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SUMMARY AND CONCLUSIONS

Nowadays, biocatalysis has a crucial role in society. Enzymes have been developed for a 
plethora of biotechnological applications. New biocatalytic advances aim to reduce the 
environmental impact of chemical processes. In this context, many years have passed 
since the field of biocatalysis abandoned the merely curiosity-driven research in academia 
and became a more mature field for e.g. the chemical and pharmaceutical industries. 
This occurred because biocatalysts allow a tight control over the selectivity of reactions, 
making enzymes exquisite alternatives for chemical catalysts. They can also contribute to 
a greener industry and untapped new chemistry.

Flavoenzymes are a remarkable example of biotechnologically interesting biocatalysts. 
These enzymes are highly versatile biomolecular machines that perform a wide range of 
reactions, and represent a vast number of biocatalysts in the toolbox that enables redox 
chemistry. Flavoenzymology is a multidisciplinary field, which aims to increase the 
overall understanding of flavin-containing enzyme, by gaining a deeper insight into their 
catalytic mechanisms, kinetic properties and sequence-structure-function relationships. 
An improved understanding of these enzymes permits the further development of 
enhanced biocatalysts. For example, knowledge-based enzyme engineering can lead to 
improved chemo-, regio- and enantioselectivities required for the synthesis of valuable 
compounds. 

The advantages of biocatalysis are well-exemplified for the Baeyer-Villiger oxidation 
reactions reported in Chapter 1. Even though the chemical method for such oxidations 
offers a simple synthetic route to oxidize ketones into esters/lactones, it requires the 
usage of hazardous reagents and is typically not chemo-, regio- or enantioselective. As an 
appealing alternative, the flavin-containing Baeyer-Villiger monooxygenases (BVMOs) 
have been investigated for a long time for their potential as biocatalysts1–5. In the last 
few decades various BVMOs have been discovered or engineered that exhibit activities 
suitable for the synthesis of valuable compounds. In chapter 1, we summarized the state 
of the art for BVMOs as biocatalysts, thereby focusing on their biochemical, mechanistic 
and structural properties. Although it appears to be a relatively mature field, there are still 
intricacies for flavoenzymologists to unravel. Limitations, such as moderated stability, 
undesired specificities and cofactor dependency often prohibit industrial applications. 
Ongoing research is making progress in overcoming these issues.

Many (flavo)enzymes depend on a dissociable cofactor, such as NAD(P)H, for catalysis. 
The costs related to such cofactor dependency can be partly overcome by using self-
sufficient bifunctional enzymes that are efficient in cofactor regeneration. In chapter 2 
we designed an experimental protocol to evaluate the effect of the length of a flexible 
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glycine-rich linker on the properties of the self-sufficient TbADH-TmCHMO fusions. 
This experimental protocol enables the generation of optimized biocatalysts. Moreover, 
the procedure can be easily modified to generate a similar library of other fusion proteins. 
As demonstration reaction, the generated ADH-BVMO fusion enzymes were tested for 
the synthesis of ε-caprolactone, a valuable polymer precursor, starting from cyclohexanol. 
Such reaction takes advantage of the fact that both enzyme activities satisfy their cofactor 
dependency: ADH activity converts NADP+ into NADPH, while, in turn, BVMO activity 
oxidizes NADPH into NADP+. Furthermore, fused bifunctional biocatalysts may enhance 
the protein stability and promote product intermediate channeling by proximity effects. 
There are no uniform design rules for an optimal linker to fuse two enzymes. However, 
a ‘wrong’ linker can lead to detrimental effects on the biocatalytic performance6. The 
presented work concerned the evaluation of the effect of fifteen linker variants, differing 
in size, on: expression, thermostability, activity and conversion levels. All the obtained 
variants exhibited high expression levels (250-360 mg L-1) and were obtained mainly as 
holo proteins. For both TmCHMO and TbADH, it was observed that the length of the 
linker did not show a significant deleterious effect on their thermostability. Concerning 
activity, the alcohol oxidation (ADH) and sulfoxidation (BVMO) activities were similar 
for the 9 shortest variants, while the fusions with the linker length of 10, 12 and 15 amino 
acids showed a slightly increased activity. Small-scale bioconversions resulted in highest 
turnover numbers (TON) for the fusions with 2, 3, 6, 7, 13 and 14 amino acid linkers 
(TONs of 20,000-25,000). The TON of the reaction catalyzed by the non-fused enzymes 
was around 12,000.

In chapter 3, we studied the reactivity of flavoenzymes with dioxygen, a captivating topic 
for flavoenzymologists. Dioxygen is a four-electron oxidant that can be enzymatically 
activated and reduced to hydrogen peroxide or water through consecutive one-electron 
transfers. In some cases, other reactive oxygen species (ROS) can be formed, such as 
superoxide. In chapter 3, we investigated ROS formation —or uncoupling— during the 
flavin-mediated reduction of dioxygen by flavoprotein oxidases and monooxygenases, 
using PAMOWT, PAMOC65D, EUGO and HMFO as test enzymes. The analysis of the 
uncoupling in flavoproteins is of great relevance because ROS have an important role 
in biology and may complicate the use of flavoenzymes as biocatalysts. Moreover, the 
mechanism of flavoenzyme-mediated ROS formation is not fully understood. 

Accurate profiles of hydrogen peroxide and superoxide production under different 
operational conditions were determined for all studied flavoenzymes. Remarkably, all 
proteins were found to produce significant amounts of superoxide. Furthermore, increased 
superoxide levels were detected at higher pH, which could be indicative of a pH-sensitive 
caged radical pair dissociation. Despite the accumulation of superoxide, no detrimental 
effect on biocatalysis was demonstrated. Interestingly, for PAMOWT and EUGO, the 
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addition of catalase significantly increased the catalytic performance. The results provide 
a better view on the conditions that promote ROS formation in flavoenzymes which is 
industrially relevant and could help to reduce formation of hazardous ROS and avoid the 
waste of valuable reducing equivalents.

The second part of this thesis deals with the identification and characterization of several 
newly discovered flavin-containing monooxygenases. Such studies on new flavoenzymes 
provide more insights into the chemistry feasible with natural enzymes and may also 
lead to new enzyme-based applications. In chapter 4, in collaboration with the Institute 
of Microbiology of the ETH (Zürich, Switzerland), the involvement of BVMOs in the 
production of some specific polyketides was studied. It was shown that oxygen insertion 
via a Baeyer-Villiger oxidation into a nascent polyketide backbone is achieved by bacterial 
enzymes. The biochemical properties of two of such BVMOs, Oock and LmbC-Ox, were 
established. These FAD-containing enzymes were shown to be involved in an oxygen-
insertion reaction that is part of the biosynthesis of the secondary metabolites oocydin 
and lobatamide. 

Chapter 5 describes efforts in finding promising type I or type II flavin-containing 
monooxygenase (FMOs). Through genome mining we identified two proteins from 
Chloroflexi bacterium and the tardigrade Hypsibius dujardini: CbFMO (type II) and 
HdFMO (type I), respectively. Both enzymes displayed distinctive biochemical features. 
HdFMO was found to be only active with sulfides, did only accept NADPH as hydride 
donor, and presented a moderated thermostability (TM

app of 45°C). In contrast, CbFMO 
converted preferentially ketones into the respective esters or lactones, and displayed a 
poor thermostability (TM

app of 34°C). The motivation for studying CbFMO, a type II FMO, 
was partly because of the relaxed nicotinamide cofactor specificity of previously reported 
type II FMOs7. Yet, CbFMO was found to have a strong preference for NADPH. Therefore, 
comparing with the already described collection of flavoprotein monooxygenases, both 
FMOs do not seem very appealing for biocatalysis. 

Finally, in chapter 6 two type I BVMOs from Streptomyces leeuwenhoekii C34 were 
identified, namely: Sle_13190 and Sle_62070. Both enzymes were successfully expressed 
with phosphite dehydrogenase as fusion partner. Similar to other type I BVMOs, both 
proteins showed NADPH-dependent Baeyer-Villiger oxidation. The sequences of 
Sle_13190 and Sle_62070 clustered, based on sequence homology, with other BVMOs 
that are known to act on bulky compounds. In this context, it was not surprising that 
they accepted rather complex compounds as substrate, including biphenyls and a steroid. 
Moreover, both enzymes were found to be moderately robust, exhibiting a TM

app of 45 
°C and tolerating water-miscible cosolvents. In particular, Sle_62070 was found to be 
highly active with cyclic ketones and displayed a high regioselectivity producing only one 
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lactone from 2-phenyl cyclohexanone, and high enantioselectivity producing only normal 
(-)-1S,5R and abnormal (-)-1R,5S lactones (e.e. >99 %) from bicyclo[3.2.0]hept-2-en-6-one. 
These two newly discovered BVMOs may develop as valuable additions to the known 
collection of BVMOs.

The work described in this thesis delivered several new enzymes, that can be employed 
as biocatalysts, and new insights into their catalytic properties. The work confirms that 
extreme environments can be a great source of untapped robust enzymes, as demonstrated 
with the two BVMOs identified in a bacterium isolated from Atacama Desert (chapter 6). 
Also, an flavoenzyme from a tardigrade, a microscopic animal that can be cryopreserved 
and had not been considered before as source for biocatalysts, was obtained and studied. 
Unfortunately, this did not yield a very promising biocatalyst. It shows that organisms 
that can survive extreme conditions do not always (only) harbor robust biocatalysts. 
Besides of exploring sequence genomes of (thermophilic) microorganisms, employing 
a metagenomic approach may also be useful if one is looking for a robust biocatalyst. 
Current metagenomic approaches allow the handling of rich sources of biosynthetic dark 
matter, which can lead to new (bio)chemistry8,9. In this sense, the combined effort in the 
discovery of novel enzymes, more mechanistic insights and the engineering of enzymes 
will make biocatalytic reactions even more efficient, reliable and environmentally friendly. 
This will allow biocatalysis to gain ground to compete in a sustainable way with classical 
chemical routes, or allow totally new enzyme-based applications. 
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