activity of CaiC was only proved in 2008, 

being previously suggested on the basis of sequence similarities to other CoA ligases as well due the 

detection of conserved domains occurring in AMP-binding enzymes 11,46,92. While the activity of 

synthesis of betainyl-CoA was detected in vivo, in some in vitro studies it also exhibited a 

CoA-transferase activity 24,46. However, if only CaiC is used instead of CaiB, the use of carnitine as a 

terminal electron acceptor would be a net loss of energy for the cell since CaiC activity is ATP dependent 

while CaiB activity is energetically inexpensive  46,85.  

CaiD has an enoyl-CoA hydratase activity and is usually called as crotonobetainyl-CoA hydratase or 

carnitinyl-CoA dehydratase. Its function is hydrating crotonobetainyl-CoA to carnitinyl-CoA, or 

conversely, dehydrating carnityl-CoA to crotonobetainyl-CoA 11,46,80,84,85,91. Due to its homology to the 

crotonase, it is possible to sort this enzyme as a member of the crotonase superfamily 80. The racemase 

function was also attributed to CaiD, since the gene caiD is required for racemase activity 24,81,88,89. 

The last gene caiE, encodes for the protein CaiE whose function is still unclear 24,85,92. It is suspected 

that it may be required for activation or synthesis of an unknown cofactor necessary for carnitine 

metabolism, for example for carnitine racemase activity of CaiD 11,24,91. It is suggested that CaiE may be 

a regulator for metabolism of phenylacetic acid since it seems to be closely related to PaaY, a protein 

whose function is still unknown but is involved in phenylacetic acid metabolism in E. coli 92,96. 

CaiF does not belong to the operon but functions as a potential transcriptional activator 24,92. CaiF 

expression appears to be, similarly to cai and fix operons, positively controlled by cAMP-CRP and FNR 

and negatively controlled by H-NS 84,89,91. On the other hand, the presence of carnitine seems to not 

interfere in caiF expression, existing a significant basal level of cai and fix expression 86,89,91. It proves 

that if a sufficiently high concentration of CaiF is present, it can function independently of the inducers 

86. All the cai genes are transcribed in the same direction, while caiF is transcribed in the opposite 

direction 89,91,92. Its overproduction results in the stimulation and enhancement of the transcription of the 

divergent cai and fix operons. It was also demonstrated that CaiF was likewise able to stimulate both 

operons transcription under aerobic conditions, showing that the protein is not oxygen sensitive in vivo 

86,89,91. CaiF inactivation causes the ceasing of both cai and fix operons transcription 91. 

As mentioned above, the activation of transcription of cai and fix operons depends on CRP and CaiF, 

more precisely, in the cooperative binding between them to the cai-fix intergenic region. These 

protein-protein interactions are involved in the formation of a nucleoprotein complex, which enables 

RNA polymerase recruitment. CaiF recognizes and binds to two binding sites, F1 and F2, which overlap 

the two low-affinity CRP2 and CRP3 binding sites located near the fix promoter, originating a cooperative 

binding of CaiF and CRP in the F1/CRP2 and F2/CRP3 regions. 86. There are recognition sequences 

for H-NS in this intergenic region, along with those for CRP. However, no binding sites for FNR were 

found. 86,89,91 

The fix operon encodes proteins that are necessary for anaerobic carnitine reduction and is predicted 

to be involved in the supply of CaiA with electrons, necessary for the reduction of crotonobetainyl-CoA 

24,85,88,89,91,97. It is composed by four open reading frames (ORFs) transcribed in the opposite direction 
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of cai and designated fixA, fixB, fixC and fixX. Their designation is based on the sequence similarities 

of the corresponding proteins with the Fix proteins of Azorhizobium caulinodans and Rhizobium meliloti, 

genes responsible for nitrogen fixation. Since E. coli is a facultative anaerobic bacterium it is not known 

to be able to fix nitrogen, so this last function can be excluded. 11,25,88,91 

FixA and FixB have a high sequence similarity with the subunits β and α of mammalian electron transfer 

flavoproteins, which suggests that they may act as electron transfer proteins in a redox reaction 88,91,97. 

The third protein, FixC, has regions that are similar to the family of ubiquinone oxidoreductases, while 

the fourth, FixX, is predicted to be a novel type of ferredoxin 97. 

Operon fix importance was confirmed by studies where fixA and fixB were mutated and was 

demonstrated that the operon was necessary for the proper expression of cai operon. The mutants were 

unable to use carnitine anaerobically as the sole terminal electron acceptor, nor metabolize carnitine to 

γ-butyrobetaine or vice versa 25,97. 

Besides the already mentioned factors that regulate fix operon transcription, it is also repressed by 

glucose and nitrate and only induced in the presence of betaines. 46,88,91 

The representation of both operons, caiTABCDE and fixABCX is present in Figure I.6. 

 

 

Figure I.6- Operons caiTABCDE (above) and fixABCX (below) with their respective operon promoters, pcai and 

pfix, and regulatory proteins, CRP and FNR [obtained from EcoCyc 98]. 

I.x. L-CARNITINE METABOLISM IN E. COLI 

Once we know the function of each protein encoded by the operons caiTABCDE and fixABCX, it 

becomes necessary to understand how they cooperate in L-carnitine metabolism in E. coli. 

In the Figure I.7, the scheme of betaines metabolism in E. coli in anaerobic cultures in order to produce 

L-carnitine is depicted. 
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Figure I.7- Scheme of betaines metabolism in E. coli in anaerobic cultures with the respective proteins encoded by 

operon caiTABCDE and directly involved in the production of L-carnitine. γ-Butyrobetaine, crotonobetaine and 

D-carnitine are used as substrates. The contribution of fixABCX is also depicted. Electrons are represented as e-. 

[Adapted from 11,24,25,46,84,85,87,97] 

Trimethylammonium metabolism itself starts after the transport by CaiT of such compounds to the 

cytosol.  

As mentioned in the Section I.vii, L-carnitine can be obtained directly by D-carnitinyl-CoA or 

crotonobetainyl-CoA. Uptaken D-carnitine/crotonobetaine is transformed in 

D-carnitinyl-CoA/crotonobetainyl-CoA respectively, by CaiC, an ATP-dependent betainyl-CoA ligase. 

CaiC is responsible for the activation of the substrates by adding a CoA group while requiring ATP.  

Their transformations into L-carnitinyl-CoA will be carried out by CaiD, which will function as a 

crotonobetainyl-CoA hydratase with crotonobetainyl-CoA and as a carnitine racemase with 

D-carnitinyl-CoA. Crotonobetainyl-CoA will be converted into L-carnitinyl-CoA by a hydration reaction, 

while D-carnitinyl-CoA will be converted by racemic activity.  

L-carnitinyl-CoA will be then transformed into free L-carnitine by CaiB, a CoA transferase, which will be 

responsible to transfer the CoA group to one of the substrates, for example, to crotonobetaine turning it 

also into crotonobetainyl-CoA. CaiB will be responsible for an inexpensive exchange of the CoA moiety 

between betaines, playing a central role in this biotransformation. 

However, as already mentioned in the Section I.ix, the use of CaiC instead of CaiB would carry with it 

a high-energy expense to the cell. Therefore, instead of synthesizing CoA derivatives of 

trimethylammonium compounds by consuming a molecule of ATP, it is expectable that recycling of CoA 

moiety between trimethylammonium compounds without an expense of energy would be preferred. 
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Thus, CaiC is most likely to be responsible for the generation of the first substrate-CoA needed for the 

initiation of the CaiB reaction cycle, being CaiB afterwards in charge for the CoA supply.  

Moreover, if the substrate being used is γ-butyrobetaine, it enters the pathway mainly in the form of 

γ-butyrobetainyl-CoA combined with CaiB, this is, by recycling CoA. The obtaining of 

γ-butyrobetainyl-CoA can occur either by CaiC, as mentioned for the other substrates, or by CaiA, a 

crotonobetainyl-CoA reductase. This protein would allow turning crotonobetainyl-CoA into 

γ-butyrobetainyl-CoA by a reduction reaction. However, this is an unwanted reaction, since it is 

irreversible, consumes substrate and avoid its transformation into L-carnitine. The electrons needed for 

this reaction are provided by FixABCX proteins. 

This pathway can also function for the consumption of L-carnitine and the production of the other 

betaines. This is possible since CaiB and CaiD are reversible. However, since the objective of project is 

to orientate this metabolism in the direction of L-carnitine production, it would be of great interest to 

identify a way to force the system asymmetrically towards that specific direction, which would allow the 

improvement of L-carnitine production. 24,25,46,80,84,85,92,97 

I.xi.  IMPROVING L-CARNITINE PRODUCTION 

Nowadays, improving L-carnitine production by microorganisms is an important biotechnological target. 

This fact has led to the rising of different studies and efforts focusing on it.  

For example, it is possible to enhance the L-carnitine production either by: avoiding the reduction of 

crotonobetaine to γ-butyrobetaine, by deleting CaiA 84; by enhancing the expression of L-carnitine 

operon structural or regulatory genes, caiTABCDE and caiF respectively, in order to relieve repression 

by aerobic conditions 84; or even by altering the glyoxylate shunt/ tricarboxylic acid (TCA) cycle flux ratio 

at the isocitrate node 99. By such means, an improvement in L-carnitine production of 30-87% was 

reached by Arense et al. in a mutant containing the three types of mutations referred.  

In the present project we will approach the strategy of overexpression of caiC, which was already 

demonstrated in other studies to allow an enhancement of the yield of 30% in growing cells and 60% in 

resting cells 46.  

I.xii. OVEREXPRESSION OF CAIC 

The overexpression of caiC opens new perspectives on the application of strain development and 

metabolic engineering strategies to improve L-carnitine production by bacteria. It was demonstrated that 

without caiC, L-carnitine production was not observed, which indicates that this gene is a controlling 

factor for the wanted product production. 46. 

caiC has a length of 1554 bp, and the corresponding protein has a molecular weight of 58.559 kDa 11,98. 

The nucleotide sequence of the caiC gene is given in the Figure I.8, obtained from EcoCyc98. 
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Figure I.8- Nucleotide sequence of caiC in Escherichia coli str. K-12 substr. MG1655 [obtained from EcoCyc 98]. 

To observe in which conditions the L-carnitine production is increased it is necessary to understand 

which are the preferred substrates of CaiC, and with which specificity 46. The acetylation pattern in CaiC 

is also unknown. As referred in Section I.ix, CaiC shared sequence homology to domains occurring in 

AMP-binding enzymes 92. From these enzymes it is possible to highlight acetyl-CoA synthetase, stated 

in  EcoCyc 98. This protein has been shown to be acetylated in E. coli for a post-translational regulation 

100. Therefore, based in this information and taking into account that there are no studies that confirm if 

acetylation occurs in CaiC in vivo, it is reasonable to proceed to this study and verify if its activity is also 

regulated by acetylation.  
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II. AIM OF STUDIES  

L-Carnitine is gaining more and more importance since its demand has increased widely. It has been 

required in industry, applied science and particularly in medicine 25,46. L-carnitine can be used in 

medicine either for the treatment of carnitine deficiencies or of other diseases, and even for the 

improvement of athletic performances. 

Therefore, due to the increasing need of L-carnitine, it is wanted to find a way to improve and optimize 

its production. The production of L-carnitine can be mostly done chemically or microbiologically, however 

the first had many disadvantages at industrial scale, thus the second one gained more interest 56,70. 

Microbiological production could be done either by eukaryotic cells or by bacteria, implying different kind 

of precursors, processes and enzymes 24,55. One of the organisms widely used for L-carnitine production 

researches is Escherichia coli, which possess two divergent operons involved in L-carnitine metabolism, 

namely caiTABCDE and fixABCX 24. Therefore, understanding the genes and the respective products 

involved in this metabolism could allow the improvement of the production. 

In this work one of the genes of the caiTABCDE operon and the respective encoded protein was studied. 

The work was focused on CaiC, which was described as responsible for the encoding of an 

ATP-dependent betainyl-CoA ligase. 

The first main objective was to accomplish the transformation of caiC gene in E. coli K-12 Top10F’, and 

to proceed to the overexpression of CaiC protein in E. coli BL21. Secondly, the CaiC protein was isolated 

and purified, searching for the best conditions to obtain a purer protein. After obtaining the isolated 

protein, the last objective was to study its structure, its activity, if it was already acetylated and how 

acetylation affected CaiC activity.  
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III. MATERIALS AND METHODS  

III.i. STRAINS 

In this project, different Escherichia coli strains were used, depending the specific requirements of each 

procedure. E. coli K-12 BW25113 was used for genomic DNA extraction, from which caiC gene was 

amplified. This strain is the parent strain for Keio collection single-gene knockout strains and is 

commonly used in laboratories 101. On the other hand, the plasmid pRSET A was obtained from the E. 

coli K-12 DH10B, where it was also propagated. This strain is nowadays extensively used due to its 

advantageous properties, as high DNA transformation efficiency and maintenance of large plasmids 102. 

For the transformation of the recombinant plasmid, competent cells of the strain E. coli K-12 TOP10F’ 

(Invitrogen) were used. This K-12 strain lacks some nucleases, which makes it suitable for plasmid 

propagation and transformation. The last strain used was E. coli BL21, which lacks some proteases, 

allowing the synthesis and overexpression of heterologous proteins, in this case CaiC 103. The stocks of 

the strains E. coli K-12 TOP10F’ and BL21 were stored with glycerol 20% v/v at -80ºC. 

Table III.1- Specifications of the different Escherichia coli strains used in this project. 

E. coli strain 
Particular 

Characteristics 
Use 

K-12 BW25113 Lack of some nucleases Origin of the genomic DNA  

K-12 DH10B Lack of some nucleases Propagation and obtaining of the pRSET A plasmid  

K-12 TOP10F’ Lack of some nucleases 
Competent cells for the transformation with 

recombinant plasmids 

BL21 Lack of some proteases Protein production 
 

III.ii. CLONING 

III.ii.1. PREPARATION OF LIQUID AND SOLID LB MEDIUM  

The Lysogeny broth (LB) medium (Sigma-Aldrich) with a composition of 10g/L of tryptone, 5g/L of yeast 

extract and 5g/L of NaCl was prepared with molecular biology water. Solid LB medium was prepared by 

adding of 15 g/L of agar. All media were sterilized by autoclaving at 121°C for 20 min. pRSET A plasmid 

contained a gene for resistance to ampicillin for selection of the transformed cells, thus, ampicillin was 

added, when required and after sterilization, to the media in order to obtain a final concentration of 100 

µM. In the case of solid media it was added prior to solidification.  Subsequent cultivation and handling 

of the media were carried out in a sterile environment of a laminar flow cabinet. 

III.ii.2. PRIMERS DESIGN 

Prior to PCR (Section III.ii.3), suitable primers were designed (Sigma-Aldrich). PCR reaction requires 

two primers, a forward, for hybridization to the beginning of the gene sequence, and a reverse one, for 

hybridization to the beginning of the complementary gene sequence. 
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caiC sequence (shown in Section I.xii) was obtained from Escherichia coli K-12 strain BW25113 in 

EcoCyc 98. In order to identify which restriction enzymes would cut caiC sequence, an online tool was 

used, namely NebCutter 104. The result obtained is represented in Figure III.1. 

 

Figure III.1- Result obtained from NebCutter104 for caiC, representing all the restriction sites within the gene. 

The selection of the restriction sites to be included in the primers’ sequences was made taking in account 

the following requirements: i) the restriction sites were included in the multi-cloning site of pRSET A, ii) 

the subset of restriction enzymes was available at the laboratory, iii) the restriction site was absent form 

caiC gene sequence according to NebCutter104 and iv) the reading frame of the gene would not be 

displaced as a result of the addition of the restriction site sequence to the primer (this last was only 

considered for the forward primer, as it would be the only one to precede the amplified sequence). As a 

result of this selection process, XhoI and HindIII (Thermo Scientific) restriction sequences were chosen. 

Using two different restriction enzymes, one for each extreme of the sequence, allowed to avoid the 

cloning of the gene in the opposite direction and the auto-ligation of pRSET A plasmid.  

Along with multi-cloning site and gene for resistance to ampicillin, pRSET A plasmid was chosen 

because of it contained six codons encoding for a poly-His tag upstream of the cloned sequence, for 

subsequent protein purification (Section III.iii.3.), and an inducible T7 promoter region for attaining high 

expression level (pRSET A, B and C user manual, Invitrogen). Between the poly-His tag and the 

multi-cloning site there was also an enterokinase (EK) recognition site for cleavage and removal of 

poly-His tag, if needed. 

The plasmid pRSET A was propagated and extracted from the E. coli K-12 DH10B, mentioned in 

Section III.i, and is represented in Figure III.2. 
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Figure III.2- Features of pRSET A, B, and C (left) and respective close up (right). (pRSET A, B and C user manual, 

Invitrogen)  

To complete the primer, an extra sequence of nucleotides was needed, GGTGGT, which would allow 

the subsequent binding of the sequencing PCR primers approached in the Section III.ii.17. After this 

whole procedure, the following forward and reverse primers were obtained, where the restriction site is 

underlined. 

Forward Primer: GGTGGT CTCGAG ATG GAT ATC ATT GGC GGA CAA CAT 

Reverse Primer: GGTGGT AAGCTT TTA TTT CAG ATT CTT TCT AAT TAT TTT CCC 

For the reverse primer, the sequence used from caiC had to be the reverse and complementary from 

the end of the sequence given in the Section I.xii, which was executed with the online tool, GenScript 

(http://www.genscript.com/sms2/rev_comp.html). 

III.ii.3. PCR OF CAIC GENE 

To proceed to the amplification of the fragment of interest, a PCR was performed. In this process a 

fragment of the template DNA is amplified by several orders of magnitude, allowing to obtain thousands 

to millions of copies of a particular DNA sequence. The composition of the mix for PCR reaction 

performed is shown in the Table III.2 (left), for a total volume of 50 µL. Each mixture was inserted in a 

thermal cycler, Mj Research PTC-200 (Bio-Rad), where a suitable temperature program was applied to 

allow optimal conditions for the PCR, Table III.2 (right). Such program consisted in an initial denaturation 

step, followed by 30 cycles of annealing, extension, denaturation, and a final step of a longer extension 

phase and cooling. PCR products were checked by gel electrophoresis of nucleic acids in agarose 

(Section III.ii.4). 
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Table III.2 - Composition of the PCR mixtures (left) and parameters for the time/temperature program (right). After 

a single initial denaturation step, 30 cycles of annealing, extension, denaturation, and a longer extension phase and 

cooling, followed. 

Mixture Composition Steps and conditions of PCR  

Component 
Final 

Concentration 
Function Parameters 

5x Phusion HF Buffer 1X Initial denaturation 30 s at 98 ºC 

dNTPs at 2 mM 200 µM 
Annealing of the 

primers 
30 s at 59 ºC 

Primers (forward and 

reverse) 
0.5 µM Extension  

1min 10s at 72 

ºC 

Genomic DNA from 

BW25113 
2% Denaturation 10 s at 98 ºC 

Phusion polimerase 0.02 U/µL Final extension Less than 2 min 

molecular biology water - - - 
 

III.ii.4. GEL ELECTROPHORESIS OF NUCLEIC ACIDS 

Gel electrophoresis of nucleic acids is a method used for separation and analysis of nucleic acid 

molecules, based on their size and charge, due to an electric field that induces their migration toward 

the anode 105. In this work, agarose gel electrophoresis was performed to confirm the presence of DNA 

fragments of the expected length, and absence of non-specific amplification fragments in the PCR 

products.  

The preparation started with the mixture of TAE buffer 1x with Top Vision Agarose Tablets of 0.5 g 

(Thermo Scientific). The proportion was one tablet for 50 mL of buffer TAE 1x.  The TAE buffer 1x came 

from the dilution of the TAE 50x, which was prepared with 2.0 M Tris acetate, 0.05 M EDTA at pH 8.2-8.4 

(at 25°C). Afterwards the mixture was heated and once it reached approximately 40ºC, the Red Safe 

Nucleic Acid Staining Solution (iNtRON Biotechnology INC) was added in a proportion of 1:20. This 

nucleic acid stain allowed the visualization of double- and single-stranded DNA in agarose and 

polyacrylamide gels since it emits green fluorescence when bound to DNA or RNA.  

10x FastDigest Green Buffer (Thermo Scientific) was added to the samples in a proportion of 1:10, in 

order to identify the forefront. 5 µL of these mixtures were loaded in the gel wells, along with a molecular 

weight marker, exACTGene DNA Ladder (Fisher Scientific) (Attachment (Figure VIII.1)), to estimate 

the  molecular weight of the samples’ bands. Electrophoresis conditions were constant current (120 A) 

at an appropriate variable voltage.  

After electrophoresis had finished, the gel was lit with U.V radiation to reveal the fluorescent DNA. A 

picture of every revealed gel was recorded and presented as result in Section IV.i. 
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III.ii.5. STREAKING 

To obtain the plasmid pRSET for the subsequent insertion of caiC, monoclonal colonies of E. coli K-12 

DH10B were needed. The whole procedure was performed in a sterile environment. Biomass was 

harvested from each culture tube by an inoculation loop and then spread over the surface of the LB 

medium in a Petri dish to obtain isolated colonies. The technique used to isolate a pure strain from a 

single species of microorganism is called streaking and involved the dilution of bacteria by systematically 

streaking them over the agar surface. After the streaking, the plates were incubated at 37ºC for some 

hours, until some colonies appeared. They were stored, hermetically closed, and kept cold until the next 

use for maximum one week.  

III.ii.6. PLASMID PRODUCTION  

When some colonies were observable on the Petri dish after incubation (Section III.ii.5), biomass was 

taken from single colonies, and cultivated each in 15 mL Falcon tubes with fresh LB medium and 

ampicillin. The whole process had to be performed in a sterilized environment. The tubes were then 

incubated at 37ºC with agitation at 250 rpm in a rotary shaker. They were neither totally closed, allowing 

aeration for cell breathing, nor completely open to avoid possible contamination. 

III.ii.7. PURIFICATION OF PLASMIDS  

To proceed to plasmid isolation, cell lysis and subsequent separation, and selection of DNA of 

appropriate size was necessary. The purification procedure is detailed in the Attachment (Figure 

VIII.4), and was carried out with the GeneJETTM Plasmid Miniprep Kit (Thermo Fisher Scientific) using 

the samples incubated in Section III.ii.6.  These samples were only ready to be collected after acquiring 

a cloudy aspect confirmed by measuring optical density (OD), Section III.ii.7.1. Before applying the 

method, it was necessary to centrifuge the tubes for 4 min at 3000×g.  

III.ii.7.1. OPTICAL DENSITY 

To check optical density of the cultures samples of suitable volume (depending on the dilution needed, 

to a final volume of 1 mL) they were taken and then centrifuged for 3.5 minutes at 15×g. The supernatant 

was discarded and the pellet resuspended in 1 mL of Sodium chloride (NaCl) at 0.9 %. Readings of 

optical density at 600nm were performed after an appropriate blank was set with 0.9% of NaCl.   

III.ii.8. PURIFICATION OF PCR PRODUCTS 

For PCR products purification, GeneJET PCR Purification Kit (Thermo Fisher Scientific) was used 

according to manufacturer’s instructions, which is depicted in the Attachment (Figure VIII.5). 

III.ii.9. HYDROLYSIS OF PLASMIDS 

Prior to the actual hydrolysis of the plasmid, a comparative hydrolysis was performed to check, under 

the same conditions, whether the restriction enzymes, separated and combined, digested effectively 

and specifically. This was verified in an agarose gel.  
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III.ii.9.1. COMPARATIVE HYDROLYSIS 

For this procedure, 4 mixtures for the gene in study, caiC, were prepared, each one with a final volume 

of 10 µL. Each vial contained 7 µL of the plasmid. The blank vial contained only 10x FastDigest, Green 

Buffer (Thermo Scientific). This buffer was also useful as stain in gel electrophoresis, to indicate the 

molecular weight, as mentioned in Section III.ii.4. In two different vials, 2 µL of FastDigest buffer and 1 

µL of each restriction enzyme XhoI and HindIII were added, respectively. In a third vial, 1 µL of the buffer 

and both of the restriction enzymes were added. When the mixtures were completed, the vials were 

inserted into a thermal cycler Mj Research PTC-200 (Bio-Rad) to proceed to the hydrolysis. The program 

consisted of 60 min at 37 °C for the hydrolysis and 10 min at 80°C to deactivate the restriction enzymes 

in order to avoid occurrence of unspecific hydrolysis. The samples obtained were then run in the 

electrophoresis gel (Section III.ii.4). 

III.ii.9.2. HYDROLYSIS  

For the preparative hydrolysis of the plasmid, 2.5 µL of each restriction enzyme and 5 µL of Fast Digest 

buffer (Thermo Scientific) were added to 40 µL of the isolated plasmid. The mixture was taken to the 

thermal cycler and left 60 min at 37 °C, for the hydrolysis, and 10 min at 80°C, for the deactivation of 

the enzymes. The products, already containing the stain, were run in the electrophoresis gel (Section 

III.ii.4) for the control of the hydrolysis. 

III.ii.9.3. ALKALINE PHOSPHATASE 

In order to avoid auto-ligation of the plasmids, 2 µL of alkaline phosphatase was added to each vial and 

placed in the thermal cycler for 10 min at 37 °C and 10 min at 75 °C for alkaline phosphatase inactivation. 

III.ii.10. PURIFICATION OF THE DIGESTED PLASMID 

To purify the digested plasmids and get rid of the different stains, enzymes and reagents used in the 

previous steps, a procedure analogous to that explained in Section III.ii.8 was applied, with only one 

minor difference: the elution step was performed with molecular biology water, to avoid inactivation of 

ligases for subsequent ligation of the PCR product due to FastDigest buffer composition. 

III.ii.11. HYDROLYSIS OF PCR PRODUCT 

The digestion of the purified PCR product, obtained in Section III.ii.8, followed the procedure explained 

in Section III.ii.9.2. 

III.ii.12. PURIFICATION OF THE DIGESTED PCR PRODUCT 

The procedure to purify the digested PCR product was explained in Section III.ii.8 with the only 

exception that in the elution instead of using elution buffer, molecular biology water was used. The 

reason of this exchange was the same as mentioned in Section III.ii.10; allow the action of the ligases. 

The results were confirmed by gel electrophoresis of nucleic acids (Section III.ii.4). 
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III.ii.13. ANALYSIS OF THE CONCENTRATION OF THE DIGESTED PLASMID AND CAIC 

To assess the DNA concentration and the purity from digested plasmids and inserts (Sections III.ii.10 

and 12), a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Scientific) was used. It 

provided values of concentration in the range of ng/µL and the ratios 
𝐴260

𝐴280
 and 

𝐴260

𝐴230
.  

III.ii.14. LIGATION BETWEEN INSERT AND PLASMID  

Knowing the concentration of the pure digested plasmid and caiC (Section IV.i.3), the volume needed 

of each one to proceed to the ligation protocol was determined. The calculation for 100 ng of plasmid 

and the proportion of vector and PCR product of 1:5 mole/mole was performed with an online Ligation 

Calculator (http://www.insilico.uni-duesseldorf.de/Lig_Input.html). 2 µL of ligation buffer, 0.2 µL of T4 

DNA ligase (Thermo Scientific), and the estimated amount of plasmid and caiC insert were brought to a 

final volume of 20 µL with molecular biology water. This mixture was then placed into the thermal cycler 

for 16h at 22°C. For auto-ligation control, another mixture without the insert was treated equally.  

III.ii.15. TRANSFORMATION OF COMPETENT CELLS 

The next step was the insertion of the modified plasmids obtained in Section III.ii.14 into competent 

cells of E. coli K-12 TOP10F’ strain. Three mixtures were prepared, all of them containing 50 µL of 

competent cells. One had only the competent cells, while in the others were added respectively 10 µL 

of plasmid without insert and 10 µL plasmid with insert. After the adding, they were stored in ice for 30 

min and then placed in a thermal cycler during 90s, at 42°C, for a thermal shock. They were stored 

again in ice for 15-20 min and then mixed, in a sterile environment, with 1 mL of fresh liquid LB medium 

without antibiotic and incubated at 37ºC for one hour. The absence of antibiotic was intended to avoid 

stressing and therefore delaying the cells growth, and incubation was no longer of an hour to avoid 

ejection of plasmids. The next step was to transfer 100 µL to a platting dish, which already contained 

antibiotic. The plates were kept at 37ºC overnight. 

III.ii.16. PURIFICATION OF TRANSFORMED PLASMID 

Biomass from single colonies grown on the plates of the former section was transferred to Falcon tubes 

with 3 mL of fresh LB medium and antibiotic (each colony in a different tube). The tubes were then 

incubated at 37°C with agitation of 250 rpm for 5 hours. The disruption of the cells and purification of 

the modified plasmids followed the procedure explained in Section III.ii.7. Samples of these purified 

plasmids were run on electrophoresis gel along with samples of original plasmid from Section III.ii.7 in 

order to check proper ligation of the fragment. 

III.ii.17. SEQUENCING PCR 

To carry out this process, a set of primers specifics for sequencing, which can hybridize with GGTGGT 

sequences in the extremes of the insert (see Section III.ii.2), was chosen. Biomass of several isolated 

colonies carrying the recombined plasmid (Section III.ii.15) were grown in LB with antibiotic and 

plasmids were extracted therefrom for sequencing.   
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The reaction was brought to a final volume of 20 µL, which comprised 0.5 µL of template DNA (plasmid 

+ insert), 0.4 µL of dNTPs 10 mM (final concentration of 200 µM), 2 µL of each primer, 4 µL of 5x HF 

Buffer, 0.2 µL of DNA polymerase and 9.4 µL of molecular biology water. Sequencing PCR conditions 

were the same as for previous PCR of caiC gene (Section III.ii.3). 

III.ii.18. SEQUENCING  

The sequencing PCR product was sequenced by the fluorescent terminator method and capillar 

chromatography in SAI (Servicio de Apoyo a la Investigación) from University of Murcia. Chromatogram 

registration was performed with a single-capillar analyzer ABI Prism 310 (Applied Biosystems).  

Sequences were handled in FASTA format and compared to caiC sequence from EcoCyc 98 using 

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch). From all the sequenced 

recombined plasmids, those that showed a perfect correspondence with annotated caiC sequence were 

used for the transformation in the next section.  

III.ii.19. TRANSFORMATION OF TOP10F’ 

Competent TOP10F’ cells were transformed with proper recombinant plasmids and was carried out as 

explained in Section III.ii.15 with the only difference of adding ampicillin to the LB medium for 

propagation after transformation, and a longer (5 to 6 hours) incubation time. The biomass thus obtained 

was stored in cryo tubes with glycerol 40% at -80ºC.  

III.iii. PROTEINS EXPRESSION 

III.iii.1. TRANSFORMATION OF BL21 

After the end of the cloning, the overexpression of proteins followed. For that, the plasmid with the insert 

(Section III.ii. 16) was transformed in a new strain of E. coli, namely in BL21 mentioned in Section III.i. 

The procedure explained in Section III.ii.19 was followed. The transformed cells were likewise stored 

in cryo tubes but also cultivated in plates for an easier harvesting.  

III.iii.2. INDUCTION OF PROTEIN EXPRESSION 

The previous growth of the cells was needed in order to allow the induction of the protein expression in 

BL21. For that, 3 mL of the fresh liquid LB medium and ampicillin, in a proportion of 1:1000, were placed 

in a tube, in a sterile environment. The transformed cells were harvested with pipette tips from the plates 

and added to the tubes, which were afterwards placed in incubators with an agitation of 250 rpm at 30°C 

during the night. Subsequently, the cells were transferred to a flask containing 200 mL of the fresh liquid 

LB medium and ampicillin in a proportion of 1:1000, and left incubating again at 250 rpm and 37ºC. 

Optical density of the cells in the medium was controlled occasionally (Section III.ii.7.1), in order to 

verify when the optimal condition to induce the protein expression with Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) (Thermo Fisher Scientific) was present. IPTG is a molecular mimic 

of a lactose metabolite that triggers transcription of the lac operon. It will induce protein expression since 

IPTG allows the expression of T7 RNA polymerase, which recognizes the T7 promoter that is 

responsible for the expression of the gene of interest, in this case caiC (pRSET A, B and C user manual, 

Invitrogen). IPTG at 1M was added in a proportion of 1:1000 to the medium, in a sterile environment, 
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and incubated for more 1h in the same conditions. The next step was the disruption of the cells and the 

purification of the proteins. 

III.iii.3. PURIFICATION OF PROTEINS 

III.iii.3.1. BUFFERS 

For the purification of proteins, several buffers were needed: 

Table III.3- Composition of the buffers used during the protein purification. 

Buffer Composition 

Imidazole 3 M with pH 6 3 M imidazol, 500 mM NaCl and 20 mM of phosphate buffer. 

1x Native purification buffer 50 mM NaH2PO4, pH 8, 0.5 M NaCl. 

Native binding buffer 20 mM 3 M imidazole, 1x native binding buffer. 

Native wash buffer 50 mM 3 M imidazole, 1x native binding buffer. 

Native elution buffer 250 mM 3 M imidazole, 1x native binding buffer. 

Native elution buffer 150 mM Native wash buffer 50 mM, native elution buffer 250 mM 

The presence of imidazole in the wash and elution buffer was essential, since it allows the detachment 

of proteins of the column due to its higher affinity to it. The concentration in the wash buffer was lower 

because it intended to remove the proteins that were weakly bounded. In the elution buffer, the 

concentration was higher since, in this step, the detachment of the protein of interest from the column 

was wanted. (His GraviTrap instruction booklet, GE Healthcare).  

III.iii.3.2. CENTRIFUGATION AND WASHING 

The medium with the cells obtained in Section III.iii.2 were inserted in 200 mL flasks and placed in the 

centrifuge, paying attention to equilibrate the weight. The centrifuge had to be previously cooled, the 

flasks included, and the operation conditions confirmed, namely, temperature of 4°C, agitation speed of 

10577×g, the correct code of the rotor and the time of 20 min for the process. Since the cells remained 

in the pellet, the supernatant was discarded and the wanted pellet was washed with 5 mL of NaCl 0.9 

%. After the total resuspending of the biomass, it was transferred to falcon tubes of 50 mL and placed 

in another centrifuge with operation conditions of 4°C, agitation velocity of 7147×g, 15 min of process 

time and the specific rotor code. The supernatant had to be discarded, the pellet washed and centrifuged 

again in the same conditions. 

III.iii.3.3. SONICATION 

The supernatant was removed and the pellet, where the proteins were found, was added with 10 mL of 

the binding buffer. The sample followed to the sonication with Vibra Cell – Sonic & Materials with 8 

pulses of 30s in intervals of 30s. The obtained product was centrifuged at 4°C, for 15 min and at 

15000×g. Since the proteins were found in the supernatant, this phase was recovered while the pellet 

was discarded.  
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III.iii.3.4. PASSAGE THROUGH HIS-TAG COLUMN  

After the last centrifugation, which allowed the separation of the proteins of the cellular debris and 

macromolecular contaminants, it was needed to purify CaiC from the remaining contaminants. Thus, a 

His-Tag column was used with the objective to capture the protein, which had a histidine tail, and elute 

the rest. The immobilized metal affinity chromatography (IMAC) allows the gravity-flow purification of 

histidine-tagged proteins, which has a high affinity and consequent high binding capacity with the Ni2+ 

present in the column medium (His GraviTrap instruction booklet, GE Healthcare). 

Before applying the sample in the His-Tag column,  the removal of the storage liquid and equilibration 

of the column with 10 mL of the binding buffer was necessary, in order to prepare the membrane for the 

linkage with the protein. The His-Tag column used was a His GraviTrap from GE Healthcare Life Science 

prepacked with Ni Sepharose 6 Fast Flow (His GraviTrap instruction booklet, GE Healthcare). After the 

total elution of the buffer, the complete volume of the supernatant obtained in Section III.iii.3.3 was 

added.  

It followed the washing of the column with 10 mL of the wash buffer, where the components that did not 

bind or bind weakly with the column were eluted. The washing step was performed twice.  

Afterwards, 2.5 mL of each of the elution buffers was added, starting with the elution buffer with the 

lowest concentration of imidazole, which should allow the detachment of the protein from the column 

and its recovery. This detachment was possible due to the presence of imidazole in the buffer since it 

competed with the protein for the binding with the Ni ions attached to the surface of the beads in the 

chromatography column. The imidazole had a bigger affinity with the Ni2+, and therefore, it promoted the 

separation of the proteins to allow the further binding of imidazole 106. The eluted with different buffers 

were collected as different samples in separate tubes.  

For the cleaning of the column, to enable its reutilization, 10 mL of elution buffer and afterwards 3 mL 

of ethanol 20% were added. Ethanol had as purpose the storage of the column and maintenance of the 

membrane, thus it should not be totally eluted. Both openings were closed, and stored at room 

temperature. 

III.iii.4. DIALYSIS 

The eluate with the proteins of the previous Section III.iii.3 contained a buffer with imidazole. Since it 

is a more aggressive surrounding for the protein it could interfere in the following tests and cause the 

changing of some properties, namely its conformation. Thus, the buffer had to be changed by dialysis. 

Each of the 2.5 mL of the purified solution was inserted in tubes, Pur-A-Lyzer Maxi 6000 (Sigma-Aldrich), 

whose membrane allowed the exchange of buffers but not the outcome of the proteins. Therefore, after 

the insertion of the tubes in the buffer, the imidazole was eliminated from the proteins. The dialysis took 

place during the night, with agitation and at low temperature. Both dialyzed products were then mixed 

together and distributed in volumes of 100-200 µL in several vials. To avoid the precipitation of proteins, 

it is inadvisable to freeze the samples “slowly”. The best solution was to freeze it through liquid nitrogen 

and immediately place them at - 80 °C. 
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The 1L dialysis buffer used in the process was composed by 50 mM of monobasic potassium phosphate, 

200 mM of sodium chloride and 10% of glycerol at pH 7.5. To its preparation, the pH had to be adjusted 

by a pH meter.  

III.iii.5. PROTEIN ELECTROPHORESIS WITH POLYACRYLAMIDE GEL AT 10% 

In order to follow the loss of CaiC along the purification process, a sample of each stage was collected 

and a denaturing protein electrophoresis was performed. A polyacrylamide gel at 10% was prepared, 

where denatured samples were posteriorly loaded. The denatured conditions caused the alteration of 

the native conformation of the protein and allowed the study of their size 107. This gel was formed by two 

parts with different composition. The upper one, named stacking gel, where the samples were loaded 

and whose function was to line up the bands so that all the bands started at the same point. And the 

lower one, named running gel, where the samples run and separate in order of their molecular weight. 

In the Table III.4 is represented the composition of each part. 

Table III.4- Composition of the parts of the protein electrophoresis gel. 

Component 
Quantity for one gel (µL) 

Stacking gel Running gel 

Acrylamide 155.5 1.250 mL 

Tris-HCl buffer 157.5 1.875 mL 

SDS 20% 6.25 25 

Molecular biology water 0.918 1.622 mL 

APS 10% 12.5 50 

TEMED 1 4 

The running gel was the first to be elaborated and in order to have a straight surface, methanol (Fisher 

Scientific) was added. When the gelation ended, the methanol was removed and the stacking mixture 

added to the gel.  

The buffer used on the electrophoresis came from the dilution of running buffer 10x pH 8.3, which was 

made with 1 L of molecular biology water, Tris with a final concentration of 25 mM, glycine with a final 

concentration of 192 mM and SDS with a final percentage of 0.1%. 

The loaded samples, total volume of 20 µL, contained in a proportion of 1:3 a 4x stain composed by 250 

mM Tris-HCl pH 6.8, glycerol 40%, 8% of Sodium dodecyl sulfate (SDS), 20% β-mercaptoethanol and 

0.04% bromophenol blue. The main responsible for the denaturation of the protein was SDS.  

After loading the samples and the protein ladder in the gel, PageRuler Plus Prestained Protein Ladder 

(Thermo Fisher Scientific) (Attachment (Figure VIII.2)), a constant voltage of 100V was applied for 

30min in order to run the samples in the stacking gel and align them. Afterwards the voltage was 

changed to 160V to run the samples for 1 h in the running gel. When the front reached the intended 

point, the electrophoresis was stopped. Then, the gel was disposed in a container with PageBlue™ 
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Protein Staining Solution for 30 min, in order to stain the bands of the protein in blue, and afterwards 

washed with distilled water, for the removal of the stain in the rest of the gel besides our protein, both 

with agitation. 

If the samples had to be frozen before the usage in electrophoresis, the marker needed to be previously 

added and the proteins denatured, otherwise they would precipitate.   

III.iii.6. BRADFORD PROTEIN ASSAY 

In order to measure the concentration of CaiC in the solution the Bradford protein assay, a 

spectrophotometric analytical procedure, was applied. It is a colorimetric protein assay, which is based 

on an absorbance shift of the Coomassie Brilliant Blue G-250 dye (Thermo Scientific), which under 

acidic conditions its red form is converted into the blue form and allows the binding of the protein of 

interest. The binding of the dye to the protein stabilizes the blue anionic form of the Coomassie dye and 

has a maximum absorption spectrum at 595 nm. The increase of absorbance at 595 nm is proportional 

to the amount of bounded dye, and thus to the concentration of protein in the sample. Firstly, the 

solutions to build a calibration curve were prepared, which was used for the interpretation of the value 

obtained from CaiC. For that, bovine serum albumin (BSA) (Thermo Scientific), which is often used as 

a standard protein for concentration analysis, was used. Several diluitions were prepared from 2 mg/ 

mL BSA, such as 1000, 750, 500, 250, 125, 25 and 0 mg/ml. The measures were executed in the 

Synergy HT Multi-Detection Microplate Reader (BioTek) at 595 nm. After obtaining the curve, the 

mixture of 250 µL of Coomassie with 5 µL of the samples were loaded in the wells of the reading plates, 

and after 5 min of waiting, the plates were placed in reader. Single measurements at 595 nm were 

executed for each well. 

III.iii.7. KINETIC INDUCTION 

Since the overexpression of the protein was not occurring in appreciable quantities, which was 

observable by the electrophoresis and by Bradford, a kinetic induction test was performed. Here, the 

time needed to pass after the induction with IPTG was verified in order to have the greatest cell growth 

and protein expression. The procedure was exactly the same as explained in Section III.iii.2, however, 

after the induction, the culture was left incubating for more 6 hours, while between each hour two 200 

µL samples of the medium were collected. One of the samples was used to measure the optical density 

(Section III.ii.7.1) while the other was used for Bradford (Section III.iii.6) and protein electrophoresis 

(Section III.iii.5).  

III.iii.8. NATIVE ELECTROPHORESIS 

In this type of electrophoresis, the protein does not need to be in his denatured state since the objective 

is to confirm its native conformation and the state of aggregation. This type of electrophoresis allows 

maintaining both protein secondary structure and native charge density. Mini-PROTEAN® TGX™ 

Precast Gels (BioRad), a gel already prepared, was loaded with 22.5 µL of the sample and 7.5 µL of the 

native dye. The protein ladder had to be also appropriate for native conditions, Precision Plus Protein 

(BioRAD) (Attachment (Figure VIII.3)). The native running buffer that was disposed in the box came 

from a 1:10 dilution of the 10x buffer pH 8.3. Its composition was the same as the buffer in the protein 
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electrophoresis, Section III.iii.5 (1 L of molecular biology water, Tris with a final concentration of 25 

mM, glycine with a final concentration of 192 mM), but without the denaturant compound SDS. The 

constant voltage used was of 140 V at an appropriate variable voltage. The conclusion of the 

electrophoresis was identical as explained in Section III.iii.5. 

III.iii.9. GEL PERMEATION CHROMATOGRAPHY 

In order to identify the state of aggregation of CaiC, a sample was passed in a gel permeation 

chromatography (GPC), which is a type of size exclusion chromatography that separates molecules in 

solution by their size or hydrodynamic volume. The sample is injected into a continuously flowing stream 

of solvent (the mobile phase), which will pass through particles (the stationary phase) that are tightly 

packed together into a column and are highly porous. The smaller particles penetrate inside the pores 

and take more time flowing through the column.  

In this work, the column Yarra 3 µm Sec 3000 (Phenomenex) was used, which contained particles sized 

with 3 µm with pores of 290 Å. The mobile phase used was phosphate buffer 50 mM pH 7, 100 mM 

NaCl, having a flowrate of 0.7 mL /min at room temperature. Before applying the samples, a standard 

mixture was prepared in order to obtain a calibration curve for the identification of the molecular size of 

the protein studied. The mixture contained 24 µL of standard buffer (bovine thyroglobulin, 

immunoglobulin A (IgA), immunoglobulin G (IgG), ovalbumin and myoglobin), 1 µL of uridine and 25 µL 

of monophosphate buffer. Beyond the protein, the buffer at which the protein was diluted was also tested 

singly, in order to confirm which peaks belonged to the interference of the dialysis buffer. The detection 

was done by UV absorption and the values read at 280 nm. 

III.iii.10. ACETYLATION TESTS IN CAIC 

Chemical and enzymatic acetylation were performed in order to verify how acetylation affected CaiC, 

which was observed by chemiluminescence obtained from western blot. Western blot is an analytical 

technique used to detect specific proteins in a sample. After undergoing to gel electrophoresis, to 

separate denatured proteins by their length, the proteins are transferred to a membrane, where they 

bind with antibodies specific to the target protein.108 

III.iii.10.1. ACETYLATION 

Two types of acetylation were performed, chemically with acetyl phosphate and enzymatically with a 

specific enzyme, patZ, associated with acetyl-CoA. As control, a sample only with acetyl-CoA was also 

tested.  In the present Table III.5, the respective concentrations in each type of tests are shown, for a 

total volume of 100 µL. After the preparation of the mixtures, an incubation of 1 hour followed with 

agitation in a thermoshaker (Grant-bio). 

 

 

Table III.5- Compounds needed for the acetylation of CaiC protein and their respective concentrations, for a total 

volume of 100 µL. 
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Compounds 

 [Reactive] [CaiC protein] 

Chemical Acetyl phosphate 10 mM 

10 µM 

Enzymatic 

patZ, acetyl-CoA 60 nM, 10 mM 

Acetyl-CoA 10 mM 

 

III.iii.10.2. WESTERN BLOT 

Initially, protein electrophoresis with polyacrylamide gel containing the samples obtained in Section 

III.iii.10.1 was needed. It was done in duplicate, while one continued to the staining of the gel, the other 

followed to the western blot. This duplicate acted as a control, which allowed the further verification of 

the presence of the proteins in the samples. For the western blot, filter papers (Thermo Scientific), 

polyvinylidene difluoride (PVDF) Western Blotting Membranes (BioRad), transfer buffer and tris-buffered 

saline and tween 20 (TBST) 1x were prepared. The buffers had the composition present in Table III.6. 

All the components were from Fisher Scientific. 

Table III.6- Composition of the buffers used in western blot, namely transfer buffer and TBST 1x. 

Transfer buffer pH 8.3  TBST 1x 

25 mM Tris-base  50 mM Tris- base 

192 mM Glycine  150 mM NaCl 

20 % Methanol [1]   0.05 % Tween 20 

[1] If the membrane is of PVDF, it is more suitable not to add methanol 

The goal of the transfer of the proteins from the gel to the PVDF membrane was to allow their detection 

by antibodies by turning the proteins accessible. The PVDF membrane is characterized by its capacity 

to bind proteins by hydrophobic and dipole interactions, due to what moisten it with methanol before 

exposing with the buffer is advisable. 

Before disposing the filter, gel, membrane and filter again, by this order in the transfer system (Enduro 

Electrophoresis Systems), the filters and membrane needed to be moistened in transfer buffer. The 

system was switched on at constant voltage, 20 V, for 15 min. When the proteins were totally transferred 

to the membrane, the regions that were not linked to our protein were blocked, in order to avoid 

unspecific linkage to the primary antibody. This process used an inert protein, BSA at 1% in 50 mL of 

TBST. The blocking occurred for 1 h with agitation. The next step was the incubation with agitation of 

the membrane with a primary antibody during the night at 4 ºC. As primary antibody, an anti-acetyllysine 

rabbit antibody (Merck) diluted 1: 500 in a mixture of 50 mL of TBST and BSA at 1% was used. This 

anti-acetyllysine antibody was specific for the detection of acetyl lysine, due to what it should only ligate 

with the acetylated protein. After the incubation, the primary antibody with 50mL of TBST was removed, 

by washing it during 10 min for three times and with agitation. 
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In order to detect the protein of interest, a mixture containing 50 mL of TBST, BSA at 1% and secondary 

antibody at 1:15000 was added. This antibody, which comes from goats, will be able to recognize the 

rabbit antibody (the primary), bind to it, and due to its conjugation with HRP (horseradish peroxidase) 

its detection will be possible. The incubation lasted for 1h with agitation. To eliminate the excess of the 

secondary antibody, the membrane was washed with 50 mL of TBST five times with agitation, each one 

with a duration of 6 min. 

The last step was the exposure of the membrane. 2 mL of the detection reactive Pierce ECL Western 

Blotting Substrate (Thermo Fisher) was needed. This kit included two components, luminol, a chemical 

that exhibits chemiluminescence when mixed with an appropriate oxidizing agent 109, and hydrogen 

peroxide, a strong oxidizer. The whole combination of the antibodies and reactive is represented in 

Figure III.3. 

 

Figure III.3- Representation of the concatenation of the antibodies, enzyme and reactive. The target protein will be 

the protein of interest CaiC; the primary antibody will be an antiacetyllysine rabbit antibody; the secondary antibody 

will be a goat antibody; enzyme conjugated will be the HRP enzyme, the substrate will be luminol and hydrogen 

peroxide; and the emitted light will be the chemiluminescence. 

Due to the HRP enzyme conjugated with the secondary antibody, the reaction between luminol and 

hydrogen peroxide was catalyzed and a luminescent reaction was created. After 15 min, this 

luminescent reaction was possible to detect with a chemiluminescence imager. In this work was used 

Amersham Imager 600 (GE Healthcare Life Science), which allowed a high-resolution digital imaging of 

the protein samples in the membrane.  

III.iii.11. ACTIVITY TESTS  

Since the protein obtained from CaiC (Section III.iii.4) has a betaine-CoA ligase activity, the protocol 

has to allow its occurrence, needing to have acetyl-CoA and a substrate. In the Figure III.4, the reaction 

that will allow the measurement of the activity is observable. 
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Figure III.4- Reaction occurring in the activity test where substrate can be crotonobetaine, γ-butyrobetaine, L- and 

D-carnitine. Substrate-CoA will be the product of the activity of CaiC, namely crotonobetaine-CoA, 

γ-butyrobetaine-CoA, L and D-carnitine-CoA. ATP is adenosine triphosphate; AMP is adenosine monophosphate; 

MK is myokinase; ADP is adenosine diphosphate; PYK is piruvate kinase; PEP is phosphoenolpyruvic acid; LDH 

is D-lactate dehydrogenase; NADH is nicotinamide adenine dinucleotide - reduced form while NAD+ is the oxidized 

form. 

The betaine-CoA ligase reaction with CaiC is only the first part of the scheme, while the rest is the 

verification of its occurrence. Due to the difference in the absorption spectrum between the oxidized and 

reduced form of NADH, it is possible to follow NADH→NAD+ transformation in enzymatic tests at 340 

nm. 110 

The master mix used in the procedure and its respective concentrations, for a total volume of 200 µL, 

are present in the Table III.7. All compounds were from Sigma-Aldrich. 

Table III.7- Compounds used in the master mix for the Betaine-CoA ligase activity protocol and their respective 

concentrations. Total volume of 200 µL. 

Compound Concentration in the well (mM) 

Phosphoenolpyruvic acid (PEP) 3 

Nicotinamide adenine dinucleotide - reduced form (NADH) 0.4 

Adenosine triphosphate (ATP) 2.5 

Dithiothreitol (DTT) 1 

Coenzyme A (CoA) 1.5 

Magnesium chloride (MgCl2) 5 

As shown in the Figure III.4, enzymes were also added to the mixture. 1 µL of each enzyme was used, 

namely, myokinase (MK) at 5 U/mL, pyruvate kinase (PK) at 1 U/mL and D-lactate dehydrogenase 

(LDH) at 1.5 U/mL. All the enzymes were from Sigma-Aldrich. 

To observe different kind of betaine-CoA ligations, 5 mM of diverse substrates were tested, namely, 

crotonobetaine, γ-butyrobetaine (GBB), L- and D-carnitine. After the mixture of the compounds 

mentioned in Table III.7 and the enzymes, the rest of the volume until reaching 200 µL was completed 

with phosphate buffer 50 mM pH 7.5.  

Firstly, the protocol was tested whether it worked without the protein nor the substrates but using instead 

adenosine monophosphate (AMP) which would allow the reaction to start. The activity test was then 
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performed for each substrate, with all the components mentioned before and with different quantities of 

the protein produced in Section III.iii.4. Each mixture was loaded into a well in a lecture plate and placed 

in the Synergy HT Multi-Detection Microplate Reader (BioTek), were absorbance at 340nm was 

measured for 5-15 min in order to gather several lectures.  

After selecting the best quantity of the protein, discovering the most adequate concentration of substrate 

was necessary. Therefore, in these tests, the concentration of the protein was maintained constant while 

the concentration of the substrate was varied. The quantity of the proteins and the concentration of the 

substrates tested are present in the Table III.8. 

Table III.8- Quantity of CaiC protein, given by the different dilutions used, and range of the concentrations of 

substrates tested for the optimization of the betaine-CoA ligase activity test. 

Protein dilution 25 50 100 200 500 - - - - - - - - 

[Substrate] (mM) 0 0.5 1 1.25 1.5 2 2.5 3 4 5 10 15 20 
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IV. RESULTS AND DISCUSSION 

In this section, results obtained throughout this work will be exposed and discussed. Information about 

CaiC not yet stated in other documents was obtained.  

IV.i. CLONING 

IV.i.1. CAIC 

IV.i.1.1. PCR 

Aiming to obtain a suitable amount of caiC to be used throughout this work, PCR was performed. In this 

process, a fragment of the template DNA (caiC gene) is amplified by several orders of magnitude, 

allowing obtaining thousands to millions of copies of a particular DNA sequence. 

After performing the PCR, as described in Section III.ii.3, products were checked in agarose gel 

electrophoresis. The obtained results are shown in Figure IV.1. 

 

Figure IV.1- A) First PCR with extension of 30 s, B) PCR with extension of 45 s, C) PCR with extension of 1 min 

10 s and D) Massive PCR with extension of 1 min 10 s. Lanes where a PCR product for caiC amplification was 

expected (approximately 1500 bp) are labelled with numbers from 1 to 7. 

Since no band was visible after the first PCR, the conditions were changed. Initially, the extension was 

performed during 30 s, as indicated in the standard protocol. Since for each 1000 bp an extension time 

of circa 15/30 s is required and the length of the gene is 1554 bp, changing the extension time to 45s 

was thought to be enough. Once again, no bands appeared in the gel, as proved in Figure IV.1.B. 

Afterwards, the extension time was further extended to 1 min 10 s and in Figure IV.1.C it was finally 

possible to observe a band exactly at the expected place, namely near 1500 bp, correlating with the 

1554 bp of caiC.  Once the conditions were already optimized, several PCRs with the same conditions 

as PCR 3 were performed. The results are present in Figure IV.1.D, where only PCR 5 did not show 

any band, while PCR 4, 6 and 7 had a band in the 1500 bp, proving the presence of caiC. 
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IV.i.1.2. PURIFICATIONS AND HYDROLYSIS 

The different replicates of amplification were afterwards purified, in order to separate it from the 

remaining components of the PCR. A second electrophoresis was performed to confirm that the PCR 

product remained after purification. PCR 4 and 6 were mixed due to the lower intensity of the 

corresponding band in lane 4 of the gel. In Figure IV.2 it is possible to observe that both of the samples 

coming from Figure IV.1.D, (PCR 4+6 and 7), had a band at the proximity of the 1500 bp, confirming 

the presence of purified caiC. 

 

Figure IV.2- Verification of the purification of the PCR samples obtained in Section IV.i.1 in Figure IV.1.D, namely 

sample 7 and the combination of samples 4 and 6. 

The caiC samples thus amplified and purified were digested with XhoI and HindIII in order to allow for 

the correct ligation of the pRSET A. The hydrolysis was described in Section III.ii.11 and the results 

presented again in agarose gel are shown in Figure IV.3. 

  

Figure IV.3- A) Comparison between the digested, 3’, and non-digested, 3, PCR of caiC obtained from sample 3 

of Figure IV.1.C of Section IV.i.1.1. The hydrolysis occured with Xho and HindIII. B) Hydrolysis and second 

purification of caiC obtained in Figure IV.2 by the mixture of samples 4+6 and 7. 

In Figure IV.3.A the PCR results with and without hydrolysis are compared, respectively 3’ and 3, after 

the second purification. The second purification was needed for the separation of the digested PCR 

product and the remaining products of the hydrolysis. It is possible to observe that both bands are 

located at the similar bp, near 1500 bp. No substantial differences occur between these two states. In 

Figure IV.3.B the mixture of the PCR 4+6 with 7 is observed, whose band was also located near 1500 

bp, as intended. 

IV.i.2. PLASMID PRSET A 

IV.i.2.1. FIRST PURIFICATION 

After the production of the plasmid, it is necessary to proceed to its purification, described in Section 

III.ii.7, in order to separate it from cell debris. The objective was to have a considerable amount of 

plasmid available, in order to perform several tests. The most of the first six samples of purified plasmids 

appeared to show a rather low amount, thus requiring new plasmids, 7 to 18, to be obtained. 
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The samples of purified plasmids were ran in an agarose gel in order to confirm its presence and the 

bands were expected at 2900 bp, as shown in Figure III.2 (pRSET A, B and C user manual, Invitrogen). 

The gels are depicted in Figure IV.4. 

 

Figure IV.4- Agarose gel of plasmid purification (A and B), 18 samples. 

By observing the results, it is possible to verify that comparing the plasmid with the DNA ladder it never 

reaches 2900 bp. This could be due to the conformation of the plasmid. Circular structure facilitates a 

more compact conformation, which causes a further running in the gel, corresponding to an apparent 

lower size. Thus, the given length of circa 2500 bp is perfectly acceptable. 

IV.i.2.2. COMPARATIVE HYDROLYSIS OF THE PLASMID WITH XHO AND HINDIII 

RESTRICTION ENZYMES 

Before the hydrolysis of the plasmid, it was necessary to observe how the plasmid acts with the 

restriction enzymes. The methodology was explained in Section III.ii.9.1 and the results are present in 

Figure IV.5. 

 

Figure IV.5- Comparative hydrolysis of the plasmid with restriction enzymes. The numbers represent respectively 

the tests 1) without any restriction enzyme, 2) Xho enzyme, 3) HindIII enzyme and 4) both Xho and HindIII enzymes. 

It was possible to observe that in the sample without any restriction enzyme, T1, the band was found at 

circa 2500 bp, which is explained due to the absence of hydrolysis and the maintaining of the circular 

structure. The samples with Xho, HindIII or both of the enzymes, T2, T3 and T4 respectively, showed a 

band at circa 3000 bp, proving the linearity of the plasmid and the expected length, namely 2900 bp. 

Between the use of the different enzymes or their combination, no considerable differences were noticed 

in the gel. 
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IV.i.2.3. HYDROLYSIS AND SECOND PURIFICATION 

After the comparative hydrolysis, the preparative hydrolysis was accomplished, which is explained in 

Section III.ii.9.2. The hydrolysis was only performed with the samples that presented intense bands in 

the gel, thus excluding the samples 1 and 3 of Figure IV.4.A or by mixing the samples with lower 

intensity with the higher ones, as occurred with the samples 9 and 13, 10 and 15, 8 and 18, 7 and 14, 

11 and 16, 12 and 17, of Figure IV.4.B.  In Figure IV.6.A it is possible to compare the non-digested 

plasmids, 2, 4, 5 and 6, with the digested ones, 2’, 4’, 5’ and 6’, where the length difference between 

both types is observable. While the first maintain the circular structure, causing a further running in the 

gel and bands at 2500 bp, the second has a linear structure and bands at 2900 bp. In Figure IV.6.B, 

which presents only digested plasmids, only bands at circa 2900 bp are observed, however the DNA 

ladder is blurred and not well defined. 

 

Figure IV.6- A) Comparison between the digested and the non-digested plasmid obtained in Section IV.i.2. The 

non-digested, number, were samples already studied in Figure IV.4.A and represented with the same number. 

The digested samples, number’, were obtained from hydrolysis of the samples represented with the same number. 

B) Results obtained after the hydrolysis of the plasmids acquired from the Section IV.i.2.1 in Figure IV.4.B. The 

different samples of plasmid where mixed in order to obtain a bigger concentration and more intense bands, namely 

samples 9 and 13, 10 and 15, 8 and 18, 7 and 14, 11 and 16, 12 and 17. 

IV.i.3. ANALYSIS OF THE CONCENTRATION OF THE DIGESTED PLASMID AND CAIC 

The concentration and purity of the PCR product and plasmid samples already digested and purified 

had to be studied in order to know if the required conditions to advance to the next step were present. 

For that, the protocol described in Section III.ii.13 was followed. The ideal concentration to obtain in 

each of the cases would be around 100 ng/µL. 

The ratio  
𝐴260

𝐴280
  indicates the purity of DNA and RNA. Values around 1.8 are specific for cleaner DNA, 

while around 2 is representative of cleaner RNA. When it is lower than 1.8, presence of proteins, phenols 

or other contaminants is likely. The ratio  
𝐴260

𝐴230
  is expected to be between 2- 2.2. If it is lower than 2, it 

points out the presence of contaminants. 

The analysis of the PCR 3 and the mixed plasmids, 2 with 5 and 4 with 6, which were mixed due to the 

low intensity of the bands, are present in Table IV.1. 
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Table IV.1- Values of the concentration (ng/ µL) and from the ratios 
𝐀𝟐𝟔𝟎

𝐀𝟐𝟖𝟎
 and  

𝐀𝟐𝟔𝟎

𝐀𝟐𝟑𝟎
, obtained by Nanodrop, from 

the samples tested. Samples were from the plasmid pRSET A from Figure IV.6.A of Section IV.i.2.3., namely the 

mixture of the samples 2 and 5 but also 4 and 6; and the PCR of the caiC from Figure IV.3.A of Section IV.i.1.2. 

Samples [Samples] (ng/ µL) 
𝑨𝟐𝟔𝟎

𝑨𝟐𝟖𝟎

 
𝑨𝟐𝟔𝟎

𝑨𝟐𝟑𝟎

 

PCR caiC 3 5.8 2.12 0.02 

pRSET A 2 + 5 8.5 1.32 0.04 

pRSET A 4 + 6 9.7 2.10 0.02 

The values of concentration were far below from the intended and the 
𝐴260

𝐴280
 ratios indicate that the purity 

of the samples were not near to the optimal, neither for the PCR products nor for the plasmids. 

Therefore, new samples were prepared and tested, namely plasmids 7 to 18 and PCR samples 4 to 7. 

The results obtained from these plasmids and PCR products are present in Table IV.2. 

Table IV.2- Values of the concentration (ng/ µL) and from the ratios 
𝐀𝟐𝟔𝟎

𝐀𝟐𝟖𝟎
 and  

𝐀𝟐𝟔𝟎

𝐀𝟐𝟑𝟎
, obtained by Nanodrop, from 

the samples tested. Samples were from the plasmid pRSET A from Figure IV.6.B of Section IV.i.2.3, and the PCR 

of the caiC from Figure IV.3.B of Section IV.i.1.2. 

Samples [Samples] (ng/ µL) 
𝑨𝟐𝟔𝟎

𝑨𝟐𝟖𝟎

 
𝑨𝟐𝟔𝟎

𝑨𝟐𝟑𝟎

 

PCR caiC 4+6+7 36.0 1.92 1.18 

pRSET A 9+13 14.4 2.05 0.37 

pRSET A 10+15 10.0 2.01 0.48 

pRSET A 8+18 15.1 1.99 0.63 

pRSET A 7+14 10.5 2.09 0.36 

pRSET A 11+16 9.8 2.21 0.38 

pRSET A 12+17 7.9 2.26 0.14 

In these results, PCR sample 4+6+7 and plasmids 8+18 were the ones with the highest concentration, 

respectively 36.0 and 15.1 ng/µL, and reasonable purity of DNA, 1.92 and 1.99, being thus chosen to 

be used in the next steps. Despite in general the concentrations is very low and the contamination very 

high, these samples were used in the remainder of the work, instead of new caiC and plasmids being 

prepared. 

IV.i.4. TRANSFORMATION OF COMPETENT CELLS 

As mentioned in Section III.ii.14, some calculations had to be performed for the ligation. By knowing 

that the ligation protocol was prepared for 100 ng of plasmid and that the plasmid sample had a 

concentration of 15.1 ng/ µL, the needed volume of the plasmid was calculated as being 6.62 µL. With 

the proportion of vector and PCR product of 1:5 mole/mole, knowing the length of the vector, 2900 bp, 
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of the insert, 1554 bp, and the concentration of the caiC sample of 36.0 ng/ µL, a needed volume of the 

caiC insert of 7.44µL was calculated for each ligation sample. 

After proceeding with the ligation of the chosen plasmid and caiC, the resulting plasmid was inserted in 

competent cells (Section III.ii.15) and the results shown in Figure IV.7.B. Moreover, a control was also 

plated where the plasmid inserted in the competent cell did not have the caiC insert and was found in 

its linear form, as shown in Figure IV.7.C. A plating with competent cells without plasmid was likewise 

needed (Figure IV.7.A). 

   

Figure IV.7- Platting of competent cells with the pRSET A plasmid obtained from Figure IV.6.B in Section IV.i.2.3., 

sample 8 + 18. A) represents the plasmid without ligase nor caiC insert; B) represents the plasmid with ligase and 

caiC insert; C) represents the plasmid with ligase but without the caiC insert. 

Only the cells with the plasmid containing the insert were supposed to grow, while cells in the other two 

conditions were not supposed to grow. The cells without the plasmid, A, should not grow seeing as they 

have no resistance to the antibiotic present in the medium. In the plate with only competent cells, Figure 

IV.7.A, no colonies are observed, therefore concluding that the survival capacity would only depend on 

the plasmid inserted in the cell. The cells containing the plasmid without the insert cannot express the 

resistance unless the plasmid closes on itself, which is very unlike to happen due to the alkaline 

phosphatase procedure explained in the Section III.ii.9.3. The control, C, allows to test the probability 

of auto-ligation of the plasmid. If the plasmid does not auto-ligate, the resistance to ampicillin will not be 

expressed and the cell where it was inserted will not be able to survive in a medium containing the 

antibiotic. If the auto-ligation occurs and some colonies grow, it is needed to obtain a proportion with the 

number of colonies of this plate and the plate with the cells containing the plasmid with insert. In Figure 

IV.7.C are observable some colonies, however not in a considerable number comparing to the colonies 

present in Figure IV.7.B that exist in a bigger proportion. Figure IV.7.B present a high number of 

colonies, proving that the ligation of the insert with the plasmid occurred, since comparing to C it has 

many more colonies, and that the plasmid actually provides a higher capability of survival. 

In Figure IV.7.B and C appeared a darker region, compared with the normal color of the LB medium, 

possible to identify in Figure IV.7.A. This happens due to low humidification of the incubator that 

consequently causes the drying of the solid LB medium, turning it darker. This drying naturally affects 

the cultivation of cells, however, since the amount of colonies present in Figure IV.7.B is considerable, 

no repetition of the step was required. 
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IV.i.5. LIGATION BETWEEN THE INSERT AND PLASMID  

For the verification of the correct ligation between the caiC insert and the plasmid, it was needed to 

proceed to DNA electrophoresis with the colonies harvested from the plates of Figure IV.7.B (Section 

IV.i.4).  The resultant bands were compared with the plasmid without the insert to observe differences, 

as shown in Figure IV.8. 

 

Figure IV.8- Comparison between the digested plasmid without insert, represented as 1 and obtained from sample 

8+18 present in Figure IV.6.B in Section IV.i.2.3., and the purified plasmids with the caiC insert, represented from 

2 to 7, and obtained from Figure IV.7.B of Section IV.i.4. 

The band present in 1 corresponds to the digested plasmid while the bands from 2 to 7 are the plasmids 

with the insert. The plasmid used for comparison was, however, badly chosen. While the plasmids with 

caiC were already closed and with circular structure, the digested plasmids had a linear structure, not 

allowing an adequate comparison in the gel, as already mentioned in Section IV.i.2.3. The length of the 

linear plasmid was already mentioned as being circa 2900 bp, as seen in Figure IV.8 taking in account 

the inclination of the gel. Furthermore, the circular plasmid was previously mentioned to run further in 

the gel due to its compacted form, thus it should indicate a length of 2500 bp. However, in Figure IV.8, 

it is possible to observe that generally, and taking in account the inclination of the gel, even the plasmids 

with circular form have circa 2900 bp. This could be probably due the insertion of caiC, which has a 

considerable length, 1554 bp, which increases the length of the plasmid and, therefore, causes the 

ascension of the band that compensates the further running caused by its compacted form. 

IV.i.6. SEQUENCING PCR 

After proceeding to the sequencing PCR of the plasmids with the inserts, the samples were purified and 

verified in agarose gel. The used samples were the ones with the more intense bands in the gel present 

in Figure IV.8, namely 2, 4, 5 and 6. The gel obtained after this procedure presented all bands at the 

same length, circa 2900 bp, at the exception of the sample 2, in which it did not appear. 

Samples 4, 5 and 6 were then studied about their concentration and purity, whose results are present 

in Table IV.3. In combination with the results of Section IV.i.7 it was chosen the best sample with which 

the work should be continued. 
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Table IV.3- Values of the concentration (ng/ µL) and from the ratios 
𝐀𝟐𝟔𝟎

𝐀𝟐𝟖𝟎
 and  

𝐀𝟐𝟔𝟎

𝐀𝟐𝟑𝟎
, obtained by Nanodrop, from 

the samples tested. The samples were from the purified sequencing PCR of the recombinant plasmid. 

Samples [Samples] (ng/ µL) 
𝑨𝟐𝟔𝟎

𝑨𝟐𝟖𝟎

 
𝑨𝟐𝟔𝟎

𝑨𝟐𝟑𝟎

 

PCR plasmid + caiC 4 31.7 1.79 0.27 

PCR plasmid + caiC 5 24.7 1.81 0.93 

PCR plasmid + caiC 6 29.5 1.83 0.57 

As observable in Table IV.3, all the samples presented similar and adequate values of DNA purity 

(values around 1.8 shown in
𝐴260

𝐴280
 ). The sample PCR plasmid + caiC 4 presented the highest 

concentration, despite it also presented the highest presence of contamination (visible by the low value 

of 
𝐴260

𝐴230
, since it is out of the wanted range, 2- 2.2). 

IV.i.7. SEQUENCING  

After obtaining the results from the procedure explained in Section III.ii.18 it was necessary to process 

the gathered data and found out which of the recombinant plasmids shows a higher identity with the 

original sequence of caiC. 

Therefore, it was compared the original sequence of caiC, given in Section I.xii (Figure I.8), with the 

one obtained by SAI. The acquired sequences were obtained by forward or by reverse primers. This 

comparison was performed in BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE 

=BlastSearch). The results for the three different PCRs are present in Figure IV.9, for PCR plasmid + 

CaiC 4, or in Attachment (Figure VIII.6 and Figure VIII.7), for PCR plasmid +CaiC 5 and PCR plasmid 

+ CaiC 6. If the sequence compared was obtained by the reverse primer, the sequence had to be 

reversed and complemented, which was performed by GenScript (http://www.genscript.com/sms2/rev_ 

comp.html). 

The forward primer provided a more exact match of the beginning of the sequence since it started 

sequencing in direction 5’ to 3’ of the original strand, while the reversed primer provided a more exact 

match of the end of the sequence since it started sequencing the complementary strand in direction 5’ 

to 3’, corresponding to the direction 3’ to 5’ of the original strand. 
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Figure IV.9- Comparison between the original sequence of caiC (sbjct) and the sequence of the recombinant 

plasmid PCR plasmid + CaiC 4 obtained from Section IV.i.5 (query). A) Sequence of the recombinant plasmid 

obtained with forward primer, with an identity percentage of 99%. B) Sequence of the recombinant plasmid obtained 

with reverse primer, with an identity percentage of 99%. 

PCR plasmid + CaiC 4 (Figure IV.9) was selected, since it was the sample with the highest 

concentration, 31.7 ng/ µL (Section IV.i.6, Table IV.3), and identity percentage, 99% for both forward 

and reversed sample sequenced.  

IV.ii. PROTEIN EXPRESSION 

IV.ii.1. PURIFICATION OF PROTEINS 

After expressing the CaiC protein (Section III.iii.2), it was necessary to lyse the cell, recover and purify 

the protein (Section III.iii.3), but also to proceed to its dialysis (Section III.iii.4). 

In each relevant step, a sample was collected with the purpose of following the process throughout time 

and observe if there was protein and where its eventual loss occurred. For that, the collected samples 

were run in polyacrylamide gel for protein electrophoresis, as described in Section III.iii.5, and tested 

with the Bradford method in order to identify their concentration (Section III.iii.6). Several purifications 

were needed to optimize the process and obtain the highest possible concentration of CaiC. 

A B 
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IV.ii.1.1. PURIFICATIONS I AND II 

The first and second purifications were performed in the same conditions, IPTG induction for two hours, 

native elution buffer with 500 mM imidazole for the elution, dialysis accomplished with 50 mM of 

monobasic sodium phosphate and 100 mM of sodium chloride and the storage of the recovered samples 

at -20ºC, maintaining the remaining aspects as described in Section III.iii.3 and Section III.iii.4. The 

results of the protein electrophoresis of both purifications were relatively similar, thus only one of the 

gels will be presented, namely that of purification II, in Figure IV.10.  

 

Figure IV.10- Protein electrophoresis from the second protein purification. The protein ladder is represented along 

with the samples collected after 1) Sonication, 2) Centrifugation, 3) First eluate, 4) First wash, 5) Elution and 6) 

Dialysis. 

In both purifications, the samples collected after sonication and the centrifugation, labeled 1 and 2 in 

Figure IV.10, presented several bands, corresponding to the cell debris and the protein CaiC. After first 

eluate, lane 3, the bands were less intense and represented only the debris, while the protein remained 

in the column. Bands in the lane 4, representing the 1st wash, had a very low intensity, since these 

contained only the particles that did not bind or bound weakly to the column, which were supposed to 

be, at this step, already at a very low concentration since the majority was excluded in the first eluate. 

After elution, lane 5, the protein that was bound to the column until this step was recovered. An intense 

band at circa 60 kDa was expected to exist, since the molecular weight of CaiC is 58.559 kDa, as 

mentioned in Section I.xii, and it was also needed to take in account the 3 kDa of the histidine tail. The 

sample collected after the dialysis, lane 6, contained the eluted protein but in a different conformation 

due to the change of buffer, thus, the expected band had to be present at circa 60 kDa too. 

However, in both purifications it was barely possible to observe any bands at 60 kDa in the elution, 

which could be due to the absence of proteins caused by their loss in the previous steps. Yet, in the 

dialysis, a tenuous band at this level was visible, indicating that there was actually protein recovered 

from the elution step but possibly in a very low quantity.  

Due to these results, it was necessary to perform a kinetic induction in order to identify the moment 

where the production of protein is higher. 
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IV.ii.1.2. KINETIC INDUCTION 

As explained in Section III.iii.7, after the induction, two samples were taken hourly to study the evolution 

of the CaiC protein production. One of the samples taken in each time were used for protein 

electrophoresis (results in Erro! A origem da referência não foi encontrada.), while the other was 

used for optical density measurement and concentration study, which are shown in Table IV.4 and 

Figure IV.12 respectively. 

With protein electrophoresis, present in Erro! A origem da referência não foi encontrada., the 

existence of the intended protein in each of the samples was verified, since all the present bands indicate 

a length of circa 60 kDa. 

 

Figure IV.11- Protein electrophoresis from the kinetic induction test. The protein ladder is represented in the first 

three bands, while the rest are the samples collected at different moments after the induction, at 11h23. 

Respectively the numbers represent the samples taken at 0) 11h10min, 1) 12h12min, 2) 13h13min, 3) 14h14min, 

4) 15h15min, 5) 16h16min and 6) 17h17min. 

The optical density allowed the study of the cellular growth of E. coli during the induction of protein CaiC 

expression. It was also possible to relate protein expression with the cell growth due to the concentration 

studies. The concentration was obtained by the Bradford method, using the acquired calibration curve 

equation present in Attachment (Table VIII.1 and Figure VIII.8).  

Table IV.4- Time relatively to the induction time, optical densities at 600 nm (OD600) with 5x dilution, absorbance at 

595 nm and concentration obtained by the Bradford method, calculated with the calibration curve, of each of the 

CaiC samples taken for the kinetic induction. Induction at 11h23. 

Sample Relative time  OD600 (diluted) Abs 595 nm [CaiC] (mg/mL) 

0 -13 min 0.175 0.387 0.097 

1 +49 min 0.283 0.464 0.219 

2 +1h 50 min 0.341 0.466 0.222 

3 +2h 51 min 0.362 0.468 0.225 

4 +3h 52 min 0.398 0.468 0.225 

5 +4h 53 min 0.417 0.503 0.281 

6 +5h 54 min 0.425 0.486 0.254 
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Figure IV.12- Evolution of the optical density of E. coli during protein expression (right axis) and of the concentration 

of CaiC obtained by the Bradford method (left axis) of each of the samples taken for the kinetic induction. 

As observable in Table IV.4 and in Figure IV.12, the optical density increases with time, only beginning 

to stabilize at the end of the study. This shows that until the end of the study, only cell growth and 

multiplication were registered, indicating that cells were in the exponential phase. By observing the 

concentration of CaiC, it can be considered that the production of protein increased only at the first hour, 

being approximately constant during the remainder of the experiment. In sample 0, before the induction, 

the production is almost negligible compared with the rest of the samples. Comparing both results it was 

possible to notice that the production of protein is not proportional to the cell growth. 

Therefore, it was concluded that after only one hour, CaiC had already reached the average 

concentration, as such, subsequent purifications had an induction of only one hour. 

IV.ii.1.3. PURIFICATION III 

After changing the duration of the induction and the buffer of dialysis to 50 mM of monobasic potassium 

phosphate and 100 mM of sodium chloride, a new purification was accomplished. The results are 

present in Figure IV.13. 

 

Figure IV.13- Protein electrophoresis from the third protein purification. The protein ladder is represented, along 

with the samples collected after 1) Sonication, 2) Centrifugation, 3) First eluate, 4) First wash, 5) Second wash, 6) 

Elution and 7) Dialysis. 

The explanation for the samples used in Section IV.ii.1.1 is equally applicable in Figure IV.13. Once 

again, no bands were present in the elution sample, lane 6, but in the dialysis sample, lane 7, bands at 
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the molecular weight of circa 60 kDa are indeed present, which demonstrates that the previously 

described problem persisted. 

In this purification experiment, it was verified that at the beginning of the gel an intense band existed, 

which could indicate that the protein might not have been able to enter the gel. This could have occurred 

due to the agglomeration of the protein, caused either by the buffer used in the elution or by the slow 

freezing of the samples at -20ºC for their storage before applying them in the gel. The elution buffer 

contained a high concentration of imidazole, 500 mM, which could probably have been too high and 

caused the precipitation of the protein. It was additionally detected that after the freezing a white mass 

existed in the eluted sample, also indicating the precipitation of the protein. Due to this, a new purification 

protocol was performed, where several elution buffers were used in order to find the most appropriate 

imidazole concentration, and were the samples were frozen rapidly with liquid nitrogen and immediately 

placed at -80°C before applying them in the gel. 

IV.ii.1.4. PURIFICATION IV 

In purification IV several elutions with different buffers were performed in order to confirm which 

imidazole concentration resulted in a band at circa 60 bp and did not cause precipitation of CaiC. 

Therefore, after the second wash, four different elutions were performed consecutively, with increasing 

concentrations of imidazole, namely, 150, 250, 375 and 500 mM. Afterwards, the same dialysis buffer 

was used for all the elution samples collected. Samples were stored in liquid nitrogen and were 

immediately placed at -80°C before being applied in the gel. The results of protein electrophoresis are 

represented in Figure IV.14. 

 

Figure IV.14- Protein electrophoresis from the fourth protein purification with several elution buffers. The protein 

ladder is represented along with the samples collected after 1) Centrifugation, 2) First eluate, 3) First wash, 4) 

Elution with 150 mM imidazole, 5) Elution with 250 mM imidazole, 6) Elution with 375 mM imidazole, 7) Elution with 

500 mM imidazole, 8) Dialysis of elution sample with 150 mM imidazole, 9) Dialysis of elution sample with 250 mM 

imidazole, 10) Dialysis of elution sample with 375 mM imidazole and 11) Dialysis of elution sample with 500 mM 

imidazole. 

Since the samples 1, 2 and 3 of Figure IV.14 were equivalent to those present in Section IV.ii.1.1, the 

explanation for the latter samples was equally applicable for the samples of this fourth purification. 

Between the elution samples, 4, 5, 6 and 7, the ones with lower concentration, 150 and 250 mM, 

presented more intense bands at 60 kDa than the ones with higher concentrations, despite the band in 

the beginning of the gel still being present in all of them. The dialysis also demonstrated that, in the 

samples treated with lower concentration of imidazole, the bands were more intense.  
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The study of the concentration of the samples taken during purification IV is given in Table IV.5 and was 

obtained by the Bradford method, using the acquired calibration curve equation present in Attachment 

(Table VIII.1 and Figure VIII.8). 

 

Table IV.5- Absorbance at 595 nm and concentration obtained by the Bradford method, calculated with the 

calibration curve, of each of the CaiC samples taken during the purification IV.  

Sample Process step Abs 595 nm [CaiC] (mg/mL) 

1 Centrifugation 1.318 1.695 

2 First eluate 1.238 1.558 

3 1st Wash 0.604 0.466 

4 Elution with 150 mM imidazole 0.439 0.182 

5 Elution with 250 mM imidazole 0.468 0.232 

6 Elution with 375 mM imidazole 0.440 0.184 

7 Elution with 500 mM imidazole 0.343 0.017 

8 Dialysis of elution of sample 4 1.159 1.422 

9 Dialysis of elution of sample 5 0.868 0.921 

10 Dialysis of elution of sample 6 0.767 0.747 

11 Dialysis of elution of sample 7 0.351 0.031 

As observable, the samples with higher concentration of CaiC were also the ones treated with lower 

concentration of imidazole, as occurred with the samples eluted with 150 and 250 mM. Since it was 

proven that with low concentrations of imidazole it is already possible to recover the protein and to obtain 

higher concentrations of CaiC, these concentrations were used in the next purification.  

IV.ii.1.5. PURIFICATION V 

Purification V followed the optimized procedure explained in Section III.iii.3, while the dialysis buffer 

was again altered, in order to find the optimal conditions, to 50 mM of monobasic potassium phosphate, 

200 mM of sodium chloride and 10% of glycerol at pH 7.5, as explained in Section III.iii.4.  

The results of the protein electrophoresis are present in Figure IV.15, where it was finally possible to 

identify a band at circa 60 kDa, despite having a very low intensity. However, the agglomeration of the 

protein still occurred since the band in the beginning of the gel was still observed.  
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Figure IV.15- Protein electrophoresis from the fifth protein purification. The protein ladder is represented along with 

the samples collected after 1) Centrifugation, 2) First eluate, 3) First wash, 4) Second wash, 5) Elution with 150mM 

imidazole and 6) Elution with 250 mM imidazole. 

Since the absorbance at 595 nm of the dialysis sample presented a value of 0.811, using the calibration 

curve equation acquired by the Bradford method and present in Attachment (Table VIII.1 and Figure 

VIII.8), the concentration of CaiC was estimated to be 0.649 mg/mL, that is, 10.54µM. 

IV.ii.2. NATIVE ELECTROPHORESIS 

With the procedure described in Section III.iii.8, it was possible to study the native conformation and 

the state of aggregation of CaiC. In Figure IV.16.A, is compared the two elution samples of purification 

V, to observe if the native conformation was maintained despite of the different concentration of 

imidazole used. In the same figure, the dialysis sample before and after freezing with liquid nitrogen and 

stored at -80ºC were also compared, in order to observe if this methodology caused any interference in 

the native conformation of CaiC that could change the results of the following procedures. In Figure 

IV.16.B, the results of a replicate from a sample collected from the dialysis of purification V after being 

frozen with liquid nitrogen and stored at -80ºC confirmed the previous results. 

   

Figure IV.16- A) Native gel of the samples of Purification V obtained in Figure IV.15 of Section IV.ii.1.5, where the 

numbers represent the samples taken after 1) Elution with 150 mM imidazole, 2) Elution with 250 mM imidazole, 3) 

Dialysis without freezing and 4) Dialysis after being frozen with liquid nitrogen and stored at -80oC. B) Repetition of 

the Native gel of the sample of Purification V obtained in Figure IV.15 of Section IV.ii.1.5. The sample tested was 

4).  

The bands present in Figure IV.16.A were considerably wide, which turned the interpretation of the 

results difficult. In sample 2, corresponding to the elution with 250 mM imidazole, no bands appeared, 

which indicates that some problem occurred during the procedure since the previous tests, protein 

electrophoresis and the Bradford method, revealed the presence of CaiC. The rest of the samples 

exhibited a very large band at the beginning of the native gel caused by the aggregated state of the 

protein, however, a more intense region was identified at circa 250 kDa. Since the total molecular weight 

of the protein rounded the 60 kDa, it is possible to deduce that a molecular weight of 250 kDa could 

correspond to the native conformation of CaiC as a tetramer, four times a monomer of circa 60 kDa. 

The dialysis samples, 3 and 4, despite the different conditions applied, showed identical results 

confirming that freezing the sample with liquid nitrogen and storing it at -80ºC did not affect structurally 
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the protein, which proved that the followed tests performed with these samples would not suffer any 

interference due to the storage of the samples. 

In Figure IV.16.B, a very large band at the beginning of the native gel was again observed, with a more 

intense region at 250 kDa, confirming the results of Figure IV.16.A. The band present at 25 kDa resulted 

from a contamination from another sample tested in the nearby well. 

IV.ii.3. GEL PERMEATION CHROMATOGRAPHY 

To confirm the suspicion that CaiC is a tetramer in its native conformation, gel permeation 

chromatography was used, whose procedure was explained in Section III.iii.9. 

After the readings of the retention time for the standard mixture, a calibration curve was prepared, 

Attachment (Table VIII.2 and Figure VIII.9), which allowed estimating the molecular weight of CaiC 

and its native conformation. 

Besides the readings for the standard mixture, it was also performed for the dialysis buffer, Figure IV.17, 

and for the sample containing CaiC, Figure IV.18. The peaks present in the dialysis buffer spectrum 

allowed to suppress the non-relevant peaks from the spectrum of the sample with CaiC since it had in 

its composition also the dialysis buffer. 

 

Figure IV.17- Spectrum obtained from gel permeation chromatography of the dialysis buffer. 

 

Figure IV.18- Spectrum obtained from gel permeation chromatography of the CaiC sample, repetition 2. 



 

55 

 

Therefore, after the analysis of the spectra, it was concluded that the peak representative of CaiC had 

a retention time of circa 5.20 min. By using the calibration curve of Attachment (Table VIII.2 and Figure 

VIII.9), the value of molecular weight obtained for CaiC was circa 250 kDa. This result was obtained in 

all the three repetitions of the procedure, as it can be observed in Table IV.6. Thus, it is possible to 

deduce that the native conformation of CaiC is likely a tetramer. 

Table IV.6- Values of time, logarithmic molecular weight and molecular weight for the different repetitions performed 

of CaiC samples. 

Repetition Time (min) ln (kDa) kDa 

1 5.19 2.41 256.99 

2 5.23 2.39 245.05 

3 5.20 5.53 251.94 

Since both tests performed, native gel in Section IV.ii.2, and permeation column in Section IV.ii.3, 

obtained the same results, it was concluded that the native conformation of CaiC is likely tetrameric. 

IV.ii.4. ACETYLATION TESTS IN CAIC 

In order to know how CaiC and its activity were affected after acetylation, a test was performed, following 

the procedure explained in Section III.iii.10.  

The acetylation activity is one of the major post-transcriptional protein modifications in the cell, thus 

being very common in bacteria as, for example, E. coli. It is important in metabolic process regulation 

and has physiological consequences. In these modifications, an acetyl group from acetyl-CoA is 

transferred to a specific site on a polypeptide chain, which normally occurs by two distinct forms, lysine 

acetylation or N-terminal acetylation 111. As mentioned in Section I.xii, CaiC presents a sequence 

homology to domains in AMP-binding enzymes, namely acetyl-CoA synthetase. Therefore, and knowing 

that this enzyme is lysine-acetylated, it is probable that CaiC also presents this kind of acetylation 112. 

The non-enzymatic acetylation of lysine was verified with acetyl phosphate, which was described as the 

main mechanism of protein acetylation in E. coli, and thus it was also applied in this study 113,114. For the 

enzymatic acetylation patZ, which is the best-known protein acetyltransferase in E. coli, was used in 

combination with acetyl-CoA. 114 

Thus, samples of the fifth purification of CaiC were studied after the dialysis, 1, and after being acetylated 

chemically, 2, or enzymatically, 3 and 4. The sample recovered immediately after the dialysis was used 

to observe if CaiC was already in its acetylated form after the purification or not. The control sample, 4, 

which contained only acetyl-CoA, was used to confirm if it was actually patZ that acted in the acetylation 

of sample 3, or if it was acetyl-CoA that caused its chemical acetylation. It is not yet known if acetylation 

of CaiC occurs in vivo, but this study will at least elucidate how acetylation affects CaiC in vitro. 
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IV.ii.4.1. WESTERN BLOT 

As mentioned in Section III.iii.10.2, for the verification of the acetylation, both protein electrophoresis 

and western blot were performed, and the results were obtained as a polyacrylamide gel and a 

chemiluminescence image present in Figure IV.19. 

 

Figure IV.19- A) Protein electrophoresis from the fifth CaiC purification to be used for the first western blot. B) First 

western blot of the fifth CaiC purification. In both of the figures the numbers represent: 1) After dialysis, 2) Chemical 

acetylation, 3) Enzymatic acetylation with patZ and acetyl-CoA, 4) Enzymatic acetylation for control with acetyl-CoA 

and without patZ. 

As observed in Figure IV.19.A, all samples present in the polyacrylamide gel had an intense band in 

the beginning of the gel, indicating agglomerated protein. Furthermore, a more modest band at circa 60 

kDa was visible, as expected, which indicated the presence of protein CaiC in all the samples. The black 

bands in Figure IV.19.B indicates where the chemiluminescence was greater, as mentioned in Section 

III.iii.10. The anti-acetyllysine antibody was supposed to ligate only to the acetylated protein, thus, the 

chemiluminescence only represented the CaiC protein that was acetylated. As observed in 1, after 

purification, CaiC was not yet found in its acetylated form since no bands were present. The bands were 

more intense in samples 3 and 4 than in the one chemically acetylated with acetyl phosphate, 2. It was 

expected that the chemical acetylation would have a higher result than the enzymatic, however the band 

was almost imperceptible, thus suggesting that sample 2 could have been damaged. Between samples 

3 and 4 no significant differences were observed. Sample 4 had in its composition only acetyl-CoA and, 

by having the same intensity as 3, it could indicate that the acetylation in 3 was performed by the same 

compound as in 4, that is, by acetyl-CoA instead of patZ. 

The procedure was repeated in order to confirm the previous results, resulting in the polyacrylamide gel 

and the chemiluminescence image present in Figure IV.20. 
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Figure IV.20- A) Protein electrophoresis from the fifth CaiC purification to be used for the second western blot. B) 

Second western blot of the fifth CaiC purification. In both of the figures the numbers represent: 1) After dialysis, 2) 

Chemical acetylation, 3) Enzymatic acetylation with patZ and acetyl-CoA. 

In Figure IV.20.A it was possible to identify a band with low intensity at 60 kDa, indicating the presence 

of CaiC in the samples. In Figure IV.20.B a black band in sample 3 was once again visible, confirming 

that CaiC was acetylated by the patZ and acetyl-CoA mixture; nonetheless, in Figure IV.19.B, it was 

suspected that acetylation was only caused by acetyl-CoA. The pink spots indicate the 

chemiluminescent saturation due to the prolonged exposure in the chemiluminescence detector. 

Sample 2 had once again no visible band in the image, indicating that with acetyl phosphate acetylation 

did not occur. Due to a sustained inability of acetyl phosphate to acetylate CaiC, it was theorized that 

this compound could have lost its acetylation properties or have been damaged.  

Therefore, it was concluded that the combination of patz and acetyl-CoA was able to acetylate CaiC, 

despite having seemed that only acetyl-CoA acted in this process. In order to observe how the 

acetylation affected CaiC activity, activity tests with those samples were performed, as described in 

Section IV.ii.5.2. 

IV.ii.5. ACTIVITY TESTS  

Activity tests were performed in order to confirm the betainyl-CoA ligation activity of CaiC, mentioned in 

Section I.ix, following the procedure explained in Section III.iii.11; but also to observe if the acetylation 

affected in any way its regular activity. 

IV.ii.5.1. CAIC ACTIVITY 

For each of the substrates tested, crotonobetaine, γ-butyrobetaine, D- and L-carnitine, the most 

adequate quantity of the CaiC protein for the activity tests was determined. Therefore, with a constant 

concentration of each substrate, namely 5 mM, several dilutions of the protein, with an initial 

concentration of 10.54 µM, were tested in order to find the one that allowed for the most significant 

variation of the activity with the variation in substrate concentration. The chosen dilutions of CaiC varied 

between the different substrates, being 200 for crotonobetaine, 100 for γ-butyrobetaine, 200 for 

L-carnitine and 50 for D-carnitine, as observable in Table III.8.   

By varying the protein concentration with L-carnitine, it was also possible to calculate the specific activity 

of CaiC. The procedure was only different from the one explained in Section III.iii.11 in the 

concentration of NADH, 0.2 mM, and of L-carnitine, 10 mM. Specific enzyme activity measures enzyme 

purity and becomes greater as the enzyme preparation becomes purer. With the obtained absorbance 
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from all the samples and knowing their concentrations, the Beer–Lambert law, present in Equation 1, 

was applied to calculate the activity of CaiC. 

 𝐴 = 𝜀𝑐𝑙 Equation [1] 

where A is the absorbance, ɛ is the molar attenuation coefficient (M−1⋅cm−1), 𝑐 is the concentration of the 

species tested (µmol⋅min−1⋅mg−1) and 𝑙 is the path length (cm). While the path length was of 0.52 cm, 

the molar attenuation coefficient was of εNADH= 6220 M−1⋅cm−1, since the CaiC activity was followed as 

the increase in NADH absorbance at 340 nm 114. One enzyme activity unit was defined as the amount 

of enzyme generating 1 μmol of NADH per minute. Therefore, the value of the specific activity of CaiC 

was of 0.388 U/mg, which was calculated as present in the Attachment (Table VIII.3 and Figure 

VIII.10). 

After knowing the range of concentrations of the protein for each substrate, the concentration of the 

substrates was varied, as described in Table IV.7.  

Table IV.7- Results of activity tests for the different experiments (Ex) for each of the substrates and with different 

concentrations (mM). The substrates used were crotonobetaine, γ-butyrobetaine, D-carnitine and L-carnitine. 

Dilutions of CaiC protein with the initial concentration of 10.54 µM used for the different experiments with the various 

substrates studied. 

 
(mOD/min) 

Crotonobetaine γ-butirobetaine D-carnitine L-carnitine 

mM Ex.1 Ex.2 Ex.3 Ex.1 Ex.2 Ex.3 Ex.1 Ex.2 Ex.3 Ex.1 Ex.2 Ex.3 

0 1.4 1.9 3 2.4 2.7 2.8 2.4 1.4 3.3 2 2.4 2.2 

0.5 - - 27.6 - - 36.3 - - - - - 33.1 

1 - - 30.7 - - 57 - - 27.8 - 69.9 41.9 

1.25 17.5 31.9 - 38.3 16.8 - 19.9 14.2 - 42 - - 

1.5 - - 34.9 - - 57.8 - - - - - 43.7 

2 - - 37.1 - - 63.4 - - 37.9 - 100.6 45.4 

2.5 51.5 34.5 - 47.6 19.1 - 21.6 19.5 - 43.9 - - 

3 - - - - - - - - 46.3 - 96.7 - 

4 - - - - - - - - 59.7 - 90.5 - 

5 35.9 40.5 43.5 50.1 19.8 74 35.9 23.4 68.3 46.8 95 42.4 

10 38.9 40.5 - - - - 49.1 27.4 - - - - 

15 - 38.4 - - - - - - - - - - 

20 42.2 39.4 - - - - 52.6 37.1 - - - - 

Protein 

mass 

(µg) 

0.65 0.65 1.30 1.30 0.26 2.60 2.60 2.60 5.19 0.65 2.60 1.30 

Some of the dilutions used of CaiC protein were changed in some experiments for each substrate, in 

order to allow a better interpretation of its activity. Despite not being stated in other articles, it was 
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assumed that CaiC followed Michaelis-Menten kinetics. This assumption was mainly based in reports 

where it was detailed that other proteins that were synthetized from the caiTABCDEF operon in Proteus 

sp. presented Michaelis-Menten kinetics 92. Those proteins had high identity percentages relatively to 

E. coli, allowing to suppose that in E. coli the protein kinetics could be the same, which was also proved 

by other studies in E. coli for some of the proteins, namely CaiD 80. Therefore, in the next figures the 

reaction velocity is represented in function of the substrate concentration for CaiC, which is considered 

to obey Michaelis-Menten kinetics. 

The results obtained for crotonobetaine are present in Figure IV.21. 

 

Figure IV.21- Results obtained for the reaction velocity (mOD/min) in function of the concentration (mM) with 

crotonobetaine as substrate.  

As observable, the first experiment had an increase of the velocity until 2.5 mM, decreasing until 5 mM 

and then increasing again moderately, almost stabilizing. This behavior is not the expected in 

Michaelis-Menten kinetics, where an increase until reaching a stabilization would be anticipated. 

Therefore, a replicate of the test was performed, where a perturbation was also found at 2-2.5 mM. 

However, in this experiment, a decrease was not verified, but instead, a lower rate in the increase. 

Therefore, the peak was thought to have occurred due to a problem during the readings. In order to 

avoid the lowering of the velocity, the quantity of CaiC was increased by decreasing its dilution from 200 

to 100, and in experiment 3 no oscillations in the velocity were observed. Thus, not considering the peak 

in experiment 1, the curves presented a normal Michaelis-Menten kinetic behavior. The higher the 

concentration of CaiC, the faster the velocity increased, altering the slope in the beginning of the curves, 

but not altering significantly the values of the stabilization phase. This phase, which occurred for 

concentrations up to 5 mM, presented in general the same values in the different experiments, which 

could indicate the saturation of the enzyme. 

In Figure IV.22 the results of CaiC with γ-butyrobetaine as substrate are represented. 
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Figure IV.22- Results obtained for the reaction velocity (mOD/min) in function of the concentration (mM) with 

γ-butyrobetaine as substrate. 

Experiments 1 and 2 present a curve with a typical Michaelis-Menten kinetic behavior. The difference 

between the two experiments consisted of the quantity of CaiC protein applied, where the lower quantity 

corresponded to a lower velocity. In experiment 3 the highest quantity of protein was used, which is 

observable by the highest velocity registered. The oscillation at 1.5 mM was considered negligible due 

to the brief interval between the points and taking in account that it was still an increase, but only in a 

lower rate. With γ-butyrobetaine, the saturation value was not identified. 

The results of study with D-carnitine are present in Figure IV.23.  

 

Figure IV.23- Results obtained for the reaction velocity (mOD/min) in function of the concentration (mM) with 

D-carnitine as substrate. 

In experiment 1, an increase was observed throughout the whole curve, starting to stabilize in the 

highest concentrations of the substrate tested. For 2.5 mM, a stabilization in the rate was verified, but it 

continued its ascending trend afterwards. Due to this variation the experiment was repeated, where the 

conditions were exactly the same and the CaiC sample was collected from the storage in the same day. 

In this experiment, 2, the oscillation was not observed, presenting a normal Michaelis-Menten kinetic 

behavior. However, the maximum velocity value was lower than in the first experiment, which was 
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supposed to occur due to the long time that the protein remained in ice, at higher temperatures than the 

storage conditions, causing its denaturation and loss of properties. In experiment 3, the quantity of 

protein was doubled and the velocity reached higher values. The curve presented some oscillations, but 

an increase was nonetheless verified, presenting a normal Michaelis-Menten kinetic behavior. With 

D-carnitine, the saturation value was also not identified. 

Despite the objective of this work being the usage of substrates for the production of L-carnitine, the 

activity of CaiC was also tested by using L-carnitine as a substrate and following the normal usage of 

the pathway in E. coli 24. The goal of this experiment was to observe the activity of CaiC with the 

substrate with which it had more affinity. The results are present in Figure IV.24. 

 

Figure IV.24- Results obtained for the reaction velocity (mOD/min) in function of the concentration (mM) with 

L-carnitine as substrate. 

Both experiments 1 and 3 presented a curve corresponding to Michaelis-Menten kinetics. These 

experiments differed only in CaiC quantity, being higher in experiment 3, however the curves presented 

the same behavior, indicating that halving the dilution (from 200 to 100) did not affect significantly the 

velocity. In experiment 2 a dilution of 50 from the original CaiC solution was used, resulting in a higher 

velocity being reached, however, for concentrations above 2 mM of L-carnitine, significant oscillations 

were observed, even with decreases of velocity. 

Overall, at least in one of the experiments for each substrate, a decrease in the velocity was detected 

somewhere between 1.5-2.5 mM, which, was considered to be significant and not just a coincidence. 

Firstly, it was thought that the decrease of the velocity was caused by some kind of inhibition, however, 

the decrease occurs too quickly compared with the usual slope for the inhibition kinetics, which allowed 

the exclusion of this assumption. Therefore, further investigation is needed to observe if this 

phenomenon has any cause transversal to all experiments. 

Among all the substrates tested, L-carnitine reached the highest velocity, achieving up to circa 100 

mOD/min. Crotonobetaine was the only of the tested substrates which seemed to reach saturation, 

being, therefore, the substrate that appeared to be less effectively metabolized by CaiC. 

With the velocity values, the Km of the curves could be calculated. Km is an important characteristic of 

enzyme-substrate interactions, and its value is different for different enzymes. It is independent of 
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enzyme and substrate concentrations, therefore, it is expected that for all experiments performed with 

the same substrate the value of Km is approximately the same. It is also affected by particular substrates 

and by environmental conditions such as pH, temperature, and ionic strength, however, since the 

experimental conditions were always the same, the effect in Km was expected to be always the same 

with the same substrates. Km indicates the concentration of the substrate for which the reaction rate is 

half of the maximum velocity. 115 

The various values of Km of each of the experiments per substrate were used for the calculation of the 

average Km. The standard error was also calculated. These values are present in Table IV.8 and could 

have been calculated by Lineweaver-Burk by double-reciprocal plots, however, they were estimated 

more precisely by using the GraphPad Prism software, by performing a non-linear regression, more 

precisely Michaelis-Menten (http://www.graphpad.com/). 

Table IV.8- Values of Km (mM), their mean, the standard error and the percentage of error obtained for the different 

activity tests from the different substrates, namely, crotonobetaine, γ-butyrobetaine, D-carnitine and L-carnitine. 

 Crotonobetaine γ-butyrobetaine D-carnitine L-carnitine 

Km of Experiment 1 (mM) 0.765 0.568 3.732 0.192 

Km of Experiment 2 (mM) 0.350 0.320 2.680 0.388 

Km of Experiment 3 (mM) 0.384 0.568 4.290 0.171 

𝑲𝒎 (mM) 0.500 0.485 3.567 0.250 

Standard error 0.353 0.208 1.090 0.130 

Percentage of error (%) 70.7 42.8 30.5 52.0 

Small values of Km indicate that the enzyme, in this case CaiC, requires only a small amount of substrate 

to become saturated. On the other hand, a large Km indicates that, to achieve the maximum reaction 

velocity, high substrate concentrations are needed. 

In Table IV.8, the lowest Km was obtained for L-carnitine, presenting a value of 0.250 mM. This result 

was expected since the pathway in E. coli is naturally orientated to consume L-carnitine and produce 

other betaines as γ-butyrobetaine 24,87. Crotonobetaine and γ-butyrobetaine had similar values of Km, 

indicating very similar affinities to CaiC. On the other hand, D-carnitine had a considerable difference 

comparatively to the other substrates, being significantly higher. Since it was stated that D-carnitine 

does not occur in nature, this result might be in accordance seeing that the affinity of CaiC to this 

substrate is considerably lower than for the other betaines 3,78. 

In conclusion, it was possible to observe that CaiC had activity with all of the substrates tested, this is, 

it was able to ligate CoA with any of the tested betaines. The affinity of these substrates to CaiC had not 

been stated in other articles yet, thus, being considered as new information to add to CaiC. 
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IV.ii.5.2. ACETYLATION TEST IN CAIC 

As already mentioned, the activity of the acetylated protein was compared with the activity of the normal 

protein. Therefore, activity tests were performed to the samples obtained after the acetylation of Section 

IV.ii.4, namely, samples 1 and 4 of Figure IV.19, and using as substrate L-carnitine at a concentration 

of 5 mM. Sample 4 was chosen since it was suspected that the acetylation only occurred with 

acetyl-CoA, while sample 1 acted as control since it was the non-acetylated protein. 

Different concentrations of each sample were tested with 0.4 mM of NADH, since for lower 

concentrations of NADH, it acted as limiting reagent in the reaction, not allowing an adequate 

observation of how acetylation affected the activity of CaiC. The results are present in Table IV.9. 

Table IV.9- Results of activity tests obtained for the different concentrations of each of the reagents tested, namely 

non-acetylated CaiC, represented by 1, and acetylated CaiC, represented by 4.  

[Protein] (µM) 0 0.105 0.209 0.419 0.837 

Non-acetylated (1)  

(mOD/min) 
0 40.05 67.7 135.9 200.9 

Acetylated (4)  

(mOD/min) 
0 23.00 54.4 107.8 196.8 

By using the Beer–Lambert law, Equation 1, the specific activity was calculated for each of the reactions 

tested, present in Attachment (Table VIII.4 and Figure VIII.11). Specific activities of 1.182 U/mg and 

1.181 U/mg were obtained for the non-acetylated and the acetylated samples, respectively, thus 

presenting very similar values. Since the results indicated that the acetylation did not apparently 

influence CaiC function in any way, the kinetics of these samples were also studied in order to confirm 

the results. 

Figure IV.25 corresponds to the representation of the velocity in function of the protein concentration 

for each of the reactions tested. 

 

Figure IV.25- Representation of the reaction velocity (mOD/min) in function of the concentration of the CaiC protein 

(µM), acetylated (4) or not (1). 
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In these results, higher values for the sample that did not suffer acetylation were noted. Thus, it was 

concluded that acetylation somehow affected CaiC, which caused the decrease of its reaction velocity. 

Subsequently, the Km of both protein samples were compared, as visible in Table IV.10, and estimated 

by using the GraphPad Prism software, by performing a non-linear regression, more precisely 

Michaelis-Menten (http://www.graphpad.com/). 

Table IV.10– Values of Km (µM), Vmax and their respective standard error obtained for each of the reactions tested, 

namely non-acetylated CaiC, represented by 1, and acetylated CaiC, represented by 4. 

 Non-acetylated (1) Acetylated (4) 

Km (µM) 1.131 5.814 

Vmax 477 1568 

Standard Error 

Km 0.307 3.049 

Vmax 84.63 734.8 

The difference between the Km of the different reactions was considerable, indicating that the 

acetylation affected somehow the ability of CaiC to ligate with the substrate and execute its function. 

Vmax, the maximum reaction velocity, was also considerable different. The lowering of the affinity of 

CaiC to the substrate could indicate some kind of alteration in its conformation, which could result in an 

exposure of a previous inaccessible active site that would therefore allow an increase in the amount of 

substrate ligated to CaiC, and consequently in its velocity. However, this is only a hypothesis that should 

be verified resorting to other tests. In addition, more replicates should be performed in order to validate 

these results.   
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V. CONCLUSIONS  

L-Carnitine production research in E. coli, a model organism for molecular biology, is becoming more 

and more common. Owning an inducible, active and carrier-mediated uptake system for L-carnitine, and 

having a widely studied and characterized L-carnitine metabolism, confer advantages to this bacterium 

among other species. The capability to revert the L-carnitine pathway, allowing the production of 

L-carnitine instead of its consumption, proved to be extremely useful and is nowadays very focused on 

in a variety of studies. 25,46,77,84,87 

Knowing better the genes belonging to the caiTABCDE operon, could allow to improve and optimize the 

production of L-carnitine in E. coli, therefore, this project was focused on in one of those genes, namely 

caiC. The goal of this project was to clone and overexpress CaiC protein and gather some information 

about caiC and its encoded protein structure, activity and acetylation impact. 

The cloning of CaiC was successfully accomplished. The procedures performed during the process 

were constantly controlled, either by gel electrophoresis of nucleic acids, by sequencing or by using 

control samples. The controls always presented results according to the expected, for example, the 

length of the CaiC gene or of the pRSET A plasmid, or the identity percentage of the sample with the 

original sequence of caiC after sequencing. In conclusion, an acceptable concentration of the sample 

and the conditions to proceed to the overexpression of CaiC protein were attained. 

For the protein expression and purification, several replicates were needed to be performed in order to 

optimize the process and obtain relevant results. Once again, the results were constantly confirmed, 

either by protein electrophoresis or by the Bradford method. It was necessary to identify the holding time 

needed after the protein expression induction that allowed to obtain the highest concentrations of CaiC, 

the right elution and dialysis buffer and the right conditions to store the samples. Conclusively, only after 

the optimization, pure protein was obtained in relevant concentrations and that was not completely in 

an aggregated form. 

The performed assays about the protein structure, activity and acetylation impact, allowed to obtain new 

information and evidences about CaiC. Native gel electrophoresis and column permeation allowed to 

infer that the native conformation of CaiC was likely tetrameric. Activity tests by varying protein 

concentration with fixed concentration of L-carnitine allowed to obtain the specific activity. Different 

substrates, namely crotonobetaine, γ-butyrobetaine, D- or L-carnitine, indicated Michaelis-Menten 

kinetics and proved the higher affinity of CaiC with L-carnitine. These information about the affinity of 

the substrates to CaiC had not been yet reported in other studies, being therefore, the first time it was 

stated. It was also proved that CaiC was not acetylated in the beginning of the process, being only 

acetylated with acetyl-CoA and that acetylation in vitro affected the activity by lowering CaiC affinity with 

the substrate. 

In conclusion, it was possible to achieve the objective of this work, namely, the cloning, the 

overexpression and purification of CaiC and the study of its structure, activity and acetylation impact. 

The best conditions for CaiC production were attained by the optimization of several variables, which 

improved the results, and allowed to obtain new information that had not been previously stated.  
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VI. FUTURE WORK  

Research about L-carnitine production is increasing considerably, however, there is still a great path to 

tread. The results obtained in this project helped obtain more information about caiC and its encoded 

protein which was not yet published, and may help in the development of new strategies in the 

optimization of L-carnitine production. Nonetheless, some aspects in this project still need to be more 

detailed and optimized. 

In the protein purification, despite the several attempts to optimize the process and obtain purified CaiC 

in considerable concentration, protein aggregation was still observed in the beginning of the 

electrophoresis gel, both in the native as in the polyacrylamide. Even with low concentrations of 

imidazole, CaiC was found aggregated. Therefore, an alternative could be changing the elution buffer, 

which could include lowering the pH, adding EDTA or using L-histidine. Yet, EDTA is not advised for the 

column used, which excludes this hypothesis or requires a change of column. However, several tests 

are required with either of the hypothesis since lowering the pH might interfere with protein activity by 

denaturation and EDTA could be binding important metal co-factors. 116 

Despite the native conformation of CaiC was likely a tetramer, the verification of the structure should be 

attempted in a sample whose spectrum presents less noise, since some of the peaks were neither from 

CaiC nor from the dialysis buffer, indicating some kind of contamination. 

The new information about the affinity of the different substrates with CaiC can help some other 

researches but also give a clue in which direction it should be followed to reach the optimization of the 

process. 

In the acetylation, some doubts emerged due to the lack of acetylation with acetyl phosphate or with 

patZ, being only registered with acetyl-CoA. Despite having been verified in a replicate, more tests 

should be performed in order to understand better how CaiC is acetylated. Equally, the activity of CaiC 

seemed to have been affected due the acetylation, however, due to the lack of replicates it could not be 

confirmed. More studies about its effect in CaiC and replicates should be performed. Also, the 

acetylation tests were performed in vitro which still leaves open a confirmation of the results in vivo, as 

of now not yet studied. 

Overall, in the future, there is still work to do with CaiC, as, for example, additional studies in the in vitro 

CoA-transferase activity of CaiC, including the understanding of what causes that additional ability, or 

studies of how the overexpression of CaiC interferes in the whole pathway 24,46.  
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VIII. ATTACHMENTS 

 

Figure VIII.1- DNA ladder for agarose gel electrophoresis. 

 

Figure VIII.2- Protein ladder with SDS for the polyacrylamide gel electrophoresis. 

 

Figure VIII.3- Protein ladder without SDS for native polyacrylamide gel electrophoresis.
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Figure VIII.4- Protocol for plasmid purification- GeneJETTM Plasmid Miniprep Kit.
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Figure VIII.5- Protocol for PCR sample purification- GeneJET PCR Purification Kit 
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Figure VIII.6- Comparison between the original sequence of caiC (sbjct) and the sequence of the recombinant 

plasmid PCR plasmid + CaiC 5 obtained from Section IV.i.5 (query). A) Sequence of the recombinant plasmid 

obtained with forward primer, with an identity percentage of 97%. B) Sequence of the recombinant plasmid obtained 

with reverse primer, with an identity percentage of 97%. 

 

Figure VIII.7- Comparison between the original sequence of caiC (sbjct) and the sequence of the recombinant 

plasmid PCR plasmid + CaiC 6 obtained from Section IV.i.5 (query). A) Sequence of the recombinant plasmid 

obtained with forward primer, with an identity percentage of 99%. B) Sequence of the recombinant plasmid obtained 

with reverse primer, with an identity percentage of 98%. 

A B 
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Table VIII.1- Concentrations of the standard protein obtained by the Bradford method at 595 nm for the kinetic 

induction, purification IV and purification V. 

 Abs 595nm 

[Standard Protein] (mg/mL) Kinetic Induction Purification IV Purification V 

1.000 0.930 0.955 1.123 

0.750 0.842 0.699 0.896 

0.250 0.589 0.533 0.590 

0.125 0.576 0.410 0.510 

0.025 0.396 0.342 0.438 

0.000 0.317 0.314 0.354 

 

 

 

Figure VIII.8- Calibration curves of the Bradford method for kinetic induction, purification IV and purification V. 

Representation of the reaction velocity (mOD/min) in function of the standard protein concentration (mg/mL). 
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Table VIII.2- Values of time and of logarithmic molecular weight for the calibration curve needed for GPC. Values 

of each of the compounds of the standard buffer, namely bovine thyroglobulin, IgA, IgG, ovalbumin and myoglobin, 

and of uridine. 

 Compound kDa Time (min) Ln (kDa) 

S
ta

n
d

a
rd

 b
u

ff
e
r Bovine thyroglobulin 670 4,351 6,507 

IgA  300 4,963 5,704 

IgG 150 5,783 5,0110 

Ovalbumin 44.0 6,712 3,784 

Myoglobin 17.0 7,388 2,833 

 Uridine 0,244 8,715 -1,411 

 

 

Figure VIII.9- Calibration curve for GPC, which allows the discovery of the molecular weight of the proteins tested 

in GPC due to the obtained calibration curve equation. Ln(kDa) as a function of time (min). 
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Table VIII.3- Values of mass (mg), of the reaction velocity (mOD/min) and of the enzymatic activity (µmol/min) of 

CaiC for the calculation of specific activity of CaiC. 

Enzyme mass (mg) v (mOD/min) Enzyme activity (µmol/min) 

0.00000 0.000 0.000000 

0.000650 6.410 0.000396 

0.00130 9.310 0.000576 

0.00260 18.810 0.00116 

0.00519 33.210 0.00205 

    

Figure VIII.10- Specific enzyme activity of CaiC obtained with the Beer–Lambert law. Representation of enzyme 

activity (µmol/min) in function of enzyme mass (mg). 
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Table VIII.4- Values of mass (mg), of the reaction velocity (mOD/min) and of the enzymatic activity (µmol/min) of 

CaiC for the calculation of specific activity for each of the reaction tested, namely non-acetylated CaiC, represented 

by 1, and acetylated CaiC, represented by 4. 

 Non-acetylated (1) Acetylated (4) 

Enzyme mass (mg) v Act. v Act. 

0.00000 0 0.000 0 0.000 

0.000650 40.05 0.00124 23.0 0.000711 

0.00130 67.7 0.00209 54.4 0.00168 

0.00260 135.9 0.00420 107.8 0.00333 

0.00519 200.9 0.00621 196.8 0.00609 

 

 

Figure VIII.11- Specific enzyme activity of CaiC obtained with the Beer–Lambert law. Representation of enzyme 

activity (µmol/min) in function of enzyme mass (mg) for each of the reaction tested, namely non-acetylated CaiC, 

represented by 1, and acetylated CaiC, represented by 4.  
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