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Abstract 

The Arabidopsis thaliana glycosyltransferase UGT72B1 is one of many enzymes which catalyze the reaction of 
linking a glucose moiety from UDP-glucose to an acceptor molecule, in this case a chloroaniline or a 
chlorophenol. This is part of a detoxification system of the plant cell, similar to that in humans where a 
glucuronosyltransferases are enabling drug metabolism. It would be of interest to investigate the activity of the 
human enzyme towards different pharmaceuticals and determine the effect the linkage of glucose has to 
properties of the compounds. However, the human enzymes are membrane proteins and thus difficult to purify 
and crystallize. Here, an attempt was made to instead change the substrate specificity of UGT72B1 from UDP-
glucose to UDP-glucuronic acid. Combination of the four point mutations G18S, P139R, W367S and AG387ED 
were introduced in UGT72B1. However, no UDP-glucuronic acid activity was obtained. Single mutants W367S 
and AG387ED retained similar activity as of the wildtype while P139R had highly reduced activity and G18S was 
not expressed at all. All other combinations of mutations resulted in even less activity. Four chimeric proteins 
were also constructed. They were combinations of the UGT72B1 and the human enzyme UGT2B4. These were 
all soluble proteins but no activity could be determined. 
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Sammanfattning 

 
Glykosyltransferaset UGT72B1 från Arabidopsis thaliana är ett av många enzymer som katalyserar reaktionen 
där en glukosenhet från UDP-glukos länkas till en acceptormolekyl, i det här fallet en kloranilin eller en 
klorfenol. Det är en del av ett detoxifieringssytem i växtcellen, som liknar det i människan, där ett 
glukuronosyltransferas möjliggör nedbrytning av bl.a. läkemedel. Det vore intressant att kunna undersöka de 
humana enzymernas aktivitet mot olika läkemedel och även fastställa effekten glukoslänkningen har på dessa 
substansers egenskaper.  De humana enzymerna är dock membranprotein och är därför svåra att rena fram 
och att kristallisera. Här har istället ett försök gjorts för att ändra substratspecificiteten hos UGT72B1 från UDP-
glukos till UDP-glukuronsyra. Kombinationer av de fyra punktmutationerna G18S, P139R, W367S och AG387ED 
introducerades i UGT72B1. Ingen aktivitet med UDP-glukuronsyra erhölls dock. Enkelmutanterna W367S och 
AG387ED bibehöll liknande aktivitet som vildtypen, medan P139R hade starkt reducerad aktivitet och G18S 
uttrycktes inte alls. Alla andra kombinationer av mutationer resulterade i ännu lägre aktivitet. Fyra chimeriska 
proteiner konstruerades också. De skapades genom kombination av UGT72B1 och det humana enzymet 
UGT2B4. Dessa var alla lösliga proteiner men ingen av dem uppvisade någon aktivitet. 
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Abbreviations 

a.a.  Amino acid 
Amp  Ampicillin 
bp  base pairs 
CE  Crude extract 
Cm  Chloramphenicol 
ddH2O  double-distilled H2O  
dNTPs  deoxynucleotide triphosphate 
dsDNA  double stranded DNA 
DTT  dithiothreitol 
E. coli  Escherichia coli 
EU  Eugenol 
Km  Kanamycin 
NA  1-naphtol 
OD600  Optical density (at 600 nm) 
PCR  Polymerase Chain Reaction 
SDS PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SOE by PCR  Splicing by overlap extension by PCR 
ssDNA  Single stranded DNA 
UDP-glc  Uridine diphosphate glucose 
UDP-gla  Uridine diphosphate glucoronic acid 
WCE  Whole crude extract 
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1 Introduction 

 

1.1 Project background and aim 

Glucosyl- and glucuronosyltransferases are catalyzing reactions in plants and humans that are crucial for their 
survival. Studying the structure of these enzymes is of great interest. A lot of results have been presented of 
the soluble plant glucosyltransferases. These are reasonably easy to purify and study, and some three 
dimensional structures have been solved (1-3). The work concerning the human glucuronosyltransferases is 
slightly more complicated. The fact that these enzymes are membrane proteins makes them not only more 
complicated to crystallize, but also to purify and to use for further studies.  

The human glucuronosyltransferases enable the body to excrete compounds such as pharmaceuticals and 
toxins by attaching a glucuronic acid moiety to them. It is therefore of interest to know how the properties of a 
certain compound might be altered after reaction with the enzyme. Since, as mentioned above, 
glucuronosyltransferases are difficult to work with, there is need for another approach. In this project, the aim 
is to change the specificity of a plant glucosyltransferase, UGT72B1, so that it instead can glucuronidate a 
substrate in a similar fashion as a human glucuronosyltransferase. 

This master thesis work is partly based on a bachelor thesis work made by Ramon Sieber at Fachhochschule 
Nordwestschweiz (FHNW) in Basel. In the bachelor project three single and one double mutant of the 
Arabidopsis thaliana enzyme UGT72B1 were constructed with hope of a change in donor specificity. The 
residues were altered to be the same as in the corresponding positions in the glucuronosyltransferase UGT2B7. 
However, no change in donor specificity was detected.  Liliane Todesco continued working with the project, 
combining the mutations to attain enzymes with up to five mutations.  I had the opportunity to construct and 
purify the last few mutants, as well as doing activity analyses for all of them. My work also included another 
approach for changing the specificity. Four chimeric proteins were constructed, which were containing parts 
from both UGT72B1 and the human glucuronosyltransferase UGT2B4. This project is a matter of trying to prove 
the concept of changing enzyme specificity.  If this is successful, it can be done in similar ways for other 
glucosyltransferases.  

1.2 Limitations of the project 

Four different point mutations were introduced to UGT72B1 in different combinations.  It would be interesting 
to change these positions to other amino acids. Further studies of alignments with human or plant 
glucuronosyltransferases could also have suggested other residues that might be of interest to alter. For the 
four chimeric proteins the points chosen for connecting plant and human genes are critical for constructing 
functional proteins. Making more gene constructs with other points for crossover would enhance the 
possibility of obtaining a functional enzyme. There were also plans in this project of introducing the same point 
mutations to the glucosyltransferase UGT71G1, from Medicago truncatula. However, due to time restrictions 
these experiments had to be excluded. 

1.3 Sources 

The sources that have been used in this project are mainly articles which have been published in well known 
scientific magazines. They can be found in commonly used data bases such as PubMed. These articles have 
been considered trustworthy since they have been produced at different universities and then accepted for 
publication. In addition to these, recommended literature from university courses has been used. Although 
these books might not be of the latest editions, they have mainly been used as references to some 
standardized methods.  Protein sequences have been attained from UniProt Knowledgebase (UniprotKB) and 
protein structures from Protein Data Bank (PDB). Alignments were done in ClustalW and ORF finder was used 
for translating gene sequences. 
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2 Theoretical background 

 

2.1 UDP-glycosyltransferases 

Glycosyltransferases (GTs) catalyze the reaction of transferring a sugar moiety to an acceptor molecule. The 
GTs are divided into 54 families and the enzymes have been classified due to sequence similarity, signature 
motifs, stereochemistry of the glucoside linkage formed, and known target specificity. The glycosylation can be 
done to molecules such as proteins, lipids, steroids and carbohydrates (4).  GTs often have very low similarity in 
their primary sequence, but the secondary and tertiary structures are highly conserved. GTs adopt either a GT-
A fold or a GT-B fold (5). A GT-A fold, consists of a β/α/β domain which is called a Rossman domain. Enzymes 
adopting this fold need metal ions to be active. A GT-B fold, on the other hand, results in two Rossmann 
domains and do not need metal ions for their activity. (3). All GTs that use nucleotide diphospho sugar donors 
adopt the GT-B fold (6). The UDP-glycosyltransferases are part of family 1 GTs. They can be found in organisms 
such plants, animals, bacteria, viruses and fungi (4). They are responsible for transferring a uridine diphosphate 
(UDP) activated sugar to the acceptor and are therefore called uridine diphosphate dependent 
glycosyltransferases (UGTs).  There are UGTs which can bind different sugar donors, for example UDP-glucose, 
UDP-galactose, UDP-xylose, UDP-rhamnose, UDP-glucuronic acid (3). The donor ligand is usually mainly bound 
to the C-terminal while the acceptor is interacting with the N-terminal (7). 

2.1.1 UDP- glucosyltransferases 

The UGTs are very abundant in plants, where they are of great significance to the cell. In the fully sequenced 
plant genome of Arabidopsis thaliana 107 UGTs have been identified and also in Medicago trunctula >100 are 
believed to be found (8). Glycosylation is affecting many of the properties of plant natural products, such as 
their solubility, compartmentation, storage and biological activity (9). In plants the most common sugar donor 
is UDP-glucose. The binding of the sugar donor is often very specific, which means that the enzyme often does 
not show any activity at all with alternative sugar donors. (3). 

It is not only the natural products of the plant cell that are affected by glycosylation. Also compounds which are 
unnatural to the plant, such as pesticides and pollutants, can be glycosylated. This is a part of a four-phase 
detoxification system in the plant, which resembles the drug metabolism in animals. Absorbed compounds are 
activated by “phase 1” enzymes which enable bioconjugation with polar natural products such as amino acids, 
sugars or peptides in “phase 2”. The most common of these conjugations in the plant cell is glycosylation with 
the aid of a glycosyltransferase. The glycosylation can occur either on an O, S or N atom of the acceptor 
molecule. The conjugates accumulate in the cytosol and are subsequently transported to the vacuole or 
apoplast or are exported from the cell in “phase 3”. Instead of “phase 2”, the compounds can also be 
incorporated in the cell wall (3). The major part of plant UGTs contains a highly conserved sequence in the C-
terminal, called PSPG (‘Putative Secondary Plant Glycosyltransferase’ or ‘Plant Secondary Product 
Glycosyltransferase’) motif (4,5). This sequence is typical for plant UGTs glycosylating secondary metabolites. 
UGTs containing the PSPG are usually soluble enzymes (4). 

 
2.1.2 UGT72B1 

2.1.2.1 Substrates and structure 

 
One of the many UGTs in Arabidopsis thaliana is UGT72B1. The crystal structure of this enzyme has been solved 
at a resolution of 1.45 Å, using UGT71G1 from Medicago truncatula for molecular replacement even though 
the two enzymes only have 33 % sequence identity for the entire sequences. The N- and C terminal domains 
were treated separately for molecular replacement and similarity searches, to take any differences between 
the two domains into account. The N-terminal domain, which binds the acceptor, matched the corresponding 
domain in UGT71G1 with 29 % sequence identity and 216 Cα overlapping with an rmsd of 1.8 Å. The N-
terminals of VvUGT1, from Vitis vinifera, and UGT85H2, from Medicago truncatula, were also rather close 
matches, VvUGT1 (rmsd 2.3 Å for 203 Cα, 23% identity) and UGT85H2 (rmsd 2.4 Å for 204 Cα ) When doing the 
similarity searches of the C-terminal, the best match was, instead of a plant UGT, the human UDP-
glucuronosyltransferease UGTB7  (rmsd 1.8 Å for 155 Cα and 26 % sequence similarity) (3). 
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The C-terminal is more similar to related enzymes than the N-teminal, since the C-terminal binds the nucleotide  
sugar whereas the acceptor molecule is bound to the N-terminal. There is a much larger number of possible 
acceptor molecules for the UGTs than of the donor molecules, the UDP sugars (7). UGT72B1 has both O-
glycosylation and N-glycosylation activity which distinguishes it from most other Arabidopsis UGTs that only 
have O-glycosylation activity. Substrates for UGT72B1 are mainly chlorophenols and chloroanilines, and the 
glucose is attached to an O and N atom respectively. In a previous study, UGT72B1 was shown to be active 
towards compounds such as 2,4,5-trichlorophenol (TCP), 3,4-dichlorophenol (DCP) 3,4-dichloroaniline (DCA) 
and 4-chlorothiophenol (CTP) (Figure 1)(3). 

 

Figure 1. Three of the UGT72B1 acceptor molecules; DCP, TCP and DCA. 

As other family 1 GTs, UGT72B1 assumes a GT-B fold. In UGT72B1 the first Rossmann domain includes residues 
6-243 and the second 244-446 which correspond to N and C –terminal respectively. The last residues of the C-
terminal (446-476) are part of a kinked helix that crosses back into the N-terminal domain (Figure 2) (3). 
According to calculations with Vector NTI software from Invitrogen, UGT72B1 is 488 residues long when it is 
expressed with a six residues long histidine tag. 

 

 

 

 

 

 

Figure 2. The structure of UGT72B1 with the two β/α/β domains and the substrates in the cleft in between them. (3). 

 

2.1.2.2 Important residues and mechanism 

 

A Michaelis complex with UGT72B1, TCP and a UDP-glucose mimic (UDP-2-deoxy-2-fluoro-glucose), which will 
not transfer the glucose, was solved at 1.9 Å. The glucose was seen to interact with its O2, O3 and O4 via 
hydrogen bonds to Gln-389 and Glu-388. The O6 interacted with a hydrogen bond to the nucleophilic hydroxyl 
of TCP. In the reaction with UDP-glucose, a glucose moiety is transferred from the donor to the acceptor, 
displacing a UDP molecule. The glucose is being inverted in the reaction, resulting in a β-D glycoside product, 
instead of the previous α linkage between UDP and glucose. The reaction is executed through a nucleophilic 
attack from the hydroxyl group of TCP, which is situated 3.8 Å away from the C1 of glucose. There is an angle of 
160° between O(acceptor) – C1(glucose) – O(leaving group) (Figure 3). 
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Figure 3. The mechanism of the reaction catalyzed by UGT72B1. The hydroxyl oxygen of the acceptor molecule is making a 

nucleophilic attack on the C1 of UDP-glucose, which results in a glucoside bond between them and a separate UDP unit (3). 

The nucleophilic properties of the hydroxyl group is enhanced by proton abstraction. This is possible due to a 
histidine residue (His-19), which is positioned close to the glucose acceptor, with its NE2 of the imidazole ring 
2.3 Å away from the attacking oxygen of the acceptor molecule. An aspartic acid (Asp-117) is situated close to 
His-19 and cause proton abstraction from it.  As in most other UGTs His-19 is acting as a Brønsted base. This 
construct is analogous to the Ser-His-Asp triad of serine hydrolases, but now with the hydroxyl group of the 
acceptor molecule instead of the corresponding group in the serine residue. It is believed that in the reaction 
with anilines as acceptor molecules, the proton abstraction is not necessary. In this case, His-19 is rotated and 
is no longer interacting with Asp-117. Asp-117 seems to, instead of having an electrostatic role, be of more 
structural importance. His-19 is interacting with the lone pair of the acceptor nitrogen, which makes it more 
nucleophilic (3). 

2.1.3 Human UDP-glucuronosyltransferases 

In humans glucuronosyltransferases can be found. The enzymes are covalently linking moieties of glucuronic 
acid to molecules such as therapeutics, toxins, steroids or signaling molecules. The glucuronide, which is 
formed, is in general a water soluble and inactive compound that can easily be excreted. Therefore this 
reaction is of importance for the homeostasis and metabolic defense system.  

18 human UGTs have been identified and they are divided into two different subfamilies, UGT1A and UGT2B, 
according to their genetic structures. Both subfamilies contain nine members. (7). Each member of the UGT1A 
subfamily is constructed from a unique exon 1. Exon 1 determines the structure of the N-terminal and 
therefore also the acceptor substrate. Exon 1 is then spliced into a set of exons 2-5 which are common for all 
the members of the subfamily. Because of the similar set of exons 2-5, which code for the C-terminals of the 
enzymes, all UGT1A enzymes have an identical C-terminal domain. In the UGT2 family, on the other hand, the 
members all have unique genetic structures. The genes consist of six exons, but the sequence similarity of 
these are quite high between the UGT2 members (10, 11).  

2.1.3.1 Substrates and structure 

 

Human UGTs are type 1 transmembrane glycoproteins and are mainly localized in the endoplasmatic reticulum 
and nuclear membranes. The enzymes are composed of two domains, the N-terminal domain which is 
considered to bind the acceptor molecule, and the C-terminal domain which would bind the UDP-glucuronic 
acid, in a similar fashion as the plant UGTs. The predominant part of the enzyme is facing the endoplasmatic 
reticulum lumen, where the N-terminal is believed to contain an endoplasmatic reticulum retention signal and 
a membrane interacting region. UGTs are most abundant in the liver but are also expressed in additional 
tissues, among others gastrointestinal, kidney and lung tissue. There are many difficulties concerning 
determination UGT structures, especially the human kind. While they are membrane proteins, problems with 
producing soluble full-length enzymes which are able to generate crystals arise. So far this has not been 
achieved. However, the crystal structure of the human UGT2B7 C-terminal has been solved, to a 1.8 Å 
resolution by multiwavelength anomalous dispersion (MAD) (12). 
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In the same way as plant UGTs, according to sequence similarities and fold prediction algorithms, also human 
UGTs adopt the GT-B fold, with the two Rossman domains with a catalytic cleft at the interface. One Rossman 
domain can be seen in the determined structure of the C-terminal of UGT2B7, where a parallel β-sheet can be 
found surrounded by seven α-helices (Figure 4). The human UGT2B7 has, just like the plant UGTs, a histidine 
and an aspartic acid in its active site which are important for the catalysis (Figure 5) (7). UGT2B4 is 528 amino 
acid residues long. 

 

 

 

 

 

 

 

Figure 4. The structure of the C-terminal domain of human glucuronosyltransferase UGT2B7. One parallel β-sheet can be 

found surrounded by seven α-helices. The structure resembles that of the C-terminals of plant UGTs. 

 

 

Figure 5. The mechanism of the glucuronosylation by UGT2B7. A histidine and an aspartic acid residue are crucial for 

connecting the glucuronic acid to the acceptor substrate (7). 

 

The human UGT2B4 as well as UGT2B7 is of importance when it comes to detoxification of bile acids, steroids 
and phenols. The two enzymes have similar substrate specificity since they both can glucuronidate the bile acid 
hyodeoxycholic acid (HDCA), cathechol-estrogens and xenobiotics. UGT2B7 has a slightly broader specificity 
with additional substrates such as steroids (androsterone and epitestosterone). In a previous study activity 
measurements of UGT2B7 and UGT2B4 with a number of substrates were made. UGT2B4 showed on activity in 
decreasing size towards 17-epiestriol, eugenol, 4-hydroxybiphenyl, 4-isopropylphenol and 1-naphtol. For 
UGT2B4 the order of substrates with decreasing activity was instead 17-epiestriol, eugenol, 1-naphtol, 4-
hydroxybiphenyl and 4-hydroxyesterone (Figure 6) (12). 
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Figure 6. Two of the substrates of UGT2B7, 1-naphtol and eugenol. 

 

2.1.4 Plant glucuronosyltransferases 

Although most plant GTs have specificity for UDP-glucose, a few have been discovered which use UDP-
glucuronic acid as sugar donor. One of these are UGT94B1 from Bellis perennis. UGT94B1 is also different 
compared to other plant GTs due to the fact that it is forming a diglycoside when linking UDP-glucuronic acid to 
the acceptor substrate 3-O-glucoside. The structure of the enzyme has not been solved, but a model has been 
made using the crystal structures of UGT71G1 and VvGT1. This resulted in a tertiary structure of GT-B fold, with 
two distinct domains made up from the N –and C-terminal respectively. In UGT94B1 most residues which are 
considered to interact with the sugar donor are situated in the PSPG motif in the C-terminal domain. Outside 
the PSPG motif are two conserved residues, H22 and D121, which are of catalytic importance (5). 

Glucuronosyltransferases can also be found in Lamiales plants, and they are called flavonoid 7-O-
glucuronosyltransferases (F7GAT). They glucuronidate various flavonoids at the 7-OH group when there is an 
ortho substituent. UGT88D1, from Scutellaria baicalensis, was the first Lamiales glucuronosyltransferase to be 
identified. Four additional ones, UGT88D4, UGT88D5, UGT88D6 and UGT88D7, were found in a later study after 
cDNA library screening of genes similar to the one of UGT88D1. These four enzymes, just like UGT88D1, had 
specificity exclusively for UDP-glucuronic acid, and no other sugar (13).  

2.2 Previous attempts to obtain novel substrate specificities of UGTs 

 
2.2.1 Domain swapping 

Changing the substrate specificity of enzymes can be done in different ways. The fact that UGTs  are composed 
of two distinct domains make them appropriate for domain swapping. This was done to the two UGTs GtfB and 
Orf10 which transfer glucose and N-acetylglucoseamine respectively. The two enzymes have 70 % sequence 
similarity but have different acceptor molecules.  Between the two domains of both enzymes are linker regions 
with high sequence similarity (90.5 %). A connection here was thought to not disrupt the structure of the 
separate domains.  The enzyme genes were digested with restriction enzymes followed by ligation of one 
domain from each of the two enzymes.  Both chimeric enzymes were soluble and no misfolding seemed to 
occur. The enzymes had activity comparable to the parental GT. Both the chimeric enzymes had the same 
acceptor specificity as the enzyme their N-terminal originated from but the specificity towards the sugar donor 
was slightly reduced compared to the parental enzyme. This indicates that N-terminal determines the acceptor 
specificity but the C-terminal does not alone determine the sugar donor specificity (6).  Limitations in this 
approach are that connections between two enzymes can only be made in the domain linker regions, and only 
at positions with appropriate restriction enzyme. 

2.2.2 Introduction of point mutations 

Another method for altering specificity is to introduce mutations.  This can be done with for example 
QuikChange Site Directed Mutagenesis Kit. Another way of achieving this is to prepare libraries of UGTs 
containing single or multiple point mutations. This has not been done with plant UGTs but with the UGT  
Oleandomycin GT  (OleD) from Streptomyces antibioticus.  OleD catalyzes the reaction where a glucose moiety 
from UDP-glucose is transferred to oleandomycin. The random mutant library was constructed by using error- 
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prone PCR, which resulted in one to two mutations in each gene construct.  After protein expression a screen 
of about 1000 variants could detect several point mutants with altered acceptor specificity. Combination of 
these resulted in a triple mutant with sugar donor specificity which was much broader than that of the 
wildtype. This kind of mutagenesis is fast but requires a way of screening for activity. In this particular case a 
fluorescent acceptor molecule was used. Glycosylation of the fluorescent acceptor molecule would cause 
quenching and thereby a decrease the fluorescent intensity (14). 

2.3 QuikChange  

QuikChange Site-Directed Mutagenesis according to a kit from Stratagene is a way of introducing site directed 
mutations in double stranded plasmids. Codons for amino acids can be exchanged, deleted or inserted. This 
system circumvents the need for cloning into M13-based bacteriophage vectors, to attain ssDNA, which some 
mutation methods require. Mutations are introduced during thermal cycles, where the temperature first is 
raised to above the melting temperature of the plasmid to separate the DNA strands. The temperature is 
lowered and allows two oligonucleotide primers, which are complementary to each of the two strands, to 
anneal to them. The two primers are usually called ‘forward’ and ‘reverse’, where one is the reversed template 
of the other. The primers contain the desired mutations (15). Elongation is achieved with a Pfu DNA 
polymerase, a thermostable polymerase which replicates DNA at 75°C (16). The elongation starts from the 
primers, and the polymerase is incorporating new dNTPs at its optimal working temperature. After several 
cycles this results in double stranded nicked plasmids with the desired mutation. The high-fidelity Pfu DNA 
polymerase and the low number of thermal cycles result in a high mutation efficiency and little chance for 
random mutations. DNA from almost all E. coli strains is methylated, whereas the in vitro synthesized strands 
are not. Thus, it is possible to digest the parental strand with the endonuclease DpnI (target sequence: 5´-
Gm6ATC-3´). The newly synthesized strand remains intact and can be transformed into competent E. coli cells. 
In the bacteria the nicks in the mutated plasmid are repaired.  The different steps of the reaction are illustrated 
in Figure 7. 

 

 

Figure 7. A: The original plasmid. B: The forward and reverse primers containing mutations anneal to the plasmid after 

strand separation. C: A new, nicked strand has been synthesized (red) by DNA polymerase. D: The parental strand has been 

digested by DpnI. E: After transformation into E. coli the nicked plasmid is repaired.  

The primers should be constructed so that they are 25-45 bp long and the mutation should be in the middle of 
the primer. The melting temperature, Tm, of the primer should be ≥78°C where Tm is calculated according to 
 
 Tm = 81.5 +0.41(% GC) - 675/N - (% mismatch) 

N is the length in bases and the % GC is in whole numbers. The primers should have a minimum content of GC 
of 40 % and terminate in one or more G or C for better binding (15). 

Here, in addition to the point mutations that will result in amino acid change each of the primers contain 
mutations that will delete or create a restriction site in the sequence (Appendix A). This makes it possible to 
confirm the success of the QuikChange by digesting the plasmid with restriction enzymes. Digesting the newly 
synthesized strands will result in differently sized fragments than when digesting the wildtype plasmid. 
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Four point mutations corresponding to G18S, P139R, W367S and AG387ED in the amino acid sequence are 
introduced to the pET28-UGT72B1 vector. The double mutant AG387ED is exchanging A387 and E388 for a 
glycine and an aspartic acid respectively. The introduction of mutations is done in several steps which lead to 
plasmids with all possible combinations of these mutations (Table 1). The four residues are all in the active site 
of the enzyme, close to the UDP-glucose (Figure 8). 

 

Mutant 

P139R 

W367S 

AG387ED 

G18S 

W367S_G18S 

P139R_W367S 

P139R_AG387ED 

P139R_G18S 

W367S_AG387ED 

AG387ED_G18S  

P139R_W367S_AG387ED 

139R_W367S_G18S  

W367S_AG387ED_G18S  

P139R_AG387ED_G18 

P139R_W367S_AG387ED_G18S  

Table 1. The  mutations introduced by  

QuikChange as amino acids.  

    

2.4 Chimeric proteins 

Chimeric proteins are constructed through combination of two or more proteins, with parts of each protein 
contributing to the new hybrid. This is a way of constructing proteins with new structures and functions.  In 

vivo recombination of proteins is important for the natural evolution, to generate new combinations of for 
example antibodies, synthases and proteases. In these cases the points of crossover are usually placed in the 
domain boundaries. Both in vivo and in vitro recombination when the domain structure is not obvious is less 
well understood, as well as in vitro recombination in positions that are not in the domain boundaries.  

To predict ways for in vitro recombination, a computational algorithm, SCHEMA, has been constructed. The 
algorithm can divide proteins into pieces, schemas, which can be swapped by recombination without disrupting 
their tertiary structure.  If the schemas can remain intact, the likelihood of functional hybrid proteins increases. 
The algorithm can calculate the interactions between the residues in a protein and also predict the number of 
interactions that would be disrupted (Eαβ) when a chimeric protein is constructed (Figure 9A). Two residues are 
considered to interact if their atoms are within a distance of 4.5 Å, which results in that a residue exhibits 5-8 
interactions. When the disrupted interactions have been calculated for different crossovers, the result can be 
displayed in a schema profile (Figure 9B). The minimums of the schema profile represent the crossovers where 
the maximum of internal interactions are preserved, and should therefore result in the most favorable 
proteins. 

  

Figure 8. Illustration of the UGT72B1 active site with the five 

residues to be mutated (yellow) in close proximity to the UDP-

glucose. 
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A B  

Figure 9. A: An illustration of two hybrid proteins where black lines represent peptide bonds and red lines are interactions 

between side chains. Eαβ is the number of disrupted interactions. B: Schema disruption (y-axis) at different residues. 

Positions where there is a minimum in schema disruption would be the best points for connecting the different proteins (17). 

In a study where randomly constructed hybrid proteins were compared to the SCHEMA calculations, most 
functional crossovers correspond to the minima of the profiles. The main types of schemas that could be 
observed were bundles of α-helices, α-helix combined with β-strand or β-strand connected by hairpin turn. But 
there can often also be crossovers in the middle of an α-helix.  Positions in loops are considered less favorable 
by SCHEMAS, while they can divide interacting units of secondary structure. In this previous study the sequence 
identity between the proteins to be recombined were usually above 60 %, although for some it was sufficient 
with slightly less if also a structural alignment had been made of proteins with solved three dimensional 
structures (17). 

In this project four chimeric proteins are constructed, containing parts from the plant glycosyltranserase 
UGT72B1 and the human glucuronosyltransferase, UGT2B4. The framework of the protein sequences is plant – 
human –plant, where the goal is to construct enzymes that can catalyze the reaction where glucuronic acid is 
transferred to an acceptor substrate. The sugar acceptor is either a substrate of UGT72B1, or the substrates for 
UGT2B4. A multiple sequence alignment was made with similar sequences to find a good match to UGT72B1. 
The points of crossover between UGT72B1 and UGT2B4 have been determined by SCHEMAS and alignment 
comparisons of the two sequences was done to see if the construct is reasonable. The points of crossover is not 
the actual residue number, but numbers of positions attained in the multiple alignment. From these numbers, 
the proteins have been named (Table 2). 

 

Protein UGT72B1 UGT2B4 UGT72B1 Length (a.a.) 

64/318 M1-T64 V55-L246 V212-H488 508 

131/318 M1-V71 F105-L246 V212-H488 490 

194/318 M1-V116 D151-L246 V212-H488 489 

64/352 M1-T64 V55-G278 P241-H488 511 

Table 2. The four chimeric proteins are constructed from UGT72B1 and UGT2B4 sequences. The residues contributed from 

each of the them are listed and the table also shows the length in residues for the chimeric proteins.  

 

2.5 Splicing by overlap extension by PCR 

Recombining gene sequences is a way of creating new chimeric proteins. This could be done by digesting the 
sequences with restriction enzymes and thereafter ligating the parts together in a desired way. This has 
disadvantages, however, since the positions of crossovers would be limited to appropriate restriction sites. A 
preferable approach is instead to use the method of splicing by overlap extension by PCR (SOE by PCR). 
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In original PCR double stranded DNA is separated due to increase of temperature above the melting 
temperature of the DNA. When the temperature is lowered, two primers are able to anneal to each of the two 
DNA strands, at positions that are flanking the region that is to be amplified. The original strands are used as 
templates and at a temperature that is optimal for the polymerase, new nucleotides can be linked to the 
primers by the enzyme to elongate the new strand (Figure 10). These steps are done in perhaps as many as 25- 
30 cycles, and the new strands can also act as templates. After each cycle the amount of strands which can act 
as templates are doubled and this result in exponentially amplified DNA fragment (18).  

 

 

Figure 10. Schematic picture of PCR. The two DNA strands are separated due to increased temperature. When it is lowered, 

primers (red) can anneal to each strand and a polymerase synthesizes a new strand starting from the primers. The 

procedure is repeated many times and the region between the primers will be amplified exponentially. 

SOE by PCR is based on this original PCR but have some modifications. In a previous study hybrid major 
histocompatibility complexes (MHC) were constructed, where each hybrid MHC was designed by combining 
two different proteins, one segment from each. The SOE by PCR consisted of three PCR steps. In the first two, 
fragments of each of the two genes coding for UGT72B1 and UGT2B4 respectively were amplified separately, 
followed by a PCR step where the amplified fragments were mixed together. For each hybrid gene, four 
primers were needed; two flanking primers and two hybrid primers. In each of the first two PCRs one flanking 
primer and one hybrid primer was used. The hybrid primer is constructed of parts from both of the two 
sequences and causes each of the two amplified fragments to be tipped with a short part of the other 
sequence. When the amplified fragments were added together in the last PCR, the tipped sequence makes 
them overlap with each other in their 3’-ends. The partly annealed fragments can elongate, and after the first 
elongation step, the flanking primers are used as elongation start (Figure 11). There is also an overlap with the 
5’-ends, and the strands can anneal with those ends as well. They will not be amplified, however, since the 
strands can only be elongated in the direction from 5’ to 3’. 
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Figure 11. A: The first PCR with amplification of two different gene fragments, with hybrid primers (red/blue), here 

illustrated with only 6 bases instead of the actual size of 30-35. The two flanking primers are completely complementary 

(red and blue arrows respectively). B: The two amplified fragments are tipped with a short sequence from each other. C-D: 

The two sequences can anneal, due to the overlap, and be elongated. The fused sequences can then be amplified as in a 

regular PCR with the help of the flanking primers. 

The primers used in this previous study were in the size range 30-35 bp where half of the hybrid primer 
sequence was derived from each gene. The PCR consisted of 30 cycles with 92°C for 60-90 s, 55°C for 60-90 s, 
and 72°C for 3-5 min. The two first fragments were of sizes 0.5 and 0.8 kb (19). There are also reports of 
successful results where primers of 35 bp size have been used, with only 10-11 bp overlap of the other 
sequence. Then, an additional PCR step was used after the first two gene amplifications. In that step no 
additional primers were added, but the sequences were let to elongate from the overlap between the 
fragments. Only 10 cycles were used in these PCRs; 94°C for 30 s 60°C for 1 min, 72°C for 30 s (20). 

In this project the primers are in the size range of 35 bp where half of the sequence is complementary to each 
of the two fragments to be joined (Appendix A). Flanking primers are T7 terminator and T7 promoter or the 
slightly longer ones, 64/318.for and 64/318.rev. The structures of the chimeric genes are plant-human-plant 
sequence, which means that there are two points where sequences have to be connected (Figure 12).  

 

Figure 12. The four chimeric gene constructs where blue sequences (PCR fragments a and c) originate from UGT72B1 and 

red sequences (PCR fragments b) from UGT2B4. Gene construct 1-3 have the same second crossover between the two gene 

fragments, but all have unique first crossover point. 
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The procedure illustrated in Figure 12 will thus have to be done twice for each fusion gene. The gene constructs 
are represented by a number. 1 codes for protein 64/318, 2 for 131/318, 3 for 194/318 and 4 for 64/352. 

2.6 pJET1.2/blunt 

PCR products can be ligated into the pJET1.2/blunt vector (Appendix C) so that it can be transformed into 
bacteria and be amplified. This is done by blunt end ligation. If a non-proofreading polymerase, such as Taq 
polymerase, was used in the PCR, the product has to be treated with blunting enzyme prior to ligation, to 
remove the 3’-dA tail added by the polymerase. Otherwise the PCR fragment can be ligated directly. The PCR 
products are ligated in the eco47IR gene of the vector. If the vector is ligated without an inserted fragment, the 
eco47IR gene will be transcribed and the cell will die. Thus, this results in positive selection where bacteria 
which have survived should contain the pET vector with a ligated fragment. (16) 

2.7 pET28 

The pET vector is an expression system designed to easily be able to express a desired gene in E. coli cells. The 
pET vector contains a T7 promotor, a lac operator, a T7 terminator and a number of different restriction sites. 
In the 536 pET-UGT72B1-H6 the protein UGT72B1 will be expressed with a six residue long histidine tag in the 
C-terminal (Appendix C). The lac operator is part of the lac operon which naturally exists in the E. coli cell. It 
controls the transcription of the enzyme β-galactosidase, which digests lactose into glucose. In the cell, a 
repressor molecule is constantly expressed. When no lactose is present in the cell, the repressor binds tightly 
to a DNA sequence, the lac operator, downstream from the promoter site. This hinders the RNA polymerase 
from binding to the promoter and the gene coding for β-galactosidase cannot be transcribed. When lactose is 
present it can bind to the repressor and induce conformational changes. The repressor is then no longer able to 
bind to the operator, and the gene can be transcribed. This results in that the cell does not have to produce β -
galactosidase when there is no need for it (18)(16).  

This system can be used when pET28 vectors are transformed into E. coli BL21 CodonPlus cells (and other 
strains) to control transcription of the gene the vector contains. Isopropyl-β-D-thio-galactoside (IPTG), an 
analogue of glucose is used, that cannot be digested by β –galactosidase. Instead, the IPTG level remains 
constant, but has the same effect on the repressor molecule as glucose. IPTG first induces transcription of the 
gene coding for T7 RNA polymerase, which is positioned in the BL21 chromosomal DNA. Also this is done with 
the lac operon as described above. The T7 RNA polymerase can then transcribe the gene in the pET28 vector in 
the presence of IPTG which later can be translated into a protein (21). The T7 RNA polymerase gene is not 
normally present in the E. coli cell. It originally comes from the T7 bacteriophage but is inserted into the 
genome of certain E. coli strains.  This RNA polymerase is more active than the E.coli RNA polymerase, which 
means that a gene downstream from the T7 promoter will be expressed to a high extent (18).  

2.7.1 Ligation into pET28 

When the chimeric gene sequences have been constructed through SOE by PCR, they have to be ligated into a 
vector to enable expression of the protein, and for this purpose pET vectors are commonly used. The 
sequences can first be ligated into a pJET1.2 vector to be amplified in bacteria and then sequenced. The 
pJET1.2 vector with the PCR fragment and the pET28 vector are then digested with the same two restriction 
enzymes, so that the PCR fragment can be integrated in the pET28 through sticky end ligation. The chimeric 
PCR fragments, which are to be cloned into the pET28-UGT72B1 all contain parts of the UGT72B1 gene at the 
beginning and at the end of the fragment, but to different extent. Therefore the restriction digest is not only 
limited to restriction sites outside the sequence coding for the chimeric enzyme, but it is also possible to use 
restriction sites within the gene. After digest, the pET28 and its removed fragment should be treated with 
antarctic phosphatase. The enzyme removes a phosphate group in the 5´ end and will prevent the vector from 
religating (22). It still enables the vector to ligate with the insert of chimeric gene, which is not treated with 
phosphatase. For ligation of the vector and the insert an excess of insert should be used for successful results. 
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2.8 Analytical DNA restriction 

To confirm the results of a successful QuikChange or ligation, an analytical DNA restriction is done after the fast 
preparation as well as after the Miniprep. The plasmid is digested with one or two restriction enzymes and 
then loaded onto an agarose gel. Since the QuikChange should have introduced or removed a restriction site, 
the mutated plasmid will be cut into different fragments than the wild type plasmid would have been. After 
ligation into pJET1.2/blunt vector, the vector is digested with an enzyme that cuts at the sides of the insertion 
sites. It should then be possible to detect a fragment only slightly larger than the inserted PCR product. When 
ligating into a pET vector, it is important to see that no religation of the pET vector without insert has occurred, 
and also that the fragment ligated is of correct size. Two different enzymes are used. One that cuts only in the 
inserted fragment, and one that cuts in the pET vector. The length of the fragments can be predicted with the 
software program Vector NTI. The size of the fragments of the samples can be estimated after running them on 
an agarose gel. The negatively charged nucleic acid will move towards the anode and short DNA fragments will 
migrate faster than large ones. 

2.9 Competent cells 

E. coli bacteria can under natural conditions transfer plasmids between cells, but not very efficiently. 
Competent cells are cells which have been treated to more easily facilitate transformation of plasmids. 
Different competent cells are uses for different purposes. Two common kinds are the E. coli XL1-Blue and BL21-
CodonPlus (DE3) cells. 

E. coli XL1-Blue cells are commonly used for cloning of for example plasmids or lambda vectors. The cloning 
results in amplified plasmids, which then can be purified (21). The XL1-Blue are endA and recA deficient. RecA 
protein can bind to ssDNA in the E. coli cell, which could have arousen from damaged dsDNA. The ssDNA can 
then be recombined with a homologous dsDNA. Deficiency in RecA means that less recombination occur (23). 
The endA is coding for an endonuclease which can break down DNA into oligonucleotides (24) A mutation in 
the hsdR  gene prevents degrading of cloned DNA which is considered unknown to the cells. These things 
together contribute to a good yield in a Miniprep plasmid purification after amplification in the cells. 

E. coli BL21 CodonPlus cells are used for protein expression and the cells are suitable for this purpose, since 
they can produce high levels of the protein of choice. Through IPTG induction the T7 RNA polymerase gene can 
be transcribed and subsequently expressed at a time of choice, since the lac operon is upstream of the T7 
polymerase gene. The T7 RNA polymerase can transcribe the gene of a transformed pET vector, which leads to 
protein expression. E. coli cells and the natural host cell of the protein to be expressed might not have the 
same codon usage. This would mean that a certain codon that is frequently used in the host cell might be rare 
in E. coli. A high expression of the gene would deplete the pool of this particular tRNA in the E. coli cell. To 
cirqumvent this, additional genes for these tRNAs have been introduced to the bacterial genome ; argU (AGA, 
AGG) , ileY (AUA) and leuW (CUA) (21). 

2.10 SDS PAGE according to Schägger and von Jagow 

SDS PAGE is a method for separating proteins according to size. Protein samples are treated with the anionic 
detergent SDS. This will denature the proteins, so they no longer have any tertiary nor quaternary structure 
and instead will all be in random coil shape. The SDS molecules are noncovalently interacting with the proteins, 
about one SDS to every other amino acid, and each contributes with a negative charge.  All proteins will 
thereby contain negative charges so that all have the same mass to charge ratio. The proteins are also treated 
with β-mercaptoethanol or DT to reduce disulfide bonds. When the proteins are loaded on polyacrylamide gel 
with an electrical field applied proteins will move towards the anode. Small proteins will run faster than large 
ones, since they easier can pass through the pores of the gel (25, 26). 

In the Schägger and von Jagow method a Tricine-Tris buffered system is used instead of the Glycine-Tris based 
system commonly known as Laemmli SDS-PAGE. Tricine SDS-PAGE is used for separating proteins in the range 
1-100 kDa, while Laemmli is appropriate for larger proteins (27). Here, the gel is cast so that the part where the 
samples are applied, the stacking gel is less dense than the rest, the resolving gel. The lower concentration of 
the stacking gel enables even large protein samples to accumulate at the same starting point before they move 
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further down, onto the resolving gel.  Common acrylamide concentrations for the resolving gels are 13 or 9 %, 
and 6 % for the stacking gel. 

2.11 HPLC (reversed phase) 

High performance liquid chromatography (HPLC) uses high pressure to force a solvent through a densely 
packed column containing very fine particles that give high resolution separation of different compounds. The 
column contains a stationary phase and a mobile phase is running through the system. The sample is injected 
by a needle, and forced through the column due to the pressure and afterwards detected by a detector. The 
column is often 5-30 cm in length and has an inner diameter of 1-5 mm. Many systems use an oven, a heater, 
for temperature control. Fluctuation in temperature could affect the viscosity of the solvents and thereby 
change the time for eluting the different compounds, the retention times.  The smaller the size is of the 
particles in the column, the stationary phase, the higher is the resolution. Typical particle sizes are 3-5 µm. The 
particles are usually made of silica. They are highly pure, spherical, microporous particles which are permeable 
to solvent and have a very large surface area. Adsorption chromatography on bare silica particles is called 
normal-phase chromatography. Often, nonpolar carbon chains such as C8 or C18 are covalently attached to the 
silica particles (Figure 13). These are examples of reversed phase chromatography, which is commonly used. In 
this case a solvent, or mobile phase, is more polar than the stationary phase. The less polar the mobile phase is 
the higher is the elution strength. Solvents with pH above 8 should not be used, since they could degrade the 
silica particles. Below pH 2 the bond between the silica particles and the carbon chain will hydrolyze. 

 

 

Figure 13. Silica particles of the stationary phase are covered by carbon chains in reversed phase HPLC. Various kinds of 

columns are available, but the octadecyl group (C18) is commonly connected to the silica (21). 

When the sample is injected, sample molecules compete with the solution molecules for sites on the stationary 
phase. Different solvents have different elution strength, which is the ability to displace the sample from the 
stationary phase. There are two kinds of elution; isocratic and gradient elution. With isocratic elution only one 
solvent is used. If this elution is not efficient enough a gradient elution might be more appropriate. Two 
solvents are used, A and B, where B has the highest elution strength. Increasing amount of B is added to the 
mobile phase to create a continuous gradient. As the solvent becomes less polar the elution strength increases. 
The mobile phase often contains acetonitrile or methanol, and the concentration increases gradually in 
gradient elution. The most polar solute molecules are eluted first followed by more nonpolar ones (Figure 14). 
If the solvent in which the sample is dissolved has higher eluent strength than the mobile phase, the retention 
times will not be true and can change from time to time. The samples can be dissolved in mobile phase to 
prevent this. Between the injections of each sample, the column is reequilibrated for a few minutes, so that all 
samples have the same starting conditions. The compounds are detected with absorbance at appropriate 
wavelengths and their different retention times are registered. This leaves a chromatogram with retention 
times versus absorbance.  

Columns can easily be degraded and are sensitive to dust or other particles from the sample or solvent and 
these can be irreversibly attached. Therefore a small guard column can be positioned at the entrance of the 
regular column. These columns are replaceable and would retain particles that otherwise could stick to the 
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A B EDC

main column. Still, very pure HPLC-grade solvents should be used to avoid column degradation. This also 
minimizes background signals from impurities (28).  

 

 

 

 

 

 

 

Figure 14. Principle of reversed phase HPLC with gradient elution. Blue sample molecules are more polar than red ones. A: 

Starting conditions. B: Adsorption of sample. Both kinds of sample molecules are interacting with the carbon chain covered 

silica particles. C: Start of desorption. The more polar compounds are detached first. D: End of desorption. All sample 

molecules have been eluted E: Regeneration. The conditions of the column is the same as in A. 

2.12 Activity assay 

UGT72B1 catalyzes the reaction when a glucose moiety from UDP-glucose is attached to an acceptor molecule. 
One of the acceptor molecules is DCP. The reaction with the enzyme excluded is: 

UDP-glc + DCP → UDP + DCP-glc 

Not all reactants should be consumed within the time for the assay, which means that the sample after 
reaction would contain detectable amounts of UDP, DCP-glc, UDP-glc and DCP. Adding a glucose moiety to DCP 
and removing it from UDP should affect the polarities of the compounds and thereby also their retention time.  
Thus, if using correct wavelengths on the detector and a gradient that sufficiently separates the sample 
molecules, four peaks should be visible in the resulting chromatogram. The same should be true for a reaction 
with UDP-gla instead of UDP-glc. Assays with UGT72B1 point mutations and wildtype should all include both 
UDP-glc and UDP-gla reactions. This is to see if the wildtype already has UDP-gla activity which is not caused by 
any mutations, and to see if the mutants still have UDP-glc activity. The same procedure is done with the fusion 
proteins, where reactions with UDP-glc/UDP-gla and 1-naphtol/eugenol were done. In activity assays the 
enzyme is commonly mixed with a solution containing the substrates, left to react for a few hours or overnight, 
and then stopped with a stopping solution which makes the enzyme inactive. Here, the samples are incubated 
in room temperature, which is close to the natural conditions of the enzyme. The reaction solution should 
preferably contain a reducing agent such as DTT to prevent disulfide bonds to be created.  
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3 Material 

 

3.1 Chemicals 

 

Company Compound 

Applichem Coomassie Brilliant blue 

BD Bactotryptone 

Calbiochem UDP-α-D-glucose 

FERAK Acetic acid 

Fluka 
EDTA, Cl2Mg, HCl 1M, MnCl2, NaAc, NaH2PO4, NaOH 2M, NaOH 0.5 M, NaOH 
(powder), Silicon antifoam 30 % (8590), Tetrabutylammonium hydroxide solution 
40%, Yeast extract 

Gerbu Ampicillin sodium salt, Chloramphenicol, IPTG-b, Kanamycin sulfate 

Invitrogen LB-agar 

J.T. Baker Ethanol, Chloroform, Isopropanol (2-propanol), Methanol 

Merck CaCl2*2H20, 1-naphtol 

Roth 
1,4-Dithiothreitol, Acrylamide solution 40 %, Glycerine, Isoamylalcohol, LB-medium 
(Luria/Miller), Na2HPO4, NaCl, Phenol, SDS-ultrapure, TEMED, Tricine, Tris, Triton X 
100, Urea 

Sigma-Aldrich 
1,2-DCP, Eugenol, Imidazole, MgSO4*7H20, UDP disodium salt, UDP-glucuronic acid 
trisodium salt 

 

3.2 Plasmids 

pJET 1.2/blunt  AmpR Fermentas 
pET-UGT72B1  KanR 
pDNR-LIB-UGT2B4 CmR imaGenes 

 

3.3 Bacteria strains 

E. coli XL1 Blue competent cells (no antibiotic resistance)  
E. coli BL21-CodonPlus (DE3) competent cells (CmR) 
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3.4 Enzymes, proteins, nucleotides and buffers  

  

Company Product 

Fermentas dNTPs  (10 mM) 

Fluka Lysozyme (96381 U mg-1) 

New England Biolabs 

Antarctic phosphatase (5000 U/ml), 10x buffer for antarctic phosphatase, BamHI, 
Bovine Serum Albumin (BSA), BseRI, EcoRI, DpnI (20 000 U ml-1),  DraIII, MfeI, MscI,  
NcoI, NEB buffers (1, 2, 3, 4), RNAse (50 ng ml-1), T4 DNA ligase (400.000 U/ml), 10x 
buffer for T4 DNA ligase,  Xma I,  

PEQlab Taq-DNA-polymerase (5 U µl-1), 10x Pfu buffer 

Promega Pfu-Polymerase (3 U µl-1) 

Roche PvuII 

 

3.5 Standards 

Smart Ladder (DNA ladder)   Eurogentec 
(10, 8, 6, 5, 4, 3, 2.5, 2, 1.5, 1, 0.8, 0.6, 0.4, 0.2 kbp) 
 
PageRulerTM Plus Prestained Protein Ladder  Fermentas 
(11, 17, 28, 36, 55, 72, 95, 130, 250 kDa) 

 

            
 

 

 

 

 

 

  Smart Ladder                      PageRulerTM Plus Prestained Protein Ladder 

 

3.6 Primers 

T7 promoter    Metabion International AG 
T7 terminator    Metabion International AG 
Remaining primers   Microsynth 
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3.7 Kits 

peqGOLD Plasmid Miniprep Kit   peqLab 
peqGOLD Gel Extraction Kit    peqLab 
CloneJetTM PCR Cloning Kit    Fermentas 

 

3.8 Equipment 

Company Device 

Alpha Innotech Corporation Transilluminator Multimage Light Cabinet 

Agilent Technologies 
Column Zorbax eclipse XDB-C18 (4.6x50 mm 1.8 µm), 
Column Zorbax SB-C8 (21x50 mm 3,5 µm), HPLC Agilent 
1100 series 

B.Braun Biotech International Ultrasonicator Labsonic ®M  

Beckman Coulter Centrifuge AvantiTMJ-25I  

Binder Heating chamber 

Biometra T3000 Thermocycler (PCR) 

Bio-Rad Profinia protein purification system, 583 Gel Dryer 

C.B.S Scientific 
Mini-Vertical Slab Gel/Blotting System DCX-70 Protein gel 
chamber 

Eppendorf Table centrifuge (5425), Thermomixer comfort 

GFL Shaking incubator 

Grant Heating block (QBD2) 

Heidolph Vortexer no. 54119 

Hellma Quarz cuvette 10mm 

Metrohm  pH –meter Metrohm 827 pH lab 

Perkin Elmer Spectrometer Lambda 25 

Telesonic Ultrasonic Ultrasonicator bath TPC-25 

Thermo Scientific Autoclave Varioklav, Nanodrop2000 

 

3.9 Software and websites 

Agilent Chemstation  

ClustalW: www.ebi.ac.uk/clustalw/ 

ORF finder: www.ncbi.nlm.nih.gov/projects/gorf 

Protein Data Bank (PDB): www.pdb.org 

Uniprot KB: www.uniprot.org/ 

Vector NTI (Invitrogen) 

SCHEMA



27 
 

 

4 Methods 

 

4.1 Overview 

The different methods used in the project and the order of the experiments are illustrated in Figure 15.   

 

SOE by PCR

Transformation XL1 Blue

Transformation CodonPlus

Testexpression

Ligation pET

Ligation pJET

Activity analysis

Sequencing

Protein purification

Fermenter

Quik Change

Transformation XL1 Blue

Fast DNA preparation

Miniprep

Fast DNA preparation

Miniprep

Fast DNA preparation

Miniprep

SequencingSequencing

Purification/extraction gel

 

Figure 15. A flow chart summarizing the different methods. Construction of the point mutants start with QuikChange and 

the chimeric proteins begin with SOE by PCR. Transformation into E.coli CodonPlus, protein expression, protein purification 

and activity analysis are carried out in the same way for all proteins. 

QuikChange is performed for introducing point mutations to the UGT72B1 gene in a pET vector. The vector 
containing the mutations is transformed into E. coli XL1-Blue cells. Fast DNA preparation and restriction digest 
is used for a screening to find a correct clone. One clone is grown in slightly larger scale to purify a greater 
amount of plasmid DNA with peqGOLD Plasmid Miniprep Kit before sequencing. The plasmid is transformed 
into E. coli Codon plus cells and a protein test expression of a few clones is made. One clone is then chosen for 
growing in a large fermenter for protein expression followed by protein purification and enzyme activity assay. 
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Splice overlap extension by PCR is used for construction of four chimeric genes with structure of plant – human 
–plant. Three separate PCRs amplify the two plant fragment and the human fragment for each gene construct. 
These are then either cut out from the gel and purified with peqGOLD Gel Extraction Kit or directly purified 
with the kit if the PCR product is pure. The first and second fragments are added for a new PCR reaction and 
after purification also the third fragment is added for the last PCR. The gene construct is ligated into pJET 1.2 
through blunt ligation. This can also be done with only two fragments. The pJET vector is transformed into 
E.coli XL1 Blue. Fast DNA preparation and Miniprep is performed before restriction digest and DNA sequencing. 
The gene construct will be cut out with restriction enzymes from pJET 1.2 and ligated into a pET vector. After 
transforming the pET vector into E.coli XL1 Blue, and again fast DNA preparation and Miniprep before 
sequencing. The pET vector is now treated in the same way as the vectors with the point mutants, which 
results in protein expression and purification and activity measurements. 

4.2 QuikChange  

The point mutations corresponding to G18S, P139R, W367S and AG387ED are introduced to the pET28-
UGT72B1 vectors through site directed mutagenesis with QuikChange, where mutations are introduced via 
primers. This is done in several steps which lead to vectors with all combinations possible of these mutations. 
The primers are dissolved in TE-buffer to stock solutions of 1 mM and subsequently diluted to a working 
concentration of 10 µM. The reaction contains: 

0.375 µl of 10 µM forward and reverse primer 
3-15 ng pET plasmid 
10.5 µl 1.43xPfu mix 
1 µl Pfu polymerase (3U µl-1) 
ddH2O to 15 µl 
 
The reaction is performed on a T3000 Thermocycler with the 16 cycles as follows: 

30s 95°C 16x (30s 95°C, 1 min 55°C,  8 min 68°C).  

After the reaction 0.3 µL of DpnI (20 000 U ml-1) is added to digest the parental strand and the samples are 
incubated at 37°C for one hour. To be able to confirm that the correct mutations have been introduced a 
restriction digest will be made. First the plasmid has to be transformed into E. coli XL1-Blue where the plasmid 
will be amplified. 

1x Pfu buffer: 20 mM Tris/HCl pH 8.8, 10 mM KCl, 10 mM (NH4)2SO4, 2 mM MgSO4 

1.43x Pfu mix: 50 µl 10 x Pfu buffer, 10 µl dNTPs (10 mM), 290 µl ddH2O 

TE buffer: 10mM Tris-HCl 1mM EDTA pH 8 

4.3 Splicing by overlap extension by PCR 

The genes for the chimeric proteins are constructed through SOE by PCR. Each chimeric gene consists of three 
parts, one human gene fragment flanked by two plant gene fragments. The four different gene constructs are 
named 1abc, 2abc, 3abc, 4abc, where a and c represent the two plant fragments and b represent the human 
fragment. The three fragments are amplified in three separate PCR reactions with different temperature cycles. 
For fragments a and c pET28-UGT72B1 plasmid is used as a template, and for fragment b pDNR-LIB UGT2B4. 
Starting conditions for the PCR is 1 min 95 °C, 30 x (30s 95 °C, 10s 55 °C, 10s -2 min 72°C), but is modified for 
each fragment.   
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Each reaction contains: 

14 µl Pfu mix 
2 µl sense primer 
2 µl antisense primer 
1 µl plasmid (3 ng/µl) 
1 µl ddH20 
0.2 µl Taq/Pfu DNA polymerase 25:1 U:U.  

The PCRs for connecting fragments is done in a similar fashion as when amplifying single fragments, but instead 
of the plasmid template, 1 µl of each of the fragments a and b are added to the mixture. The last step is done in 
a similar way when 1 µl of fragments ab and c are added or 1 µl of each a, b and c. After each PCR the sample 
has to be purified before the next reaction. If other bands than the desired are showing on an agarose gel, the 
sample has to be run on an extraction gel and the correct fragment be cut out. No matter if the fragment has to 
be run on extraction gel or not, it has to be purified and this is done with peqGOLD Gel Extraction Kit. After 
purification the sample is again run on an agarose gel to see that the PCR product is still visible. 

4.4 peqGOLD Gel Extraction Kit 

If the PCR product is not pure, the sample is run on an agarose extraction gel. The fragment of interest is 
excised from the gel, an equal volume of a binding buffer is added and the sample is heated to 55°C and 
vortexed to melt the agarose. The solution is purified on a PerfectBind column where the PCR fragment binds 
to a silica matrix. In several washing steps salts, free nucleotides, oligonucleotides and polymerases are 
removed and the PCR product can be eluted. If the PCR product is not contaminated with other fragments, 
there is no need for an extraction gel and the sample can directly be mixed with the binding buffer of the kit 
according to the protocol for purification of PCR product. 

4.5 Ligation into pJET 1.2 

When two PCR fragments, a and b, have been joined in the second PCR step, the fragment is purified and 
ligated into the pJET1.2/blunt vector. This step is done so that the PCR product can be amplified in bacteria and 
sent for sequencing before the last PCR fragment, c, is added. The same procedure is done again when all three 
PCR fragments are joined. The ligation was done according to the CloneJETTM PCR cloning kit protocol for blunt 
ends: 

5 µl 2x reaction buffer  
2 µl purified PCR fragment 
2 µl nuclease-free water 
0.5 µl pJET1.2/blunt cloning vector  

If non proofreading polymerase is used in the PCR, the solutions are mixed and heated to 70°C for 5 min for the 
blunting reaction. 0.5 µl of T4 DNA ligase are added and the samples were left at room temperature for at least 
30 min of ligation. After the ligation, all the 10 µl of the ligation reaction are transformed into E. coli XL1-Blue, 
followed by plating onto agar plates with ampicillin to select for clones containing the pJET resistance gene. 

4.6 Ligation into pET28-UGT72B1 

When all three PCR fragments from the SOE PCR are joined and integrated into the pJET1.2 vector this will be 
cut out and instead incorporated into a pET28 vector. The restriction digest is done in the same way for both 
the pJET1.2 vector and the pET28 vector. The following is mixed and incubated for 60 min at a 37°C: 

8 µl of vector (70-100 ng/µl) 
4 µl BSA 
4 µl NEB buffer (depending on enzyme) 
24 µl dd H20  
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1 µl BseRI 
1 µl EcoRI 

4 µl of each sample is loaded on an agarose gel for control to see the correct fragment sizes. The pET28 vector 
is treated with antarctic phosphatase to avoid religation: 

36 µl of digested pET28 vector 
1 µl antarctic phosphatase 
4 µl 10x buffer for antarctic phosphatase  

The sample is mixed and incubated for 15 min at 37oC. The phosphatase is then inactivated for 5 min at 65oC to 
avoid it interfering in the transformation into E. coli.  Both the pJET1.2 and pET28 were purified with the 
peqGOLD Gel Extraction Kit, according to the protocol for purification of PCR product. After controlling the 
purified products on an agarose gel, the amount of DNA could be estimated so the ligation reaction would have 
about 5 molar excess of insert (PCR fragment cut out from from pJET1.2/blunt) compared to pET28 vector. A 
sufficient ratio can usually be achieved with a ligation reaction of: 

1 µl digested pET28 vector (70-100 ng/µl) 
7.5 µl digested pJET1.2 
1 µl 10x buffer for T4 DNA ligase 
0.5 µl T4 DNA ligase 

The ligation mix was incubated at 16°C over night followed by transformation into E. coli XL1-Blue. After fast 
DNA preparation the plasmids were digested  with Xma I and MfeI according to the protocol for analytical DNA 
restriction. 

4.7 LB-medium (Luria-Bertani medium) and agar plates 

25 g (10 g tryptone, 5 g yeast extract, 10 g NaCl) are added to 1 l of ddH20. Solutions are autoclaved at 121°C 
for at least 15 minutes before addition of heat sensitive antibiotics. Antibiotic is chosen according to plasmid 
resistance. Ampicillin: 100 µg ml-1, Chloramphenicol: 34 µg mL-1, Kanamycin: 50 µg ml-1. 
 
The solution for agar plates is made in the same way as LB-medium, with the difference that instead of the LB 
powder, 32 g LB agar powder is added to 1 l ddH2O. 

4.8 Competent cells 

The procedures for making both E. coli XL1-Blue and CodonPlus cells competent are very similar. For XL1- Blue, 
plates and medium do not contain antibiotics, whereas they for BL21 CodonPlus contain chloramphenicol (34 
µg ml-1). 

E. coli from a glycerine stock are streaked on an agar plate and after incubation at 37°C over night, one colony 
is picked and transferred to 10 mL LB medium. The liquid culture is incubated on shaking over night at 37°. The 
next day, 1 ml of overnight culture is added to 100 ml Psi-broth. When the OD600 has reached 0.5 the culture is 
put 15 min on ice and then centrifuged for 5 minutes at 5000g at 4 °C with a JA-14 rotor. The liquid is discarded 
and the pellet is resuspended in 40 ml cold TfbI solution before further centrifugation for 5 minutes at 5000g 
and at 4 °C with a JA-14 rotor. The liquid is discarded and the pellet is resuspended in 4 ml of cold TfbII 
solution. The solution is put on ice for 15 minutes. Aliquotes of 100 µl are frozen with liquid nitrogen and put in 
-70°C freezer. 

TfbI: 2.95 g NaAc, 12.10 g RbCl, 1.47 g CaCl2, 10.0 g MnCl2, 150 lglycerine. Add to 1 l with ddH20, adjust pH with 

acetic acid.   

TfbII: 0.21 g MOPS , 1.1 g CaCl2, 1.21 g RbCl, 15 ml glycerine. Adjust to pH 6.5 with NaOH, add to 100 ml with 

ddH2O. 

Psi-broth: 5 g yeast extract, 20 g bactotryptone, 5 g MgSO4, add to 1l with ddH20, adjust to pH 7.6 with NaOH 
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4.9 Heat shock transformation 

An aliquot of 100 µl competent E. coli cells is thawed on ice for 5 minutes and 1-2 µl of the plasmid of interest 
is added. Mixing is accomplished by tapping the tube. After 30 minutes on ice, the cells are put in a heating 
block for 90 s at 42°C, and afterwards directly put on ice again. 1 ml of LB-medium (without antibiotics) is given 
to the cells and they are incubated for 30 min at 37°C. During this time the bacteria have time to start 
transcribing and translating the antibiotic gene, which is included in the plasmid. The cells are centrifuged 1 
min at 6000 rpm. All except about 100 µl of the supernatant is discarded and the pellet is resuspended in the 
remaining liquid. The bacteria are then plated onto an agar plate with the antibiotic corresponding to the 
plasmid. The plate is incubated at 37°C over night.  

4.10 Fast plasmid preparation 

When colonies have grown on the plates after heat shock transformation into XL1 Blue the plasmid DNA needs 
to be extracted. This is to see if the correct mutation has been introduced to the plasmid, or in the case of 
ligation, if the correctly sized fragment has been incorporated into the vector. In a first screen, this is done with 
fast preparation of 18 different bacteria clones. 750 µl of LB-medium with antibiotics (Km for pET vector and 
Amp for pJET1.2) are added to each of 18 wells on a 48-well plate. Clones from the plates are picked with 
toothpicks and dipped into the wells. The 48-well plate is then incubated over night at 37°C during shaking.  
The next day, 600 µL of the culture from each well is transferred to an Eppendorf tube and 500 µl from the 
lower phase of a Phenol/Chloroform/Isoamylalkohol mix (25:24:1) are added. The samples are vortexed for 1 
min. The solution is centrifuged for 5 min at 13000 rpm, which separates the cell components into three 
different phases. Above is a hydrophilic phase with DNA and RNA, in the middle is the interphase with larger 
cell debris, and at the bottom is the hydrophobic phase, which contains proteins.  350 µl of the upper phase are 
added to a new tube together with 350 µL isopropanol. The samples are centrifuged for 10 min at 13000 rpm 
at 4°C, which leaves a small plasmid pellet at the bottom of the tube. The liquid is discarded and the pellet is 
being dried. 200 µl 70 % ethanol are added and dried, and the step is repeated once. To remove all alcohol, the 
samples are placed in an exsicator for 10 min. 25 µl TE-RNAse (50 ng ml-1) is then added to the sample to have 
the RNA digested. The samples are vortexed and then left for a few minutes to enable the plasmid DNA to 
dissolve in the liquid.  
 

Phenol/Chloroform/Isoamylalcohol: 25:24:1 

TE-buffer: 10mM Tris-HCl, 1mM EDTA pH 8 

4.11 Miniprep (plasmid preparation) 

When a correct clone has been detected in the fast plasmid preparation, a slightly larger bacteria culture is 
grown to enable extraction of more plasmid DNA. 3 µl of the fast preparation culture is added to each of two 
wells with 3 ml LB-medium on a 12 well plate. The culture is grown 37°C over night during shaking. The plasmid 
is extracted with the peqGOLD Plasmid Miniprep Kit. 4-5 ml bacteria culture is pelleted and lysed through SDS-
alkaline lysis. The lysis solution contains RNase A that will break down the bacterial RNA. This is followed by a 
step where the chromosomal DNA is precipitated. After centrifugation the solution, which now contains 
plasmid, is loaded onto a PerfectBind DNA column where the plasmid DNA can bind to its silica membrane in a 
centrifugation step. In further steps, contaminations such as proteins are washed away and the purified 
plasmid can finally be eluted.  

4.12 Analytical DNA restriction 

Analytical DNA restriction is used as a control to see if a certain mutation is successfully introduced or if the 
ligation of  chimeric genes into the pET vector is working.  The restriction digest contains a mix of: 
 
3 µl plasmid 
1 µl 10xBSA 
1 µl 10xNEB buffer 
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5 µl ddH2O  
0.1 µl of each restriction enzyme.  

The NEB buffer has to be chosen so that both of the enzymes have sufficient activity if two different are used. 
The samples are incubated for 1 hour at a temperature depending on the restriction enzymes. 3 µl plasmid is 
sufficient after a Miniprep where the concentration is often above 70 ng/µl. For analysis of DNA from fast DNA 
preparation the volume can be increased. The restriction enzymes and the expected fragment sizes are found 
in Appendix B. 

4.13 Agarose gel 

For analytical DNA restriction or for visualizing PCR fragments, a 1 % agarose gel is used. 1.1 g agarose is added 
to 110 ml TAE buffer. The solution is heated in a microwave in several steps with mixing in between. Before 
loading samples to the gel they are mixed with loading buffer so that the position of the samples can be 
visualized during the run. 5 µl of each sample is added to the gel. 3 µl of Smart Ladder standard is loaded in one 
well to be able to interpret the fragment sizes. The gel is run for 0.08 kVh (155V, 258 mA, 40 W) and then 
stained for about 10 min in etidium bromide solution (5 µg/µl). The etidium bromide will be integrated 
between the DNA bases, and the DNA can therefore be visualized with UV light. The gel is rinsed with water 
prior to visualization with the MultiImage Light Cabinet.  Extraction gel for PCR fragments are made according 
to the same protocol as other agarose gels, but when the gel is cast the slots are made bigger to hold larger 
sample volumes. 

50 x TAE buffer:   242 g Tris, 57.1 ml Acetic acid, 100 ml 0.5 M EDTA ddH20 to 1l  

Loading buffer: 0.1 % Xylencyanol, 0.1 % Bromphenol blue, 0.1 mM EDTA, 75 % Glycerine 

4.14 Concentration determination of DNA  

Concentration is determined with the Nanodrop2000 at a wavelength of 260 nm. 1 µl of the sample is 
adequate for concentration measurements. The concentration is calculated according to Beer-Lambert’s 
equation: 

c = (A * e)/b 
 
C is the concentration, A is absorbance in AU, e is the extinction coefficient and b is the pathlength in cm. For 
dsDNA the extinction coefficient is 50 ng µl-1 cm-1. 

4.15 DNA sequencing 

Sequencing is done by Eurofins MWG Operon or by Microsynth. Sequencing of pET vectors was made with T7 
and T7 terminal primers, while sequencing of pJET is made by pJET forward primer and pJET reverse primer. 

4.16 Test expression 

When the correct pET28 plasmid with point mutations or inserted chimeric gene has been constructed it is 
transformed into E. coli CodonPlus cells for protein expression. First, this is done in a small scale to find a 
bacteria clone where the protein is expressed to a high extent, followed by expression in a large fermenter. 
Three clones are picked from the agar plate and transferred to 200 µl LB-medium (Km, Cm) and incubated at 
37°C and shaking over night. The next day, 2.5 µl from the overnight culture is transferred to 750 µl fresh LB-
medium with the same antibiotics. One negative control will run in parallel with the other clones. After 
incubation of 3-4 hours and at OD600 = 0.6, 200 µl of each of the three cultures are removed and added to 20 µl 
of sterile 80 % glycerine to save as a stock. The stocks are frozen at -20°C. To the remaining culture, 5.5 µl of 0.1 
M isopropyl-β-D-thio-galactoside (IPTG) are added, to induce the protein expression, so that the final IPTG 
concentration is 1 mM.  The negative control is not induced. The cultures are further incubated for 3-4 hours at 
37°C and shaking. 200 µl are then removed and centrifuged for 3-5 minutes at 13000 rpm for analysis of the 
expressed proteins. The liquid is discarded and the cells are resuspended in 25 µL ddH2O. The samples are put 
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in a heating block for 5 minutes at 95°C followed by ultrasonication bath for 5 min. 25 µL Schägger and v. Jagow 
buffer is added before 5 min incubation in 95°C heating blocks. 8-10 µL is then put on a protein gel to detect 
the highly expressed protein and confirm that it is of correct size. 

4.17 (SDS-PAGE) according to Schägger and von Jagow  

SDS-PAGE is used after the test expression to see if the induction of the cells resulted in an overproduction of 
the protein in question. After protein expression in large fermenter, analysis on the gel makes it possible to see 
if the protein is soluble or not, and it is also a control of purity after protein purification. The gel consists of a 6 
% stacking gel and a 9 % resolving gel. The gel is cast in a Mini-Vertical Slab Gel/Blotting System DCX-70 with 14 
wells. Before running the samples they are incubated at 95oC for 5 min with a volume 1:1 of sample and sample 
buffer for denaturation. Loading buffer is added to the wells for better visualization. PageRulerTM Plus 
Prestained Protein Ladder is added as size standards. 5-10 µl of each protein sample are loaded onto the 
gelThe gel is run for 45 min at 0.114kVh (254V, 96 mA, 25W). The gel is stained in a solution with Coomassie 
Brilliant Blue for at least 30 min. Thereafter it is destained in destaining solution in several steps until the 
protein bands are clearly visible. The gel is rinsed with water and put in a gel dryer for 45 min. 

Stacking gel: 0.75 ml 40 % polyacrylamide solution,  1.5 ml 3x S/J buffer, 3 ml ddH20, 100 µl 10 % APS, 10 µl 

TEMED 

Resolving gel: 2 ml 40 % polyacrylamide solution , 3 ml 3x S/J buffer, 2 ml ddH2O, 2 ml 64 % glycerine, 100 µl 

10 % APS, 10 µl TEMED 

S/J anode buffer: 0.2 M Tris/HCl, pH 8.9 

S/J cathode buffer: 0.1 M Tris, 0.1 M Tricin, 0.1 % SDS, pH 8.25 

3x S/J buffer: 3 M Tris/HCl, 0.3 % SDS, pH 8.45 

Loading buffer: 100 mM Tris/HCl, pH 6.8, 8 % (w/v) SDS, 24 % (w/v) Glycerin, 4 % (v/v) 2-Mercaptoethanol, 

0.2% (w/v) Coomassie Brilliant Blue G250, 6M urea 

Staining solution: 0.2 % (w/v) Coomassie Brilliant Blue G250, 10 % (v/v) acetic acid, 20 % Ethanol in ddH2O. 

Destaining solution: 10 % (v/v) acetic acid, 20 % Ethanol in ddH2O. 

4.18 Protein expression in fermenter 

If the gel after the test expression shows that the correct protein was over expressed, one clone is chosen for 
making a culture in a large fermenter (2l) for protein expression. Cells from the glycerol stock with this clone 
are inoculated in 15 ml of LB-medium (Km, Cm) and incubated at 37°C and shaking over night. A fermenter with 
2 l of LB-medium and a filter in the air inlet are autoclaved. The next day, antibiotics (Km, Cm) and antifoam are 
added to the medium and air is circulating through the filter and into the fermenter. 10 ml of the overnight 
culture is transferred to the fermenter and the culture is grown in room temperature until OD600 has reached 
0.6. 0.5 g of IPTG are then added to induce the bacteria to express the protein. The next day the OD600 should 
have reached 1.5-3.5. Next, the cells can be analysed for protein localization and the protein can be purified. 

The culture is first centrifuged for 5 min at 8000 rpm with a JA-14 rotor at 4oC. The liquid is discarded and the 
pellet is resuspended in 20 ml PBS buffer. After vortexing, 200 µl lysozyme (100 mg ml-1) and 400 µl 5 % Triton 
X-100 are added. The solution is kept 30 min on ice before 2 x 7 min of treatment with ultra sonicator (80 % 
pulse, amplitude 0.7) resulting in whole crude extract (WCE). The whole crude extract is centrifuged for 30 min 
at 16000 rpm at 4°C with a JA-25.50 Rotor. The supernatant, or the crude extract (CE), is where the soluble 
proteins should be found. The pellet contains the cell debris and inclusion bodies. The crude extract is saved 
and the pellet is resuspended in 20 ml of 5 % Triton X-100. The sample is centrifuged for 20 min at 19000 rpm 
at 4oC. This leaves the membrane and membrane proteins in the supernatant (Triton X fraction). The pellet is 
now resuspended in 20 ml of 100 mM Tris-HCl, 8 M urea at pH 8. After 10 min centrifugation at 19000 rpm, the 
supernatant (Urea fraction) contains inclusion bodies. 
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From each centrifugation step (whole crude extract, crude extract, triton X fraction, urea fraction) an aliquot of 
50 µl is collected. To each, 50 µl loading buffer is added, and the samples are heated at 95°C for 5 min to then 
be run on a protein gel, to see in what fraction the protein of interest can be found. The aim is to have a 
soluble protein that is to be found in the crude extract. Before purification of soluble proteins, the crude 
extract is filtered through a 0,22 µm filter to avoid blockage in the Profinia purification system in a subsequent 
purification. The sample had to be adjusted to a concentration of 300 mM NaCl and 5 mM imidazole. 
Adjustment calculations are taking into account that the crude extract contains 20 ml PBS buffer, which already 
contains NaCl. To sample of 20 ml 648 µl of a 5 M NaCl stock solution and 100 µl of a 1 M imidazole stock 
solution were added.  

PBS-buffer: 138 mM NaCl, 2.7 mM KCl, 4.7 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.2 - 7.4. 

Urea solution: mM Tris-HCl, 8 M urea, pH 8 

4.19 Protein purification 

Purification of the proteins is done on the ProfiniaTM Protein Purification System. This system is based o an 
IMAC (immobilized metal affinity chromatography), where proteins expressed with an accessible histidine tag 
can be purified. The affinity buffers in the native IMAC are based on potassium salts and buffers. They contain 
increasing concentration of imidazole to enable optimized lysis, binding, washing and elution of His-tagged 
proteins. Here, instead of the provided lysis buffer, other methods are used for lysis of E. coli cells, but the 
samples are adjusted to same concentration of imidazole (5 mM) and instead of KCl, NaCl in the same 
concentration (300 mM) as the lysis buffer. The desalting buffer from the kit is not used either. The 1 ml IMAC 
cartridge was used, and the sample size injected in the system was normally about 20 ml. The native IMAC 
method was chosen, with standard flow rate and wash time. After the purification sample is placed in a dialysis 
membrane and dialyzed over night at 4°C in 200 ml dialysis buffer. 

Dialysis buffer: 20 mM NaP, 150 mM NaCl, 1 mM DTT, 0.1 mM EDTA, 50 % glycerin, pH 7 

4.20 Concentration determination of protein 

Protein concentration is determined with the Lambda 25 spectrometer using a 1 cm quartz cuvette. The 
protein absorbance is measured by scanning through a wavelength spectrum of 220 nm to 320 nm, where the 
absorbance values at 228.5, 234.5, 235, 260, 280 and 320 nm can be attained. The concentration is calculated 
according to three different methods; usually Ehresman method yields the most accurate estimates 

Ehresmann:         (29) 

Whitaker:         (30) 

Layne:     (31) 

The ratio of A260/A280 is calculated to see if the protein samples are contaminated with nucleic acid. Nucleic acid 
has an absorbance peak at 260 nm while proteins have one at 280 nm. For protein OD260/OD280 should have a 
value of 0.57, for DNA 1.8 and for RNA 2.0. Thus, if the OD260/OD280 value is above 0.57 it is likely that the 
sample contains nucleic acid. Prior to absorbance measurements the protein samples are diluted in water. This 
is done so to obtain an absorbance value between 0 and 1, which is necessary for it to be reliable. Dialysis 
buffer with the same dilution factor as the sample is used as a blank. 

4.21 Activity assay 

For enzyme activity analysis the enzyme is diluted in water to a volume of 15 µl and a concentration of 8 µM. 
This is followed by an addition of 15 µl 2x reaction mix containing different substrates, which leaves the final 
concentration of the enzyme to 4 µM. The enzyme samples are left in room temperature over night. The next 
day the reaction is stopped by adding 60 µl of stopping solution. Reference samples without enzyme are 
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treated the same way as the other samples and later used as blanks. The samples are centrifuged for 15 min at 
13000 rpm to pellet any possible solid particles to avoid clogging in the HPLC in subsequent measurements. 30 
µl from the top of each tube are transferred to a HPLC vial with insert. Stopping solution 1 was used on the C18 
column and stopping solution 2 was used on the C8 column. 

Activity assay:   Enzyme (8 µM )+ H2O  15 µl 
  Reaction mix  15 µl 
  Stopping solution 60 µl 
 
2x reaction mix: 40 mM phosphate buffer pH 7.6 
  4 mM DTT  

  0,6 mM UDP-glucose or UDP glucuronic acid 
  0,6 mM DCP or eugenol or 1-naphtol  

Stopping solution 1: 0.1 % HCOOH  60 µl 

Stopping solution 2:  Mobile phase A  15 µl 
  Methanol  15 µl 
  ddH20  30 µl 

0.5 M Phosphate buffer:  84.5 ml 1M Na2HPO4, 15.5 mL 1M NaH2PO4, add H20 to 200 ml  
and adjust to pH 7.6 with HCl/NaOH. 

The different reaction mixes which were used were made with all combinations of acceptor and donor 
substances; UDP-glc /DCP, UDP-gla/DCP, UDP-gla/ eugenol, UDP-glc /eugenol, UDP-glc /1-naphtol and UDP-gla 
/1-napthol. Stock solutions of all the compounds were made. UDP-glc, UDP-gla and DCP were dissolved in 
water. Eugenol and 1-naphtol were diluted in methanol. The concentration of the stock solutions had high 
concentrations which resulted in that only a small volume of eugenol or 1-naphtol was sufficient for the assay. 
Due to this the methanol should not affect the enzymes negatively. 

4.22 HPLC 

Activity analysis is done on a HPLC from the Agilent 1100 series with a Zorbax eclipse XDB-C18 (4.6x50 mm, 1.8 
µm) column and with a  Zorbax SB-C8 (21x50 mm, 3,5 µm) column. The flow is set to 0.25 ml/min and the 
temperature to 30°C. The detection of the compound is done at 262 and 285 nm. The gradient is the change in 
mobile phase composition, how much of mobile phase A and mobile phase B there is in the flow at a certain 
time. t is time in minutes. 

Zorbax SB-C8    Zorbax eclipse XDB-C18 

Gradient t=0 15 % B  t=0  25%B 
 t=10 100% B  t=8 100%B 
 t=13 100% B  t=11 100%B 
 t=13.5 15 % B  t=11.5 25%B 
 t=19 15 % B  t=19 25% B 

Mobile phase A: 950 ml water phase 
  50 ml methanol 

Mobile phase B:  50 ml water phase 
  950 ml methanol 

Water phase:  5 mM tetrabutylammonium hydroxide 
  10 mM Na2HPO4*2H2O 
  adjusted to pH 7 with H3PO4 or NaOH 
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5 Results and discussion 

 

5.1 SOE by PCR 

PCR was done to first amplify the three separate gene fragments for each of the four gene constructs.  In a first 
attempt all PCR reactions had the annealing temperature of 55°C and the elongation temperature of 72°C. The 
elongation time was determined so that a fragment of 500 bp would have an approximate elongation time of 
30 s. This leaves the PCR settings to: 1 min 95°C, 30 x (30s 95°C, 10s 55°C, 10s -2 min 72°C). Too long elongation 
times and too low annealing temperatures lead to unspecific binding of the primers to the template. This is 
shown on an agarose gel as several bands, while the optimal result would be only one amplified product and 
thus one band. For improved results, the settings were modified for each of the fragments. (The PCR fragments 
are illustrated in Figure 12). 

The most optimal settings for the plant fragments were 1 min 95°C, 30 x (30s  95°C, 10s 57°C, 10s 72°C) and  1 
min 95°C, 30 x (30s  95°C, 10s 5 °C, 30s 72°C) for a and c fragments respectively (Table 3). Still, after these 
modifications of the PCR settings, not all reactions resulted in pure product. 1a and 2a samples also contained 
unspecific fragment of a larger size (Figure 16). Therefore, 1a and 2a had to be run on an extraction gel where 
the correct bands could be cut out, while c fragments were purified with the kit. Amplification of human 
fragments 1-4b resulted in specific band after a PCR of 1 min 95°C, 30 x (30s 95°C, 10s 57°C, 20s 72°C) (Table 3, 
Figure 17A). These results were not entirely reproducible, and in later attempts these samples had to be run on 
an extraction gel. 

 

Figure 16.  1a, 2a and 3a (10s annealing 55°C , 10s elongation 72 °C). 1c and 4c (10s annealing 57°C s, 30 s elongation 72 

°C). 1a, 2a and 3a (10s annealing 57°C, 10s elongation 72 °C). 1c and 4c ( 10s annealing 59°C, 30 s elongation 72 °C). Sample 

1a and 2a show unspecific products and had to be run on an extraction gel. 

 

Fragment Length (bp)  Primers Settings 

1a (4a) 224 T7.prom, 64/65.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 10 s 72°C) 

2a 320 T7.prom, 131/132.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 10 s 72°C) 

3a 453 T7.prom, 194/195.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 10 s 72°C) 

1b 610 64/65.for, 318/319.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 72°C) 

2b 461 131/132.for, 318/319.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 72°C) 

3b 321 194/195.for, 318/319.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 72°C) 

4b 707 64/65.for, 352/353.rev 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 72°C) 

1c (2c, 3c) 962 318/319.for, T7.term 1 min 95 °C, 30 x (30 s  95 °C, 10 s 59 °C, 30 s 72°C) 

4c 873 352/353.for, T7.term 1 min 95 °C, 30 x (30 s  95 °C, 10 s 59 °C, 30 s 72°C) 

Table 3. The PCR settings for amplification of single gene fragments, with their length in base pairs and the primers listed 

which were used for each reaction. 
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When the two fragments a and b were connected it resulted in quite specific products, and only faint bands of 
incorrect sizes could be seen on the gels. For ab fragments 1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 72°C) 
was appropriate (Figure Table 4, 17B). 

 

 

 

Figure 17.  A: Human fragments 1-4b which were amplified with annealing 10s at 57°C and elongation 20s 72°C. B: Ab 

fragments 10s annealing at 57°C and 20s elongation 72°C. 

Since the main product of ab fragments were of correct size, these fragments were ligated into pJET1.2 and 
sequenced after fast DNA preparation and Miniprep. In further steps the pJET vector was meant to be used as a 
template instead of the ab fragment alone. This makes it possible to amplify the material in the bacteria 
instead of making new PCRs and extraction gels when all ab fragments have been consumed due to many PCR 
attempts. Sequencing showed that 2ab and 4ab contained mutations in the sequence and could not be used in 
further steps. 3ab was correct and 1ab had only one mutation in the plant part of the sequence. Mutations in 
the plant fragments might be removed when the whole gene construct is ligated into pET28-UGT72B1. The 
gene does not have to be cut at the ends but can be cut further into the sequence, since the plant fragments 
and the pET vector has the same sequence. Therefore both 1ab and 3ab vectors could be used for connection 
with the last fragment, c. 

In the first attempts of ligation of ab into pJET the PCR products were not run on an extraction gel and instead 
directly ligated. An extraction gel should have been preferred, since incorrect fragments often were 
incorporated into the vector, which was visualized in the fast preparation. After ligation and fast preparation, 
the vector was digested with Bgl II, which would cut on each side of the insertion site of the pJET vector. This 
would result in one fragment of the size of ab and one of the pJET vector (2974 bp). Several times there was 
only a band at the position corresponding to approximate 3000 bp. This means that a very short sequence had 
been ligated, since if no fragment at all was inserted, the bacteria would not have survived. This due to the 
transcription of the eco47IR gene which is fatal for the bacteria if not destroyed through insertion of a PCR 
fragment. The small fragments inserted might have been the primers. 

When the third fragment was added to 1ab and 3ab and new 2ab and 4ab were ligated into pJET, again 
mutations could be detected in the sequencing. This was believed to be due to mistakes made by the 
polymerase. A mix of Taq/Pfu DNA polymerase had been used and this was replaced by only Pfu DNA 
polymerase. This resulted in correct 1abc and 3abc sequences. Attempts for this were done in different ways. 
First the primers T7 promoter and T7 terminator was used with settings 1 min 95 °C, 30 x (30s  95 °C, 10s 57 °C, 
30-40s 72°C). This resulted in very unspecific bands and the correct ones could not be seen. Very small amount 
of product was detected in an attempt at 55°C annealing temperature. Longer elongation time was thought to 
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make the reaction even more unspecific, but perhaps was 40s not long enough for the polymerase to 
synthesize the 1700 bp fragment. Increased elongation time might have resulted in some product even if it was 
not pure, and this would be preferred over no product at all. But instead new slightly longer primers, 
64/318.for and 64/318.rev, were constructed. With these new primers PCRs with 61 and 63°C annealing and 
60-90 s of elongation at 72°C were successful. 3abc showed a sharp clear band and 1abc showed two strong 
bands on the gel and had to be run on an extraction gel. 

For gene constructs 2 and 4 a new approach was made. Fragments a, b and c were all added to the same 
reaction with the new flanking primers. This was the most successful when the annealing temperature was 
61°C and the elongation time was 90s. The gels now showed single bands. Except for fragment 1abc all the 
other gene constructs showed to be correct after sequencing.  

Attempts were also made where fragments b and c first were connected to then add fragment a. This was 
considered more difficult although it should be an equally successful approach. 

 

Fragment Length (bp) Primers Settings 

1 a + b 799 T7.prom, 318/319.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 
72°C) 

2 a + b 746 T7.prom, 318/319.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 
72°C) 

3 a + b 742 T7.prom, 318/319.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 
72°C) 

4 a + b 896 T7.prom, 352/353.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 57 °C, 20 s 
72°C) 

1ab + c 1646 64/318.for, 64/318.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 61-63 °C, 60 s 
72°C) 

3ab + c 1589 64/318.for, 64/318.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 61-63 °C, 60 s 
72°C) 

2a + b + c 1592 64/318.for, 64/318.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 61-63 °C, 90 s 
72°C) 

4a + b + c 1654 64/318.for, 64/318.rev 
1 min 95 °C, 30 x (30 s  95 °C, 10 s 61-63 °C, 90 s 
72°C) 

 
Table 4. The PCR settings for amplification of connected gene fragments, with their length in base pairs and the primers 

which were used for each reaction. 

5.2 Ligation into pJET1.2/blunt 

When unpurified PCR fragment was ligated into pJET1.2/blunt vector the subsequent transformation into XL1-
Blue resulted in a very large number of colonies. The fast DNA preparation resulted in fragments of sizes close 
to that of the vector. This means that only very short fragments must have been ligated, either the primers or 
some short PCR product that was synthesized do to unspecific binding. When the PCR products were excised 
from an extraction gel almost all clones in fast DNA preparation had the correct insert. The number of clones, 
however, were not that many, often about 20. This is a quite low number considering the ligation time, which 
was at least 30 min but often more. Different volumes of PCR product was used in the ligation reaction. 

5.3 Ligation into pET28-UGT72B1 

Gene construct 1abc had a mutation in the first plant fragment. Because of this the 1abc pJET vector had to be 
digested with an enzyme that would remove the first part of the sequence and for this BseRI was appropriate. 
The vector was also digested with EcoRI. The same was done with pET28UGT72B1 and to be able to use it for 
ligating the other three fragments they were digested with the same enzymes. After ligation into 
pET28UGT72B1 and fast plasmid preparation, the plasmids were again digested to confirm the insertion of the 
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fused gene construct. This time digest was made with MfeI and XmaI. Expected and also detected fragments 
are found in Appendix B. 

5.4 QuikChange  

All mutations were successfully inserted in the different plasmids.  Expected and also detected fragments after 
restriction digests of the mutated plasmids are shown in Appendix B. 

5.5 Test expression 

pET vectors with point mutants and fusion genes were transformed into E. coli BL21 CodonPlus cells. Three 
clones of each were grown in small cultures and induced to express the protein. All UGT72B1 point mutant 
proteins were over expressed except for G18S.  Three attempts to do this were made without any positive 
results. It could possibly have been some mistakes in the sequence, if the sequencing was not made properly, 
or perhaps did this sequence simply not result in a favorable structure and was broken down in the cell. 

All of the fusion proteins were expressed in a high amount after induction. The SDS-PAGE gel after test 
expression of three 131/318 clones are visualized in Figure 18. One not induced clone was used as a reference 
and three clones were induced. 131/318 is a 55 kDa protein, and the three prominent bands on the gel which 
cannot be seen in the reference are just above 55 kDa. The remaining three fusion proteins were expressed at 
approximately the same level as 131/318 and showing bands at very similar positions. 

 

Figure 18.  Three induced clones of fusion protein 131/318 show over expression which cannot be seen in the reference. The 

bands are close to the 55 kDa marker from the ladder, which is the correct size of the protein. 

5.6 Protein expression in fermenter 

After a test expression with positive results, one of the clones from the glycerol stocks is grown in a fermenter. 
After induction of the cells to make them over express the protein, the cell content is separated in several 
steps. It is then possible to separate proteins into different fractions according to their properties; membrane 
proteins, inclusion bodies and soluble proteins. The cells from the fermenter culture are pelleted, resuspended 
and lysed through ultra sonication. This is then called the whole crude extract (WCE) and should contain all 
proteins of the cell. The crude extract contains all soluble proteins and this is where the fusion proteins and the 
point mutant proteins hopefully are to be found. The Triton X fraction contains the membrane proteins and the 
urea fraction the inclusion bodies. The profina fraction is the purified protein and here only one protein should 
be seen if the purification has worked optimally.   

The SDS gel with the chimeric protein 64/318 shows all the five fractions mentioned above and can be seen in 
Figure 19. The WCE fraction is surprisingly faint, considering that all the proteins of the cell should be found 
here. This is probably due to difficulties with loading this highly viscous sample on the gel, since it does not 
easily sink to the bottom of the well. The band of 55 kDa is very thick in the CE fraction, showing that the fusion 
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protein 64/318 should be highly soluble. This band is missing or very faint in the Triton X and Urea fraction 
which agrees with the fact that the protein is soluble. In the Profinia fraction the band is prominent but there 
are also contaminants of other proteins. The fusion protein, however, seem to make up a relatively high 
percentage of the total protein content of the purified sample. 

The SDS gel of 131/318 can be seen in Figure 20 and show the CE, Triton X, Urea and Profinia fractions. There, 
the 55kDa band is not as distinct in the CE fraction as for 64/318 and can quite easily be detected in all the four 
fractions. This could be due to insufficient ultra sonication, which would mean that not all soluble protein 
would be removed with the CE, but left until following steps and end up in the remaining fractions. The fact 
that a lot of 131/318 is found in the urea fraction could also be a sign of folding problems. For this fusion 
protein the purification was less successful than the previous one. The band at 55kDa is as distinct as three 
other bands, and there are several others which are fainter. 

 

 

 

                                  

 

 

 

 

The other two fusion proteins 194/318 and 64/352 both seem to be soluble and found in the CE as well as the 
Profinia fraction. These two were not entirely pure either after the Profinia purification, and several other 
bands could be detected on the gels. 

All the point mutations which showed positive results in the test expression were also expressed in the 
fermenter. They were all soluble proteins and showed distinct bands corresponding to correct sizes in both CE 
and Profinia fraction. 

5.7 Protein purification and concentration measurements 

The proteins were purified on the Profinia protein purification system and the concentrations are show in Table 
5. The ratio OD260/OD280 was calculated for each of the proteins, which gives an indication if the samples 
contain nucleic acid. Nucleic acid has an absorbance peak at 260 nm while proteins have one at 280 nm. For 
pure protein OD260/OD280 should have a value of 0.57, for DNA 1.8 and for RNA 2.0. Thus, if the OD260/OD280 
value is above 0.57 it is likely that the sample contains nucleic acid. 64/318, 64/352, W367S_G18S and 
P139R_W367S all have OD260/OD280 above 1.7 which is considered very high. P139R_W367S and 64/318 show 
rather low protein yield and this could be a reason why even little nucleic acid contamination would affect the 
OD260/OD280 value to a high extent. However, this would not explain the high values of the other two. The 
absorbance spectra for all proteins show a shift of peak towards 260 nm and this is visualized in Figure 21 for 
the chimeric protein 131/318. The concentrations were calculated according to Ehresmann, Layne and 
Whittaker. The different methods resulted in quite different values. However, the Ehresmann method was 
considered most reliable since it uses the wavelengths 228.5 nm and 234.5 nm to calculate the concentration.  

Figure 20. SDS gel with the chimeric protein 131/318 showing 

CE, Triton X, Urea and Profinia fractions. Bands of 131/318 

can be detected in all fractions. This indicates folding 

problems or inadequate ultrasonication.The Profinia fraction 

show several equally strong bands.  

Figure 19. SDS gel with chimeric protein 64/318 showing 

WCE, CE, Triton X, Urea and Profinia fractions. A strong 

band shows 64/318 in the CE, indicating a soluble 

protein. Some impurities can be seen in the Profinia 

fraction.  
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At these wavelengths a nucleic acid absorbance spectra has a minimum and would not interfere much with the 
protein concentration calculations.   

 

Protein Concentration (mg/ml) Concentration (µM) OD260/OD280 

Wt 0.42 7.69 1.16 

P139R 0.38 6.98 1.45 

W367S 1.01 18.79 1.25 

AG387ED 1.95 36.12 0.71 

P139R_W367S 0.62 11.33 1.72 

P139R_AG387ED 1.71 31.66 1.38 

P139R_G18S 0.87 16.19 1.51 

W367S_G18S 0.94 17.32 1.75 

AG387ED_G18S 2.4 44.42 1.41 

P139R_W367S_AG387ED 1.21 19.92 1.43 

P139R_W367S_G18S 1.49 27.58 1.56 

W367S_AG387ED_G18S 1.73 32.13 1.19 

P139R_AG387ED_G18S 2.28 42.19 1.29 

P139R_W367S_AG387ED_G18S 1.86 34.43 1.21 

64/318 0.43 7.82 1.94 

131/318 1.19 20.21 1.27 

194/318 0.57 10.43 1.40 

64/352 0.75 13.81 1.71 

Table 5. Concentrations of all purified proteins. OD260/OD280 values above 0.57 indicates nucleic acid contamination.  

 

 

 

Figure 21.  Chimeric protein 131/318 with absorbance peak shifted from 280 nm towards 260 nm. This shows on nucleic acid 

contamination. 
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From the protein gels, mainly for the chimeric proteins, it is clear that the purified samples contain more than 
one protein. Therefore, it is difficult to determine the correct concentration of each of the analyzed proteins. 
Still, in the activity measurements the amount of each enzyme used in the assay is based on these 
measurements and calculations. This results in activity measurements that cannot be considered quantitative, 
and they are instead only indications of whether an enzyme is active or not. 

The values of the protein concentrations differ quite a lot in size. Different proteins might be expressed to 
different extents in the E. coli cell, but that alone might not be the reason. There can be variations in the exact 
amount of time the bacteria are allowed to grow, both before and after induction and the extent of ultra 
sonictation of the cell pellet might also affect the result. There were also some problems with filtering the 
crude extract before purification, and different amounts might have been lost when using different numbers of 
filters. 

5.8 Activity assay and HPLC measurements 

The activity assay was carried out with 4 µM of each enzyme. The point mutants were incubated with two 
different reaction mixes, UDP-glc and DCP or UDP-gla and DCP. The chimeric proteins were allowed to react 
with six different reaction mixes; UDP-glc and DCP, UDP-gla and DCP, UDP-glc and eugenol, UDP-gla and 
eugenol, UDP-glc and 1-naphtol, UDP-gla and 1-naphtol. The HPLC measurements were first performed on a 
Zorbax eclipse XDB-C18 column, where all the point mutants were analyzed. The activity reactions were 
stopped with 60 µl 0.1% HCOOH. However, this column was clogged, probably due to contaminants in the 
samples, and instead the samples were analyzed on a Zorbax SB-C8 column. A new stopping solution was now 
used, containing mobile phase A and methanol, to make it more similar to the mobile phase conditions. If the 
clogging occurred because of sample precipitation on the column, this would instead lead to precipitation 
already in the tube, which would be centrifuged down before analysis of the sample. The different properties 
of the two columns required different settings for the gradient and also resulted in different retention times 
(Table 9). 

 

Retention time (min) 

Column UDP-glc UDP UDP-gla DCP-glc DCP-gla EU-glc NA-glc DCP EU NA 

C18 column 1.1 2.0 2.8 6.9 7.2 9.7 

C8 column 1.6 5.0 6.1 7.8 8.7 7.7 7.6 10.1 9.7 9.7 
Table 6. Retention times from HPLC measurements on the two different columns. Point mutants were analyzed on the C18 

column and chimeric proteins on the C8 column. 

 

5.8.1 Point mutants 

The activity of the point mutants were analyzed on the Zorbax eclipse XDB-C18 column. Samples with the 
substrates but without the enzymes result in two chromatograms for UDP-glc/DCP (Figure 22) and UDP-
gla/DCP (Figure 23) respectively. The most apparent sign for activity is the existence of a new peak 
corresponding to DCP-glc. Due to the addition of a glucose moiety, the DCP molecule turns more polar. Thus, it 
should be expected to be eluted at a retention time which is lower than that of DCP alone. Reactions with the 
UGT72B1 wildtype with UDP-glc/DCP (Figure 24) show a peak at 6.9 min which cannot be detected in the blank 
sample. Activity can also be seen on a rise of a UDP peak, and a decrease of UDP-glc.  The compounds were 
detected at 262.8 and 285.8 nm. UDP-glc, UDP and UDP-gla have a stronger absorbance at 262.8 nm while it is 
more favorable to study DCP and DCP-glc at 285.8 nm.  
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The HPLC analysis showed that the UDP-glc/DCP activity of two of the point mutants, W367S and AG387GD 
were approximately equal to that of the wildtype (Figure 25 and Figure 26). P139R had much lower activity and 
G18S was not expressed at all. Combining two or more of these mutations resulted in highly reduced activity or 
no activity at all. 

Activity towards UDP-gla/DCP should be detected the same way as that towards UDP-glc/DCP. Since UDP-glc is 
eluted at a lower retention time than UDP-gla, it can be assumed that the DCP-gla peak should show up at a 
slightly higher retention time than that of DCP-glc. No activity could be detected for either of the point mutants 
concerning UDP-gla/DCP. Instead the wildtype showed slight activity with UDP-gla (Figure 28), with a new peak 
at 6.1 min which could not be seen in the blank reaction (Figure 27). The wildtype also showed high activity 
towards UDP-glc/EU and UDP-glc/NA.  

Table 7 lists the activity of the enzymes.  The activity is not proportional to the number of (+) assigned, instead 
it only indicates different levels of activity. The (+++) enzymes only have approximately one ninth of the activity 
of the wildtype and the enzyme assigned (++) only has half of that. For all these proteins, there is an obvious 
increase in UDP and a decrease in UDP-glc and DCP can be seen. Enzymes marked (+) have UDP levels which 
deviate from that of the blank, but there are no obvious decreases of UDP-glc or DCP. Enzymes marked (-) 
show no signs of activity. W367S and AG387ED show high activity. G18S was not expressed at all in the test 
expression and when it is combined with W367S and AG387ED their activities are reduced. The low activity that 
could be seen with P139R is completely gone in combination with G18S.  

 

Protein Activity 

Wt    ++++ 

P139R   +++ 

W367S   ++++ 

AG387ED   ++++ 

P139R_W367S    - 

P139R_AG387ED   +  

P139R_G18S    - 

W367S_G18S   +++ 

AG387ED_G18S   +++ 

P139R_W367S_AG387ED   + 

P139R_W367S_G18S   - 

W367S_AG387ED_G18S   +  

P139R_AG387ED_G18S   - 

P139R_W367S_AG387ED_G18S   ++ 

Table 7. Activity towards UDP-glc for the point mutants. Only the wildtype showed little UDP-gla activity. W367S and 

AG387ED had equal UDP-glc activity to the wildtype. P139R showed lower activity. When combining these mutations, or 

adding G18S, the activity was highly reduced. 

  

 



44 
 

 

Figure 22. UDP-glc/DCP reaction mix without enzyme measured on C18 column. UDP-glc is most favorably detected at 262.8 

nm and DCP at 285.8 nm. Distinct peaks at 1.1 and 9.7 min for UDP-glc and DCP respectively.   

 

 

 

Figure 23. UDP-gla/DCP reaction mix measured on C18 column. UDP-gla is slightly less polar than UDP-glc and is thus longer 

retained on the column. UDP-gla is eluted at 2.8 min. 

 

 

 

Figure 24. Wildtype with UDP-glc/DCP reaction mix. A UDP peak at 2.0 min and a DCP-glc peak at 6.9 min are now visible 

and were not seen in Figure 24.UDP is preferably studied at 262.6 nm and DCP-glc at 285.8 nm. 
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Figure 25. Point mutant W367S with UDP-glc/DCP reaction mix. A UDP peak at 2.0 min and a DCP-glc peak at 6.9 min are 

now visible and were not seen in Figure 24. 

 

 

 

Figure 26. Point mutant AG387ED with UDP-glc/DCP reaction mix. A UDP peak at 2.0 min and a DCP-glc peak at 6.9 min are 

visible. 

 

 

Figure 27. UDP-gla/DCP reaction mix measured on a C8 column. Sharp peaks at 6.1 min and 10.1 for UDP-gla and DCP 

respectively. 
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Figure 28. Wildtype with UDP-gla/DCP reaction mix measured on a C8 colonn.  A small peak rising at 8.7 min which cannot 

be found in Figure 27 and should be representing DCP-gla. 

 

5.8.2 Chimeric proteins 

All chimeric proteins were analyzed with the Zorbax SB-C8 column.  Like for DCP, 285.8 nm was an appropriate 
wavelength for studying the acceptor molecules eugenol and 1-naphtol. The chromatogram for the chimeric 
protein 131/318 show small peaks of UDP from reactions with UDP-glc/DCP and UDP-glc/EU and also lowered 
levels of UDP-glucose compared to the blank. However, the DCP and eugenol amounts have not decreased 
notably, which makes it difficult to confirm activity. For the other three chimeric proteins no activity could be 
detected.  

 

 

Figure 29. Chimeric protein 131/318 with UDP-glc/DCP reaction mix. A small peak at 5.1 min is showing, representing UDP.  

Perhaps does it indicate low activity. 

To detect low activity, long incubation time can be crucial. For the wildtype, incubation of only 30 min is 
enough for detectable activity. But to be able to detect low activity all proteins have been incubated over night, 
which should be considered sufficient. Something that should be taken into consideration, however, is the 
uncertain concentration of especially the chimeric proteins.  Since some protein gels showed several bands of 
almost equal intensity, the concentration of the protein in question is probably much lower than estimated. 
But increasing the volume of protein in the activity assay, would in this case have resulted in a lower 
concentration of reaction mix. This is because in some cases the 15 µl of protein + water only consisted of the 
purified protein to be able to reach a 4 µM concentration when the reaction mix was added. Instead, to 
increase concentration without altering the activity assay, the protein would have to be more pure. 
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5.9 Comparisons of glycosyl-and glucuronosyltransferases 

The decision of making the four point mutations G18S, P139R, W367S and AG387ED in UGT72B1 is based on 
studies of the tertiary structure, where it can be seen that these residues are in close proximity to the donor 
substrate UDP-glc in the active site of the wildtype enzyme. Comparisons were also made with the human 
UGT2B7 to find the corresponding residues and to evaluate if any of these would be appropriate to introduce 
into UGT72B1, to enable binding of the slightly larger UDP-gla. Here, an alignment in ClustalW is made to 
illustrate some differences between a few glucosyl- and glucuronosyltransferases (Figure 30). In the 
corresponding position of G18, a serine can be found in UGTB4. This can also be true for UGT2B7 depending on 
where the alignment is done. P139, here seems to be replaced by serine residues in both UGT2B4 and UGT2B7, 
while an arginine can be seen in some alignments with UGT2B4. A387 is present in UGT72B1 as well as in 
UGT2B4 and UGT2B7. E388 is changed for an aspartic acid in both the human glucuronosyltransferases.  

When introducing the mutations G18S and W367S the new residues were thought to be able to hydrogen bond 
to the UDP-gla with their hydroxyl groups. The arginine from P139R would contribute with a positive charge 
that could stabilize the carboxyl group of the donor substrate. AG387ED would result in slightly shorter R-
chains of the residues, and would allow more space in the binding site for UDP-gla, with its additional carbonyl 
group compared to UDP-glc. Unfortunately this was not a very successful approach since none of the point 
mutants had any shift in substrate specificity, even though a few still retained the UDP-glc activity. Perhaps 
would some of these mutations give a more give a more positive result in combination with other mutations. 

 

 

 

 

Figure 30. Alignment from ClustalW of UGT72B1 with the human UGT2B4 and UGT2B7 and the two plant 

glucuronosyltransferases UGT88D7 and UGT94B1. Only parts of the alignment is showed.  

To find other residues to alter, which might change the sugar donor specificity, further comparisons with other 
UGTs should be made. Mutational analysis of UGT2B7 in a previous project resulted in three residues that 
seemed to be of importance for interacting with glucuronic acid; N378, D398, Q399. The aspartic acid has 
already been introduced to UGT72B1 in this position and the other two can also be found. Other residues 
found that were crucial for activity were interacting with the nucleotide or phosphate of UDP. These should not 
be of primary interest to introduce to UGT72B1 since it also binds UDP. Both UGT88D7 and UGT94B1 have a 
serine instead of N378. Perhaps would this amino acid be of interest. 

In UGT94B1, nine residues which are considered to interact with the sugar donor are situated in the PSPG motif 
in the C-terminal domain. Out of these Q355, D357 and Q358 are close to the glucuronic acid moiety. Q358 is 
already paralleled by glutamine in the other four aligned sequences, and D357 is the aspartic acid mentioned 
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previously. Q355 cannot be found in the other sequences. Instead they all have an aromatic residue in this 
position. If this is a conserved residue in many UGTs it might not be appropriate to change. Outside of this 
conserved segment in UGT94B1 are other residues which also seem to affect the binding of the donor. S143 is 
in the parallel position to P139 in UGT72B1 and has the possibility to hydrogen bond with the sugar. It can be 
seen also in UGT88D7 according to the alignment. But above all, R25, appears to be of great importance when 
it comes to the high specificity towards UDP-glucuronic acid of the enzyme. The arginine residue with its 
positive charge can balance the negative carboxylate group of the UDP-glucuronic acid. This has been further 
investigated by doing point mutations of UGT94B1; R25S, R25P, R25G, R25K. The activity with UDP-glucuronic 
acid for all the mutants was strongly decreased compared to the activity of the wildtype. The activity with UDP-
glucose, was very low for the wildtype, but had increased 3-fold for R25S, R25G and R25K (5).  

In Lamiales plants there are flavonoid 7-O-glucuronosyltransferases (F7GAT) but also flavonoid 7-O-
glycosyltransferases (F7GlcTs). In the F7GAT there is a conserved serine (S127) which corresponds to the 
UGT94B1 S143, while there is a threonine in the (F7GlcTs).  Like in UGT94B1 an arginine (R350) is conserved in 
F7GATR350 but is positioned in the PSGP motif in the C-terminal unlike R25 in the UGT94B1 N-terminal. In the 
F7GlcTs a conserved tryptophan can be found instead of the arginine and this is also the case in UGT72B1.  

Mutation experiments were made with the F7GAT UGT88D7 to confirm the importance of the two residues 
and activity measurements were carried out with apigenin as acceptor. S127T had activity similar to the 
wildtype, which was only UDP-gla activity. For R350W the UDP-gla activity was very low, but instead slight UDP-
glucose activity arose. For S127T/R350W double mutant the UDP-gla activity was hardly visible but also here 
UDP-glc activity was seen. The R350W mutation lowered kcat and kcat/Km several times more than S127T for the 
UDP-gla reaction and indicates the importance of the Arg residue for the UDP-gla activity. Since the double 
mutations had lower values than both individual mutants, S127T seem to have an additive effect on the 
changes caused by R350W. The same was true for UDP-glc activity where S127T had very low activity, R350W 
had a few time higher, but the double mutant had the highest activity (13).  

Instead of S143 in UGT94B1 or S127 in UGT88D7 there is a P139 in UGT72B1 which was changed for an arginine 
in this project. When looking at the alignment there is no positively charged residue in this position in the other 
enzymes. Therefore, changing P139 to a serine like in the plant UDP-glucuronosyltransferases might also be of 
interest. On the other hand, it seems like an arginine is necessary in UGT94B1 as well as in UGT88D7 to interact 
with the sugar, and that is also what was tried to be accomplished in this project, only at a different position.  
But making the P22R mutation or W367R could be two suggestions for altering the sugar donor specificity. 
However, these are merely speculations which are mainly based on sequence alignment. To know what 
residues might be possible to change, the three dimensional structure would have to be studied further. 
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6 Conclusion 
 

Point mutations were successfully introduced with QuikChange Site Directed Mutagenesis and the chimeric 
genes were constructed through SOE by PCR. Problems with ligating the correct PCR product into the pJET 
vector showed the importance of running an extraction gel prior to ligation. The PCR experiments showed that 
it was possible to connect three different gene fragments in one single PCR. If this would have been further 
investigated in the beginning of the project, a lot of time would have been saved.  Many of the sequenced PCR 
products showed that mutations had been introduced. A mix of Taq and Pfu polymerase was used in the 
reactions. Perhaps was the ratio between them not correct, and a high amount of Taq polymerase might result 
in mutations. 

All constructed chimeric proteins and all point mutants except G18S were successfully expressed in E.coli 
CodonPlus cells. There were possibly some solubility problems for chimeric protein 131/318, otherwise all 
proteins were soluble. None of the constructed point mutants or chimeric proteins showed any change in 
donor specificity. Point mutants W367S and AG387ED both retained the same activity towards UDP-glc as the 
wildtype, while P139R had lower activity. Combining two or more of the mutations resulted in highly reduced 
activity or no activity at all. Chimeric protein 131/318 might have shown sign of activity towards UDP-glc/DCP 
but the other showed no activity at all. Due to the fact that the chimeric protein samples after purification 
contained rather high amounts of other proteins, the estimated concentration values are not likely to be 
correct. These values were still used for the activity measurements, which means that these measurements 
were not quantitative. Since no activity was detected for the chimeric proteins, it might not be of importance, 
but perhaps a higher protein concentration would have resulted in some detectable activity. 
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7 Future work 
 

The work in this project did not result in any change of sugar donor specificity but it would be interesting to 
investigate it further. Additional residues to alter through QuikChange can be found through alignments with 
both human and plant glucuronosyltransferases. Possible new residues to alter can be combined with each 
other or with the already investigated ones.  In this project there were plans to introduce the same mutations 
to the Medicago truncatula UGT71G1, but due to time restrictions that was not possible. 

More of the chimeric proteins could also be constructed. In this project three of them had one connection 
point in common. If this was not a favourable one, it could be interesting to find out if there are others more 
suitable. 

Perhaps would it also be possible to do domain swapping with a human and a plant UGT, if that would not 
disrupt the active site. The human UGTs are membrane proteins, but the C-terminal if UGT2B7 was soluble and 
stable individually, and it is the C-terminal that mainly interacts with the sugar donor. 
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Appendix A: Primers 
 

QuikChange primers 

Primer Sequence Restriction site 

G18S.for 5'-GCGATCATACCAAGCCCGGGAATGTCTCATCTCATACCACTCG-3' + XmaI 

G18S.rev 5'-CGAGTGGTATGAGATGAGACATTCCCGGGCTTGGTATGATCGC-3' + XmaI 

AG387ED.for 5'-GCATGGCCGTTATACGGTGACCAGAAGATGAATGCGG-3' - MscI 

AG387ED.rev 5'-CCGCATTCATCTTCTGGTCACCGTATAACGGCCATGC-3' - MscI 

P139R.for 5'-CCGTAGAATTCCACGTGCCACCGTATATTTTCTACCGTACAACGGCCAACG-3' + EcoRI 

P139R.rev 5'-CGTTGGCCGTTGTACGGTAGAAAATATACGGTGGCACGTGGAATTCTACGG-3' + EcoRI 

W367S.for 5'-GGATTTTTAACTCATTGTGGATCTAATTCGACTCTAGAG-3' - EcoRI 

W367S.rev 5'-CTCTAGAGTCGAATTAGATCCACAATGAGTTAAAAATCC-3' - EcoRI 

Forward and reverse primers for QuikChange. The restriction sites are underlined and ‘-‘ or ‘+’ indicates removed or 

introduced. The new triples causing the point mutations are marked in bold.       

 

SOE by PCR primers 

Primer Sequence 

64/65.for 5’ - CAC GGC CTC ACC GTT ACC GTA TTG GCA TCT TCA GC – 3’ 

64/65.rev 5’ - GCT GAA GAT GCC AAT ACG GTA ACG GTG AGG CCG TG – 3’ 

131/132.for 5’ - GTC TTT CTC CCT CCT GTT TTT TGG TCA TAT TTT TC – 3’ 

131/132.rev 5’ - GAA AAA TAT GAC CAA AAA ACA GGA GGG AGA AAG AC – 3’ 

194/195.for 5’ - CAACGGCGCTCGTCGTCGATGCTGTTTTCCCC- 3’ 

194/195.rev 5’ - GGG GAA AAC AGC ATC GAC GAC GAG CGC CGT TG – 3’ 

318/319.for 5’ - GAA GAC CCA CTA CGT TAG TGA ATA CCT TCT TTG – 3’ 

318/319.rev 5’ - CAA AGA AGG TAT TCA CTA ACGTAG TGG GTC TTC – 3’ 

352/352.for 5’ - GTT GAG TTC GTT GGA CCG TTG GTT AAC ATT GG – 3’ 

352/353.rev 5’ - CCA ATG TTA ACC AAC GGT CCA ACG AAC TCA AC – 3’ 

T7.prom 5’- TAA TAC GAC TCA CTA TAG GG– 3’ 

T7.term 5’- GCT AGT TAT TGC TCA GCG G–3’ 

64/318.for 5’- GGG GAA TTG TGA GCG GAT AAC AAT TCC CC–3’ 

64/318.rev 5’- GGC AGC AGC CAA CTC AGC TTC CTT TCG GGC - 3’ 

 T7.promoter, T7.terminator, 64/318.for and 64/318.rev are flanking primers. The remaining are hybrid primers. Underlined 

sequence originates from UGT72B1 and the remaining parts from UGT2B4. 
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Appendix B: Restriction digest 

 

 

Clone Restriction enzyme Expected fragments (bp) Expected fragments wt (bp) 

G18S XmaI 4045+2628  6673 

P139R EcoRI 5956+717 6673 

W367S EcoRI+XmaI 6673 5104+1569 

AG387ED MscI 6673 5152+1521 

1abc MfeI+XmaI 4494+2239 - 

2abc MfeI+XmaI 4440+2239 - 

3abc MfeI+XmaI 4437+2239 - 

4abc MfeI+XmaI 4494+2248 - 
Restriction fragments of point mutants and chimeric genes in the pET28 vector. 
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Appendix C: Cloning vectors 

 

The pJET1.2/blunt vector with the site for ligation in the eco47IR gene. If the vector is ligated without an inserted fragment, 

the eco47IR gene will be transcribed and the cell will die (16). 

536  pET-UGT72B1-H6

6673 bp

TcR partial interrupted

TcR partial interrupted

Rop

lacI

f1 origin

KanR

UGT72B1-H6

L strand Y effector site

H strand Y effector site

T7 Promotor

lac operator

ColE1

Ori

T7 terminator

GlyAsp

Ser

Arg

Ser

Acc65I (837)

AccI (3978)

AcuI (3204)

AloI (1886)

AlwNI (3337)

ApaBI (6172)

ApaI (5644)

AsiSI (2550)

BclI (5833)

BglI (4790)

BglII (6569)

BmgBI (377)

BseRI (182)

BssHII (5436)

BssSI (3573)

BstAPI (6171)

BstEII (5665)

ClaI (2855)

DraI (778)

DraIII (1850)

EcoICRI (290)

EcoRI (1103)

EcoRV (5401)

FspAI (4769)

FspI (4769)

HaeIV (2881)

KpnI (841)

MluI (5847)

MscI (1151)

NcoI (1)

NruI (2891)

PmlI (395)

PpuMI (4741)

PshAI (5006)

PsiI (1975)

PvuI (2550)

RleAI (1425)

Sac I (292)

Sap I (3863)

Sci I (1445)

Sma I (2674)

Sph I (6380)

Stu I (675)

TatI (3942)

XhoI (1443)

XmaI (2672)

 

Figure 31. 536 pET-UGT72B1-H6 is a pET28 vector where the protein of the gene expressed is connected to a tag with six 

histidine residues. The gene is inserted just downstream of a T7 promoter site. A number of restriction sites which can only 

be found once in the vector are appointed. 

 


