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CHAPTER 6 
 

Incorporation of flavin catalysts into proteins 
 

Natural products are often synthesized in nature via the use of enzymes. While these 
enzymes are very active in the reactions they catalyze, their specificity often also 
limits their scope. With subtle modifications the activity and selectivity of enzymes 
can be steered. This chapter describes efforts into the modification of the cofactor 
of flavoproteins and binding in the apo proteins, as well as the first results in 
enantioselective sulfoxidations. 
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6.1 Introduction 
In chapter 2, a number of flavin derivatives have been described. Among 

these are synthetically prepared flavin catalysts, which can be used in catalytic 
oxidation reactions with hydrogen peroxide. These catalysts are not capable of 
performing enantioselective oxidations due to the lack of a chiral environment. 
Reactions performed by flavoproteins, however, do show high enantioselectivity. A 
drawback of the use of these enzymes is that their function is often based on the use 
of NAD(P)H. Introduction of the flavin based catalysts described in chapter 2 into 
suitable flavin-binding proteins, on the contrary, can lead to enantioselective 
oxidations using hydrogen peroxide instead of NAD(P)H and O2. 
 
6.1.1 Reconstitution of cofactors into proteins 
 
 Proteins play an important role in many natural processes and millions of 
years of evolution have led to a staggering amount of different proteins. Some 
proteins fulfill no other role than the storage of substances and of many proteins it is 
not even known what their role is. The most well known class of proteins is the one of 
the enzymes, which are capable of catalyzing chemical reactions by bringing 
reactants close together and stabilizing the activated complex. The active site of 
enzymes often contains a cofactor, which can be a metal or an organic substance. 
Heme groups, as present in the aptly named hemoglobins are a well known example 
of metal binding in proteins. Biotin and flavin on the other hand are typical organic 
cofactors.  
To improve the activity of enzymes, mutations can be introduced into the peptide 
chain of an enzyme, thereby changing cavity size, internal pH or access tunnels. In 
these cases, however, the cofactor is not modified. In recent years, there have been 
quite some investigations into combining proteins and chemically modified cofactors, 
or even new cofactors, to improve enzyme activity.1 Although chemical modifications 
can already improve the activity of a cofactor outside enzymes, the replacement of a 
natural cofactor by a modified cofactor can lead to even more active or selective 
catalytic systems. Quite some research has been devoted to the dissociation of 
cofactors from their enzymes without denaturing them to obtain the corresponding 
apo proteins. Under suitable conditions, a cofactor can be reconstituted into an apo 
protein and enzymatic activity can be regained.  
 
6.1.2 Avidin-biotin 
 
 Biotin is probably the most well known example of a cofactor that can be 
chemically modified and (re)introduced in proteins. Biotin, also known as vitamin H or 
B7,2 binds very tightly to the tetrameric protein avidin3 with a dissociation constant 
(Kd) in the order of 10-15 mol/L,4 which approaches the covalent bond in strength. 
Although at first harsh conditions were applied to remove biotin from avidin, later 
research showed that the biotin-streptavidin interaction can be reversibly broken in 
water at elevated temperatures 5  The biotin-avidin complex has been applied 
effectivly as a probe and affinity matrix in numerous research projects6. Bayer and 
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Wilchek7 developed new methods and reagents to biotinylate antibodies and other 
biomolecules, which allowed the transfer of the avidin-biotin system to a range of 
biotechnological applications.  

 
Scheme 6.1 Enantioselective hydrogenations with a biotin derivative and avidin.  
 
In 1978, the group of Whitesides managed to introduce a phosphine rhodium (I) 
complex onto biotin and binding of this complex to avidin.8(Scheme 6.1) Utilizing the 
steric environment provided by the avidin, an enantiomeric excess of the product up 
to circa 44% was obtained.9  
 
6.1.3 Papain 
 
 The group of Kaiser et al. investigated the introduction of a catalyst in a 
protein via covalent linkage. 10 Their protein of choice was the cysteine proteinase 
papain. In papain, enough space exists for a cofactor to be bound covalently in the 
active site, while enough space is retained for interaction between substrate and 
catalyst. Flavins, which were interesting due to their catalytic activity outside 
enzymes, were introduced into the active site to create so called flavopapains. One 
of the initial modified cofactors was 7α-bromoacetyl-10-methylisoalloxazine. With 
introduction of this cofactor, a loss of more than 90% of the original enzyme activity 
was observed, while modest activity in the oxidation of NADPH took place (Scheme 
6.2).  
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Scheme 6.2 NADPH oxidation  with chemically altered papain. 
 

In later work, the system was improved by connection via different positions 
in the flavin.11 By this variation of the flavin position, up to 670-fold rate increase in 
the oxidation of NADH analogs could be observed. In 2005, Panella et al. showed the 
adaptation of papain for the hydrogenation of methyl-2-(acetamide) acrylate using 
enzyme bound rhodium catalysts(Scheme 6.3).12 
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Scheme 6.3 Chemically altered papain utilized in hydrogenation of methyl-2-(acetamide)acrylates. 

 
Despite all efforts, only in a single instance an enantiomeric excess of 22% 

was observed, which was never reproduced successfully.  
 
6.1.4 Covalent linkage of new or modified cofactors to enzymes 
 
 Among others, the group of Reetz et al. investigated directed evolution as a 
path of improving enzyme activity and selectivity.13 The enzyme applied, tHisF from 
Thermotoga maritima, was chosen because of its thermostability and it could  be 
purified easily using heat treatment. Furthermore, tHisF could be obtained in a large 
quantity and the X-ray structure of tHisF 14  showed a promising site for anchoring 
chelating ligands and organocatalysts. The group of Reetz managed to bind a number 
of chelating ligands and flavin derivatives to the protein using Michael addition to 
chemically modified maleimides and SN2-reactions of α–halo carbonyl compounds 15 
(Figure 6.1) 
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Figure 6.1 (chelating) ligands and organocatalysts applied in covalent binding to tHisF. 
 

Until now, no catalytic activity of the modified proteins has been reported 
but investigations in this direction are probably undertaken. 
 
 
6.1.5 Flavoproteins  
 

 Flavoproteins fulfill an important role in nature. For instance, 
flavoproteins belong to a class of enzymes catalyzing a very broad spectrum of redox 
processes by different chemical mechanisms. Unusual is the variety of reactions 
performed, ranging from typical redox catalysis, photosynthesis 16  and even DNA 
damage repair17 to light emission. Flavoproteins are involved in a diverse range of 
biological phenomena. For instance, they have shown to be involved in the 
development of chicken and mammalian fetusses. 18  Flavoproteins have also been 
implicated as playing signal transduction roles in programmed cell death 19  and 
regulation of biological clocks20 and were even shown to be the blue-light receptors 
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involved in plant phototropism.21 Flavoproteins are also intimately involved in soil 
detoxification of aromatic pollutants.  
 Just as biotin can be removed from avidin, flavin cofactors often can be 
removed from flavoproteins. The ease of this process, called deflavination, depends 
on the protein from which the cofactor is removed. In most flavoproteins, the flavin is 
tightly, but noncovalently bound. However, in a subset of flavoproteins, the flavin is 
covalently attached to the polypeptide chain. 22  Nature facilitated the binding of 
flavins to proteins by the evolution of different flavin binding folds.23 Binding of the 
cofactor can take place in a number of ways and proteins can even discriminate 
between different flavin cofactors like FMN, FAD and riboflavin due to differences in 
the chain at N10 (Figure 6.2). Some proteins have even multiple different flavin 
cofactors located at specific sites.24  
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Figure 6.2 Common flavin cofactors found in proteins. 
 
 A number of reviews already describe apoprotein preparation,25 the use of 
artificial flavins26 and the functional role and mechanism of covalent flavinylation.27 
Especially, a lot of effort has been put into removal of the native cofactor in a 
nondestructive way. Afterwards, reintroduction of an artificial25 or isotopically 
enriched analog25 can be undertaken. Replacement with a flavin analog should result 
in a still functionally active reconstituted holoprotein. FMN and FAD derivatives have 
been synthesized from riboflavin both via chemical 28  and enzymatic 29  pathways. 
These artificial flavins have proven very useful for determination of solvent 
accessibility, polarity, reaction stereochemistry and dynamics of flavoprotein active 
sites.26 By introduction of an alkyl group on the N5 of the flavin cofactors, flavins can 
be used as oxidation catalysts with hydrogen peroxide. The synthesis of N5-ethylated 
flavins is described in Chapter 2, while their activity as organocatalysts was described 
in Chapter 3. By reconstituting these flavin catalysts into flavin binding proteins, 
dependency on NAD(P)H should be circumvented and compared to the non enzyme-
bound catalyst. Selectivity can now be obtained with these catalysts due to the 
protein microenvironment around the cofactor. A few proteins have been investigated 
due to their mode of flavin binding and are described in the following paragraphs. 
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6.1.6 Dodecin 
 

Dodecin is a small dodecameric flavoprotein, originating from the organism 
Halobacterium salinarum. It was first described by Oesterhelt et al.30 This ~120kDa 
flavoprotein consists of 12 monomers and binds six flavin pairs. It has been suggested 
that the function of dodecin is the trapping of dangerous waste such as lumichrome, a 
product of the photolytic degradation of riboflavin.31 As of yet no catalytic function 
has been observed for the protein itself. As can be seen in Table 6.1, this protein has 
a high affinity for small flavins, like lumichrome. The binding of the flavin is 
accomplished by π-π stacking with the indole groups of the two tryptophan residues 
(Trp36) depicted in Figure 6.3. This interaction is relative strong due to an aromatic 
tetrade that is formed by the four aromatic systems. Due to the mode of binding, 
reconstitution with small flavins such as described in Chapter 2 should be possible.  

 
Figure 6.3 π-π stacking of two lumichrome molecules between tryptophan residues in an aromatic tetrade. 

 
However, there could be problems with the binding of flavin derivatives, 

which are N1,3,5 alkylated. With models based on X-ray data, a glutamine residue 
(Gln55) was identified that can possibly interfere with the presence of substituents at 
the N3 of the flavins, due to its steric bulk. Fortunately, a mutant with an alanine 
(Q55A) has been developed in which there should be less interference and the binding 
of lumichrome proved to be ‘only’ a factor 20 less efficient (Table 6.1)28  

 
Table 6.1: Literature28 values of dissociation constants of dodecin 

 Lumichrome 
(6.15) 

 Riboflavin 
(6.16) 

 FMN 
(6.17) 

 FAD 
(6.18) 

Protein Kd (nM)  Kd (nM)  Kd (nM)  Kd (nM) 
Dodecin 9.9  17.6  13.7  438 
Q55A 273  3.1  ―  ― 
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 In dodecin, the flavins are arranged in an anti parallel arrangement, with the 
N10 position pointing out of the protein. In addition, while the active part of the flavin 
(C4a) is located in a cavity which is normally used for the transport of lumichrome to 
the binding site, this cavity can also be seen as a possible channel for substrate 
transport.  

 
Figure 6.4 Location of the two residues of 6.15 in dodecameric flavoprotein dodecin. 
 

X-ray data further indicated that the presence of the N5 alkyl group probably 
would not have any steric interference with any residues. However, N5-alkylated 
flavins are not planar compared to the flavins normally stored in the protein (Figure 
6.5). The bend in the flavin might interfere with binding. Non planar flavins cannot 
stack as easily between the aromatic regions of the protein and therefore not bind as 
effective as planar flavins to dodecin. To which extent the non planar conformation 
of the flavin has an influence on the binding affinity to dodecin is unknown. 
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Figure 6.5a) The flat conformation of a flavin                 6.15. b) The bent conformation of 5-ethylated 

flavins, depicting the angle present in the flavin.  
 
6.1.7 Riboflavin binding protein 
 

Riboflavin binding protein (RfBP), a protein of 29.2 kDa, originates from 
chicken egg white. Just as dodecin, RfBP has no known catalytic activity. RfBP is 
mainly considered a storage protein for riboflavin, but recent findings also indicated 
that RfBP has copper binding sites.32 Furthermore, RfBP can act as a selective sweet 
inhibitor for protein sweeteners and was also found to be a bitter inhibitor.33 In 
contrast to dodecin, RfBP binds only a single flavin in each protein. Binding of the 
flavin occurs in a cleft with the alloxazine part of the flavin stacked between the 
parallel planes of Tyr75 and Trp156 (Figure 6.6), with a hydrophobic region near the 
7,8 dimethyl groups and a hydrophylic pocket surrounding the carbohydrate chain.34 
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Figure 6.6 The binding pocket in riboflavin binding protein, with riboflavin (6.16), tryptophan 156 (above 
the flavin) and tyrosine 75 (below the flavin) shown. 
 

The binding affinity of flavins and flavin derivatives to RfBP has been 
investigated quite thoroughly. 35  Next to riboflavin, RfBP was found to have high 
affinity for small flavins, just as dodecin. RfBP, however, has no problems with 
accommodating N3 methylated flavins. In addition, in the case of RfBP even relatively 
large substituents on the flavins, such as the presence of a phenyl group at the N3 of 
lumiflavin, showed no significant change in the binding affinity (Table 6.2). 
 

Table 6.2: Literature37 values of dissociation constants of RfBP 
Flavin Kd (nM) 
Riboflavin 1.3 
1,3-dimethylalloxazine 40 
1,3,7,8-tetramethylalloxazine 42 
3-benzyl lumiflavin 51 
Lumichrome  93 
FAD >14000 

 
A crystal structure obtained by Monaco et al.36 clearly showed the location of 

the flavin in the protein. A large cleft in the protein leaves a large part of the flavin 
structure open to solution. As can be clearly seen in Figure 6.7, there is ample space 
surrounding the N1,3,5 of the flavin. A large drawback of the RfBP is that mutants of 
the proteins cannot be prepared easily, since the protein is heavily phosphorylated 
and contains several cysteine bonds, which makes it impossible to express in e.g. 
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E.coli. Although recently, mutants have been prepared utilizing insect cells, this 
method is still unpractical for obtaining a large amount of material.37 

 
Figure 6.7 Flavins in riboflavin binding protein are located at a relatively open cavity. 
 
6.2 Investigations into dodecin as a possible host for flavin catalysts 
6.2.1 Purification and isolation of dodecin 
 

A synthetically obtained gene was used for the expression of dodecin. The 
reason for using a modified codon assignment compared to the codon assignment in 
the original organism Halobacterium salinarum was optimization, facilitating the use 
in E.coli. The gene was prepared by the company DNA 2.0 Inc., was 216 bp in length 
and cloned in a pJ13 plasmid.  

For expression, the gene was cloned in a pET-28b plasmid, between the NdeI 
and EcoR restriction sites. Dodecin was N-terminally His-tagged and therefore the 
monomer was ~10kDa in size (including the His-tag). E.coli TOP10 cells were used as 
competent cells for the multiplication of the plasmid. Subsequent expression of 
dodecin was performed in E.coli BL21(DE3). After incubation at 17°C for 35 hours, the 
cells were sonificated and eluted with a gradient of 0-500 mM imidazole on a Ni-
column,(Figure 6.8a) A special gel for small proteins was used (Tris-Tricine protein 
separation gel). According to the gel, the isolated protein was 20 kDa in size. 
However, it is known that dodecin can form stable trimers when expressed in E.coli, 
due to the lack of a high salt concentration in E.coli in comparison with the original 
organism Halobacterium salinarum. This resulting trimer has a size of 30 kDa. A lower 
size is probably observed due to interactions with the gel. To obtain the expected 12-
mer, a refolding step was necessary. The refolding was performed on the Ni-column, 
by first unfolding with a 7 M urea solution and, after that, refolding by applying a 
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gradient of 4 to 1 M NaCl. Analysis on gel however, showed that dodecin was still 
present as a trimer. Therefore, the refolding was performed in a dialysis tube. Both 
the unfolding and refolding were performed overnight without stirring the buffer. In 
this fashion a very slowly change of concentration of urea and salt was accomplished. 
When the unfolded and refolded dodecin were placed on gel, again the stable trimer 
was found (Figure 6.9b). To exclude that the problem was caused by the synthetically 
made gene, the same procedure was repeated with the original gene that was 
obtained as a gift from the group of Oesterhelt. Nevertheless, dodecin still appeared 
as trimer. It seems that the unfolding of dodecin was not possible under these 
circumstances, even with a stronger unfolding agent, such as 6 M of guanidinium 
hydroch

l. Lane 1: refolded dodecin; lane 
2: pure dodecin from Oesterhelt et al; lane 3: unfolded dodecin 8 M urea. 

 are developed, 
it would be worthwhile to retry incorporation of N5-alkylated flavins. 

protein (RfBP) for flavin catalyst binding 
.3.1 Purification of RfBP and apo-RfBP 

 

39 After all purifications steps, 
gel electrophoresis showed pure protein (Figure 6.9). 

loride.  

 

 
 
 
 
 
 
 
 

 
 
 
 
Figure 6.8a) Tris-Tricine protein separation gel. Lane 1: eluted with 150 mM imidazole; lane 2: 200 mM 
imidazole; lane 3: 300 mM imidazole. b) Tris-Tricine protein separation ge

 
Due to the fact that no apo-dodecin was obtained, no further tests could be 

undertaken to investigate if N5-alkylated flavins would be incorporated into the 
protein. However, if new methods to obtain the apo form of dodecin

 
6.3 Investigations into riboflavin binding 
6

The purification of RfBP was performed by combining two literature 
procedures.38 First, riboflavin was added to collected egg whites until no more apo-
RfBP was present. After dilution, the solution was filtrated, followed by 
centrifugation. The resulting fraction was bound to a DEAE column and after washing 
off all other proteins, removed from the column. The last part of the purification 
consisted of sulfate precipitation. Alternatively, RfBP can be isolated in one step 
using a DEAE ion-exchange chromatographic procedure.
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L    ane

1 Marker 

2 Filtrated fraction 

3 Centrifugated fraction  

4 fraction 1 DEAE column 

5 fraction 2 DEAE column 

6 fraction 3 DEAE column 

7 1st sulfate precipitation: supernatant 

8 2nd sulfate precipitation: supernatant 

on:precipitate 9 2nd sulfate precipitati

10 Protein after dialysis 

Figure 6.10 SDS gel of RfBP after purification.  

olution. Simple dialysis is 
t that point enough to remove the flavin from the protein. 

.3.2 RfBP experiments 
 

 
 While RfBP has low dissociation constants for flavins, it is still relatively easy 
to remove the flavins from the protein. At a pH of 4.5 the binding is less effective and 
this can even be further decreased by using a 1 molar KBr s
a
 
6

 
Figure 6.1
 

e of a shoulder at 415 nm indicate 
interaction between the flavin and the protein. 

1: Initial flavin catalyst employed in the investigation of RfBP binding activity. 

The small flavin catalysts 6.19 and 6.20 (Figure 6.11) were used for initial 
determination of flavin binding to RfBP. UV-spectra of flavin 6.19, with protein, 
without protein and with denaturated protein were measured to observe if 
interaction between flavin and protein takes place. A shift to higher wavelength in 
the case of bound protein and the appearanc
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Graph 6.1: Absorption spectra of bound and unbound flavin 6.19. 

 
The association constants of flavin derivatives to RfBP was further 

investigated with fluorescence spectroscopy. Normally, binding of a flavin to a 
protein results in quenching of fluorescence of the flavin.42a In the case of RfBP when 
a flavin is bound, its fluorescence will be completely quenched. Titrations of apo-
RfBP to a constant concentration of flavin catalysts 6.19 and 6.20 were performed. 
Graph 6.1 shows clearly that the fluorescence of these compounds is also quenched 
effectively. 
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Graph 6.2a) Titration of flavin 6.19 with apo-RfBP. Flavin 6.19 was excited at 369 nm. b) Titration of 
flavin 6.20 with apo-RfBP. Flavin 6.20 was excited at 369 nm. Conditions are in the experimental section. 
 

Since degradation of the 5-ethylated flavins (6.19 and 6.20) can influence 
the measured concentration, a better understanding of the magnitudes of the binding 
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affinities is necessary. To obtain this, the magnitudes of the binding affinities, 
lumichrome (6.15) and riboflavin (6.16), from which the binding affinities are known, 
were also measured. The Kd for a selection of flavins (Table 6.3) was determined by 
Drs. J. Jianfeng.40 The relative decrease of fluorescence, for catalyst 6.19 and 6.20 
and the natural flavins 6.15 and 6.16, at the maximum absorptions are plotted in 
Graph 6.3. From these plots the Kd of flavin derivatives could be determined. The 
flavin catalysts showed similar behavior as 6.15 and 6.16, indicating that binding 
constants should be between ~1-100 nM. Hence, it can be concluded that 5-ethylated 
flavins are bound quite well by RfBP. However, no exact Kd for 6.19 and 6.20 was 
calculated based on these experiments.  
 
 
Table 6.3 Dissociation constants for flavins with 
RfBP. 
 

Flavin Kd (nM) 

Riboflavin (6.16) 11 

5-Ethyl-Riboflavin (oxidized) 53 

1,3-Dimethylalloxazine 24 

1,3,7,8-Tetramethylalloxazine 19 

1,3-Dipropylalloxzine 63 

1,3-Diisopropylalloxzine 27 X 102 

1,3-Dibenzylalloxazine 5.1 X 102 

G
 
Graph 6.3 Fluorescence quenching of flavins at 
353nm (6.15 and 6.16), 369nm (6.19 and 6.20) 
after titration with RfBP at 25ºC. 
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The measured dissociation constants clearly indicate that RfBP is capable of 

binding flavins with diverse substituents. The X-ray data (Figure 6.7) already 
indicated that the flavins bind in a cleft in the protein with a lot of open space. 
Ample space was observed near the location of the N1 and N3 of the flavins. As 
expected, flavins with large substituents such as benzyl groups still associated easily 
with RfBP. However as soon as the substituents are more sterically demanding as is 
the case with isopropyl, the dissociating constants became larger. 
 
6.3.3 Sulfoxidations with RfBP bound flavins 
 

Sulfoxidations with flavin catalysts are already described in chapter 3. 
However, since there is no chiral induction present, the reactions performed with the 
flavin catalysts did not result in any enantiopreference. After association of these 
catalysts within an enzyme, the resulting chiral environment could possibly induce 
enantioselectivity. An excess of flavin catalysts 6.19 and 6.21, kept in the reduced 
state with Na2S2O4, was added to apo RfBP. The solution was washed extensively over 
an Amicon filter until no unbound flavin was detected in the flowthrough. The protein 
bound catalyst was used in the investigation of sulfoxidation of methyl p-tolyl sulfide 
(Table 6.4). 
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Table 6.4: Sulfoxidation of methyl p-tolyl sulfide with flavin catalyst bound to RfBP 

S S
O

RfBP + cat

50 mM NaPhorphate buffer (pH 7.5)
1% DMSO, H2O2

N

H
N

N

N O

O
N

N

NH

H
N O

O

OH

OH

OH
OH

6.19 6.21

6.22 6.23  
Entry Flavin Protein Conversion ee 

1 6.19 yes 72 18 (S) 
2 6.21 yes 74 26 (R) 
3 6.19 no 77 0 
4 6.21 no 72 0 
5a 6.16 yes 55 0 
6 none yes 55 0 
7 none none 55 0 

Conditions: 50 nmol of RfBP, with bound flavin catalyst in 1 ml of 50 mM NaP buffer (pH 7.5). 20 µmol 
methyl p-tolyl sulfide, 20µl of a stock solution of 3% H2O2 and 1 % DMSO. The resulting mixture was mixed 
by continuous inversion at 4 ºC a) The native protein was applied, with the natural flavin 6.16 still bound, 
which has not catalytically active. 

 
Entry 1 and 2 show the results with the protein bound catalyst, while in entry 

3 and 4 no protein is used and in entry 5 and 6 the reaction was performed without 
any active catalyst. Entry 7 is a blank reaction in which neither protein nor flavin 
catalyst is present. While the increase in the conversion of the sulfide to sulfoxide is 
small when comparing entry 1-4 to entry 5-7, some remarkable observations can still 
be made. The increase in conversion only takes place if a N5-ethylated flavin is 
present. The conversion on the other hand does not seem to be influence by the 
presence of the protein. The sulfoxidation only shows enantioselectivity if protein 
bound N5-ethylated flavin is present. Depending on the flavin catalyst bound to the 
protein, the S- or R-enantiomer is the preferred product. Entry 7 shows that under 
the conditions of the experiments, slow sulfoxidation occurs even in the absence of 
any catalyst (Scheme 6.4). Therefore, the observed reaction rate vobs consisted of the 
rate v0 of the non-catalyzed reaction (blank) and the rate vcat of the reaction 
catalyzed by protein bound flavin catalysts (vobs = v0 + vcat). To determine the 
contribution of blank (v0), we measured the rate of sulfide 6.22 oxidation with 
hydrogen peroxide in respective reaction media in independent experiments (entry 7). 
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S S
O

H2O2+

v0

vcat

RfBP + cat

6.22 6.23
 

Scheme 6.4 Catalyzed and blank reaction of 6.22(vobs = v0 + vcat). 
 
With respect to the molar ratio of the reactants, the non-catalyzed 

sulfoxidation (v0) was earlier shown to be a second order reaction. 41  If the blank 
reaction is subtracted from the observed reaction, a relative gain in selectivity can be 
calculated. In this case the selectivity of entry 1 and 2 would respectively be 77% for 
entry 1 and 99% for entry 2. It also is noteworthy to mention that reproducibilty of 
the reaction seemed to be problematic until we observed that sodium dithionite 
needed to be present during initial flavin binding. It is surmised that either the 
reduced species of the flavin catalyst binds more efficiently or that if no sodium 
dithionite is presence during binding, the flavin decomposes instead of associating 
with with the protein. To obtain more information about the rate of the reaction, 
samples were taken over regular intervals (Graph 6.4). 
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Graph 6.4: Conversion and ee in the sulfoxidation of 
methyl p-tolyl sulfide with flavin catalyst and RfBP. a) catalyst 6.19, ee depicted is of the (S) enantiomer. 
b) Catalyst 6.21, ee depicted is of the (R) enantiomer. 

 
The solubility of substrate 6.22 is quite low in water and this actually 

explains why the measured conversion after 54 hours is lower than the conversion 
before 54 hours measured during the reaction. Due to workup of the entire mixture 
instead of samples taken from the reaction mixture, any non-dissolved substrate was 
also measured, while this is not the case with samples taken during the reaction. Low 
solubility of the substrate in the reaction mixture can also be a reason for the low 
speed of the reaction. Still, the data clearly indicate a high rate of the reaction in the 
first hours followed by a drop in activity as the reaction continues. While the obtained 
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e.e. and conversion are still relatively low, they are on par with the e.e. and 
conversion obtained with artificial enantioselective sulfoxidations performed with 
metalloenzymes.42 more screening of the reaction conditions or changes to the flavin 
catalyst involved could very well lead to better results. 
 
6.3.4 Docking studies with flavin catalysts and RfBP 
 

 Docking simulations performed by Prof. dr. Fraaije also indicated that the 
environment of RfBP is suitable for binding the flavin catalysts and gave a preferred 
docking as shown in Figures 6.10a and 6.10b. 

 

 

a 

 

b 

Figure 6.10a)(top): Optimum docking of catalyst 6.19 in RfBP b) (bottom) optimum docking of catalyst 
6.21 in RfBP. 
 

Although the flavin catalysts are not planar anymore, the cavity of the protein 
is suitably shaped to still accommodate the catalyst. Surprisingly, the most preferred 
docking of catalyst 6.19 was quite similar to the docking of riboflavin itself, while 
docking of the riboflavin-based catalyst 6.21 showed a preference for positioning the 
isoalloxazine with the aromatic ring sticking out of the protein. The difference in 
docking probably explains the reversed enantioselectivity, due to difference in 
accessibility to the hydroperoxy. 
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6.3.5 Baeyer-Villiger oxidations with RfBP bound flavins 
 
 After successful enantioselective sulfoxidation reactions with protein bound 
catalysts, the next step was the investigation of Baeyer-Villiger oxidations under the 
same reaction conditions. As a substrate, the bicyclic ketone 3.24 was investigated 
for enantioselectivity and preference for either the expected or unexpected lactone 
(Table 6.5).  
 

Table 6.5: Baeyer-Villiger oxidation of bicyclic ketone 3.24 with flavin catalyst bound to RfBP. 

RfBP + cat

50 mM NaPhorphate buf fer (pH 7.5)
1% DMSO, H2O26.24

O

O
O

O

O

O
O

O

O

H

H H

H

H

H

H

H

expected
lactones

unexpected
lactones

6.25

6.27

6.26

6.28

 
Entry Flavin protein Conversion ee 

1 6.19 yes 0 0 
2 6.21 yes 0 0 
3 6.19 no 0 0 
4 6.21 no 0 0 
5a 6.16 yes 0 0 
6 none yes 0 0 
7 none none 0 0 

Conditions: 50 nmol of RfBP, with bound flavin catalyst in 1 ml of 50 mM NaP buffer (pH 7.5). 2 µmol 
of 6.24, 20µl of a stock solution of 3% H2O2 and 1% DMSO. The resulting mixture was mixed by continuous 
inversion at 4ºC a) The native protein was applied, with 6.16 still bound. 
 
 Although the oxidation of sulfides was successful, no activity was found in the 
of Baeyer-Villiger oxidation of 6.24. The blank reaction (entry 7) also shows no 
activity at all, while the reaction normally does take place in ethanol. This indicates 
that a change in the medium might be necessary to obtain activity. 
 
6.4 FAD Synthetase 
 

The cofactor FAD can be efficiently isolated from enzymes.43 However, FAD-
derivatives cannot be isolated but have to be synthesized. Our goal was the 
introduction of an ethyl group onto the N5 of FAD. The modified FAD cofactor could 
then be reconstituted into suitable proteins. Although the group of  Bruice et al. 
claimed to have synthesized a 5-Et-FAD, it is doubtful at least that the free amine of 
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the adenine tail didn’t undergo reductive alkylation in their procedure. No evidence 
was presented to support the formation of the correct product.  
 
An often-used method to obtain FAD derivatives is via biosynthesis using the enzyme 
FAD synthetase. FAD synthetase transforms riboflavin in a two-step process (via FMN) 
into FAD (Scheme 6.4). 

 
Scheme 6.4: Biosynthetic procedure for the synthesis of FAD starting from either FMN or riboflavin. 
 

The addition of the natural substrates, riboflavin and FMN, to FAD synthetase 
gave the expected conversion, which could be followed using reversed phase HPLC-
MS. Using 5-ethyl-riboflavin and 5-ethyl-FMN, in one case, trace amounts of the mass 
indicating the desired 5-Et-FAD was detected. This result, however, did not prove to 
be reproducible, instead degradation of the 5-Et-substrates was observed. To 
investigate if oxygen sensitivity of the 5-ethylated flavins was the reason for 
degradation, the biosynthesis was also performed under N2, with N2 degassed solvents 
and with excess of sodium dithionite in the solution. While under these conditions 
riboflavin and FMN were still converted to FAD, still no conversion of 5-ethylated 
flavins to 5-Et-FAD was observed. Possibly, FAD-synthetase cannot incorporate 5-
ethylated flavins as a substrate due to the large conformational change in the 

44flavin.  

stigation into biocatalytic synthesis of 5—Et-FAD starting from 5-Et-FMN or 5-Et-
riboflavin. 

entry substrate Na2 O4 Conversion 

 
Table 6.5: Inve

S2

1 Riboflavin  full 
2a Riboflavin  full 
3 Riboflavin 10 mM full 
4 Rib n 20 M 

20 M 

20 M 

oflavi m full 
5 FMN  full 
6a FMN  full 
7 FMN 10 mM full 
8 FMN m full 
9 5-Et-Rf  none 

10 a 5-Et-Rf  none 
11 5-Et-Rf 10 mM none 
12 5-Et-Rf m none 
13 5-Et-FMN  none 
14 a 5-Et-FMN  none 
15 5-Et-FMN 10 mM none 
16 5-Et-FMN 20 mM none 
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Reaction conditions: 0.1 ml of FAD synthetase (1.0 mg/ml), 50 μl ATP(100 mM), 20 μl substrate (10 mM), 20 
μl MgCl2 (1 M) were added in a 2 ml cuvet and shaken for 18 hours at room temperature. Products were 
etermined with LC-MS and the reference compounds FAD and FMN. a) The reaction was performed with 
egassed solvents under N2 atmosphere. 

uld 
ith flavins takes place quite readily in methanol. 

.6 Exp

e based upon X-ray data and drawn with the software pymol. 

d
d
 
 
6.5 Conclusions 
 
 Concluding, the synthesized 5-ethyl-flavin catalysts were successfully 
incorporated into RfBP and showed enantioselectivity in the sulfoxidation of methyl p-
tolyl sulfide. Intriguingly, preference for the R or S enantiomer was dependent upon 
the flavin derivative incorporated in RfBP. Initial docking studies indicate a significant 
difference in the location of the active part of the flavins dependent on the flavin 
incorporated. The rate of the sulfoxidation reactions was dependent on the activity of 
the flavin, while enantioselectivity was only found if RfBP was present. The low e.e. 
observed is probably the result of a significant blank reaction taking place. The blank 
reaction can be suppressed by lowering the hydrogen peroxide concentration, or 
arying the solvent in which the reactions take place. A good solvent of choice cov

be methanol since sulfoxidation w
 
6 erimental section 
 

Models ar
 
6.6.1 Dodecin:  
Expression of dodecin: 
The synthetic gene for expressing dodecin was made by the company DNA 2.0 Inc.  
and was cloned in a pJ13 plasmid. This gene was then cloned in a pET-28b plasmid by 
J. Jianfeng. The plasmid was multiplied by CaCl2 competent cells. 

E. coli TOP 10 cells were growns in  5 mL LB medium overnight at 37 ºC. 4 mL of 
this culture was used for incubating 400 mL of LB medium at 37 ºC until OD600 ≈ 0.3. 
The culture was placed on ice for 10 min and then centrifuged at 3000 g for 10 min at 
4ºC. The supernatant was removed, the cells were resuspended in 200mL of sterile 
ice-cold CaCl2 solution and stored on ice for 20 min. The cells were again centrifuged 
at 3000 g for 10 min at 4ºC and the supernatant was removed and resuspended in 
20mL ice cold CaCl2. The suspension was placed on ice for 1 hour. 15 μL of the pET-
28b plasmid was put to 200 μL of the suspension and was placed on ice for 30 min. A 
heat-shock was applied at 42ºC for 2 min. 1mL of sterile LB medium was added and 
the cells were incubating at 37 ºC for 45 min. The cells were centrifuged at 5000 g for 
2 min. After that, the pellet was resuspended and used to inoculate an ager plate 
with antibiotic, X-Gal and IPTG. The plate was incubated overnight at 37 ºC. The 
plasmids were isolated using a Plasmid isolation Kit. A 5 mL preculture of E. coli 
BL21(DE3) was grown over night at 37 ºC. A 500 mL culture of LB medium containing 
50 mg/ml kanamycin with 400 μL of isolated plasmid was inoculated for 2 hours at 37 
ºC (OD600 = 1.2). 400 μL of IPTG (1000x) was added to the culture and it was incubated 
for 35 hours at 17 ºC. The culture was centrifuged at 6000 rpm at 4ºC for 15 min. The 
pellet was resuspended in 20 mL buffer (20 mM Tris-HCl (pH 7.5), 300 mM NaCl, 5 mM 
MgCl2). 280 μL 10 mM PMSF was added and the cells were lysed by sonification (40 
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min, 20 kHz, 50%). The suspension was centrifuged at 17000 rpm (JA17) for 30 min at 
4ºC. The supernatant was put to a Ni-column (6 mL of ‘slurry’ pre-activated with 
NiCl2) and incubated at 30 min at room temperature. A gradient with buffer B (20 mM 
Tris-HCl2 (pH 7.5), 300 mM NaCl, 5 mM MgCl2, 500mM imidazole) was applied and 
dodecin was eluted at ~200 mM of imidazole. The protein was analyzed with a Tris-

ncentration of dodecin was decreased, however the 
roblem still existed. Both the unfolded and refolded dodecin were put a Tris-tricine 

redissolved in 30 mL  0.1M NaAc-buffer, pH = 5.6. The 
ixture was dialyzed two times overnight at 4 °C in 2L of the NaAc-buffer to remove 

. 

he apo-RfBP concentration was calculated from the 
bsorbance at 280 nm (ε  = 49000 M-1 cm-1). Using an amicon filter the buffer was 

tricine protein/peptide separation gel15.  
 

Refolding of dodecin: dodecin was dialysed against buffer C (8M urea, 20mM Tris-HCl 
(pH 7.5)), buffer D (4M NaCl, 20mM Tris-HCl (pH 7.5), 5mM MgCl2) and buffer (1M 
NaCl, 20mM Tris-HCl (pH 7.5), 5mM MgCl2) for each overnight. The dialysis was 
performed with no stirring in a volume of 2L. A precipitation was formed during the 
unfolding step, therefore the co
p
protein/peptide separation gel. 
 
6.6.2 Riboflavin Binding Protein 
Isolation and purification of RfBP from chicken eggwhite 
The eggwhite from 10 eggs was separated from the yolk (ca. 400 mL.), stored on ice 
and diluted with 400 mL 50mM NaAc-buffer, pH = 4.5. 5 mg solid riboflavin was added 
and the mixture was stirred gently for 5 minutes. The mixture was brought to pH 4.5 
via addition of acetic acid and filtrated. The rest of the precipitate was removed by 
centrifugation (2x 400 mL, 30 min, 9500 rpm, 4 °C.) after which the supernatant was 
stored on ice. The supernatant was brought onto a DEAE-Sepharose column which was 
equilibrated with a 50 mM NaAc-buffer, pH = 4.5. The column was washed with the 
buffer until the A280 was below 0.1. Elution with high salt solution, using a gradient, 
released the RfBP from the column. The fraction with the A450 for the riboflavin-
binding protein was collected (68.5 mL). Pulverized ammonium sulfate was added to  
the enzyme solution which is kept at 0° C until 55% saturation (26.6 g). The white 
precipitate was removed by centrifugating the solution (10 minutes at 10.000 rpm. 4 
°C). The yellow supernatant was collected and pulverized ammonium sulfate was 
added until the solution was at 85% saturation (add additional 14.5 g). The yellow 
precipitate was collected by centrifugation of the solution (10 minutes at 10.000 rpm. 
4 °C.). The precipitate was 
m
the high salt concentration
 
Purification of apo-RfBP 
50 ml of a solution of riboflavin binding protein was poured into a dialysis tube and 
dialysed with 2 liter of acetate buffer (0.1 M, buffer, pH = 3.8) to remove the 
riboflavin cofactor. A subsequently dialysis with 0.1M NaAc-buffer, pH = 5.6 was 
performed to refold the protein. T
a 280

changed to a NaP buffer (pH 7.5). 
 
Fluorescence-based binding assays with RfBP and flavin derivatives 
Binding experiments were performed in a NaP buffer at pH 7.5, as the optimum for 
binding of flavins lies between pH 6 and pH 9. Since the reduced form of the flavin 
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catalyst shows no signal in the visible area, the oxidized forms were investigated for 
incorporated into the RfBP. A titration of the apo-RfBP to a constant concentration of 
flavin was performed. The fluorescence binding assay was performed with titration of 
apo-RfBP to fluorescent flavins 6.15, 6.16, 6.19 and 6.20 at 25ºC using a 
fluorescence spectrophotometer (Hitachi F-2000). The excitation wavelengths were 
set at 353nm (6.15 and 6.16), 369nm (6.19 and 6.20). The slits of 
excitation/emission where set at 2 nm and 5 nm, with a potential of 900V on the 
photomultiplier. Measurements were performed in a 50mM NaP (pH 7.5), with 
concentration of 6μM of flavins. In a titration experiment, 1mL of 50mM NaP (pH 7.5) 
nd 6μM flavin was titrated with apo-RfBP to molar ratios up to 2. A spectrum of  

ained color and the flowthrough showed no 
resence of unbound flavin. The solution with incorporated flavin catalyst was frozen 

0 ºC, 15 minutes. The final reaction volume was 
xtracted entirely with CH2Cl2 and filtrated over a short MgSO4 plug before being 

. 

 M) were added. The mixtures were shaken 
r 18 hours at room temperature. Samples were regularly taken and subjected to LC-

ct injection.  
 

a
~400nm to 600nm was taken depending of the flavin.  
 
Binding of flavin catalyst to RfBP for activity studies. 
To 4 ml of 50 µM apo-RfBP in 0.1 NaP buffer (pH 7.5) 2 µmol of flavin catalyst was 
added. To the resulting colored solution, excess Na2S2O4 was added to reduce the 
catalyst. Using an Amicon YM-10 filter with a cutoff of 30 kDa, the solution was 
concentrated 5 times to 0.5 ml and diluted to 10 ml with a 50 mM NaP buffer (pH 7.5). 
After the fifth step, the solution had reg
p
with liquid nitrogen and stored at -80ºC. 
 
Sulfoxidation reactions with RfBP and flavin catalysts 
To 50 nmol of RfBP, with bound flavin catalyst in 1 ml of 50 mM NaP buffer (pH 7.5) 
was added 20 µl of a stock solution of 136 µl methyl p-tolyl sulfide in 10 ml DMSO (2 
µmol) and 20µl of a stock solution of 3% H2O2. The resulting mixture was mixed by 
continuous inversion at 4ºC and samples (100 µl) were taken every hour, extracted 
with CH2Cl2 and filtrated over a short MgSO4 plug before being subjected to GC 
analysis on a G-TA column, 16
e
subjected to GC analysis
 
6.6.3 FAD-Synthetase 
 
To 0.1 ml of FAD synthetase (1.0 mg/ml) in a 2 ml plastic cuvet, 50 μl ATP(100 mM), 
20 μl substrate (10 mM) and 20 μl MgCl2 (1
fo
MS measurements using dire
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