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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 M, 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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INTRODUCTION: 

L-Carnitine is gaining more and more importance since 
its demand has increased widely, therefore, studies 
aiming to improve and optimize its biotechnological 
production are raising interest. 

The main role of L-carnitine 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 1,2.  

For the biosynthesis of carnitine in eukaryotes, it was 
demonstrated that the precursors were lysine and 
methionine 1,3. In animals it is produced in the liver and 
kidneys and stored in tissues where fatty acids are used 
as a dietary fuel, like skeletal muscle which represents 
circa 90% of the total human body’s store. The 
remaining organs must obtain L-carnitine from the 
circulatory system 3–5. In humans, some tissues are able 
to synthesize L-carnitine, however not in enough 
quantity to match the body requirements, thus,  
approximately 75% of carnitine has to be obtained 
through diet 6. 

The shortage of L-carnitine has several effects in 
unicellular and multicellular organisms. The intracellular 
deficiency disturbs the regulation of the 
intramitochondrial free CoA; the entrance of long-chain 
fatty acids into the mitochondrial matrix, which impair 
β-oxidation and energy production; and leads also to the 
accumulation of lipids in the cytosol 5,7–9. In eukaryotic 
multicellular organisms it is known two types of 
L-carnitine deficiency, the primary and secondary. 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 10,11.  

L-Carnitine applications can go from treatment of 
carnitine deficiency, as a treatment of other diseases or 
even for improvement of athletic performances. It was 

also demonstrated that L-carnitine might be helpful in 
cancer, HIV and AIDS, and in aging, however further 
studies are needed 12–16. 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 6,17.  

In order to produce an optically pure form of L-carnitine, 
several types of procedures can be followed, which can 
be divided in chemical or biotechnological synthesis. 
However, 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 18,19. Therefore, using 
microorganisms and enzymes was considered for 
biotechnological synthesis. In bacteria it has been 
proven de novo synthesis of N-trimethil-lysine, which 
would supposedly allow in its turn, the possibility of de 
novo synthesis of L-carnitine, despite it has not been 
demonstrated yet 6,20. Therefore, precursors are needed 
for the bacterial synthesis of L-carnitine. The 
biotechnological processes can be divided in two 
categories, namely, synthesis from racemic mixtures 
and achiral precursors, being the latter one a better 
strategy since it provides higher enantiomeric purity with 
higher yields. 17,18,21  

The best conditions for the production of L-carnitine, 
with higher yield and carnitine metabolism induction, is 
using resting cells in anaerobic environment. It was 
verified in several species, highlighting Escherichia coli 
18. In anaerobic environment and in the absence of 
common electron acceptors, E. coli can use carnitine as 
final electron acceptor, but needs also the presence of 
additional carbon and nitrogen sources, since carbon 
and nitrogen from carnitine are not assimilated 6. 

The genes involved in L-carnitine metabolism in E. coli 
comprise two divergent operons, caiTABCDE and 
fixABCX 6. While caiTABCDE will be responsible for 



encoding the carnitine biotransformation enzymes, 
fixABCX will be responsible for encoding putative 
flavoproteins involved in anaerobic carnitine respiration 
22. 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 23. 

The use of L-carnitine 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. CPR and FNR regulate positively the 
expression of the operons caiTABCDE and fixABCX, 
but H-NS regulate them negatively. 6,22,24,25 

The operon caiTABCDE is composed by six genes. 
CaiT produces a membrane-bound transporter, more 
precisely an antiporter, with the function of carnitine and 
related betaines transportation 6,18,22,24,26. CaiA encodes 
for a crotonobetainyl-CoA reductase, responsible for the 
reduction of crotonobetainyl-CoA to 
γ-butyrobetainyl-CoA, an irreversible reaction. The 
electrons needed for this reaction are provided by 
FixABCX proteins 6,18,22,24,27. CaiB is a CoA transferase 
and is responsible for the inexpensive exchange of CoA 
between betaines 6,22,24,26,28. caiC encodes an 
ATP-dependent betainyl-CoA ligase. It activates 
trimethylammonium compounds by adding a CoA 
group, being specific for carnitine, crotonobetaine and 
γ-butyrobetaine 6,18,22,24,26,29. 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 carnitinyl-CoA to crotonobetainyl-CoA 
22,27,29. The racemase function was also attributed to 
CaiD, contributing to the conversion of D-carnitinyl-CoA 
to L-carnitinyl-CoA 6,24. The last gene CaiE encodes a 
protein whose function is still unclear 6,26.  

In the present project it will be approached the strategy 
of overexpression of caiC, which has a length of 1554 
bp, and the corresponding protein has a molecular 
weight of 58.559 kDa 30,31. It will be studied which are 
the preferred substrates of CaiC, and with which 
specificity 27. It will be also studied how CaiC activity 
was regulated by acetylation, taking into account that 
CaiC shared sequence homology to domains occurring 
in AMP-binding enzymes, for example, acetyl-CoA 
synthetase, which was shown to be acetylated in E. coli 
for a post-translational regulation 26,31,32. 

MATERIALS AND METHODS 

STRAINS 

Escherichia coli K-12 BW25113 was used for genomic 
DNA extraction, from which caiC gene was amplified. 
The plasmid pRSET A was obtained from the E. coli K-
12 DH10B, where it was also propagated. For the 
transformation of the recombinant plasmid, competent 
cells of the strain E. coli K-12 TOP10F’ (Invitrogen) were 
used. This K-12 strains lack 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. The stocks of the strains E. coli K-12 TOP10F’ 
and BL21 were stored with glycerol 20% v/v at -80ºC. 

CLONING 

Primers design 

caiC sequence was obtained from Escherichia coli K-12 
strain BW25113 in EcoCyc31. To identify which 
restriction enzymes would cut caiC sequence, an online 
tool was used, namely NebCutter33. As a result of this 
selection process, XhoI and HindIII (Thermo Scientific) 
restriction sequences were chosen. 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, 
and an inducible T7 promoter region for attaining high 
expression level (pRSET A, B and C user manual, 
Invitrogen). The next step was setting the suitable 
primer length to allow an optimal melting temperature 
(Tm) for the annealing of the primers to the plasmid, 
approximately 62 ºC. For that aim, the online tool Oligo 
Calc: Oligonucleotide Properties Calculator34 was used. 
To complete the primer, an extra sequence of 
nucleotides was needed, GGTGGT, which would allow 
the subsequent binding of the sequencing PCR primers. 
For the reverse primer, the sequence used from caiC 
had to be the reverse and complementary from the end 
of the sequence which was executed with the online 
tool, GenScript (http://www.genscript.com/sms2/rev 
_comp.html). 
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 
The restriction site is underlined. 

PCR of caiC gene 

5x Phusion HF Buffer (final concentration of 1X), dNTPs 
at 2 mM (final concentration of 200 µM), primers 
(forward and reverse) with 0.5 µM, genomic DNA from 
BW25113 at 2%, phusion polymerase at 0.02 U/µL, and 
molecular biology water to complete a total volume of 
50 µL, were needed. Each mixture was inserted in a 
thermal cycler, Mj Research PTC-200 (Bio-Rad), where 
it was applied a program that consisted in an initial 
denaturation of 30s at 98 ºC, followed by 30 cycles of 
annealing of 30s at 59 ºC, extension of 1min 10s at 72 
ºC, denaturation of 10 s at 98 ºC, and a final step of a 
longer extension phase and cooling (less than 2 min).  

Plasmid production and purification 
E. coli K-12 DH10B containing the plasmid pRSET A 
was spread over the surface of the LB medium in Petri 
dishes and incubated at 37ºC for some hours until 
monoclonal colonies appeared. Afterwards the biomass 
was harvested and inserted in 3 mL of fresh LB medium 
and ampicillin, in a proportion of 1:1000, for an 
incubation at 37ºC with agitation at 250 rpm in a rotary 
shaker. After reaching the intended optical density, 
around 0.5, the tubes were centrifuged for 4 min at 
3000×g. For plasmid purification GeneJETTM Plasmid 
Miniprep Kit (Thermo Fisher Scientific) was used. 

Purification of PCR products 

For PCR products purification, GeneJET PCR 
Purification Kit (Thermo Fisher Scientific) was used. For 
the purification of the digested plasmid and PCR 
product, the elution buffer was molecular biology water. 



Hydrolysis of plasmids and caiC 

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 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. In case the 
sample was the plasmid, in order to avoid its 
auto-ligation, 2 µL of alkaline phosphatase was added 
to each vial and then placed in the thermal cycler, for 10 
min at 37 °C and 10min at 75 °C for alkaline 
phosphatase inactivation.   

Analysis of the concentration of the digested 
plasmid and caiC 

NanoDrop One Microvolume UV-Vis 
Spectrophotometers (Thermo Scientific) was used to 
analyze the concentration in the range of ng/µL and 

purity of the samples, ratios  
𝐴260

𝐴280
 and 

𝐴260

𝐴230
. 

Ligation between insert and plasmid  

Plasmid and caiC, in quantities that allowed the 
obtaining of 100 ng of plasmid and the proportion of 
vector and PCR product of 1:5 mole/mole, were added 
to 2 µL of ligation buffer and 0.2 µL of T4 DNA ligase 
(Thermo Scientific). The total volume of 20 µL was 
obtained with molecular biology water. The mixture 
placed into the thermal cycler for 16h at 22°C.  

Transformations of the strains  

For the insertion of the modified plasmid into competent 
cells of E. coli K-12 TOP10F’ strain, 50 µL of competent 

cells were added with 10 µL of the plasmid with the 
insert. Then, the mixture was stored in ice for 30 min 
and subsequently 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 with 1 mL of liquid LB 
medium without antibiotic. The mixture was placed in an 
incubator for an hour at 37°C and then 100 µL were 
transferred to a platting dish containing ampicillin 
(1:1000). The plates were kept at 37ºC overnight. If it 
was intended to obtain an increased amount biomass, 
3 mL of liquid LB medium that contained ampicillin was 
used and incubated for 5h to 6 h. These cells were 
afterwards stored in cryo tubes with glycerol 40% 
at -80ºC but also in plates. 

Sequencing PCR 

Plasmids were extracted from biomass for sequencing. 
The sequencing PCR 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 specific 
for sequencing that can hybridize with GGTGGT 
sequences in the extremes of the insert, 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. PCR 

product was purified with GeneJET PCR Purification Kit 
(Thermo Fisher Scientific). 

Sequencing  

The sequencing PCR product was sequenced by the 
fluorescent terminator method and capillar 
chromatography. Chromatogram registration was 
performed with a single-capillar analyzer ABI Prism 310 
(Applied Biosystems).  

Gel electrophoresis of nucleic acids 

Each of the steps during the cloning were confirmed 
with a gel electrophoresis. The electrophoresis gel for 
nucleic acids, agarose 1%, contained as stain Red Safe 
Nucleic Acid Staining Solution (iNtRON Biotechnology 
INC) which was added in a proportion of 1:20. The 
samples added contained as stain 10x FastDigest, 
Green Buffer (Thermo Scientific), in a proportion of 1:10. 
The molecular weight marker used was exACTGene 
DNA Ladder (Fisher Scientific) and the buffer implied in 
the electrophoresis was TAE buffer 1% originated from 
the dilution of the TAE 50 x (2.0 M Tris acetate, 0.05 M 
EDTA at pH 8.2-8.4 (at 25°C)). Electrophoresis 
conditions were constant current (120 A) at an 
appropriate variable voltage.  

PROTEINS EXPRESSION 

Induction of protein expression 

The transformed E. coli BL21 was harvested from the 

plates and added to 3 mL of the fresh liquid LB medium, 
containing ampicillin in a proportion of 1:1000, which 
was then incubated with an agitation of 250 rpm at 30°C 
during the night. Subsequently, cells were transferred to 
a flask containing 200 mL of the liquid LB medium and 
ampicillin in a proportion of 1:1000 and left incubating 
again at 250 rpm and 37ºC. To induce the protein 
expression, Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) (Thermo Fisher Scientific) at 1M was added to 

the medium in a proportion of 1:1000 and incubated for 
more 1h in the same conditions. 

Purification of proteins 

The incubated cells were disposed in 200 mL flasks and 
centrifuged at 4°C, with agitation speed of 10577×g, the 

correct code of the rotor and a process time of 20 min. 
The pellet was washed with 5 mL of NaCl 0.9 % 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 last centrifugation 
was performed twice. The pellet was washed with 10 mL 
Native Binding Buffer 20 mM [3M imidazole (3M 
imidazole, 500mM NaCl and 20mM of phosphate buffer) 
and 1xNative Binding Buffer (50mM NaH2PO4, pH 8, 0.5 
M NaCl)] and then sonicated 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. The supernatant was added to the His-tag 
column, namely His GraviTrap (GE Healthcare Life 
Science) prepacked with Ni Sepharose 6 Fast Flow. The 
next step was the washing of the residues with 10 mL of 
Native Wash Buffer 50 mM (3M imidazole, 1xNative 
Binding Buffer) and the posterior elution of the protein 
with 2.5 mL of each of the Elution buffers, firstly with 
Native Elution Buffer 150 mM (Native Wash Buffer 50 
mM, Native Elution Buffer 250 mM) and then with Native 
Elution Buffer 250 mM (3M imidazole, 1xNative Binding 
Buffer). 

Dialysis 

2.5 mL of the purified protein of each elution buffer were 
placed in Pur-A-Lyzer Maxi 6000 (Sigma-Aldrich), which 

were placed in 1L dialysis buffer (50 mM of monobasic 
potassium phosphate, 200 mM of sodium chloride,10% 
of glycerol at pH 7.5) during the night with modest 
agitation and at low temperature. 



Protein electrophoresis with polyacrylamide gel at 
10% 

A polyacrylamide gel at 10% was prepared. The loaded 
samples, total volume of 20 µL, contained, in a 
proportion of 1:3, a 4x stain (250 mM Tris-HCl pH 6.8, 
40% glycerol, 8% of Sodium dodecyl sulfat (SDS), 20% 
β-mercaptoethanol, 0.04% bromophenol blue). The 
mixture had to be previously denatured for 5 min at 95°C 
in the thermal cycler. The running buffer used came 
from the dilution of running buffer 10x pH 8.3 (1 L of 
molecular biology water, Tris with final concentration of 
25 mM, glycine with final concentration of 192 mM, SDS 
with final percentage of 0.1%).  During the 
electrophoresis, a constant voltage of 100V was applied 
for 30min in order to run and align the samples in the 
stacking gel and then 160V for 1 h to run the samples in 
the running gel. For the staining of the gel, PageBlue™ 
Protein Staining Solution was used during 30 min. 

Bradford Protein Assay 

5 µL of the sample mixed with 250 µL of Coomassie 
Brilliant Blue G-250 dye (Thermo Scientific) was loaded 

in reading plates which were then placed in the Synergy 
HT Multi-Detection Microplate Reader (BioTek). A 
calibration curve with several dilutions of 2 mg/mL BSA 
was prepared, such as 1000, 750, 500, 250, 125, 25 and 
0 mg/ml. All the measures were performed at 595 nm. 

Native electrophoresis 

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 
used was Precision Plus Protein (BioRAD) and the 

native running buffer was 1x, coming from the dilution of 
the 10x buffer pH 8.3 (1 L of molecular biology water, 
Tris with a final concentration of 25 mM, glycine with a 
final concentration of 192 mM). The constant voltage 
used was of 140 V at an appropriate variable voltage. 

Gel permeation chromatography 
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. A calibration curve 
was obtained with the readings of a mix prepared with 
24 µL of the standard mixture (bovine thyroglobulin, 
immunoglobulin A (IgA), immunoglobulin G (IgG), 
ovalbumin and myoglobin), 1 µL of uridine and 25 µL of 
monophosphate buffer. Beyond studying the protein, 
the buffer in which it was eluted was also tested singly. 
The detection was done by UV absorption, and the 
values read at 280 nm. 

Acetylation  

Two types of acetylation were performed, chemically 
with acetyl phosphate at 10 mM and enzymatically with 
patZ at 60 nM associated with acetyl-CoA at 10 mM.  As 
control, a test only with acetyl-CoA at 10 mM was 
performed. The protein used in each of the tests had a 
concentration of 10 µM in a total volume of 100 µL. The 
incubation with agitation in a thermoshaker (Grant-bio) 
followed for 1 hour.  

Western Blot 

The protein electrophoresis with polyacrylamide gel with 
the acetylated samples followed to western blot at a 
constant voltage, 20 V, for 15 min, using transfer buffer 

pH 8.3 (25 mM Tris-Base, 192 mM Glycine, 20 % 
Methanol). The blocking of the proteins in the Western 
Blotting Membrane (BioRad) occurred with BSA at 1% 

in 50 mL of TBST (50 mM Tris-base, 150 mM NaCl, 0.05 
% Tween 20). The primary antibody was an 
anti-acetyllysine rabbit antibody (Merck) diluted 1: 500 
in a mixture of 50 mL of TBST and BSA at 1%, while the 
secondary was diluted at 1:15000 in the same mixture 
composition. For the detection of luminescent reaction 
in Amersham Imager 600 (GE Healthcare Life Science), 
the detection reactive Pierce ECL Western Blotting 
Substrate was added (Thermo Fisher). 

Activity tests 

The master mix used in the procedure was composed 
by phosphoenolpyruvic acid (PEP) at 3 mM, 
nicotinamide adenine dinucleotide reduced form 
(NADH) at 0.4 mM, adenosine triphosphate (ATP) at 2.5 
mM, dithiothreitol (DTT) at 1 mM, coenzyme A (CoA) at 
1.5 mM and MgCl2 at 5 mM. Also 1 µL of each of the 
enzymes, namely myokinase (MK) at 5 U/mL, pyruvate 
kinase (PK) at 1 U/mL and d-lactate dehydrogenase 
(LDH) at 1.5 U/mL, was added. The final volume, 200 
µL, was completed with phosphate buffer 50 mM pH 7.5. 
Each of the substrates, crotonobetaine, 
γ-butyrobetaine, L and D-carnitine, were used firstly at 
constant concentration, 5mM, and varying the 
concentration of the protein. Afterwards, the protein 
concentration was fixed, being 200 for crotonobetaine, 
100 for γ-butyrobetaine, 200 for L-carnitine and 50 for 
D-carnitine, and the substrate concentration was varied. 
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. 

RESULTS 

CLONING 

caiC 

After performing the PCR, products were checked in 
agarose gel electrophoresis. Results are shown in 
Figure 1. 

 
Figure 1- Gel electrophoreses of nucleic acids from caiC PCR. 

In Figure 1 bands exactly at the expected place were 

observed, namely near 1500 bp, according to the 1554 
bp of caiC. Afterwards, the samples were mixed due to 
the lower intensity of the bands demonstrated in the gel. 
Except PCR 2, that did not presented any result, all the 
others were purified in order to separate it from the 
remaining components of the PCR, and digested to 
allow for the correct ligation of the pRSET A. Both 
processes were verified by gel electrophoreses of 
nucleic acids, Figure 2, where both results presented 

bands located at the similar bp, near 1500 bp  

 
Figure 2- A) Verification of the purification of the PCR samples, 
namely sample 4 and the combination of samples 1 and 3. B) 
Hydrolysis, with Xho and HindIII, and second purification of 
caiC from the mixture of the samples 1+3+4. 



Plasmid pRSET A 

The samples of purified plasmids were ran in an 
agarose gel in order to confirm its presence. Since the 
length of the plasmid was of 2900 bp, it was expected 
to observe bands near that value in Figure 3.  

 
Figure 3- Agarose gel of plasmid purification for 5 of the 12 
samples tested (all the samples presented a band at the same 
level). 

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. For the hydrolysis, the samples of Figure 3 

with lower intensity were mixed with the higher ones. 
After the hydrolysis, the plasmid acquired a linear 
structure, due to what it was not observed the further 
running of plasmid in the gel, and thus showing a length 
of 2900 bp in the gel of Figure 4. 

 
Figure 4- Results obtained after the hydrolysis of the plasmids. 
The different samples of plasmid where mixed, namely 
samples 3 and 7, 4 and 9, 2 and 12, 1 and 8, 5 and 10, 6 and 
11. 

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. The ratio  
𝐴260

𝐴280
  

indicates the purity of DNA and RNA. Values around 1.8 
are specific for pure DNA, while around 2 is 
representative of pure RNA. When lower of 1.8 it 
indicates presence of proteins, phenols or 

contaminants. 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. Therefore, PCR caiC 4+6+7 obtained the 
best results, with a concentration of 36.0 ng/µL, a DNA 
purity of 1.92 and a secondary purity of 1.18. The best 
sample of the plasmids, pRSET A 8+18, obtained a 
concentration of 15.1 ng/µL, a DNA purity of 1.99 and a 
secondary purity of 0.63. Those were the samples 
chosen to proceed the study.  

Ligation between the insert and plasmid 

By knowing that the ligation protocol was prepared for 
100 ng of plasmid and that the plasmid sample had a 
concentration of 15.1ng/ 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, 2900bp, of the insert, 
1554bp, and the concentration of the caiC sample of 
36.0ng/ µL, a needed volume of the caiC insert of 
7.44µL was calculated for each ligation sample. For the 

verification of the correct ligation between the caiC 
insert and the plasmid, a DNA electrophoresis was 
performed, Figure 5. 

 
Figure 5- Purified plasmids with the caiC insert represented 
from 2 to 7. 

Due to the insertion and ligation of caiC, the plasmid 
gained again a circular structure. Taking into account 
the inclination of the gel, the samples presented bands 
at 2900 bp that could have been caused by the insertion 
of caiC. caiC 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. 

Sequencing PCR 

The samples used were the ones with the more intense 
bands in the gel of Figure 5, namely 4, 5 and 6, whose 

concentration and purity were studied. 

Table 1- 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 1, all the samples presented 

similar values of DNA purity, values around 1.8 shown 

in
𝐴260

𝐴280
. The sample PCR plasmid + caiC 4 presented the 

highest concentration, despite demonstrating also the 
highest presence of contamination, visible by the low 

value of 
𝐴260

𝐴230
, since it is out of the wanted range, 2- 2.2.  

Sequencing  

The obtained product from the sequencing was 
compared with the original sequence of caiC, by using 

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_ 
TYPE=BlastSearch). The sequences were acquired or 
by forward or by reverse primers and, in the second 
case, it was needed to reverse and complement the 
sequence, 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’. The sample 
with the highest identity percentage, both forward or 
reversed, was the PCR plasmid + CaiC 4, having an 
identity of 99% in both cases. Therefore, it was selected 
the PCR plasmid + CaiC 4, since it was the sample with 
the highest concentration, 31.7 ng/ µL, Table 1, and 

identity percentage. 



PROTEINS EXPRESSION 
Purification of proteins 

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 and 
tested with the Bradford method in order to identify their 
concentration. Several purifications were needed to 
optimize the process and obtain the highest 
concentration of CaiC. It was altered the time of protein 
expression after the induction, the concentration of 
imidazole in the elution buffer, the type of storage of the 
samples and the dialysis buffer, until obtaining the 
methodology described. With the optimized process, 
electrophoresis gel present in Figure 6 was obtained. 

 
Figure 6- Protein electrophoresis gel from the 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 150 mM imidazole 
and 6) Elution with 250 mM imidazole. 

In the elution sample, a band with very low intensity is 
observed at circa 60 kDa, which was expected due to 
the molecular weight of CaiC of 58.559 kDa and the 3 
kDa of the histidine tail. At the beginning of the gel an 
intense band was noticed, which could indicate that the 
protein might not have been able to enter the gel. This 
could occur due to the agglomeration of the protein, 
caused either by the buffer used in the elution, due the 
increased concentration of imidazole, or by the way of 
storage. With the Bradford method was obtained the 
concentration of the dialysis sample. Since the 
absorbance at 595 nm of the sample was of 0.811, 
using the calibration curve equation acquired by the 
Bradford method, Equation 1, the concentration of 

CaiC was estimated to be 0.649 mg/mL, this is 10.54 
µM.  

 
y = 0.707x + 0.399 

R² = 0.999 
(1) 

Native electrophoresis 

With the native gel electrophoresis, the native 
conformation and the state of aggregation of CaiC was 
studied, present in Figure 7. The sample tested was 

collected from the dialysis and after being frozen with 
liquid nitrogen and stored at -80ºC. 

 
Figure 7- Native gel of the sample obtained from dialysis after 
being frozen with liquid nitrogen and stored at -80oC. 

In the lane containing the sample is observable a very 
large band at the beginning of the native gel, possibly 
caused by the aggregated state of the protein. However, 
a more intense region was identify at circa 250 kDa. 

Since the molecular weight of the CaiC protein is 58.559 
kDa, and adding the 3 kDa of the histidine tail, 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. With 
a replicate it was obtained the same result. The band 
present at 25 kDa resulted from a contamination from 
another sample tested in the nearby well.  

Gel permeation chromatography 

To confirm the suspicion that CaiC is a tetramer in its 
native conformation, gel permeation chromatography 
was used. After the readings of the retention time for the 
standard mixture, a calibration curve was prepared, 
Equation 2, which allowed estimating the molecular 

weight of CaiC and its native conformation. 
 y = -0.839x + 9.841 

R² = 0.994 
(2) 

Besides the readings for the standard mixture, it was 
also performed for the dialysis buffer, Figure 8, and for 
the sample containing CaiC, Figure 9. 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 8- Spectrum obtained from gel permeation 
chromatography of the dialysis buffer. 

 

Figure 9- Spectrum obtained from gel permeation 
chromatography of the CaiC sample, repetition 2. 

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. Using the calibration 
curve, Equation 2, the value of molecular weight 

obtained for CaiC was circa 250 kDa. This result was 
obtained in all the three repetitions of the procedure. 
Thus, it is possible to deduce that the native 
conformation of CaiC is likely a tetramer.  

Since both tests performed, native gel and permeation 
column, obtained the same results, it was concluded 
that the native conformation of CaiC is likely a tetramer. 

Acetylation 

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 35. 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 
36. 

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 37. For the enzymatic 
acetylation patZ, which is the best-known protein 
acetyltransferase in E. coli, was used in combination 
with acetyl-CoA. 37 

Thus, samples 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 in 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. The verification of the 
results were done by Western Blot. 

Western blot 
For the verification of the acetylation, both protein 
electrophoresis and a western blot were performed, and 
the results were obtained as a polyacrylamide gel and a 
chemiluminescence image, present in Figure 10. 

 

Figure 10.A) Protein electrophoresis from the purified CaiC to 
be used in the western blot. B) Western blot of the purified 
CaiC. 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. 

In Figure 10.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 10.B indicated where the chemiluminescence 

was greater. 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 the samples 3 and 4 than 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, this 
is, by acetyl-CoA instead of patZ. 

A replicate to verify the results was performed. Once 
again, it was possible to identify a band with low 
intensity at 60 kDa, indicating the presence of CaiC in 
the samples. In the chemiluminescence image, a black 
band in the sample 3 was once again visible, confirming 
that CaiC was acetylated by the patZ and acetyl-CoA 
mixture, while the sample 2 had once again no visible 
band in the image, indicating that with acetyl phosphate 
the 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. 

Activity tests  
caiC activity 

Activity tests were performed in order to confirm the 
betainyl-CoA ligation activity of CaiC, but also to 
observe if the acetylation affected in any way its regular 
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 initial concentration 
of 10.54 µM, were tested in order to find the one that 
allowed the most significant variation of the activity with 
the variation in substrate concentration. 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 
Activity tests 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 from all the samples and knowing their 
concentrations, the Beer–Lambert law, present in 
Equation 3, was applied to calculate the activity of 

CaiC. 
 𝐴 = 𝜀𝑐𝑙 (3) 

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 37. 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 
obtained by representing the enzyme activity in function 
of the enzyme mass and by creating a tendency line, 
whose slope was the specific activity of the enzyme.  
It was obtained the Equation 4, with a specific activity 

of 0.388 U/mg. 

 y = 0.388x + 8x10-5 
R² = 0.993 

(4) 

After knowing the range of concentration of the protein 
for each substrate, the concentration of the substrates 
was varied. 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 
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 caiTABCDEF operon in Proteus sp. presented  
Michaelis-Menten kinetic 26. Those proteins had high 
identity percentages relatively to E. coli, allowing to 
suppose that in E. coli the proteins kinetics could be the 
same, which was also proved by other studies in E.coli 
for some of the proteins, namely CaiD28. 

For each substrates three experiments were performed. 
Relatively to crotonobetaine, and not relying the peak in 
experiment 1, overall, the curves presented a normal 
Michaelis-Menten kinetics behavior (dilutions of 200 
and 100). 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, 
concentrations of the substrate up to 5mM, presented in 
general the same values in the different experiments, 
which could indicate the saturation of the enzyme. For 
γ-butyrobetaine, experiments 1 and 2 present a curve 
with a typical Michaelis-Menten kinetics behavior. The 
difference between the two experiments consisted of 
the quantity of CaiC protein applied, where the lower 
quantity (dilutions of 100 and 500) corresponded to a 
lower velocity. In experiment 3 the highest quantity of 
protein was used (dilution of 50), which was observable 
by the highest velocity registered. With γ-butyrobetaine 
was not identified the saturation value. For D-carnitine, 
in experiment 1 (dilution of 50), despite an increase was 
observed in the whole curve, it had some oscillations, 
thus, it was replicated. In the replicate the oscillation 
was not observed, presenting a normal 
Michaelis-Menten kinetics behavior. However, the 
maximum velocity value was lower than in the first 
experiment, which was 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 (dilution of 25) and the 
velocity reached higher values. The curve presented 
some oscillations, but an increase was nonetheless 
verified, presenting a normal Michaelis-Menten kinetics 
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 6. Experiment 1 and 3 both presented 
a curve corresponded with 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 
resulted in a higher velocity being reached, however, for 
concentration above 2 mM of L-carnitine, significant 
oscillations were observed, even with decreases of 
velocity. 

Overall, at least one of the experiments for each 
substrate presented a decrease in the velocity 
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 the assumption. Therefore, further 
investigation is needed to observe if this phenomenon 
has any cause transversal to all experiments. 

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 enzyme and 
substrate concentrations, therefore, 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, however, 
since the experimental conditions were always the 
same, the effect in Km was not expected to change with 
the same substrates. Km indicates the concentration of 
the substrate for which the reaction rate is half of the 
maximum velocity. 38  

Table 2- Mean of the values of Km (mM), the standard error 
and the percentage of error obtained of the different activity 
tests from the different substrates, namely, Crot.-
crotonobetaine, γ-butyro.- γ-butyrobetaine, D-carn.- 
D-carnitine and L-carn.- L-carnitine. 

 Crot. γ-butyro. D-carn. L-carn. 

𝑲𝒎 (mM) 0.500 0.485 3.567 0.250 

Standard 
error 

0.353 0.208 1.090 0.130 

% of error  70.725 42.835 30.546 52.010 

Small values of Km indicate that the enzyme, in this 
case CaiC, requires only a small amount of substrate to 
become saturated. In Table 2 the lowest Km was 

obtained from L-carnitine, presenting a value of 0.250 
mM. This result was expected since the pathway in E. 
coli is naturally oriented to consume L-carnitine and 
produce other betaines 6,23. 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, 
the result might be in accordance seeing that the affinity 
of CaiC to this substrate is considerably lower than for 
the other betaines 19.  

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. 

Acetylation tests in CaiC 

The activity of the acetylated protein was compared to 
that of the normal protein. Therefore, activity tests were 
performed to the samples obtained after the acetylation, 
namely, samples 1 and 4 of Figure 10, and using as 

substrate L-carnitine with a concentration of 5 mM. 
Sample 4 was chosen since it was suspected that the 
acetylation only occurred with acetyl-CoA.  

Different concentrations of each of the samples 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.  



By using the Beer–Lambert law, Equation 3, the 

specific activity was calculated for each of the reactions 
tested, by representing the enzyme activity in function 
of the enzyme mass and by creating a tendency line, 
where the slope was the specific activity of the enzyme. 

 y = 1.182x + 0.0004 
R² = 0.966 

(5) 

 y = 1.181x + 6 x10-5 
R² = 0.997 

(6) 

Specific activities of 1.182 U/mg (Equation 7) and 1.181 
U/mg (Equation 8) 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. 

In the kinetics, higher values were noted for the sample 
that did not suffer acetylation. 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 3 and estimated by using the tool GraphPad 
Prism by performing a non-linear regression, more 

precisely Michaelis-Menten (http://www.graphpad 
.com/).  

Table 3–Values of Km (µM), Vmax and their respective 
standard error obtained for each of the reaction 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 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 recombinant to CaiC, and consequently in its 
velocity. However, this is only a hypothesis that should 
be verified resorting to other tests. 

CONCLUSION AND FUTURE WORK 
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 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. 
18,22,23,27 

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. 
However, in the end of this project, some aspects still 
needed to be deepened and optimized, proving that 
there is still a great path to be followed. 

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. 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 concentration and that 
was not completely in an aggregated form. In the future 
it would be advisable to find a way to avoid the 
aggregation of the proteins, since it was not totally 
accomplished. 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. 

The performed assays about the proteins 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. However, 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. 

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 a Michaelis-Menten kinetic 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. This new 
information can help some other researches but also 
give a clue in which direction it should be followed to 
reach the optimization of the process. 

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 
this part of the study, some doubts emerged due to the 
lack of acetylation with acetyl phosphate or with patZ, 
being only registered with acetyl-CoA. 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.  

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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