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Abstract 

Monooxygenases (MOs) face the challenging reaction of an organic target, 
oxygen and a cofactor—most commonly heme or flavin. To correctly 
choreograph the substrates spatially and temporally, MOs evolved a variety of 
strategies, which involve structural flexibility. Besides classical domain and 
loop movements, flavin-containing MOs feature conformational changes of 
their flavin- and nicotinamide cofactors. With similar mechanisms emerging in 
various subclasses, their generality and involvement in selectivity are 
intriguing questions. Cytochrome P450 MOs are often inherently plastic and 
large movements of individual segments throughout the entire structure occur. 
As these complicated and often unpredictable movements are largely 
responsible for substrate uptake, engineering strategies for these enzymes 
were mostly successful when randomly mutating residues across the entire 
structure.  
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Introduction 

Aerobic life evolved to use O2 as an electron acceptor in the respiratory chain 
and as a co-substrate to oxygenate organic compounds using enzymes such as 
monooxygenases (MOs). As the spin-forbidden reaction of triplet ground state 
O2 with singlet organic compound is very slow, enzymes lower the energy 
barrier by reductively activating oxygen. Unless the organic substrate provides 
the reducing power, this reaction requires a cofactor. Open-shell transition 
metals such as copper or iron can be deployed, and the latter is often 
complexed by a porphyrin scaffold—the heme cofactor. Alternatively, MOs use 
a purely organic flavin mononucleotide (FMN) or flavin adenine dinucleotide 
(FAD) cofactor. In the several hundred available MO structures, the two most 
frequently co-crystallized ligands are heme (43%) and FAD (14%), which are 
used by the cytochrome P450 MOs (CYPs or P450s) and flavoprotein MOs. The 
traditional center of attention was the active site of the MOs which provides 
the structural context for facilitating catalysis—electron transfer, O2 activation, 
and oxygenation. However, if any static structure is insufficient in describing 
an enzyme’s mode of action, this is especially true with MOs due to their 
extremely dynamic nature. For a full understanding of MOs’ reaction, we need 
to look beyond the supposed catalytic center.  

Flavoprotein monooxygenases 

The isoalloxazine ring enables flavins to stabilize and shuttle between redox 
states. In flavoprotein MOs, oxygen is activated by the transfer of one electron 
from fully reduced flavin to O2, followed by the coupling of the caged radical 
pair at the flavin’s C4a locus.1 Characteristically, flavoprotein MOs stabilize the 
resulting catalytic (hydro)peroxyflavin.2 The electrons originate from a 
reduced nicotinamide cofactor—NAD(P)H—which can bind either transiently 
or permanently. The former is the case for the aromatic hydroxylases of class 
A flavoprotein MOs, where the nicotinamide cofactor dissociates immediately 
after reducing a mobile flavin.3-4 These enzymes are quite narrow in substrate 
scope and “cautious”: before NAD(P)H is consumed, a potential substrate 
needs to be “proofread”.5 In contrast, NAD(P)H is consumed substrate-
independently and bound in various conformations throughout the catalytic 
cycle in “bold” class B flavoprotein MOs. These comprise N-hydroxylating MOs 
(NMOs), which are highly substrate specific, heteroatom-oxygenating flavin-
containing MOs (FMOs), and ketone to ester-transforming Baeyer-Villiger MOs 
(BVMOs), which often show relaxed substrate scopes. 
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Figure 1. Simplified and/or exemplary mechanism of MO classes and structural flexibility. P450s 
are inherently plastic, with flexible regions occurring throughout the protein structure. Class A 
flavoprotein MOs are well-known for their mobile flavin cofactor, whereas in class B, often the 
NAD(P) cofactor is found in various conformations. 
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Mobile flavins 
For the prototype class A flavoprotein MO, p-hydroxybenzoate hydroxylase, a 
delicate dynamic interplay between the coenzyme NADPH and the prosthetic 
FAD cofactor has been unraveled.6 For reduction, the flavin of class A MOs 
swings towards NADPH into an “out” position using the ribityl carbons as pivot 
points (Figure 2A). Next, NADP+ is released, FAD returns to the “in” position,7 
and the formed C4a-hydroperoxyflavin hydroxylates the substrate through 
electrophilic aromatic substitution. While this mechanism was elucidated 
decades ago,3-4 its clinical relevance was established recently, when a 
tetracycline MO conferring bacterial antibiotic resistance was shown to be 
efficiently inhibited by a substrate analogue that locks FAD in the “out” 
position.8 Furthermore, novel variations on the mobile flavin mechanism were 
discovered in two paralogous class A MOs converting the same multicyclic 
substrate to divergent products in a bifurcating metabolic pathway.9 While 
one, RebC, substitutes a carboxyl group with oxygen, the second, StaC, only 
decarboxylates. Apparently, RebC uses flavin mobility for reduction before 
hydroxylating the substrate’s enol tautomer, while StaC’s mobile flavin 
accelerates the spontaneous decarboxylation of the keto tautomer via a steric 
and/or electrostatic clash. The same group also discovered that mobile flavins 
occur in N-hydroxylating MOs of class B.10  
An early indication for a conformational change in NMOs was the proposed 
allosteric regulation11 of L-ornithine MO (SidA) by L-arginine.12 However, the 
regulation is likely rather a competitive inhibition, as structures later revealed 
L-arginine to bind at the same position in SidA13 as L-ornithine in a homologous 
NMO (PvdA).14 Eventually, structures of another homolog (KtzI) showed FAD
to undergo conformational changes.10 While the swing of the flavin in class A
MOs occurs nearly in the plane of the isoalloxazine ring, KtzI’s flavin pivots
largely at the ribityl C1 and rotates out of the plane (Figure 2B). As this
trajectory clashes with the nicotinamide riboside, it might represent an NADP+

ejection mechanism. In the resting state, the oxidized flavin is probably in an
equilibrium between “in” and “out”. No hydride transfer orientation was
observed, but reduced flavin was always “in” and the hydroperoxyflavin likely
retains this position. A distorted nicotinamide in crystals of PvdA trapped with
the product suggested an initial destabilization of NADP+,14 which then would
be ejected by the moving flavin.
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Figure 2. Mobile flavin cofactors. A) The flavin of the class A flavoprotein MO p-hydroxy-benzoate 
hydroxylase swings in the plane of the isoalloxazine ring from an “in” position (grey carbons, 
1PBE), to an “out” position (1DOD, yellow carbons). The substrate (violet carbons) and a cut-
open surface of the protein stems from 1PBE. B) Overlay of the class B L-ornithine MO (KtzI) in 
complex with L-ornithine, “in” FAD, and NADP+ (violet, white, and green carbons, respectively, 
4TLX) and KtzI with the “out” FAD (4TLZ).  

Mobile nicotinamide cofactors 
As they bind NADP stably,2 class B MOs are often crystallized in complex with 
both cofactors. Several orientations of NADP can be observed in available 
structures. With varying degrees of confidence, these have been attributed to 
the dual role of the cofactor over the course of the catalytic cycle: reduction of 
the flavin and stabilization of the (hydro)peroxyflavin.2 As the two roles 
require different orientations and no structure appropriate for hydride 
transfer is known, a “sliding mechanism” has been proposed15 (Figure 3A). 
Accordingly, NADPH reduces the flavin while sliding over the isoalloxazine into 
its fixed and commonly observed “stabilization” position. Various structures 
appear to show the positions sampled on the way: stacked above the flavin in 
steroid MO (STMO, PDB IDs 4AOS), and an intermediate position in one crystal 
form of cyclohexanone MO (CHMO, PDB ID 3GWF). Problematically, however, 
the model conflicts with experiments showing that NADPH’s pro-R hydride 
reduces the flavin, which is incompatible with the anti conformation of the 
flavin-stacked NADPH observed in the before-mentioned structures. Although 
the stereoselectivity can be altered by active site mutagenesis, it is conserved 
throughout the class B MOs.16 Two exceptions in the PDB display a more 
suitable syn conformation: cadaverine MO (PDB ID 5O8R17) where 
unfortunately the NADP was modeled on diffuse electron density and its 
validity is doubtful; and a mutant of a bacterial trimethyl-amine MO (TMM, PDB 
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ID 5IQ418), where the electron density of the nicotinamide suffered from low 
occupancy (Figures 3B-C).  
When NADP+ is in its “usual” position, a hydrogen bond from the amide oxygen 
crucially stabilizes the N5 hydrogen of the reduced flavin18 and the 
subsequently-forming peroxyflavin.19 Additionally, the ribose 2’ hydroxyl 
group hydrogen bonds to the reaction intermediate in BVMOs, and donates its 
proton to form the hydroperoxyflavin in FMOs/NMOs.20 By a flip of the amide, 
the amine can also interact with the N5 of the oxidized flavin after product 
formation in a retained overall conformation of NADP+. The distinction is 
difficult, as the orientation of the amide can usually not be inferred from the 
electron density. The flexible part of NADP is the nicotinamide mononucleotide 
part. A hydrogen bond between its phosphate and a conserved, hydroxyl-
containing amino acid21 is the pivot point linking it to the well-anchored 
adenosine mononucleotide moiety. This was also observed for two additional 
NADP+ orientations, which feature a rotated anti nicotinamide riboside. A half 
rotation occurred in crystallo in TMM upon substrate soaking (PDB ID 5GSN18), 
and in a bacterial mFMO upon disruption of either of two hydrogen bonds to 
the nicotinamide: from the NADP+ amine to the flavin N5 (using an NADP 
analog, PDB ID 2XLT) or from the ribose to a central asparagine (in an 
aspartate mutant, PDB ID 2XLR)22 (Figure 3A). Interestingly, aspartate is the 
conserved residue in BVMOs, which, although never observed with the half-
rotated cofactor, delivered the only structure with a fully-rotated NADP+23 
(PDB ID 3UCL, Figure 3A). In this structure, as in the half-rotated TMM 
structure, additional electron density on top of the flavin was assigned to 
substrate molecules. The assignment is controversial, however, as it contrasts 
previous ligand positions and is noticeably connected to the density of the 
nicotinamide riboside (Figures 3D-E). It can therefore hardly be excluded that 
the origin is an alternative conformation of NADP, rather than a ligand. Further 
research should clarify the substrate position and whether the rotated cofactor 
is a general mechanism of the enzyme class. This may contribute to solving two 
remaining puzzles: the structural basis for the different mechanisms and 
reactivities, and the cause of the vast discrepancy in substrate specificity.  
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Figure 3. NADP and protein mobility. A) Cut-open surface of PAMO (1W4X) with FAD- (yellow), 
NADP- (blue), and helical domains (orange). An “L” marks a moving BVMO loop with a conserved 
tryptophan (light grey), which can be folded in (2YLR, white cartoon) when NADP+ is present or 
form a β-hairpin (3UOZ, dark grey) in a homolog. The inset magnifies the flavin (yellow carbons) 
and the various positions found in class B MOs of NADP’s nicotinamide ring. “N1” marks the 
apparent “sliding” movement by overlaying STMO (4AOS, green carbons), CHMO (3GWF, cyan 
carbons), and PAMO (2YLR, blue carbons). “N2” marks an apparent rotation via a half-rotated 
(TMM, 5GSN, dark violet carbons and mFMO, 2XLR, violet carbons) to a fully-rotated form in 
CHMO (3UCL, pink carbons). B–E) Electron densities (σ=1) of structures with controversial 
NADP+ modeling: B) cadaverine MO (5O8R) and C) the TMM Y207S mutant (5IQ4) are modeled 
with NADP in a hydride transfer-suitable syn conformation, but suffer from poor electron 
density at the nicotinamide end. D) CHMO (3UCL) and E) TMM (5GSN) with half-, and fully-
rotated NADP+, respectively, where additional density connected to NADP was modeled as 
substrate molecules. 

Mobility of loops and domains in flavoprotein MOs 
Substrate acceptance is an intensely-researched enzyme trait with 
biotechnological relevance, and protein flexibility was identified as “perhaps 
the single most important mechanism” to achieve promiscuity.24 The most 
flexible protein structures are loops and unsurprisingly, this structural 
element differs most among otherwise similar flavoprotein MOs.  
In BVMOs, a long omega loop (where start and end are close and act as a 
hinge25) appears crucial for function and was called “control loop”26. If visible, 
the loop folds on top of the Rossmann fold-bound NADP, thereby often trapping 
the cofactor in the crystal structure (Figure 3A). SAXS experiments indicate 
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that NADP+ exposure favors this folded state, which also coincides with 
“closed” enzyme conformations. In “open” conformations, the disordered loop 
may be unstructured, but also a wide swing into the solvent (deemed a 
crystallization artefact) was seen in phenylacetone MO (PAMO, PDB ID 
1W4X27), and 2-oxo-Δ3-4,5,5-trimethylcyclopentenylacetyl-coenzyme A MO, 
where the loop adopts a structured β-hairpin (e.g. PDB ID 3UOZ28) (Figure 3A). 
A central role in loop reorganization is assumed for a conserved tryptophan 
(Figure 3A), which is an active site residue if the loop is folded and whose 
removal drastically reduces enzyme activity.15 The loop may also act as an 
“atomic switch”15,26 that connects the active site and the BVMO signature 
motif29, a strictly conserved stretch at the NADP domain edge, inexplicably far 
from the active site. A histidine in this motif adopts varying conformations and 
can form contacts with the linker region, which in turn is connected to the 
control loop.15 The importance and ability of the linker for long-range effects 
became also apparent when mutations in this region drastically altered 
enzymatic activity.30 Considering that the SAXS results were not fully 
explainable by loop movements, this data collectively suggested that larger 
movements of the domains could occur. Domain rotations of up to 6°15,31 were 
already observed, but the extent might have been artificially hindered by 
crystal packing.26 A drastic domain rotation of 30° has been observed for an 
NMO, NbtG,32 but it is unknown whether other NMOs, let alone other class B 
families can sample this conformation as well. More distantly related enzymes 
with the same domain architecture are able to rotate by even 67°,33 and some 
members of class A flavoprotein MOs can cover their active site with a flexible 
“lid” domain.34 Future discoveries on such mechanisms in class B MOs can be 
expected, and these may be key in understanding their varying selectivities. It 
might also allow to explain the profound allosteric effects of active site-remote 
mutations,35 and the surprisingly mild effects of removal of residues that 
(seemingly) form the active site.36  

Cytochrome P450s  

Referred to as “nature’s blowtorch”37, the iron-oxo species forming in the core 
of cytochrome P450s MOs (P450s) are endowed with the oxidative power to 
catalyze various reactions: besides performing dealkylations, heteroatom 
oxidations and epoxidations, P450s hydroxylate non-activated C–H and C–C 
bonds in substrates of diverse size, functional group composition, and 
polarity.38 Similar to class A flavoprotein MOs, the catalytic mechanism is 
initiated by substrate binding, which causes a separate or translationally fused 
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reductase to shuttle NAD(P)H-derived electrons to the heme. Dioxygen binds 
to the one electron-reduced ferrous heme and the second electron creates the 
ferric peroxy complex, which matures to the catalytically active “Compound I”. 
Despite amino acid sequence differences of up to 90%, all P450s share a 
common fold with identical topology and conserved secondary structural 
elements. The question arises, how such a highly conserved architecture can 
sustain the observed immense variety in catalyzed reactions. Clearly, the P450 
fold evolved early as a safe platform for an inherently dangerous reaction—the 
activation of molecular oxygen—and as a versatile scaffold. As such, the 
variability of P450 reactions cannot be attributed to the composition and 
capacity of the active site but is rather a result of the concerted and dynamic 
action of the whole enzyme. A large body of research spanning both selective 
prokaryotic and highly promiscuous eukaryotic P450s demonstrates the 
essential role of plasticity in the selection of suitable substrates and their 
delivery to the heme. 
Questions concerning P450 flexibility involved in substrate binding have 
already been raised after the first crystal structure. In P450cam, the camphor 
substrate is effectively sealed from the outside, implying a structural plasticity 
that enables the protein to open for substrates to enter and products to leave 
39. Subsequent crystal and NMR structures as well as molecular dynamics
simulations have since then confirmed how an impressive degree of flexibility
in P450s facilitates a stepwise adaptation of the enzyme to the substrate in
order to lead it to the active site.

Binding mechanisms in P450s 
Work on CYP3A4, a human P450 involved in xenobiotic metabolism, supported 
an induced fit substrate binding mechanism. The enzyme structure in complex 
with midazolam hints at substrate-induced, global structural readjustments, 
with concurrent reshaping of the active site. In particular, a conformational 
switch of two helices (the F–G segment) and long-range residue movements 
transmitting from remote areas (the D, E, H, and I helices) triggered a collapse 
of the active site cavity and ligand immobilization. Productive substrate 
positioning can occur at two overlapping binding sites near the I helix, and a 
substrate concentration-dependent collapse or widening of the catalytic cavity 
determines the reaction’s regioselectivity.40 Structural investigations of the 
prokaryotic OleP in complex with a macrolactone are also consistent with an 
induced-fit binding, and a cascade of interactions responsible for substrate-
induced conformational changes was proposed.41 Some P450s, however, were 
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shown to explore an incessant motion between different conformations 
regardless of the presence of substrates. The ligand-free structures of the 
erythromycin-converting P450 EryK suggest the presence of a heterogeneous 
conformational ensemble between an open and a closed state42. 
Notably, the conformational changes occurring upon substrate recognition can 
show striking similarities between very distant representatives. P450cam and 
MycG have only 29% sequence identity and act on the structurally diverse 
substrates camphor and mycinamicin IV, respectively. Using a combination of 
NMR structural studies, site-directed mutagenesis and functional assays, 
several regions far from the active site of P450cam were demonstrated to be 
critical to ensure efficient recognition and orientation of the substrate into the 
catalytic center. Many of the same secondary structural features in MycG are 
perturbed upon substrate binding. The most-affected residues were 
subsequently found to be functionally important and lie in a conical region 
roughly anti-symmetric with the triangular shape of the P450 molecule.43  

P450s’ substrate selection via tailored plasticity 
With twelve entries deposited in the protein data bank, CYP2B enzymes show 
one of the highest degree of plasticity among crystallographically 
characterized P450s—about one third of the protein is accounted for by five 
plastic regions (PRs). Comparison of PR2 and PR4 allowed to distinguish four 
distinct conformations: “open” to allow substrate access, “closed” and 
“expanded” upon binding of small and large ligands to CYP2B4, respectively, 
and an “intermediate” form induced by and molded to the inhibitor 1-biphenyl-
4-methyl-1H-imidazole (1-PBI) (Figure 4A).44 As catalysis involves subtle,
concerted conformational changes spanning a large part of the enzyme,
allosteric effects are frequently observed and sometimes drastic. In CYP2Bs,
mutations of residues remote from the active site not only caused a switch in
selectivity for some substrates, but also profound functional changes affecting
the enzyme catalytic rates and inhibition.45 Interestingly, mutations targeting
active site residues produced much smaller changes.46 In CYP2B1, equally
distant mutations enhanced the metabolism of several substrates including the 
anticancer prodrugs cyclophosphamide and ifosfamide.47 Similarly, the
enhanced activity of a rat CYP1A1 mutant towards a dibenzo-p-dioxin toxin is
triggered by a more efficient binding of the substrate in the active site even
though the mutation is over 25 Å away.48 In this scenario, it is not surprising
how most of the single nucleotide polymorphisms (SNPs) that make CYP2B6
highly polymorphic and, accordingly, differently active in the metabolism of a
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variety of drugs lie far from the active site of the enzyme.49 Another 
demonstration of how the creation of a new activity passes mostly through 
mutations in flexible regions involved in substrate recognition50 is the 
engineering of P450-BM3 toward a propane monooxygenase51 where only a 
fraction of the mutations was located in the active site (Figure 4B). 
The role of dynamics of the overall P450 fold is also well exemplified by the 
long-range effects of putidaredoxin (Pdx) binding to the proximal face of 
P450cam, which influences motions on the opposite side of the protein. The 
open/close motion of the F/G helical region is coupled to a movement of the C 
helix, which directly contacts Pdx. The Pdx-induced changes in the F/G helical 
region are instrumental to carry out the enzymatic activity: it triggers free an 
important aspartate involved in the proton delivery network required for O2 
activation 52. Even the entrance of molecular oxygen into the active site is tuned 
by protein dynamics. Simulations of the protein backbone dynamics of P450-
BM3 revealed the transient nature of some channels, with subchannels forming 
and merging and O2 molecules hopping in between.53-54  

Figure 4. Structural plasticity in P450s. A) Superimposition of the conformations observed for 
CYP2B. The protein is shown as cartoon with helices as cylinders. Regions of conformational 
variability are highlighted and coloured with “open” (PDB 1PO5, no ligand), “closed” (PDB 1SUO, 
ligand: 4-CPI), “expanded” (PDB 2BDM, ligand: bifonazole), and “intermediate” (PDB 3G5N, 
ligand: 1-PBI) in yellow, violet, green, and blue, respectively. The heme cofactor is shown as red 
sticks. B) The P450-BM3 heme domain shown as white-blue cartoon, with the locations of the 
23 mutations (residues as green balls and sticks) that convert the enzyme to a propane 
monooxygenase.  

The full understanding of P450s catalysis is pivotal for exploiting their 
selectivity in industrial processes and designing tailored inhibitors for drug 
metabolism. The joint participation of remote, flexible elements can represent 
a complication, as their influence on specificity and catalytic activity may be 
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difficult to predict. This explains why directed evolution approaches with this 
enzyme family have been much more successful than rational approaches 
focused on active-site engineering. A picture emerges where the active site of 
P450s are reduced to a mere accessory role. A recent structural 
characterization of different members of CYP153s illustrates this. Among these 
homologues, all active site residues are conserved, but the enzymes display 
varying hydroxylation activities with alkanes, fatty acids, and heterocyclic 
compounds. The comparison of five crystal structures allowed to plot out the 
regions which exhibited the most pronounced sequence variabilities and 
conformational changes. In this manner it was possible to identify the B/C-
loop, the F, G, and H helices and the F/G-loop to be responsible for substrate 
recognition and binding.55 

Conclusions 

While flavin-dependent MO compensate their subdomain’s intrinsic rigidity by 
linker and loop movements and/or cofactor mobility, P450s counterbalance 
the heme cofactor’s inflexibility by widely dispersed mobile regions involved 
in substrate binding. The structural and mechanistic complexity found in 
flavoprotein MOs reflects the complex catalytic duty of efficiently coordinating 
three substrates by the same active site in a timely regulated fashion. A 
complete understanding of the reaction mechanism relies on future 
discoveries, specifically with regard to hydride transfer and substrate 
selectivity differences. When considering P450s, novel features of their 
mechanisms have emerged from various P450 subfamilies. For both 
monooxygenase classes, it has become clear that structural dynamics plays an 
important role in their catalytic functioning. Besides better understanding 
their molecular functioning, new insights will hopefully clarify vast 
discrepancies in substrate acceptance and fuel the design of enzyme 
engineering strategies. Clearly, such rational approaches need to take all steps 
and loci involved in enzyme catalysis into consideration, rather than focusing 
solely on the chemical step thought to occur in a static active site.  
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Abstract 

Pollution, accidents, and misinformation have earned the pharmaceutical and 
chemical industry a poor public reputation, despite their undisputable 
importance to society. Biotechnological advances hold the promise to enable a 
future of drastically reduced environmental impact and rigorously more 
efficient production routes at the same time. This is exemplified in the Baeyer-
Villiger reaction, which offers a simple synthetic route to oxidize ketones to 
esters, but application is hampered by the requirement of hazardous and 
dangerous reagents. As an attractive alternative, flavin-containing Baeyer-
Villiger monooxygenases (BVMOs) have been investigated for their potential 
as biocatalysts for a long time, and many variants have been characterized. 
After a general look at the state of biotechnology, we here summarize the 
literature on biochemical characterizations, mechanistic and structural 
investigations, as well as enzyme engineering efforts in BVMOs. With a focus 
on recent developments, we critically outline the advances towards tuning 
enzymes suitable for industrial applications.  
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Introduction 

“The field of organic chemistry is exhausted.”1 This notion, which many 
scientists later judged a fallacy,2 was not an isolated opinion in the late 19th 
century3 from when the quote stems. It is ascribed to chemist Adolf von Baeyer 
and supposedly was a reaction to the success in synthesizing glucose,4 achieved 
by his earlier student, Emil Fischer. While Fischer was said to share von 
Baeyer’s confidence,3 their potential rush to judgment did not prevent either 
of them to later be awarded the Nobel Prize. In the wake of ever more 
discoveries being made, scientists today largely refrain from such drastically 
exclusivistic statements and rather call organic chemistry a ‘mature science’.5 
In hindsight, the time of von Baeyer’s controversial statement can in fact be 
considered as the early days of organic synthesis. Chemistry only started to 
transform from an analytic to a synthetic discipline after 1828,6 when Wöhler’s 
urea synthesis was the first proof that organic compounds don’t require a ‘vital 
force’.7 Similarly to this paradigm shift in chemistry nearly 200 years ago, 
biology is currently at a turning point.6,8 Although bread making and beer-
brewing can be considered biotechnological processes invented thousands of 
years ago, the deliberate creation of synthetic biological systems only 
succeeded in the late 20th century. As much of modern research, biotechnology 
is an interdisciplinary area,5 but a particularly strong overlap with organic 
synthesis occurs in the field of biocatalysis. One of the main arguments for 
using enzymes for chemical transformations is that even if inventions in 
organic chemistry will never exhaust—its major feedstock soon will. 
Considering the continuing depletion of the world’s fossil fuel reserves, a major 
contemporary challenge represents the switch to synthetic routes starting 
from alternative building blocks. In the light of the chemical industry and their 
supplier’s historically disastrous impact on the environment,9 a second 
challenge is the transition to what has been termed “green chemistry”:10 the 
choice of building blocks from sustainable sources and the avoidance of 
hazardous substances. Moreover, with the chemical industry being the single 
most energy intensive industry sector worldwide,11 strategies to increase 
efficiency of chemical processes are urgently needed. Unfortunately, however, 
such considerations find only reluctant implementation in practice. Despite an 
increased public pressure due to the poor reputation of the chemical 
industry,12 the market economy still nearly irrevocably ensures the design of 
industrial processes by economical considerations.13 In research, delaying 
factors might include the hesitancy to rethink traditional approaches and the 
fact that environmental considerations are often inconspicuous on lab-scale, or 
out of focus due to the limited scientific prestige.12-13 In the meantime, 
biocatalytic transformations emerged as a profoundly different alternative. 
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Besides the prospect of inherently green catalysts, a hallmark of biocatalysis is 
product selectivity, as enzymatic reactions arguably allow total control over 
chemo-, regio-, and enantioselectivity. This renders biocatalysis especially 
useful for the preparation of pharmaceuticals, where the isomeric impurity can 
have dramatic physiological consequences.14 One of the biggest assets of 
enzymes is the prospective of their targeted functional evolvability.15-16 Ever 
more sophisticated molecular biological methods for DNA manipulation allow 
easy access to large numbers of enzyme variants, which can be screened for 
desired activities. Despite being one of the oldest techniques, random 
mutagenesis libraries continues to be an extremely successful enzyme 
engineering approach. On the other hand, more rational approaches guided by 
structural and biochemical data in combination with computational 
predictions have gained popularity.17 Although still impractical in most 
scenarios, the complete de novo design of enzymes has been demonstrated and 
likely will become a key technology in the future.18  
Although often seen as a limitation, the usually found restriction of enzymes to 
aqueous systems and ambient temperatures is also advantageous: these 
processes not only abide by the principles of green chemistry, the consistency 
in process conditions also facilitates the design of cascade reactions, which 
circumvents the need to isolate intermediate products. Cascades can be 
designed as in vitro processes, in which chemoenzymatic strategies may 
combine the power of chemo- and biocatalysis.19 With whole cells as catalysts 
being the economically most attractive approach, another highly promising 
procedure is to establish cascades fully in vivo. Recent advances in genetic 
manipulation techniques greatly accelerated metabolic engineering 
approaches, allowing the introduction of foreign metabolic pathways into 
recombinant microbial hosts. These pathways may be of natural origin, 
partially adapted, or designed entirely de novo. Recent examples of the 
recombinant production of natural products such as opiods20-21 or 
cannabinoids22 attracted considerable attention not only in the scientific 
community. Artificial metabolic routes designed in a “bioretrosynthetic”23 
fashion, on the other hand, allow diverse applications ranging from novel CO2 
fixation strategies24 to the production of synthetic compounds such as the anti-
malarial drug artemisinin.25 With research in this area of biotechnology rapidly 
developing, it has been suggested to constitute a new field called synthetic 
metabolism.26  

The Baeyer-Villiger reaction of peroxides and monooxygenases 

Presumably, considerations of green chemistry were far from the mind of the 
before-mentioned Adolf von Baeyer, when 110 years ago, he and his disciple 
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Victor Villiger were experimenting with potassium monopersulfate. In the 
honor of their discovery that this and other peroxides can oxidize ketones to 
esters, we now call this the Baeyer-Villiger reaction. Although it is a widely 
known method in organic chemistry nowadays,27-28 several unsolved 
difficulties reduce its attractiveness and thus applicability. Especially on large 
scale, a remaining problem is the shock-sensitivity and explosiveness of many 
peroxides.29 Commonly applied peracids are prepared from their 
corresponding acids using concentrated hydrogen peroxide. As these solutions 
in high concentrations are prone to ignition and other forms of violent 
decomposition,30 they have largely been withdrawn from the market.31 
Reactions with peroxides and peracids furthermore lead to stoichiometric 
amounts of hazardous waste products. More promise lies in recent 
achievements of reactions using hydrogen peroxide as the oxidant, which make 
use of metal or organocatalysts. However, such processes also require waste 
treatment and the catalysts need to be prepared in additional, often complex 
synthetic routes.  
Due to these reasons, biocatalysis offers a particularly promising alternative 
and has attracted considerable attention. So-called Baeyer-Villiger 
monooxygenases (BVMOs) use the free, abundant, and green oxidant O2, and 
only generate water as byproduct. BVMOs were discovered in the late 1960s 
by Forney and Markovetz, who were interested in the microbial catabolism of 
naturally occurring, long-chain methyl ketones. They noticed that the products 
generated from these compounds by a Pseudomonad were incompatible with 
terminal methyl oxidation, which was the previously assumed only 
degradation pathway.32 Subsequently, they were able to identify the 
responsible enzymatic reaction as a Baeyer-Villiger transformation, dependent 
on NADPH and molecular oxygen.33 In parallel, Trudgill and coworkers were 
investigating microorganisms able to grow on non-naturally occurring 
aliphatics. They identified an oxygen and NADPH-dependent enzyme from 
Acinetobacter calcoaceticus NCIMB 9871 involved in the microbial metabolism 
of fossil fuel-derived cyclohexane and suggested that it catalyzes the 
conversion of cyclohexanone to ε-caprolactone.34 They confirmed their 
findings by isolating the protein and established that the enzyme contains a 
flavin adenine dinucleotide cofactor as prosthetic group.35 This cyclohexanone 
monooxygenase (AcCHMO) quickly attracted attention because of its broad 
substrate scope and because caprolactone was already well-known as a 
precursor to nylon 6.36-37  
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Sequences and structures 

In the last decades, many BVMOs, both prokaryotic and eukaryotic, have been 
described and approximately a hundred representatives were cloned and 
recombinantly expressed. In many cases, the natural role of those BVMOs could 
not be identified. In other cases, BVMOs were shown to be involved in the 
biosynthesis of secondary metabolites such as toxins,38-40 or antibiotics.41 
While these enzymes seem to be more frequently rather substrate specific, 
several BVMOs from catabolic pathways, involved e.g. in the degradation of 
cyclic aliphatics,34,42-44 can convert a large range of substrates. Together with 
the structurally very similar N-hydroxylating- and flavin-containing 
monooxygenases, BVMOs have been classified as belonging to the class B of 
flavoprotein monooxygenases.45 Recently added to this class are the 
YUCCAs46—plant enzymes involved in auxin biosynthesis that were shown to 
catalyze a Baeyer-Villiger-like reaction.47 Some FMOs, including the human 
isoform 5,48 were also found to catalyze Baeyer-Villiger reactions.49 This 
subgroup was suggested to be classified as class II FMOs50 and their relaxed 
coenzyme specificity51 enables interesting application opportunities.52 
Structurally largely unrelated are a few Baeyer-Villiger reaction-catalyzing 
enzymes found in class A53 and C,54 which otherwise comprise the aromatic 
hydroxylases and luciferases, respectively.45 Cytochrome P450 
monooxygenases, which also sometimes catalyze Baeyer-Villiger reactions,55-

56 are entirely unrelated and employ heme cofactors instead of flavins.  
Considerable research has been performed on BVMOs using comparative 
sequence analysis. Using a curated, representative sequence set, one study 
suggested that a BVMO gene was already present in the last universal common 
ancestor.57 This study also found that there is no conclusive evidence that 
phylogenetic BVMO subgroups share biocatalytic properties, although this 
frequently has been and continues to be suggested in literature.58-60 Several 
residues in BVMOs are highly conserved,61 and besides containing two 
GxGxx[G/A]Rossmann fold motifs required for tight cofactor binding,62 they 
can be identified by two fingerprint motifs: FxGxxxHxxxW[P/D] and 
[A/G]GxWxxxx[F/Y]P[G/M]xxxD.50,63 The exact functional role of the 
fingerprint residues has remained unclear and also the determination of 
BVMO’s three-dimensional structure could not clarify their strict conservation. 
The first crystal structure was solved for phenylacetone monooxygenase 
(PAMO) from Thermobifida fusca;64 since then, seven other enzyme and 
various mutant structures followed (Table 1), totaling to 38 structures at the 
time of writing.  
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Table 1. Available BVMO crystal structures 

Name Acronym Source strain Uniprot ID PDB entries Ref. 

cyclohexanone 
monooxygenase AcCHMO 

Acinetobacter 
calcoaceticus 
NCIMB9871 

Q9R2F5 6A37a 65 

Aspergillus 
flavus monoo-
xygenase 838 

Af838MO Aspergillus flavus 
NRRL3357 B8N653 5J7X 66 

cyclohexanone 
monooxygenase RhCHMO Rhodococcus sp. 

HI-31 C0STX7 3GWD, 3GWF, 3UCL, 
4RG3, 4RG4 

67-69 

cyclohexanone 
monooxygenase RpCHMO Rhodococcus sp. 

Phi1 Q84H73 6ERAa, 6ER9 70 

cyclohexanone 
monooxygenase TmCHMO 

Thermocrispum 
municipale DSM 
44069 

A0A1L1QK39 5M10, 5M0Z, 6GQI 71-72 

2-oxo-Δ3–4,5,5-
trimethylcyclo-
pentenylacetyl-
coenzyme A 
monooxygenase 

OTEMO Pseudomonas 
putida H3JQW0 3UOV, 3UOX, 3UOY, 

3UOZ, 3UP4, 3UP5 
73 

phenylacetone 
monooxygenase PAMO Thermobifida 

fusca YX Q47PU3 

1W4X, 2YLR, 2YLS, 
2YLT, 2YLWa, 2YLXa, 
2YLZa, 2YM1a, 2YM2a, 
4C74, 4C77a, 4D03a, 
4D04a, 4OVI 

64,74-

75 

Parvibaculum 
lavamentivoran 
monooxygenase 

PlBVMO Parvibaculum 
lavamentivorans A7HU16 6JDK 76 

polycyclic 
ketone 
monooxygenase 

PockeMO 
Thermothelomy-
ces thermophila 
ATCC 42464 

G2QA95 5MQ6 59 

steroid 
monooxygenase STMO Rhodococcus 

rhodochrous O50641 4AOS, 4AOX, 
4AP1a,4AP3a 

77 

aMutated variant 

Mechanistic insights have mostly been gained by structural studies on CHMO 
from Rhodococcus sp. HI-31 (RhCHMO) and PAMO. Overall, the structures of 
BVMOs are surprising similar, despite sequence similarities of often less than 
40%. With the exception of PAMO, many BVMOs are often rather unstable; 
however, no obvious structural features could be identified as the origin of this 
stability. However, one study compared PAMO and AcCHMO’s tolerance 
towards cosolvents—a feature frequently shown to be related to 
thermostability.78 The authors suggest that an increased number of ionic 
bridges in PAMO caused the lower susceptibility to solvents, thus preventing 
damage to the secondary and tertiary structure.79 The same reasoning was 
given for the higher robustness of a recently crystalized CHMO from 
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Thermocrispum municipale (TmCHMO).71 BVMOs display a multi-domain 
architecture consisting of an FAD-binding, an NADP-binding and a helical 
domain. The latter distinguishes BVMOs from other class B flavoprotein 
monooxygenase families and causes the formation of a tunnel towards the 
active site, which it partially shields. Some BVMO subgroups contain N-
terminal extensions of varying length. The structure of such an extension was 
established in PockeMO, where it forms a long helix and several loops that 
wrap around the enzyme.59 This enzyme is more thermostable than most 
BVMOs, but it is unknown whether the extension plays a role in that. Such a 
function was suggested for 4-hydroxyacetophenone monooxygenase 
(HAPMO), where deletion of the extension was not tolerated when exceeding 
a few amino acids.80 Removal of only nine amino acids already impaired 
stability and furthermore decreased the enzyme’s tendency to dimerize. 
Besides FAD, which is found in all BVMO crystal structures, the nicotinamide 
cofactor is also bound in many structures, in accordance with its tight binding 
to the enzymes.45 

Mechanism of the Baeyer-Villiger reaction  

Catalysis is initiated by NADPH binding and subsequent flavin reduction, after 
which the nicotinamide cofactor adopts a stable position.67,75 Flavoproteins 
allow detailed mechanistic studies due to the characteristic absorption spectra 
traversed by the flavin cofactor during the various states of catalysis 
(Scheme 1). In BVMOs, a stable peroxyflavin was identified to be the 
catalytically active species.81 Formed by the radical reaction82 of two electron-
reduced FAD with molecular oxygen, this spectroscopically observable flavin 
intermediate was already known from the flavin-dependent aromatic 
hydroxylases83 and luciferases.84 The finding was perhaps rather unsurprising, 
considering that the chemical Baeyer-Villiger reaction is also afforded by 
peroxides. However, while with few exceptions,28 the chemical reaction is acid 
catalyzed, thus entailing a protonated peroxide, the catalytic flavin species 
requires a deprotonated peroxy group.85 While quickly decaying in solution,86 
some BVMOs stabilize this reactive species for several minutes in the absence 
of a substrate, before its decomposition forms hydrogen peroxide in the 
“uncoupling” side reaction known from all monooxygenases.87-90 Two factors 
are critical for this stabilization: an arginine residue in the active site of the 
enzyme, whose mutation abolishes Baeyer-Villiger activity,91 and NADP+, 
which establishes a hydrogen bond to the hydrogen of the flavin’s N5 and thus 
prevents uncoupling.92 If a suitable ketone substrate is available, the next 
canonical step is the nucleophilic attack on the carbonyl group. In BVMOs, the 
proper positioning of the substrate is thought to be aided by a hydrogen bond 
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between the 2’ OH group of the NADP+ ribose and the carbonyl oxygen 
(Scheme 2).93 The chemical reaction was already for a long time assumed to 
proceed via an intermediate whose nature initially caused some debate. 
Isotopic labeling experiments94 eventually gave conclusive evidence for the 
pathway suggested by Rudolf Criegee,95 in whose honor the tetrahedral 
intermediate was subsequently named. Although not directly observable, 
several computational studies support this mechanism.96-99 Very recently, 
experimental evidence was provided from a stereoelectronic trap for the 
intermediate using synthetic endocyclic peroxylactones.100 Also a flavin 
Criegee intermediate was never observed, but in the absence of any counter-
evidence it is generally accepted that the flavin and substrate in the BVMO 
reaction also form an addition product, and computational studies support this 
theory.93,101 The product is then formed in a concerted subsequent migration 
step, in which the weak O–O bond is heterolytically cleaved, while a new C–O 
bond is formed. The rearrangement proceeds under retention of 
configuration102-103 and is often rate-determining, although both 
experimental28 and theoretical96 evidence indicate that the kinetics can change 
depending on the substituents, pH, and solvent. The regiomeric outcome of the 
reaction is generally predictable and governed by a combination of influencing 
parameters. Firstly, due to the positive charge developing on the migrating 
carbon in the transition state, the more electronegative carbon, which is better 
able to accommodate this charge, is more apt to migrate.104 Thus, carbons with 
electron donating substituents and those allowing resonance stabilization 
migrate better than methyl groups and electron withdrawing substituents.28 
Secondly, the C–C bond migrates preferentially when it is anti-periplanar to the 
peroxy O–O bond (Scheme 1), a condition known as the primary 
stereoelectronic effect.105 Its influence on determining migration is apparently 
more significant than the migratory aptitude. This was concluded from the 
observation that a less substituted bond migrates when forced into an anti-
periplanar conformation in a restrained bicyclic Criegee intermediate.106 A 
secondary stereoelectronic effect has also been postulated, requiring that one 
of the lone electron pairs of the hydroxyl group in the intermediate also needs 
to be anti-periplanar to the peroxy O–O bond (Scheme 1).107 This effect only 
manifests in certain substrates, where substituents can sterically hinder the 
hydroxyl group rotation and presumably plays no role in enzyme catalysis, 
where the hydroxyl group is assumed to be deprotonated.93 Lastly, the 
arrangement can be influenced by steric effects.108-109 These may furthermore 
already affect the addition step, where the nucleophilic attack must occur from 
a favorable angle.28,110 Steric control becomes most obvious in the enzymatic 
reaction, where intermolecular steric restraints can enforce an otherwise 
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electronically prohibited pathway. It is for that reason that BVMO catalysis 
allows the synthesis of products, which are not accessible by chemical means. 
While the peroxide-catalyzed reaction finishes under formation of the 
corresponding acid, the flavin can pick up a proton to form a hydroxyflavin, 
whose spontaneous dehydration reconstitutes the oxidized flavin.86 It was 
suggested that this step is accelerated by a deprotonated active site residue, in 
line with the faster decay of this species at higher pH and the decreased overall 
reaction rates at low pH.85,111 Before the enzyme can restart a new catalytic 
cycle, the oxidized nicotinamide cofactor needs to be ejected, and this step (or 
an associated conformational change) was found to be limiting to the overall 
reaction rate in CHMO.85 In PAMO, the slowest catalytic step was not 
unambiguously identifiable, but may correspond to a conformational change 
prior to NADP+ release.111 Considering the complexity of the various effects 
taking place in the transformation, a generalization on the mechanism for all 
BVMOs and substrates may not be possible. If it was, however, a general rule 
that the rate-determining step in enzyme catalysis is substrate-independent, it 
could provide an explanation for the rather narrow range of maximal turnover 
rates observed for BVMOs with various substrates.  

R1 R2

O

R1 O

O
R2

N
H

N

NH

N O

O
O-

O

R

N
H

N

NH

N O

O
O
H

R

H2O

N

N

NH

N O

O

R

N
H

N

NH

N
-

O

O

R

O2
H2O2

NADPHNADP+

H+

H+

O O
HO

R2R1

N
H

N

NH

N O

O

R

reductive
half-reaction

oxidative
half-reaction

R1
O R2

O

+

major product minor product

Scheme 1. Reaction mechanism of BVMOs. The flavin catalytic cycle consists of two half-reactions 
and ketone oxidation is catalyzed by a peroxyflavin, unless hydrogen peroxide loss causes an 
uncoupled NADP+ oxidation (grey dashed arrow). The transformation from a ketone to an ester 
traverses through a regioselectivity-determining intermediate. Bond migration is dependent on 
the anti-periplanar alignment (indicated by thick bonds) of the migrating bond with the peroxy 
bond and one of the lone pairs on the former carbonyl oxygen. While protonated in the chemical 
Baeyer-Villiger reaction, this oxygen is, however, thought to be deprotonated in enzyme flavin 
intermediate (indicated in grey).  



Baeyer-Villiger Monooxygenases 

28 

  2 

Promiscuous catalytic activities 
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Scheme 2. Proposed mechanism for enzyme catalyzed oxidations. In the canonical, nucleophilic 
mechanism, the peroxyflavin attacks the substrate carbonyl. An active site aspartate increases 
the basicity of a neighboring arginine, which thus ensures deprotonation of the peroxyflavin. 
The arginine also activates the substrate ketone, supported by the 2’ OH of the ribose of 
NADP+. In contrast, in the electrophilic mechanism a supposed hydroperoxyflavin reacts with 
the lone pair of a nucleophilic heteroatom.  

Well-established and mechanistically analogous to the canonical reaction, are 
BVMO oxidations of aldehydes,112-117 including furans.118 This reaction yields 
acids upon hydrogen migration, or otherwise (often unstable) formates. 
Although reactions with unsaturated ketones supposedly should also proceed 
identical in mechanism, most BVMOs show no reactivity with these poorer 
electrophiles. The transformation is also challenging chemically, where side 
reactions such as epoxidations frequently occur, and otherwise invariably enol 
esters are formed, i.e. oxygen insertion occurs towards the double bond.119 
Recently, two bacterial BVMOs were reported that can convert several cyclic 
α,β-unsaturated ketones.120 Interestingly, the two enzymes reacted 
regiodivergent in some cases, which allowed the selective synthesis of both 
ene- and enol lactones. Although the crystal structure of one of the two 
enzymes—BVMO from Parvibaculum lavamentivorans—has recently been 
solved, a structural explanation for its unusual reactivity has yet to be 
provided.76 Only two other unsaturated ketones were reported to be accepted 
by BVMOs before: a substituted cyclopentenone, converted to the 
corresponding ene lactone by CPMO,121 and pulegone, a cyclohexanone 
derivative with a double bond outside the ring on the alpha carbon, for which 
activity was reported with monoterpene ketone monooxygenase (MMKMO),122 
and cyclopentadecanone monooxygenase (CPDMO).70 The three enzymes 
involved in campher degradation in Pseudomonas putida—
2,5-diketocamphane 1,2-monooxygenase (2,5-DKCMO), 3,6-diketocamphane 
1,6-monooxygenase (3,6-DKCMO) and OTEMO123—were also reported to 
convert several cyclopentenones and cyclohexenones, but the results were 
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questioned by the Alphand group.120 Conversion of a linear α,β-unsaturated 
ketone to the ene ester has been shown for the Baeyer-Villiger reaction-
catalyzing human FMO 5.48 Oxidation of esters, which bear an even less 
electrophilic carbonyl, has been reported for a single BVMO, which is able to 
catalyze first the ketone oxidation and subsequently further converts the ester 
to its carbonate.124  
Similarly to peroxides,125 BVMOs were early found to promiscuously catalyze 
heteroatom oxidations as well.112,126 Sulfoxidations are particularly well 
studied and many enzymes produced sulfoxides with high 
enantioselectivity.117,127-137 Other examples include oxidations of 
amines,36,116,138-139 boron,112,140-141 and selenium.112,142 A single report of 
phosphite ester and iodine oxidation yet awaits further exploration,112 as do 
the few reports of epoxidations catalyzed by BVMOs.143-144  
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Scheme 3. Non-canonical oxidation reactions catalyzed by BVMOs. Solid arrows represent 
enzymatic catalysis, a dashed arrow indicates spontaneous reaction.  

In contrast to the nucleophilic species required for the Baeyer-Villiger reaction, 
S-, N-, Se-, P-, and I- oxygenation require an electrophilic, protonated 
peroxyflavin. In line with the mechanism found for class A flavoprotein 
monooxygenases,145 this hydroperoxyflavin was suggested to form in BVMOs 
and an apparent pKa for the formation was determined to be 8.4 in CHMO85 and 
7.3 in PAMO.111 However, as the protonated species in CHMO was not able to 
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perform sulfoxidations, the results are not fully conclusive and it was 
suggested that some protein conformational change is involved.146 It was found 
that the enantioselectivity of heteroatom oxidation in PAMO depends on the 
protonation state of the peroxyflavin and the active site arginine that is 
crucial91,111 for the Baeyer-Villiger reaction.147 Results for another BVMO 
showed, however, that enzymatic activity does not depend on the arginine, as 
the mutation to alanine or glycine yielded variants with retained S- and N- 
oxidation activity.148 In this scenario, the loss of arginine could have two 
counteracting effects: as quantum mechanics studies suggest that a nearby 
aspartate protonates the arginine and this stabilizes the negatively charged, 
deprotonated peroxyflavin,93 arginine mutation could favor hydroperoxyflavin 
formation and thus the electrophilic mechanism. On the other hand, arginine 
loss decreases the overall reaction rate as the residue also promotes the 
reductive half-reaction.111,149 Interestingly, the substitution of a highly 
conserved aromatic residue with arginine was found in two independent 
studies that screened for variants with increased sulfoxidation activity.65,150 In 
most BVMOs this residue is a tryptophan that hydrogen bonds to the 3’ OH of 
the NADP ribose. Considering the enzyme’s tolerance of other aromatic 
residues at this position,151 this interaction is likely not influencing the 
electronics at the 2’ OH, which critically hydrogen bonds to the substrate 
carbonyl to activate it for nucleophilic attack (Scheme 2).93 Rather, a mutation 
to arginine could push the positively charged coenzyme, possibly causing a 
disruption of the hydrogen bond to the substrate. Instead, the group might 
come closer to the peroxyflavin and cause its protonation; this mechanism 
would favor the electrophilic route and seems to be the mode of action in the 
closely related N-hydroxylating monooxygenases.152 

Enzyme engineering 

Besides the usefulness in gaining mechanistic insights, mutagenesis in BVMOs 
has been used to deliberately alter various enzyme properties. A large body of 
work has focused on altering substrate scope and selectivities. These studies 
have often focused on what have become the two prototypes, AcCHMO and 
PAMO. The two enzymes can be seen as the ‘yin and yang’ of BVMO research: 
AcCHMO was discovered early on, but no structure was available until very 
recently a 10-fold mutant was crystallized; it acts on a broad range of 
substrates, often shows high stereoselectivity, but is marked by poor stability. 
On the contrary, PAMO was discovered much later, but the crystal structure 
was solved immediately; its substrate scope is narrow and its stereoselectivity 
is often poor, but it is very stable. For these reasons mutagenesis in PAMO 
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focused on substrate selectivity engineering and in AcCHMO at manipulating 
product specificity and thermostability.  
Efficient protein engineering of BVMOs became possible after recombinant 
strains of E. coli153 and yeast154 were available. In the absence of a crystal 
structure, early mutagenesis experiments focused on investigating the 
functional role of conserved residues.63,155-156 In recognition of their potential 
for application, one of the first attempts of rational protein engineering in 
BVMOs was targeting their dependency on NADPH, which is more costly and 
less stable than NADH. By changing conserved basic residues close to the 
Rossmann fold, a lysine in HAPMO was identified to strongly determine NADPH 
specificity.91 Mutagenesis to phenylalanine decreased the Km for NADH ~5-
fold, while mutagenesis to alanine in AcCHMO decreased it ~2-fold. A later 
study in PAMO did not observe the same effect upon mutating the 
corresponding residue, but identified a non-conserved histidine, whose 
mutation to glutamine decreased the Km for NADH ~4-fold.157 More recently a 
larger set of mutations was probed in AcCHMO, but the best mutant decreased 
the Km only ~2.5-fold.158 The mutations of the various studies also increased 
the maximal turnover rate with NADH, leading to a moderate increase in 
catalytic efficiencies, and decreased the specificity for NADPH (Table 2). The 
latter effect was especially dominant in AcCHMO when a substitution of a 
conserved [S/T] with glutamate was combined with targeting the previously-
found lysine. The resulting mutant was still so poor with NADH, however, that 
bioconversions of 5 mM of AcCHMO’s native substrate, cyclohexanone, was 
only possible when using stoichiometric amounts of the cofactor.158 The fact 
that the switch of cofactor specificity—while often successful in other enzyme 
classes159-160—was largely unsuccessful in BVMOs, highlights the complex role 
of NADP in class B monooxygenases. It is now well known that NADP fulfills at 
least a dual function in catalysis (see Chapter 1). In doing so, the cofactor likely 
undergoes conformational changes whose stabilization and interchange need 
to be in a balance that is easily impaired by mutagenesis.  

Table 2. Enzyme variants generated to switch cofactor specificity.  

enzyme mutation(s) fold increase 
kcat,NADH  

fold decrease 
Km,NADH  

fold increase 
kcat,NADH/Km,NADH 

fold decrease 
NADPH/NADH  Ref 

HAPMO K439F 1.4 4.8 6.7 410 91 

PAMO H220Q 6.9 3.7 3.3 8.6 157 

AcCHMO K326A 0.4 1.8 0.7 58 91 

AcCHMO S186P/S208E/ 
K326H 3.1 2.5 8 1900 158 
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An even more important factor for application is catalyst stability. For many 
enzymes, the main focus of attention is operational stability, as storage stability 
is more easily addressed—most enzymes can be kept frozen in solution for 
months or years, or otherwise kept as lyophilized powders. For BVMOs, one 
study found that lyophilization in the presence of sucrose aids in preserving 
catalytic activity.161 In the course of this work, the generally very poor stability 
of AcCHMO was also quantified: upon storage at 4 °C, the enzyme lost half of its 
activity after 72 h. Being a well-known phenomenon, it has been tried to 
overcome the issue of instability by enzyme engineering several times; a task 
that was complicated by the absence of a crystal structure. Another issue is a 
lack of agreement in literature about how thermostability best is measured and 
compared. While most agree that the aim is to improve the stability over time 
under process conditions, it is a non-trivial parameter to measure in a high-
throughput fashion. As a popular alternative, it has emerged to initially screen 
the proteins’ melting temperature (Tm), which is defined as the midpoint of a 
melt curve reflecting the unfolding of a protein ensemble.162-163 Various 
methods using common laboratory equipment allow the quick measurement 
of this parameter, requiring usually very small amounts of sample and often in 
high-throughput. For BVMOs, a method exploiting flavin fluorescence termed 
ThermoFAD allows Tm determination without the usually required addition of 
dyes.162 Nevertheless, the technique is not always applied, and a comparison of 
literature is not easy as most studies measure stability under different 
conditions (among other, enzyme formulation and temperature).  
The first report of a more stable AcCHMO mutant targeted the oxidative 
stability of the enzyme, rationalizing that the hydrogen peroxide side product 
could inactivate the enzyme through oxidation of sulfur-containing residues.164 
By mutating all cysteines and methionines to amino acids found in homologous 
BVMOs, several positions were identified to increase substrate conversions in 
the presence of hydrogen peroxide and at elevated temperatures. The best 
variants of the subsequently generated combinatorial mutants showed a 
strongly increased hydrogen peroxide tolerance, and a 7 °C upshift of the 
temperature at which 50% of activity remained. With the aim of increasing the 
thermal stability of AcCHMO, two parallel studies later created a homology 
model of the enzyme and used computational prediction to design stabilizing 
disulfide bridges. The first study reported an increase in Tm of 6 °C and a >10-
fold increase in half-life at 37 °C for the best mutant, which interestingly was a 
disulfide bridge that span only a single residue.165 Combining several disulfide 
bridges led to strongly reduced expression levels, however. The second study 
tested four disulfide bridge designs, and found an increase in Tm of 5 °C for the 
best variant.166 Upon finding that the stabilization occurs although the disulfide 
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bridge does not form in solution, the individual mutations were tested and the 
effect thus traced to a single threonine to cysteine exchange. This variant had a 
6 °C higher Tm, and a ~15-fold increase in half-life. Stabilization upon cysteine 
introduction is a surprising result, seemingly in contradiction to the earlier 
study that aimed to remove sulfur-containing residues. Although no clear 
explanation exists, the oxidation by hydrogen peroxide in this particular area 
of the protein may not negatively affect protein stability and act as a scavenger 
of reactive oxygen species.  
As none of these engineering efforts managed to develop a variant that reaches 
the stability levels of PAMO, which has a Tm of 61 °C167 and does not lose activity 
for several days when stored at room temperature,168 alternative strategies 
used PAMO as the engineering scaffold. Where the long-studied AcCHMO’s 
catalytic properties were often found to be excellent, PAMO mostly proved to 
be a relatively poor catalyst for synthetically interesting reactions. The biggest 
weakness was the limitation of the substrate scope to small aromatic ketones, 
and PAMO’s inactivity on cyclohexanone, which prevents an application in 
biotechnological nylon production.168 However, engineering of PAMO could 
finally be based on rational considerations, since the enzyme was crystallized 
right after its discovery and this represented the first structure of a BVMO.64 In 
five separate studies, the group of Reetz aimed at engineering PAMO toward 
activity with cyclohexanone and its derivatives. Upon noticing that PAMO 
differed from CHMOs by a two residue insertion in an active-site loop, this so-
called ‘bulge’ was deleted in the first PAMO engineering study169 and subjected 
to random mutagenesis in the second.170 Although it was shown that either 
deletion or mutation increased PAMO’s activity on cyclic ketones, the 
generated mutants were still limited to substrates containing the phenyl 
moiety. When the randomized region was then expanded to the entire active 
site, the only mutations that emerged were again the ones that targeted the 
bulge.171 Therefore the authors decided to change strategy and targeted two 
conserved proline residues in the vicinity of, but not directly shaping the active 
site. Substitution of the proline directly adjacent to the bulge turned out to 
strongly increase enzymatic activity with a range of 2-substituted 
cyclohexanone derivatives that did not need to contain the phenyl group.171 
Concluding that successful proline mutagenesis may act by influencing 
conformational changes involved in catalysis, the authors expended their 
investigation towards a proline found behind a loop they assumed to be critical 
for domain interaction.172 Mutagenesis of this residue and a neighboring 
glutamate again increased the activity with cyclic substituted cyclohexanones. 
With these residues being far away from the active site, the authors suggested 
that they induced an allosteric effect that enables domain movements favoring 
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the catalytic activity. In their most recent study, the authors eventually 
combined all the previous hotspots and randomized the bulge residues, while 
fixing the mutations of the two proline residues and one neighbor.173 This final 
mutant that contained two additional substitutions on the bulge showed for 
the first time an activity with cyclohexanone, although the low rate (kcat = 
0.3 s-1) only allowed the conversion of 2 mM. Most recently, a different group 
achieved conversions of 10 mM of cyclohexanone by combining the mutation 
of the conserved proline with a mutation of the active-site isoleucine identified 
as a hot spot by the Fraaije group.174 This residue emerged in a study in which 
they designed mutations on the basis of a structural comparisons with a model 
of another promiscuous BVMO, cyclopentanone monooxygenase from 
Comamonas sp. NCIMB 9872 (CPMO). Using site-directed mutagenesis, 15 
PAMO residues were mutated in order to map out crucial residues in the active 
site.175 In another report they identified an active-site methionine that 
improved the activity with aromatic compounds and increased the heteroatom 
oxidation activity.116 Interestingly, this mutant was able to produce indigo by 
converting indole through an apparent N-oxidation mechanism. In a structural 
study, PAMO was then also crystalized with a substrate analog in the active site, 
thus further narrowing down the residues important for substrate binding.75 
With this combined insight, 11 residues were then chosen for simultaneous 
randomization.176 A screen for enzymatic activity on cyclopentanone and 
cyclohexanone was conducted for 1500 clones, which still represented only a 
fraction of the statistically possible mutant combinations, however. A single 
clone containing four substitutions was identified in this screen that had 
activity on cyclopentanone. One mutation targeted a bulge-adjacent residue 
that also emerged in the Reetz libraries,173 and three mutations occurred in 
residues located in the tunnel leading toward the active site. The biochemical 
characterization of this mutant showed that it had a strongly expanded 
substrate scope and accepted various aliphatic ketones. When a recent study 
also found indications for an important role of the substrate tunnel by 
identifying in it a stable binding site for ligands, a drastic engineering attempt 
was conducted: to establish whether the tunnel might be the true determinant 
of substrate specificity, two mutants were created, which switched the entire 
tunnel (25 mutations) or the tunnel and the active site (38 mutations) for the 
residues found in a CHMO (Chapter 8).72 This attempt turned out to be 
unsuccessful, however—although the mutants could be produced and bound 
FAD, no catalytic activity with a range of substrates was found. A similarly 
drastic approach was conducted in a study employing subdomain shuffling, 
which resulted in the creation of enzyme chimera.167 Exchange of PAMO’s C-
terminus, which harbors the active site bulge and a large, mobile loop 
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suspected to influence catalysis (Chapter 1)177 resulted in variants with 
altered, but mostly PAMO-like activity.  
Domain movement may indeed play a more important part in substrate 
acceptance than anticipated so far—in AcCHMO, mutations in the hinge region 
connecting the FAD and NADP domain had a profound effect on catalytic 
activities.178 Since the enzyme is already naturally promiscuous—with the 
reported substrates going to into the hundreds179-181—only few other studies 
aimed at altering its substrate scope. With CHMO’s main limit being substrate 
size, these efforts were often with a commercial interest, aiming to generate 
highly evolved variants optimized for a specific bulky target—commonly 
pharmaceuticals. A prominent example was the development of mutants with 
high sulfoxidation activity on the precursor of esomeprazole.65,182 Conversion 
of steroids is also of potential pharmaceutical interest, but engineering of 
CHMO seems unnecessary as there are several BVMOs available that naturally 
accept them as substrates.59,183-184 In one report, novel activities on exo tricyclic 
ketones was discovered for mutants originally evolved to switch product 
specificty,185 which in fact is the most common engineering aim in CHMOs.  
As oxygen insertion can occur on either side of the carbonyl group, the Baeyer-
Villiger reaction can afford two regioisomeric products. As specified before, the 
outcome is dictated by various effects, which lead to a predictable bond 
migration in chemical transformations, while often resulting in the non-
canonical products by enzyme catalysis. In this case, the resulting ester has 
been referred to as “abnormal”, while canonical bond migration affords the 
“normal” ester. In the case of cyclic substituted ketones, it was suggested to 
avoid ambiguity by using the terms “distal” and “proximal” lactones instead.186-

187 Although originally proposed for cyclic ketones with a substituent on the 
alpha carbon,186 it has become more common for ketones with substituents 
further from the carbonyl.188 BVMO-catalyzed reactions are also often 
stereoselective, and regio- and stereoisomerism is often intimately connected 
in Baeyer-Villiger reactions. Considering prochiral 4-substituted 
cyclohexanones, for example, where no stereo control can distinguish 
substrate enantiomers, the side of oxygen insertion (i.e. regioselectivity) still 
determines the product enantiomers (Chapter 9).189 Another interesting point 
is the often observed regiodivergent conversion of chiral racemic ketones, 
where the regioselectivity of the reaction differs for each enantiomer. This 
effect has frequently been observed to yield both regioisomers in a reaction, 
but where each is produced enantiomerically pure or enriched. This behavior 
can be assessed with substrates such as rac-bicyclo[3.2.0]hept-2-en-6-one. 
This bicyclic ketone has become a model substrate190 since it was first used to 
demonstrate BVMO-mediated asymmetric synthesis;191 and an industrial, 
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BVMO-catalyzed process has been established.192 Being of rather 
unpredictable outcome, the specificity of a large number of BVMO variants 
with countless substrates have been collected in extensive reviews.179-180,188,193 
Before the availability of crystal structures, the site-specificity of BVMOs has 
been the subject to controversial debate, and it has been tried to use in 
mapping the active site of AcCHMO based on the selectivity with various 
structurally restrained substrates.194-195 While the models were still refined 
after the PAMO structure was available,196 the subsequent RhCHMO structures 
and technological development led to an increased use of computational 
methods. Considering the complexity of the reaction mechanism and the 
partial uncertainty in enzyme catalysis, however, it is maybe no surprise that 
most protein engineering studies still largely rely on random or semi-random 
libraries and use computational tools analytically rather than predictively.  
A case of more targeted engineering was a BVMO involved in the Streptomyces 
arenae biosynthesis of pentalenolactone D.197 While this antibiotic features an 
abnormal lactone moiety, it was found that a homologous strain produces the 
metabolite as the normal isomer.198 A few differing residues were identified by 
sequence alignment of the responsible homologous BVMOs and a single amino 
acid exchange was sufficient to completely inverse the selectivity of the 
abnormal lactone-forming enzyme. The opposite mutation in the natively 
normal lactone-forming enzyme did not cause abnormal product formation, 
however, and the enzyme was moreover largely expressed in inclusion bodies. 
The unique ability to deliberately produce abnormal esters is one of the 
synthetically most interesting feature of BVMOs. Yet, also most other 
regioselectivity engineering studies reported a switch of selectivity toward the 
normal ester. The prevalence of this kind of “demolishing” is likely because 
abnormal migration needs to be strictly enforced by the active site through 
steric control, while normal migration occurs also in the absence of a strict 
restraint via electronic control. Besides following the logic that the flavin 
intermediate underlies the same chemical principles as any other reactant, this 
notion was also substantiated by combined QM/MM studies70,151 and an 
unusual experimental approach: upon cumulatively removing all active-site 
residues involved in substrate-binding, it was observed that the 
regioselectivities of a CHMO approached the ratios obtained with chemical 
catalysts.72 A popular target molecule has been the terpene trans-
dihydrocarvone, a 2- and 5-substituted cyclohexanone derivative with two 
chiral centers that many BVMOs can convert with high selectivity.199 In a 
traditional alanine-scanning mutagenesis experiment for the active-site 
residues of a CHMO, the Bornscheuer group already noted that exchange of one 
particular residue led to a switch in regioselectivity from fully abnormal to 
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mostly normal lactone.200 After two additional alanine mutations were 
introduced based on the alanine-scanning result and a docking experiment, the 
resulting mutant produced exclusively the normal lactone. Interestingly, all 
targeted residues were phenylalanines. The authors successfully transferred 
the mutations to AcCHMO, where the effect prevailed. When they later probed 
the mutations in OTEMO, they discovered that a single substitution—
corresponding to the mutation showing the strongest effect in CHMO—was 
sufficient to invert regioselectivity in OTEMO.201 The results were 
subsequently rationalized in a study from Scrutton and coworkers, who 
introduced the same mutations in another CHMO, solved the crystal structure 
of the mutant, and performed computational analyses.70 As expected from 
three phenylalanine to alanine mutations, it appears that the mutations 
removed steric restraints exhibited by the wild type, thus inducing the reaction 
fate to be determined by the lower energy barrier associated with normal 
lactone production. Although the mutations proved mostly transferable among 
enzyme variants, they did not exhibit the same effect on other substrates. For 
example, the triple alanine mutant produced only slightly more than the 50% 
of normal lactone seen in conversions of (−)-bicyclo[3.2.0]hept-2-en-6-one 
with OTEMO, while a double valine substitutions achieved 95% normal 
lactone.201 Surprisingly, the authors could not reproduce the result when using 
purified enzymes instead of whole cells, although they could partially restore 
selectivity by adding FAD to the purification buffer. This effect was, however, 
not observed for another mutant, already known earlier to influence 
selectivity,68 in which a conserved tryptophan to alanine mutation caused 95% 
abnormal lactone production. Mutagenesis-induced activity increase towards 
abnormal ester—the more interesting, though, more challenging task—is 
commonly only observed sporadically. Targeted engineering of abnormal 
product formation has been attempted in several studies for 2-butanone. The 
reaction is of synthetic interest, as the abnormal product, methyl propanoate, 
can be converted to methyl methacrylate, an acrylic plastic produced 
industrially on megaton scale annually.202 An initial screen of several BVMOs 
showed moderate activities with most BVMOs, and the best enzyme, AcCHMO, 
produced approximately 25% abnormal product.203 A small library based on 
structure-inspired rational design was then tested for improvement, and a 
double mutation identified, which increased the yield and produced 43% of the 
abnormal product.204 The fact that a full switch was not achieved reflects the 
apparent difficulty in engineering a preferred migration of the least favored 
substituent, the methyl group. Recently, this was achieved with even more 
demanding substrates, in which the methyl group had to compete with phenyl 
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substituents by screening larger libraries and performing directed evolution 
(Chapter 9).151  
Literature examples of stereoselectivity engineering are more frequent and 
have been reviewed previously.188,205 Many beneficial mutations have been 
identified by random mutagenesis, and a successful technique to reduce 
screening effort was the creation of focused libraries that target residues close 
to the active site.16,206 Computational analyses have become popular, but the 
methods yet have to be proven reliable enough to exhibit predictive power. 

Concluding remarks 

Biotechnology is at an exciting crossroads where ever more discoveries lead to 
the developments of applications in the various sub-disciplines that have 
(e)merged. Biocatalysis is maturing to a serious alternative to classical
chemical transformations and this hopefully can contribute to a greener
industry and new products at the same time. Baeyer-Villiger monooxygenases
are intriguing catalysts for a demanding reaction that allow unrivaled control
of the reaction selectivity. Numerous variants have been described that feature 
activities suitable for countless reactions of synthetic value. Limitations, such
as cofactor dependency, limited stability and undesired specificities are clearly
defined and active research is making progress in overcoming these. A suitable 
tool to that end is enzyme engineering, and directed evolution has been most
effective in altering undesired enzyme properties. Computational design has a
great potential, but needs to become more reliable—a task that will not least
be facilitated by unravelling the last remaining mechanistic open questions of
BVMO catalysis.
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Abstract 

Among nature’s arsenal of oxidative enzymes, cytochrome P450s (CYPs) 
catalyze the most challenging reactions, the hydroxylations of non-activated C–
H bonds. Human CYPs are studied in drug development due to their 
physiological role at the forefront of metabolic detoxification, but their 
challenging handling makes them unsuitable for application. CYPs have a great 
potential for biocatalysis, but often lack appropriate features such as high and 
soluble expression, self-sufficient internal electron transport, high stability, 
and an engineerable substrate scope. We have probed these characteristics for 
a recently described CYP that originates from the thermophilic fungus 
Thermothelomyces thermophila (CYP505A30), a homolog of the well-known 
P450-BM3 from Bacillus megaterium. CYP505A30 is a natural 
monooxygenase-reductase fusion, is well expressed, and moderately tolerant 
towards temperature and solvent exposure. Although overall comparable, we 
found the stability of the enzyme’s domains to be inverse to P450-BM3, with a 
more stable reductase compared to the heme domain. After analysis of a 
homology model, we created mutants of the enzyme based on literature data 
for P450-BM3. We then probed the enzyme variants in bioconversions using a 
panel of active pharmaceutical ingredients, and activities were detected for a 
number of structurally diverse compounds. Ibuprofen was biooxidized in a 
preparative scale whole cell bioconversion to 1-, 2- and 3-hydroxyibuprofen. 
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Introduction 

One of the most challenging reactions in organic chemistry is the oxidation of 
non-activated carbons. Overcoming the inertness of C–C and C–H bonds 
requires very high reaction temperatures or highly reactive chemical species, 
commonly resulting in energy intensive and poorly controllable processes.1 In 
nature, ubiquitously found enzymes called cytochrome P450s (CYPs or P450s) 
use molecular oxygen as the oxidant to perform various oxidation reactions 
(hydroxylations, dealkylations, heteroatom oxidations and epoxidations), 
while forming water as the byproduct.2 

 Scheme 1. Catalytic cycle of cytochrome P450s3-4 (CYPs) and comparison of membrane-bound 
Class II (depicted in the first electron transfer step) and soluble class VIII CYPs (depicted for the 
second electron transfer step).5 In both classes, the two required electrons originate from a 
hydride transferred from NAD(P)H. The electron acceptor is a flavin cofactor in a cytochrome 
P450 reductase, which is either a separate enzyme (class II) or a fused domain (class VIII). The 
electrons are successively shuttled to the heme via a second flavin, allowing first the reaction 
with dioxygen and then the maturation to the catalytically active “compound I” (marked by *). 
Uncoupling pathways (grey dashed lines) can lead to the formation of reactive oxygen species. 
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Initially, CYPs were studied in humans: acting as a phase I metabolic frontier, 
P450s oxidize xenobiotics to increase their solubility and activate them for 
further metabolism.6 With the majority of drugs being direct substrates, the 
comprehension of CYPs is of paramount importance in clinical and 
pharmaceutical science. However, the physiologically obligatory substrate 
promiscuity rendered them also as valuable biocatalysts for the selective 
oxidation of non-activated carbons under mild process conditions.7 
The complex reaction mechanism (Scheme 1) enabling the remarkable 
chemistry of P450s involves a heme prosthetic group, whose porphyrin ring 
coordinates an iron atom that is proximally ligated to a cysteine. If a suitable 
substrate enters the active site, it displaces an axial water molecule and 
triggers the reductive activation of oxygen. Electrons from a nicotinamide 
cofactor (NADPH or NADH) are successively shuttled through a reductase 
system to the heme. The one electron-reduced ferrous state binds dioxygen 
and the second electron creates the ferric peroxy complex. Protonation and 
water elimination yields “Compound I”, which reacts with the substrate 
through a radical-rebound mechanism.2 
Unproductive pathways shortcutting this principle cycle lead to the uncoupling 
of electron consumption from product formation and can create hydrogen 
peroxide (H2O2) or superoxide. This characteristic can be exploited to drive the 
reaction reverse using excess H2O2, leading to a cofactor-avoiding shunt 
pathway.8 In nature, most often an FAD-containing reductase acts as the 
hydride acceptor, and a ferredoxin or flavodoxin as the single electron 
mediator. The individual components can exist as separate, or as fused, 
multidomain proteins (“self-sufficient”). The various possible combinations 
differentiate the CYP subclasses. In bacteria, the CYP system is typically 
cytosolic, while it is membrane-bound in eukaryotes.5 For this reason, the 
physiologically relevant human CYPs, which are membrane-bound two 
component systems, are typically isolated in microsomes and their handling is 
generally challenging.9 An easier to study model system was found in 
CYP102A1 (also known as P450-BM3) from Bacillus megaterium. P450-BM3 is 
soluble, all components are fused to one polypeptide, and the single electron 
mediator is an FMN-containing, flavodoxin-like domain, equivalent to the 
human microsomal system.10 Significant advances in understanding CYP’s 
redox transfer mechanisms were made with P450-BM3,4 but due to its 
unprecedented catalytic rate, it was quickly conceived as an outstanding 
biocatalyst as well.11 After the crystal structure was solved,12 this notion has 
since been corroborated by the accomplishments in engineering the enzyme to 
work on countless unnatural substrates. Desired activities are generally either 
of interest for organic synthesis, e.g. in late stage functionalization,13 or mimic 
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human drug metabolism. The latter can substantially simplify pharmacokinetic 
studies, where an access to drug metabolites is required for adverse drug 
reaction assessments or prodrug studies.14 
Since many target compounds for P450s are hydrophobic, organic solvent 
systems commonly need to be applied. In this regard, (industrial) application 
of CYPs encountered a major hurdle, because they typically suffer from poor 
stability in these conditions.15 Besides the use of solvents, industrial processes 
often run optimally at elevated temperatures to increase reaction rates and 
compound solubility. Thermo- and solvent stability of proteins often go hand 
in hand and can be improved simultaneously.16 Although the mesophilic P450-
BM3 is already considerably more stable than e.g. human CYPs,17 it was 
engineered toward even higher solvent- and thermostability using random 
mutagenesis.18-19 However, considerable improvements need to be achieved 
for application of a P450 biocatalyst in most industrial processes.20  
Here we report on our investigations on a recently characterized CYP from the 
fungus Thermothelomyces thermophila (CYP505A30).21 This enzyme is of the 
same class as P450-BM3 and could emerge as an alternative biocatalyst due to 
its mesophilic nature and distinct substrate scope. We show that CYP505A30’s 
stability is similar to P450-BM3’s, but with inverted stability differences 
between the P450 and reductase domains. Further characterization of the 
enzyme was conducted and several substrates for the wild-type and mutated 
variants were identified. 

Results and discussion 

Stimulated by our previous experience in identifying biocatalytically 
interesting oxidoreductases in the thermophilic fungus Thermothelomyces 
thermophila22 (formerly known as Myceliophthora thermophila23) we decided 
to focus on a gene encoding a cytochrome P450-homolog (locus tag 
MYCTH_101224). Sequence alignment revealed the gene to consist of a single 
open reading frame for a self-sufficient P450 of 1080 amino acids, identical to 
CYP505A30.21 A synthetic and codon-optimized gene was cloned in a pET28a 
vector conferring an N-terminal 6x histidine tag, and the protein was expressed 
in Escherichia coli BL21 (DE3). Nickel-Sepharose affinity chromatography 
yielded a protein of approximately 125 kDa, as estimated by SDS-PAGE (Figure 
S3.1). The red-brown protein showed a major absorption peak at 415 nm. 
Upon reduction and carbon monoxide binding, the characteristic 450 nm soret 
band was observed. Dodecanoic (lauric) acid was used as a standard substrate. 
Fast consumption of either NADH or NADPH was observed when followed 
spectrophotometrically at 340 nm in the presence of 1 µM of enzyme and 1 mM 
substrate, confirming a catalytically competent and self-sufficient 
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monooxygenase with preference for NADPH, in agreement with what was 
reported recently.21 In the absence of an organic substrate, we measured an 
NADPH oxidation “leak rate” of only 0.02 s-1, significantly lower than the 
reported values for P450-BM3, which range from 0.083 s-1 to 0.5 s-1.24-25 GC-MS 
analysis of the ethyl acetate-extracted and TMS-derivatized reaction mix 
containing a phosphite dehydrogenase-based NADPH regeneration system26 
confirmed a hydroxylating activity on lauric acid. We found full conversion 
after 24 h and 86% ω-1 oxidation (Figure S3.2). A similar result was reported 
by Baker et al.21 
We next assessed the thermostability of CYP505A30 under varying conditions 
by determining its apparent melting temperature (Tm). Using a thermal-shift 
assay, the unfolding of the entire protein can be monitored by supplementing 
a dye that exhibits fluorescence upon binding to the exposed hydrophobic core. 
The Tm is defined as the temperature at the inflection point of the 
corresponding melting curve. 
For CYP505A30, we observed two distinct melting temperatures that differed 
by approximately 8 °C, attributable to a three-state unfolding. Using principally 
the same assay, Baker et al. did not observe such an apparent intermediate 
state, which may be due to the different protocol in temperature ramping. The 
two Tms are in good agreement, however, for what they reported as the 
unfolding temperature of the full protein (58 °C) and a truncated protein 
consisting of only the heme domain (48 °C), respectively. To establish whether 
the second maximum corresponds to the reductase domain, we performed the 
same assay without addition of dye, following the fluorescence of the flavin 
cofactors instead. As expected, this so-called ThermoFAD method27 resulted in 
only one peak for the Tm, which we assigned to the flavin-containing reductase 
domain (Figure S3.3). In contrast to P450-BM3, CYP505A30 showed a higher 
stability for the reductase domain as compared to the heme domain. Figure 1A 
shows the pH-dependent melting temperatures of the two domains of 
CYP505A30 in a pH range from 3.6-9. The protein displayed a maximal stability 
at slightly acidic pH, with the maximum Tm of the reductase domain found to 
be 56.3 °C at pH 6, and the highest Tm of the heme domain of 49.8 °C at pH 5.6. 
Although Baker et al. reported a stability maximum at pH 7, Figure 1A shows 
that CYP505A30 displays a very broad pH stability and a barely changed Tm of 
the reductase domain in the pH range 5-7.5. This stability is an attractive 
feature from an application point of view and one that also facilitates kinetic 
studies and the investigation of protonation states in the electron transfer 
reactions. When comparing the Tms to literature data, we found them to be 
similar to P450-BM3, which showed three distinct peaks of 48 °C, 58.4 °C and 
63 °C in a differential scanning calorimetry assay.17 In the case of P450-BM3, 
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however, the reductase domain corresponds to the lowest unfolding 
temperature. With the distinct (potentially irreversible) unfolding event at 
58.4 °C likely being deleterious to the heme domain’s activity, CYP505A30 and 
P450-BM3 basically inactivate at the same temperatures, although with an 
inversion of the unfolding order of the domains. Because stability is not 
necessarily correlated to catalytic activity, we also determined a pH profile of 
apparent activity by measuring NADPH consumption in the same pH range as 
before (Figure 1B). The pH range of oxidation activity was found to be more 
narrow and similar to what was described for P450-BM3.28 In contrast to the 
stability optimum, the enzyme was found to oxidize the cofactor fastest at pH 
7.4, about 1.5 pH units above the stability optimum.  

Figure 1. pH profile and solvent tolerance of CYP505A30. As the enzyme exhibits two distinct 
unfolding events, two Tm data sets are plotted in (A) and (C). The higher stability curve can be 
assumed to correspond to the reductase domain, as it matches the profile found when following 
the fluorescent flavin cofactor of this domain (Figure S3.3). pH profiles (A and B) were 
determined in 50 mM Na+ acetate, Na+ phosphate or Tris/HCl buffers, indicated in shades of 
grey. Solvent tolerance (C and D) was measured in Tris/HCl at pH 7.4 in the presence of varying 
amounts of ethanol, methanol, acetonitrile and DMSO, indicated by various colors. Activity 
measurements (B and D) were conducted in presence of 100 µM NADPH and 1 mM lauric acid. 

To further assess the stability and applicability of CYP505A30, we also 
measured the Tm and NADPH consumption in the presence of various 
cosolvents. With increasing solvent levels, we found an approximately linear 
decrease of stability. The effect was relatively limited and depended on the 
type of solvent. The strongest effect was measured with 10% ethanol, which 
decreased the Tm of both domains by 6 °C, while DMSO had the least influence 
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and decreased the Tm by only 1.5 °C at 10%. Moreover, the apparent activity 
decreased only marginally in the presence of cosolvents, and at comparable 
rates for all solvents used.  
In order to investigate CYP505A30’s suitability as a biocatalyst, we next looked 
at the enzyme’s ability to perform reactions of value. One reason why P450-
BM3 gained high interest in the field of biocatalysis was the successes in 
engineering the enzyme to accept pharmaceutical compounds. In the absence 
of a crystal structure, we first created a homology model of the catalytic heme 
domain, using YASARA (Figure 2). P450-BM3 was automatically chosen as the 
template and despite the low sequence identity of 36%, the model showed a 
good Z-score of −0.321. Notably, we found a high degree of structural 
conservation in the substrate access tunnel and especially the active site: 30 of 
44 residues (68%) found in a vicinity of 10 Å around P450 BM3’s Phe87, which 
is located centrally in the tunnel, are identical. In order to investigate whether 
this structural similarity would translate into selectivity similarity, we created 
variants of CYP505A30 based on P450-BM3 mutants described in literature. 
We chose one of the first P450-BM3 mutants reported to show activity on drug-
like molecule—a triple mutant targeting both the active site as well as its access 
tunnel,29 and a variant with two additional mutations found by directed 
evolution, named M01 in P450-BM3, which showed a further increased activity 
towards several substrates.30 

Figure 2. Access tunnel and active site of a homology model of CYP505A30 (top panel), compared 
with P450-BM3 crystal structure (PDB code 1FAG, bottom panel). The protein is shown with 
blue (CYP505A30) or cyan (BM3) carbons as sticks and the corresponding surfaces are cut open 
at various planes (black). The heme cofactor is pink and the central iron atom is violet. 

The mutations of the two variants, their position in P450-BM3, and the 
homologous positions targeted in CYP505A30 can be found in Table 1. One of 
the residues is a phenylalanine located directly above the heme (F87 in P450-
BM3), which is assumed to be critical for the acceptance of larger substrates. 
This residue is conserved in both proteins, as is an active site glutamate (BM3: 
E267, CYP505A30: E273) whose exact role is still under debate.4 Two residues 
are located at the tunnel entrance: P450-BM3’s Leu188, whose hydrophobic 
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nature is retained in CYP505A30’s Ala194, and Arg47, corresponding to the 
very different Gly53 in CYP505A30. The fifth position, Gly415 (corresponding 
to Ala426 in CYP505A30) has probably no influence on the activity alterations 
found in P450-BM3-M0130 and was only added for a more realistic comparison. 
Wild-type CYP505A30 and the triple and quintuple mutants were then 
screened for activity on a panel of 21 active pharmaceutical ingredients (APIs) 
using a previously described whole cell conversion assay.31-32 Control reactions 
were performed with cells harboring the same vector lacking the P450 gene. 
The compounds and the conversion results are listed in Table 2. 

Table 1. Mutations of CYP505A30 variants used in this study. 

P450-BM3 residue CYP505A30 residue Mutated to M3x mutant M5x mutant 
Arg47 Gly53 Leu   
Phe87 Phe93 Val   
Leu188 Ala194 Asp   
Glu267 Glu273 Val  
Gly415 Ala426 Ser  

Interestingly, we found that the mutations only slightly affected the substrate 
scope of CYP505A30, while they had a distinct effect on the product 
distribution. All three variants oxidized eight compounds, of which the two 
best substrates were capsaicin and ibuprofen. Capsaicin is the pungency-
causing compound in chili peppers, and is undergoing clinical trials as a 
therapeutic agent for various diseases.33 Ibuprofen is a synthetic, nonsteroidal 
anti-inflammatory drug that finds widespread application as an over-the-
counter analgesic.34 Structurally, the two molecules show some similarity, as 
they are both composed of an aromatic ring and an aliphatic chain with a 
terminal isobutyl moiety (Table 2). Other compounds that were converted by 
all variants were the structurally diverse phenacetin, 2-naphthol, and 
tolbutamide. Phenacetine as well as chlorzoxazone were only converted in 
considerable amounts by the wild type, while diclofenac was only accepted by 
the mutants. For those cases, the reaction occurred selectively and yielded only 
one product. Lidocaine and piperine were converted in trace amounts by all 
three variants. Capsaicin was most efficiently converted by the wild-type 
enzyme, with 94.7% of the starting material being turned over. By comparison 
of the HPLC chromatograms with authentic standards prepared and reported 
recently,32 the major product could be identified as 8-hydroxycapsaicin, 
amounting to 81% of the total products. The second most abundant product 
(11%) resulted from epoxidation of the double bond. Although producing 
similar relative amounts of 8-hydroxycapsaicin, the M3x and M5x mutants 
produced higher amounts of an unidentified compound with identical mass to 
8-hydroxycapsaicin, likely the product of hydroxylation at another position.
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The overall conversion yield was reduced to 73.6% and 32.6%, respectively. A 
reduction of the conversion yield from 43.1% to 10.4% was also observed for 
the oxidation of ibuprofen by the M3x mutant, whereas the M5x mutant still 
converted 37.5%. Furthermore, in contrast to the wild type, which produced 
approximately equal amounts of three different products, M5x predominantly 
catalyzed the formation of one product (77.3%).  
To determine the structure of the three ibuprofen metabolites, whole cell 
biooxidation was studied in a 200 mL preparative scale experiment using 
ibuprofen in a concentration of 3.75 mM (~150 mg). Several samples were 
analyzed by HPLC/MS over a period of 9 hours and a final total conversion level 
of 35% was achieved. Notably, 32% total conversion was already reached after 
3 hours. In agreement with analytical scale experiments, ibuprofen was 
oxidized to 3 metabolites, to an extent of 11% (metabolite 1), 9% (metabolite 
2) and 15% (metabolite 3), respectively (Figure 3). According to HPLC/MS, all
three metabolites had a mass of 221 g mol-1 (ESI, neg, SIM), indicating mono-
oxidation.35 Cell emulsions were extracted with ethyl acetate and the
metabolites were isolated by preparative reversed phase chromatography.
Isolated products (M1-M3) were analyzed via 1D and 2D NMR spectroscopy
and were confirmed to be 2-hydroxy-ibuprofen (M1), 3-hydroxy-ibuprofen
(M2) and 1-hydroxy-ibuprofen (M3) (Figures 3, S3.4-3.9). These results are
similar to biooxidations of ibuprofen with CYP505X from Aspergillus 
fumigatus, another homologue of P450-BM3.31 In line with its activity on lauric
acid,21 CYP505A30 preferentially oxidizes aliphatic side chains on
(sub-)terminal positions; the API screen demonstrates, however, that
oxidation is not restricted to such a structural element.

Figure 3. Preparative scale whole cell biooxidation of ibuprofen by CYP505A30. Reaction 
volume: 200 mL; substrate concentration: 3.75 mM. Conversion of ibuprofen gave three 
products (M1-M3) according to HPLC/MS. The sum of M1 to M3 represents the overall total 
conversion yield. The three monooxygenation products (221 g mol-1; ESI, neg, SIM) are 2-
hydroxy-ibuprofen (M1), 3-hydroxy-ibuprofen (M2) and 1-hydroxy-ibuprofen (M3) according 
to NMR (Figures S3.4-3.9). 
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Table 2. Conversion of APIs by CYP505A30. 
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Conclusion 

CYP505A30 could serve as a useful biocatalyst as it combines attractive 
features for application: it is a self-sufficient monooxygenase-reductase fusion 
enzyme that is moderately thermostable, shows low susceptibility to solvent 
exposure, and it can easily be heterologously expressed in soluble form. The 
enzyme shows a certain similarity to the well-established P450-BM3, although 
the stability of the two enzyme subdomains is inverted. CYP505A30’s more 
stable reductase domain could therefore be used to generate a P450-BM3 
chimera with improved thermostability, as has been demonstrated 
previously.36 It’s broad pH-tolerance could furthermore prove useful in 
mechanistic or crystallographic studies. Its apparent high tolerance to 
cosolvents is a particularly useful feature for biooxidation of drugs, which are 
often large, hydrophobic molecules with poor water solubility. The basal 
activity on a surprisingly diverse range of compounds already found for the 
wild-type advocates CYP505A30’s use as a starting point for directed 
evolution. Alternative enzymes are useful for early screens, as enzyme 
engineering is much more successful in expanding an initial (small) activity 
than introducing one from scratch.37 (Semi)random mutagenesis and high-
throughput activity screens to boost activity proved highly successful for P450-
BM3,4,7 but our results suggest that a direct transfer of activities may not be 
achieved by simply copying mutations. As wild-type CYP505A30 already 
accepted several large drug-like molecules, it is maybe less surprising that our 
mutations had a smaller effect as anticipated. The results nevertheless 
demonstrate that besides substrate scope, active site mutagenesis can 
especially steer the product specificity.  

Materials and methods 

Materials 
All standard reagents were purchased from Sigma Aldrich unless otherwise stated.  

Plasmid generation 

A synthetic and codon optimized gene of a NCBI genbank entry XM_003663599 was 
ordered from GenScript (New Jersey, USA). The gene was ordered to be cloned via 
HindIII and XhoI in a pET28a vector with kanamycin resistance such that an N-terminal 
6x-Histidine tag was translationally fused to CYP505A30. Plasmid integrity was 
confirmed by sequencing (GATC-Biotech, Germany). 

Mutagenesis 

The triple and quintuple mutants were generated using the multichange isothermal 
mutagenesis method.38 Briefly, fully complementary forward and reverse primers 
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were designed at the position that contained the mutation. PCR fragments from one 
position to the next were then created by combining forward and reverse primers of 
adjacent positions. The fragments were then assembled by Gibson cloning,39 using an 
in-house prepared reaction mix. The assembled plasmid was transformed, and a re-
isolated plasmid from a single colony was sent for sequencing to confirm the presence 
of the mutations.  

Enzyme expression and purification 

E. coli BL21 (DE3) competent cells were transformed with the pET28a-6xHis-
CYP505A30 vector (or the mutated version) and the cells were plated on a Luria-
Bertani (LB) agar plate containing 50 µg/mL kanamycin. A single colony was picked 
and grown over night in LBKan. The overnight culture was used to inoculate a main 
culture of terrific broth (TB) medium which was shaken in an Erlenmayer flask without 
baffles at 37 °C until an OD600 of approximately 1.8 was reached. Protein expression 
was then induced by addition of 1 mM IPTG, upon which the culture was shifted to 24 
°C, where it was allowed to grow for another 18 h. Cells were harvested by 
centrifugation and either frozen at −20 °C or processed directly.  
After resuspension in 50 mM Tris/HCl pH 7.4, cells were sonicated for 15 minutes and 
cell debris was removed by centrifugation. The cell free extract was loaded on a pre-
equilibrated gravity flow column containing appropriate amounts of Ni2+ Sepharose 
HP (GEHealthcare). The column was incubated at 4 °C rotating for 1 h and the flow 
through discarded. The column was washed with 50 mM Tris/HCl pH 7.4 and 50 mM 
Tris/HCl pH 7.4 containing 5 mM imidazole. The protein was then eluted by washing 
the column with 50 mM Tris/HCl pH 7.4 containing 500 mM imidazole. Salt was 
removed by applying the solution to a pre-equilibrated Econo-Pac 10DG desalting 
column (Bio-Rad). For storage, 10 % glycerol was added, the protein shock-frozen in 
liquid nitrogen and stored at −80 °C.  

Spectra 

CO-difference spectra were obtained by following the protocol of Guengerich et al. 40 
and recorded on a V-660 Jasco spectrophotometer.  

NADPH consumption assay 

The reaction mix of 200 µL was buffered in 50 mM Tris/HCl pH 7.4 and contained 1 µM 
purified P450, 1 mM of lauric acid (except for the uncoupling measurement) and 100 
µM NADPH (or NADH in an initial experiment). The assays were performed at room 
temperature. After addition of the cofactor, the mix was transferred to a cuvette and 
the reaction followed at 340 nm on a spectrophotometer (V-660 Jasco).  

Bioconversion with purified enzyme and GC-MS analysis. 

The bioconversion mix of 1 mL with purified enzyme was prepared in 50 mM Tris/HCl 
pH 7.4 and contained 1 µM purified P450, 1 mM of lauric acid and 100 µM NADPH. For 
cofactor regeneration, 1 µM purified thermostable phosphite dehydrogenase26 and 10 
mM phosphite were added. The mix was incubated at 30 °C in a closed 20 mL glass vial 
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and mildly agitated for 24 h. The reaction was stopped by adding NaCl saturated 1 M 
HCl and subsequently equal amounts of ethyl acetate were added. After thorough 
mixing and centrifugation, the organic layer was removed and dried over anhydrous 
magnesium sulfate. 1% TMS in BSTFA was added and the sample incubated at 75 °C 
for 30 min. 1 µl was then injected in a GC-MS QP2010 ultra instrument (Shimadzu) 
with electron ionization and quadrupole separation, using an HP-1 column (Agilent, 30 
m x 0.32 mm x 0.25 µm). The settings of the GC oven were 30 °C, wait 5 min, 5 °C/min 
ramp to 70, wait 5 min, 5 °C/min ramp to 130 °C, wait 5 min, 15 °C/min ramp to 325 °C, 
wait 7 min.  

Tm determination using a fluorescent shift assay 

To determine the apparent melting temperature (Tm) in different conditions, 
duplicate samples of 25 µl were prepared in a 96-well thin-walled PCR plate. The 
samples contained 1 mg/mL purified enzyme. The plate was heated from 20 °C to 
90 °C, increasing temperature by 0.5 °C every 10 seconds, using an RT-PCR machine 
(CFX96-Touch, Bio-Rad Laboratories) that measured fluorescence using a 450–490 
excitation filter and a 515–530 nm emission filter. The melting point was defined as 
the inflection point of the resulting melting curve, equivalent to the maximum of the 
first derivative of the same curve. 
Three different buffers at 50 mM concentration were used to cover a wide pH range: 
sodium acetate for pH 3.6–5.6, sodium phosphate for pH 5.8.-8.0, and Tris/HCl for pH 
7.4–9.0. Samples containing cosolvents were in 50 mM Tris/HCl pH 7.4.  

Activity assay in varying conditions 

The same plate as for the Tm determination was prepared and diluted in a 96-well 
microtiter plate with the same buffer layout to achieve an enzyme concentration of 
1 µM in each well. Activity was measured in a plate reader (Synergy MX microtiter plate 
reader, BioTek Instruments) with automatic dispensing of NAPDH (final concentration 
100 µM) and lauric acid as a substrate (final concentration 1 mM) before measuring 
absorbance at 340 nm for 1 min.  

Whole cell conversions of APIs 

Frozen cells were thawed and resuspended in potassium phosphate buffer (100 mM 
pH 7.4, 8.5% w/v sucrose) in 24-well plates. Trisodium citrate (50 µL, 1 M in ddH2O), 
NADP+ (50 µL, 1 mM in ddH2O), MgCl2 (10 µL, 1 M in ddH2O), glucose (10 µL, 1 M in 
ddH2O), and GDH (5 µL, 10 mg mL-1 in ddH2O) were added to 825 µL of cell 
suspension. The reaction was started by the addition of substrate (50 µL, 100 mM in 
DMSO). The final cell density at 600 nm (OD600) was 100 in a total volume of 1 mL. 
The plate was sealed with gas permeable adhesive seal and incubated at 30 °C and 120 
rpm in an orbital shaker for 16 h. The reactions were terminated by the addition of 
MeOH/ACN (1 mL 1:1 v/v). After mixing, the reaction mix was centrifuged in a 1.5 mL 
Eppendorf tube (5 min, 4 °C, 13,400 rpm). 200 µL of the supernatant were analyzed in 
polypropylene microtiter plates by HPLC-MS on a 1200 HPLC Series equipped with 
G1379B degasser, G1312B binary pump, SL G1367C HiP-ALS SL autosampler, G1314C 
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VWD SL UV detector, G1316B TCC SL column oven and G1956B mass selective detector 
(MSD) with a Kinetex 50x4.6 mm; 2.6u; C18; 100 An HPLC column (Phenomenex) 
equipped with a UHPLC C18 Security Guard ULTRA cartridge (Phenomenex). 

Scale up reactions  

CYP505A30 wild type was studied on preparative scale. Preparative scale 
bioconversions were performed in baffled 2L Erlenmayer flasks in a total reaction 
volume of 200 mL (optical density at 600 nm (OD600) corresponding to 100). 154 mg 
ibuprofen (dissolved in 25 mL of DMSO) were used as the substrate (3.75 mM). 
Ibuprofen biooxidation was monitored for 9 hours. Unreacted ibuprofen and its 
metabolites were extracted with EtOAc. The solvent of the combined organic layers 
was removed under reduced pressure. Ibuprofen was separated from the metabolites 
by silica gel chromatography. Metabolite compounds were separated via reverse phase 
HPLC on a Thermo Scientific Dionex Ulti Mate 3000 Instrument using a Macherey-
Nagel VP 125/21 Nucleodur 100-5 C18 EC column. A linear gradient of 2% to 65% 
MeCN in 24 min was used. 1D and 2D NMR spectroscopy (1H, 13C, APT, COSY, HSQC, 
HMBC) were recorded on a Bruker AVANCE III 300 spectrometer with autosampler 
(1H: 300.36 MHz; 13C: 75.53 MHz) and chemical shifts are referenced to residual 
protonated solvent signals as internal standard. To facilitate the interpretation, the C-
spectra were proton decoupled to gain better identification of the peaks. 

Homology model  

The homology model of CYP505A30 was created using YASARA version 15.11.18. The 
amino acid sequence in a FASTA format was used as an input, and the program’s 
hm_build.mcr macro was used with standard settings.41 The model was mainly built on 
the P450-BM3 structure with pdb code 1ZO942, while some parts were the result of 
hybridization with models built based on pdb codes 2IJ3, 3KX3, and 1ZO4. The overall 
quality Z-score of the model was −0.321, which is judged “good” by YASARA. 
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Abstract 

Regio- and stereoselective Baeyer-Villiger oxidations are difficult to achieve by 
classical chemical means, particularly when large, functionalized molecules are 
to be converted. Biocatalysis using flavin-containing Baeyer-Villiger 
monooxygenases (BVMOs) is a well-established tool to address these 
challenges, but known BVMOs have shortcomings either in stability or 
substrate selectivity. We characterized a novel BVMO from the thermophilic 
fungus Thermothelomyces thermophila, determined its three-dimension-al 
structure, and demonstrated its use as a promising biocatalyst. This fungal 
enzyme displays excellent enantioselectivity, acts on various ketones, and is 
particularly active on polycyclic molecules. Most notably we observed that the 
enzyme can perform oxidations on both the A and D ring when converting 
steroids. These functional properties can be linked to unique structural 
features, which identify enzymes acting on bulky substrates as a distinct 
subgroup of the BVMO class. 
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Introduction 

The Baeyer-Villiger oxidation is a widely-used reaction in organic synthesis to 
break carbon-carbon bonds through the insertion of a single oxygen atom 
adjacent to a carbonyl moiety, yielding esters or lactones from ketones. Since 
the inserted oxygen is usually derived from a peroxide or peracid, industrial 
scale processes raise environmental and safety concerns.1 Baeyer-Villiger 
monooxygenases (BVMOs) represent an attractive biocatalytic alternative, 
which uses molecular oxygen as oxidant and often displays superior chemo-, 
regio-, and enantioselectivity.2 The prototype BVMO, cyclohexanone 
monooxygenase from Acinetobacter calcoaceticus NCIMB 9871 (CHMO) was 
shown to oxidize hundreds of small aromatic, linear, and cyclic ketones with 
high enantioselectivity.3 Furthermore, one major hurdle for industrial 
application of BVMOs, the requirement of stoichiometric amounts of NADPH as 
reducing cofactor, has been successfully addressed.4 What remains 
problematic, however, is the poor solvent tolerance and thermostability of 
most BVMOs. Even though close to a hundred BVMOs have been recombinantly 
produced and characterized so far, only two enzymes stand out by their 
stability: phenylacetone monooxygenase from Thermobifida fusca5 (PAMO) 
and the recently discovered CHMO from Thermocrispum municipale.6 Yet, 
these biocatalysts have a restricted substrate scope, being mainly active on 
small aromatic or cyclic aliphatic ketones. From an application point of view, it 
would be attractive to have access to a robust BVMO acting on structurally 
demanding compounds, as it is the case for many pharmaceuticals.  

Results and discussion 

In an effort to exploit the genome of thermophiles for the discovery of new 
enzymes with interesting catalytic properties, we considered 
Thermothelomyces thermophila ATCC 42464. This genome-sequenced, 
thermophilic fungus efficiently degrades cellulose and other compounds 
derived from plant biomasses and is becoming an attractive organism for large-
scale protein production.7 We identified a gene encoding for a protein 
containing the typical BVMO fingerprint.8 The gene is located among a cluster 
of hypothetical genes with unknown functions. A BLAST search in the UniProt 
database revealed ten characterized proteins with significant sequence 
identities (37-44%). Four are monooxygenases involved in the biosynthesis of 
meroterpenoids in Aspergillus.9-11 Three are BVMOs from Streptomyces taking 
part in the processing of the antibiotic pentalenolactone.12-13 One is a BVMO 
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forming the carbonate functionality in the mycotoxin cytochalasin.14 The 
remaining two are the biocatalytically characterized BVMOs from Dietzia sp.15 
and S. coelicolor.16 A correlation between sequence similarity and substrate 
scope has been proposed for BVMOs,17 and indeed, a feature shared by these 
enzymes is the activity on bulky, polycyclic ketones. Consistently, a 
phylogenetic analysis assigns the T. thermophila protein to a cluster containing 
versatile enzymes active on large substrates, such as cyclododecanone 
monooxygenase from Rhodococcus ruber18 (CDMO) and cyclopentadecanone 
monooxygenase from Pseudomonas sp. HI-7019 (CPDMO) (Figure S4.1). 
Collectively, these data led us to hypothesize that the T. thermophila protein is 
a BVMO that combines two attractive properties: (i) thermostability and (ii) 
activity on relatively large molecules. 
An Escherichia coli codon-optimized copy of the gene was cloned in two 
translational fusion variants: a SUMO tagged construct and a cofactor-recycling 
phosphite dehydrogenase (PTDH) fusion.20 Both constructs yielded very high 
expression levels in E. coli and the proteins were easily obtained in high purity 
and yield using standard metal affinity chromatography by exploiting the N-
terminal 6xHis tag (Figure S4.2A). The purified yellow protein exhibited a 
typical flavoprotein spectrum with absorbance peaks at 371 and 454 nm 
(Figure S4.2B). SDS treatment revealed non-covalently bound FAD as cofactor 
and the extinction coefficient ε454 of the holoenzyme was estimated to be 10.2 
mM-1 cm-1. Upon mixing the enzyme with 100 µM NADPH and the BVMO model 
substrate bicyclo[3.2.0]hept-2-en-6-one (13), rapid consumption of NADPH 
was detected (Figure S4.3). By monitoring NADPH consumption in the absence 
of substrate, we determined an uncoupling rate of only 0.02 s-1 (0.9%). We also 
compared the catalytic behavior of the two recombinant protein variants and 
determined the activity of the enzyme fused to PTDH and without any tag 
(obtained by cleaving SUMO). As previously observed, the effect of the 
dehydrogenase fusion was very modest and, in fact, resulted in a slightly higher 
activity (Figure S4.3) and unchanged uncoupling. The resulting self-sufficient 
biocatalyst regenerates NADPH with turnovers in the order of several 
thousands, as long as phosphite is present in the reaction. Therefore, all 
subsequent experiments were performed with the PTDH-fused enzyme. The 
preliminary analysis was completed by determining basic enzyme 
characteristics for optimal catalytic conditions. The pH profile highlighted 
good stability in a range of 6.5 - 9 with a slight preference for moderately 
alkaline conditions (Figure 1A).  
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Figure 1. Effects of pH, temperature and organic solvents on the activity of T. thermophila BVMO 
(PockeMO). 2 µM of PTDH-PockeMO and 0.1 mM NADPH were mixed with 13. 

We next sought to probe the enzyme’s thermostability. We found the activity 
to be highest at 50 °C, where it was four times faster than at room temperature 
(Figure 1B). Using the ThermoFAD method21, we further observed that both 
native as well as PTDH-fused enzyme have an apparent melting temperature 
(Tm) of 47 °C, the second highest reported for a BVMO after PAMO. This Tm is 
sustained in a pH range of 7-9 and is increased a further 2 °C upon exposing the 
protein to 100 µM NADP+, consistent with a tight binding of this dinucleotide 
cofactor (Figure S4.4). In parallel, we evaluated the effect of organic solvents 
which was probed by adding DMSO, 1,4-dioxane, ethanol, acetone or 1-
propanol. The resulting reductions in Tm ranged from 1 - 5 °C to 2 - 8 °C with 
5% and 10% solvent, respectively (Figure S4.4). The enzyme seemed to exhibit 
a better tolerance towards polar solvents, with DMSO having the least and 1-
propanol the highest impact on Tm. Because DMSO can act as a substrate, and 
the effect of the remaining solvents was comparable, we chose dioxane as 
preferred cosolvent. We monitored the enzymatic activity as a function of time 
and observed a satisfactory half-life of approximately 24 hours when 
incubating the enzyme in buffer at 35 °C, or at room temperature with 10% 
dioxane (Figure 1C). These experiments indicated that the BVMO features a 
considerable degree of thermostability and only moderate sensitivity to 
organic solvents.  
We next investigated the enzyme’s substrate scope and selectivity (fully listed 
in Table S4.1). The closely related CPDMO and CDMO are highly active on large 
cyclic ketones (Figure S4.1). Consistently, we found conversion of 10 and 11 
(Figure S4.5). The fifteen membered cyclopentadecanone (8) was fully 
converted and kinetic parameters were determined: kcat = 0.1 s-1 and KM = 144 
µM (Figure S4.6). Of special interest, we observed efficient conversions of 
structurally demanding compounds, including several steroids. In particular, 
we tested stanolone (17), which has only one carbonyl group positioned at C3 
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of the A-ring and observed complete conversion after 24 h (Figure S4.5). As a 
reference, we performed the conversion with CPDMO, for which the 3-keto-4-
oxa-4a-homo isomer was reported as the only product.22 The MS spectrum of 
the resulting products with the expected mass shift of +16 Da were the same 
for both enzymes (Figure S4.5) and we confirmed the structure by NMR 
(Figure S4.7). With pregnenolone (18), a steroid harboring a carbonyl group 
only at the C17 sidechain, we found close to full conversion after 24 h (Figures 
2 and S4.5). We again observed the +16 Da mass shift and the product’s 
regiochemistry was determined via NMR to be the corresponding acetate 
(Figure S4.8). When the enzyme was presented with androstenedione or 
androstadienedione (15 and 16), steroids with keto groups in both the A and 
D rings, it selectively oxidized the D-ring to yield the pharmaceutically relevant 
testo(lo)lactone (Figure S4.5). Again, complete conversion was observed after 
24 hours.  

Table 1. Substrate scope of PockeMO 
Category Structure 

Linear  
ketones 

cyclic  
ketones 

Substituted cyclic  
ketones 

Bicyclic 
ketones 

Steroids 

To our knowledge, this is the first report of an isolated BVMO that is able to 
oxidize the keto functionalities at these different positions. Steroid 
monooxygenase of Rhodococcus rhodochrous (STMO) can only convert 
steroidal carbonyls positioned on the C17 sidechain and not in the rings.23 A 
homolog from Cylindrocarpon radicicola in addition is able to lactonize the D 
ring.24 CPDMO accepts some steroids with the keto group on the 3 and 17 
position, but is inactive on open chain ketones.22 The T. thermophila BVMO 
represents a biocatalyst combining these abilities (Table 1, red arrows) and we 
therefore named it polycyclic ketone monooxygenase (PockeMO). 



Polycyclic Ketone Monooxygenase 

76 

  4 

Figure 2. Conversion efficiencies of PockeMO, CPDMO and CHMO (all PTDH fused) of a mix of 
substrates. Efficiencies are scaled semi-quantitatively according to analysis of GC peaks of 
substrates and products into: full, good or poor conversion, or trace amounts detectable. 

We further explored the enzyme‘s substrate profile using several substrates 
frequently tested with other BVMOs (Tables 1 and S4.1). For this purpose, we 
used a highly efficient substrate screening method, based on the conversion of 
a mixture of compounds and subsequent separation and analysis via GC-MS. 
We tested a mixture of 16 linear, aromatic, cyclic, and polycyclic ketones 
(Figure S4.5) and could immediately identify 13 conversion products. Of the 
unsubstituted cyclic ketones, PockeMO converted cyclohexanone to 100%, but 
the conversion of cyclooctanone was poor in comparison. The 
monosubstituted cyclic ketones 9, 10 and 12 were converted with yields close 
to 100%. Approximately half of the disubstituted cyclic ketone 11 was 
converted, whereas the unsaturated variant of this molecule (isophorone) was 
not accepted. The aromatic ketone 3 was fully converted and also the bridged, 
bicyclic 14 was converted with moderate yield (Table S4.1, Figure 2). Notably, 
although being only a poorly accepted substrate, the linear 4-octanone (1) was 
exclusively converted to the abnormal product propyl pentanoate (Figure 
S4.9). These experiments elegantly demonstrated the activity on an array of 
substrates of varying degree of bulkiness. At the same time, none of the 
compounds seemed to exhibit inhibitory effects on the enzyme. To put this 
further into perspective, we performed the conversion of a mix of 15 ketones 
with purified CHMO, CPDMO and PockeMO. Figure 2 shows the semi-
quantitative comparison of the conversion efficiency of the three enzymes and 
clearly shows PockeMO’s excellent all-round performance as well as its 
particular superiority with larger compounds.  
For BVMOs, enantio- and regioselectivity has frequently been studied by 
analyzing the conversion of racemic 13 into the respective lactones. A recent 
extensive study on BVMO activity in various fungi revealed diverse selectivities 
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and only a moderate phylogenetic correlation.25 We found that PockeMO (4 µM 
enzyme, 2 hours) completely converted 10 mM racemic 13 enantiodivergently, 
yielding two regioisomeric lactones, with ee values of 100% and 97%, 
respectively (Figure S4.10). Thus, the enzyme exhibited both high enantio- and 
regioselectivity as well as high activity towards this substrate. Kinetic analysis 
confirmed this notion as a kcat of 3.3 s-1 was measured (Km = 0.4 mM). 
Given these valuable stability and catalytic properties as well as the fact that 
PockeMO belongs to the structurally uncharacterized CPDMO/CDMO 
subfamily of BVMOs (Figure S4.1), it was of interest to determine the enzyme’s 
three-dimensional structure. After removal of the SUMO tag, the protein could 
be crystallized as a complex with FAD and NADP+ and its structure solved at a 
resolution of 2.0 Å (Table S4.2). Most of the residues could be modelled, apart 
from loop 607-614.  

 

Figure 3. Overall structure of PockeMO (PDB entry 5MQ6). The N-terminal extension (residues 
1-73; dark blue) is specific to this BVMO enzyme subclass (Figure S4.1). FAD is yellow and 
NADP+ green (nicotinamide ring is disordered).  

PockeMO exhibits the typical BVMO domain organization with an FAD-domain 
(residues 1-229 and 479-655), an NADP-domain (residues 230-314 and 417-
478), and a helical domain (residues 315-416) (Figure 3). The closest 
structural homologs are STMO26 and PAMO (RMSD of 1.91 and 1.75 Å for 523 
and 533 equivalent Cα atoms, respectively, with 30% sequence identity to 
both). The location of the FAD and NADP cofactors is consistent with that of 
other BVMOs and the flavin shows no significant deviation from planarity 
(Figure S4.11).  
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Figure 4. Characteristic structural features of PockeMO. (A) Residues 316-388 (bright blue) 
cover the active site and adopt a conformation not observed in other BVMO structures as 
exemplified by the superimposed equivalent residues of PAMO (PDB 2YLT, 234-298; orange; 
Figure S4.11). (B) PockeMO structure cut along the substrate entrance to outline the wide tunnel 
forming the active site. (C) PAMO active site features a narrower channel, ranging from the 
solvent exposed surface to the active site with MES bound. 

Despite this clear sequence and structural homology with other BVMOs and the 
conservation of the overall fold, PockeMO features some striking structural 
peculiarities. Firstly, a 70-residues N-terminal extension forms a long α-helix 
followed by an elongated stretch that wraps around the enzyme in the vicinity 
of the FAD-domain (Figure 3). The interactions between the 44 N-terminal 
residues and the rest of the protein are extensive and establish 24 H-bonds, 5 
salt bridges, and many hydrophobic contacts. Notably, this elongated N-
terminus is a feature of all BVMOs in the phylogenetic group of enzymes acting 
on complex molecules (Figures S4.1 and S4.12A). Secondly, there is a structural 
element ranging from residue 316 to 388 whose characteristic conformation 
reshapes the active site. This region has low sequence similarity to the 
canonical BVMOs (Figure S4.12B), in which this portion is structurally 
conserved (as exemplified by PAMO, Figure 4A). In PockeMO, this stretch 
forms a characteristic conformation of alternating loops and α-helices. As a 
result, the substrate-binding site of PockeMO is a long and wide tunnel-like 
cavity, which starts from the loop 587-624 and ends at the re-face of FAD 
(Figures 4B-C). The flexible loop delimited by residues 606 and 615 serves as 
a gate-like mechanism, constituting a longer element when compared to the 
same topological loop in PAMO (residues 495-515). Modeling shows that bulky 
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molecules can readily be accommodated in the PockeMO‘s substrate tunnel 
(Figure S4.13). Thus, the enzyme exhibits characteristic structural features, 
which are fully consistent with the notion that it belongs to a distinct subgroup 
of BVMO enzymes (Figure S4.1). 

Conclusions 

In summary, we identified a novel, robust and versatile enzyme performing 
Baeyer-Villiger oxidations. PockeMO combines thermostability and organic 
solvent tolerance with a broad substrate profile. Specifically, the enzyme 
accepts bulky and complex substrates and converts them with high efficiency, 
making it a promising candidate for application as an industrial biocatalyst. In 
addition, the elucidated crystal structure not only lays the basis for enzyme 
engineering, but can also be regarded as a prototype of an evolutionary and 
structurally distinct group of BVMOs. Careful further analysis should 
contribute to a better understanding of the still largely unknown mechanism 
by which substrate selectivity in BVMO is tuned. The structural and sequence 
features of PockeMO can also be exploited to identify new and diverse BVMOs 
evolved to process relatively large substrates. 

Materials and methods 

General methods 

All chemical reagents were purchased from Sigma-Aldrich or TCI Europe, unless 
otherwise stated. Oligonucleotide primers were synthetized by Sigma-Aldrich or 
Eurofins. DNA sequencing was performed by GATC (Konstanz, Germany).  
Phylogenetic analysis 
Phylogenetic analysis with 79 BVMO sequences was performed using MEGA 7.027 to 
generate the alignment using the ClustalW algorithm with the BLOSUM protein weight 
matrix. Based on this alignment, a phylogenetic tree was generated using the 
Maximum-Likelihood (ML) method using these parameters: model: Jones-Taylor-
Thornton; uniform rates, heuristic model: nearest-neighbor-interchange. The 
robustness was then tested with 500 bootstraps and the cut-off for displaying a 
common node in the final tree was 30%. 

Cloning 

A synthetic gene (GenScript - New Jersey, USA) was cloned in a pET-SUMO vector. For 
cloning into the pCRE vector, the gene was amplified via PCR with 0.2 µM forward 
primer GACTCGAGATCTGCTGCTGGTATGGCACCGTCTG and reverse primer 
GCGTTTCACTTCTGAGTTCG using the PfuUltra II Hotstart PCR Master Mix (Agilent 
Technologies) with 50 ng pET-SUMO-pockeMO vector DNA. The thermocycler 
conditions were 92 °C - 2’ / [92 °C - 30’’ / 55 °C - 30 ‘’ / 72 °C - 4’] x 30 / 72 °C - 10’. The 
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PCR product and the vector were digested with XhoI and HindIII (New England 
Biolabs) overnight. The vector was then digested with alkaline phosphatase (Roche) 
overnight. The PCR product was purified and the backbone of the digested vector was 
cut from an agarose gel and also purified. The two fragments were ligated with T4 
ligase (Promega) for 6 h and 5 µl of the ligation were used to transform 100 µl of 
competent E. coli NEB 10β cells. Plasmid was prepared using a QIAprep Spin Miniprep 
Kit. In-frame insertion and sequence integrity was confirmed by sequencing (GATC-
Biotech, Germany). Unless otherwise indicated, all enzymes were used according to 
manufacturer’s instructions. In-frame insertion and sequence integrity was confirmed 
by sequencing (GATC-Biotech, Germany). 
Protein expression and purification 

PockeMO 
A baffled Erlenmeyer flask (200 mL – 5 L) was filled up to 10% of the volume with TB 
medium and inoculated with 5 mL of an overnight culture of E. coli. For expression of 
the SUMO fusion, BL21 (DE3) transformed with pET-His6-SUMO-pockeMO was used 
and the medium was supplemented with 50 µg/mL kanamycin. Cells were grown at 37 
°C until an OD600 of ~1, and then expression was induced by addition of isopropyl β-D-
1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Cells were shifted to
30 °C and allowed to grow 6-12 hours before harvest. For expression of the phosphite
dehydrogenase fusion, chemocompetent E. coli NEB 10β cells transformed with pBAD-
His6-PTDH-Linker-pockeMO (pCRE-pockeMO) were used to inoculate the main
culture. 0.02% L-arabinose and 50 µg/mL ampicillin were added and the flask was
incubated at 24 °C for 36 h with shaking.
Cells were harvested by centrifugation (6,000×g for 15 min at 4 °C, JA-10.5 rotor,
Beckman Coulter) and frozen at −20 °C for later use. Cells were then disrupted by
sonication and subsequently subject to centrifugation (15,000×g for 45 min at 4 °C, JA-
17 rotor, Beckman Coulter). The cell free extract was filtered and loaded on 2 mL of
Ni2+ Sepharose HP (GEHealthcare) pre-equilibrated with buffer and incubated for 1 h 
at 4 °C with rotating. Then, the column was washed with three column volumes of 50
mM Tris/HCl pH 7.5, followed by three column volumes of 50 mM Tris-HCl pH 7.5
containing 5 mM imidazole. The protein was eluted using 50 mM Tris-HCl pH 7.5 with
500 mM imidazole. Fractions containing yellow protein were applied on a pre-
equilibrated Econo-Pac 10DG desalting column (Bio-Rad). The desalted sample was
used directly or flash frozen in liquid nitrogen after optional addition of 10% glycerol
(final concentration) and stored at −80 °C. Purity and integrity of the purified enzyme
batch was confirmed by SDS-Gel analysis and recording of a UV-visible spectrum.  

CPDMO and CHMO 
Cyclopentadecanone monooxygenase from Pseudomonas sp. HI 70 (CPDMO) and 
cyclohexanone monooxygenase from Acinetobacter calcoaceticus NCIMB 9871 
(CHMO) were expressed from an identical to above pBAD-His6-PTDH-Linker-BVMO 
plasmid, using the same conditions with 0.02% L-arabinose, 50 µg/mL ampicillin and 
incubation at 24 °C for 36 h with shaking. Purification was also performed exactly as 
described above for PockeMO.  
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Determination of extinction coefficient 

Purified enzyme was diluted to a concentration of 5 - 10 µM and distributed to two 
reaction tubes. To one of the samples, sodium dodecyl sulfate was added to a final 
concentration of 0.1% (w/v). After 10 minutes the UV-visible spectrum of both 
samples was recorded. The concentration of holoenzyme originally present was then 
defined as equal to the concentration of free FAD determined in the SDS sample, by 
using an extinction coefficient of 11,300 M−1 cm−1. The extinction coefficient of the 
enzyme was then calculated for the wavelength of highest absorption using the Beer–
Lambert law.  

NADPH consumption assay and kinetic parameters 

To determine enzymatic activity and kinetic parameters, reactions were followed 
spectrophotometrically by measuring the decrease in absorption at 340 nm. The 
reaction mixture (100 - 200 µl) typically contained 50 mM Tris-HCl pH 7.5, 2 µM 
isolated enzyme, 100 µM NADPH, and varying amounts of substrate, solubilized in 2.5 
or 10% cosolvent, if required. All components except for the substrate were kept on 
ice until immediately before use and the reaction was started by adding NADPH. The 
mix was then quickly transferred to a 0.1 mL quartz cuvette and the absorbance at 340 
nm was measured for at least 40 seconds. Kinetic parameters were obtained by fitting 
the obtained data to the Michaelis-Menten equation using the software GraphPad 
Prism 6. In every experiment, control reactions to monitor uncoupling rates were 
carried out by measuring NADPH consumption in the absence of substrate in buffer 
(without or with the co-sovlent, depending on the experiment).  

pH profile  

Activities were measured by first preparing samples of 1 mM bicyclo[3.2.0]hept-2-en-
6-one in 100 mM Tris-HCl buffer of the desired pH. Then, 1 µM enzyme (final) and 
100 µM NADPH (final) buffered in 10 mM Tris-HCl pH 7.5 were added from 
concentrated stock solutions in a volume ratio substrate:enzyme:NADPH 8:1:1. 
Following mixing, NADPH consumption rate was followed spectrophotometrically at 
340 nm. The reactions were carried out at 25 °C. 

Temperature profile  

Activity at different temperatures was measured with samples of 1 mM 
bicyclo[3.2.0]hept-2-en-6-one in 50 mM Tris-HCl pH 7.5, mixed with 1 µM of enzyme 
(final) and 100 µM NADPH (final). Except for the substrate, before mixing, solutions 
were kept on ice and then the mix was transferred into a spectrophotometer cuvette. 
The spectrophotometer cell temperature was beforehand set to the desired value and 
the cuvette was allowed to heat up for 10 seconds, before starting the measurement at 
340 nM to follow NADPH consumption.  

Tm determination via ThermoFAD 

To determine the apparent melting temperature (Tm) of PockeMO in different 
conditions, duplicate samples of 25 µl were prepared in a 96-well thin wall PCR plate. 
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A 50 mM Tris buffer with HCl-adjusted pH containing the desired additives was used. 
The samples contained 1 mg/mL purified enzyme. The plate was heated from 20 °C to 
90 °C, increasing temperature by 0.5 °C every 10 seconds, using an RT-PCR machine 
(CFX96-Touch, Bio-Rad Laboratories) that measured fluorescence using a 450–490 
excitation filter and a 515–530 nm emission filter. The melting point was defined as 
the temperature when the first derivative of the observed fluorescent signal showed a 
maximum.  

Temperature and solvent stability  

Activity measurements were performed in 50 mM Tris/HCl using 1 mM 
bicyclo[3.2.0]hept-2-en-6-one as the substrate. NADPH consumption was followed 
spectrophotometrically at 340 nm for 1 min. Purified enzyme was kept on ice until the 
first activity measurement and subsequently incubated without shaking at 25 or 35 °C 
in a thermomixer (Eppendorf). Several measurements were performed for up to 24 h 
after incubation start.  

Bioconversions 

A typical conversion mix contained 50 mM Tris/HCl pH 9.0 buffer, 10 µM purified 
phosphite dehydrogenase-fused enzyme, 10 mM sodium phosphite and 100 µM 
NADPH. In a closed 20 mL glass vial, 1 mL of that mix was shaken at 30 °C for 24 h 
before analysis. For the large cyclic ketones and steroids the substrate stock solution 
concentration was 8 mM solubilized in 100% dioxane. Conversion of ketone mixes 
were prepared with a substrate mix stock solution in 100% dioxane that contained 
each of the ketones in a concentration of 4 mM (mix of 4-7 substrates) or 2 mM (mix 
of 15 substrates). The stock was then diluted 1:10 in the final reaction mix.  
Analysis of isomeric bicyclo[3.2.0]hept-2-en-6-one lactones by chiral GC 
Bioconversion was performed as described above, but for only two hours, with 4 µM 
enzyme and 10 mM racemic bicyclo[3.2.0]hept-2-en-6-one. 500 µl of the conversion 
mixes were extracted three times with 500 µl of tert-butyl methyl ether supplemented 
with 0.1% (v/v) mesitylene as an internal standard, dried over anhydrous sodium 
sulfate, and analyzed by chiral gas chromatography (GC) using a 7890A GC System 
(Agilent Technologies) and a CP Chiralsil Dex CB column (25 m x 0.25 mm x 0.25 µm, 
Agilent) chiral column. The temperature program of the column oven was from 40 ºC 
to 130 ºC at 10 ºC/min, then 130 ºC for 15 min; and finally from 130 ºC to 40 ºC at 10 
ºC/min. Configurations of the products were assigned by comparison of the GC 
retention times order with published data.28 

Analysis of products by GC-MS 

600 µl of the conversion mixes were extracted three times with equal amounts of ethyl 
acetate, dried over anhydrous sodium sulfate and the solvent evaporated using a speed 
vac concentrator (Savant). Compounds were then resuspended in 300 µl ethyl acetate 
and analyzed via a GC-MS QP2010 ultra (Shimadzu) with electron ionization and 
quadrupole separation. The column used was a HP-1 (Agilent, 30 m x 0.32 mm x 
0.25 µm). The programs for the GC can be inferred from the following table: 
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Compound(s) Program 
Cyclododecanone, 
Cycloundecanone, 
Cyclopentadecanone 

Injection temp.: 300 °C 
Oven program: 100 °C; 5 °C/min until 200 °C; 200 °C, 2 mins. 
 

Steroids 
Injection temp.: 250 °C 
Oven program: 190 °C, 2 mins; 12 °C/min until 325 °C; 325 °C, 3 
mins. 

Mix of ketones 
without steroids 

Injection temp.: 250 °C 
Oven program: 30 °C, 3 mins; 7.5 °C/min until 200 °C; 200 °C, 3 
mins; 15 °C/min until 325 °C; 325 °C, 3 mins. 

Mix of ketones with 
steroids 

Injection temp.: 260 °C 
Oven program: 30 °C, 5 mins; 5 °C/min until 70 °C; 70 °C, 5 mins; 5 
°C/min until 130 °C; 130 °C, 5 mins; 15 °C/min until 325 °C; 325 °C, 
1 min. 

 
In all cases, 1 µl was injected into the GC and the split ratio was 5.0. The software to 
analyze chromatograms, MS spectra and to generate the figures was GCMSsolution 
Postrun Analysis 4.11 (Shimadzu). The library for the MS spectra was NIST11.  

NMR analysis 

To produce sufficient amount for 1H NMR, bioconversion was performed on a multi 
milliliter scale, with reaction mixes of 15 mL and 40 mL for stanolone and 
pregnenolone respectively. For stanolone, the standard concentration of 800 µM, and 
for the highly insoluble pregnenolone, a concentration of 500 µM was used in the 
reaction. Extraction was performed three times with ethyl acetate in a separation 
funnel, and the solvent was removed in a rotary evaporator. Both steroids afforded a 
white/light brown pellet which was dried over N2 overnight and then resuspended in 
1 mL CDCl3. NMR analysis was performed using a Varian Unity Plus (1H: 400 MHz) 
spectrometer. Chemical shifts are denoted in δ-units (ppm) relative to the residual 
solvent peak (CDCl3: 1H δ =7.26). The splitting parameters are named as follows: s = 
singlet, d = doublet, t = triplet, m = multiplet, dd = doublet of doublets. 

3.15 Crystallography 

Purified PockeMO used for crystallization experiments was concentrated to 12 mg mL-1 
of enzyme in 20 mM Tris-HCl buffer at pH 7.5. For initial crystallization screening, we 
tested the kits Classic 1 and 2 from Jena Bioscience, Midas 1 and 2 from Molecular 
Dimensions, and the pH clear and AmSO4 suites from Qiagen. An Oryx 8 crystallization 
robot (Douglas Instruments, UK) was used for robotic screening. Crystallization hits 
were optimized manually using the sitting-drop setup. After optimization, the best 
diffracting crystals were found in a condition containing 2.7 M ammonium sulfate, 100 
mM MES sodium salt pH 6.5, and 5% v/v PEG400. Crystals grew from drops prepared 
1:1 pockeMO (9 mg mL-1) and reservoir at 20 °C in 48 h as bright yellow solids, shaped 
as cut diamonds with hexagonal base. These crystals were extremely reproducible and 
co-crystallization with NADP+ was not impairing or improving their formation. 
Crystals were harvested from the mother liquor using nylon cryoloops (Hampton 
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research, USA) and flash-cooled in liquid nitrogen after a short soak in a solution 
containing 20% v/v PEG400, 5 mM NADP+, 3 M ammonium sulfate, 100 mM MES 
sodium salt pH 6.5. X-ray diffraction data used for structure determination and 
refinement were collected at PX beamline of the Swiss Light Source in Villigen, 
Switzerland (SLS) and at the ID23-EH1 beamline of the European Synchrotron 
Radiation Facility in Grenoble, France (ESRF). Data were processed and scaled using 
the CCP4 programs iMOSFLM for indexing and integration and AIMLESS for space 
group assignment and scaling.29 The space group symmetry together with final data-
collection and processing statistics are listed in Table S1. The structures were solved 
with MOLREP30, and the coordinates of PAMO (PDB: 2YLT)31 as search model. Manual 
building, addition of water molecules, and crystallographic refinement were 
performed with COOT,32 REFMAC533 and other programs of the CCP4 suite. Structure 
quality and validation were assessed using the wwPDB validation server. The final 
model coordinates were deposited in the Protein Data Bank with accession code 5MQ6. 
Figures were created with Chimera.34 
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Abstract 

The ability to stabilize enzymes and other proteins has wide-ranging 
applications. Most protocols for enhancing enzyme stability require multiple 
rounds of high-throughput screening of mutant libraries and provide only 
modest improvements of stability. Here we describe a computational library 
design protocol that can increase enzyme stability by 20-35ºC with little 
experimental screening, typically fewer than 200 variants. This protocol, 
termed FRESCO, scans the entire protein structure to identify stabilizing 
disulfide bonds and point mutations, explores their effect by molecular 
dynamics simulations, and provides mutant libraries with variants that have a 
good chance (> 10%) to exhibit enhanced stability. After experimental 
verification, the most effective mutations are combined to produce highly 
robust enzymes.  
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Introduction 

Thermostable enzymes are important for applications in research, analytics, 
diagnostics, and industry.1-4 For many enzyme classes no thermostable 
variants are available from nature. With most protein engineering techniques, 
the reported increases in apparent melting temperature (Tm) are in the range 
of 2–15 °C.2 These are small increases compared to the differences between 
naturally occurring thermostable enzymes (Tm > 80 °C) and mesostable 
enzymes (Tm approximately 50 °C).5 To obtain larger stability improvements, 
the FRESCO workflow was developed. FRESCO uses the computational library 
design approach - (sets of) mutations are pre-screened in silico. The result is a 
small high-quality library that can be experimentally screened in a short time. 
The results hitherto obtained with four enzymes showed promising Tm 
improvements of 20 - 35 °C.6-9  
A challenge in thermostability engineering is related to the large size of most 
enzymes and their irreversible denaturation. Whereas small proteins often 
unfold reversibly in a single step (Figure 1A), larger ones mostly aggregate 
irreversibly following the initial unfolding of certain regions (Figure 1B).4 In 
case of reversible one-step unfolding, mutations at all positions are expected 
to have an effect on Tm since interactions of all amino acids change in the 
unfolding step. For larger proteins, mutations outside the early unfolding 
region have a much smaller or a negligible effect4,10-11 and the spots where 
mutations can improve stability may be hard to find.  

 
Figure 1. Thermally induced inactivation of small and large proteins. 12 A) Small proteins (≤ 20 
kDa), most commonly unfold in a single reversible step and the unfolded protein remains 
soluble. B) In large proteins, there is often a specific region (indicated with a red circle) that 
unfolds first. This partial unfolding often triggers irreversible aggregation.  

The FRESCO workflow (Figure 2) addresses this challenge by in silico 
screening for diverse types of potentially stabilizing mutations throughout the 
enzyme.6-7 Selecting a small subset of the FRESCO generated mutations bears 
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the risk to miss mutations stabilizing early unfolding regions. The most 
stabilizing mutations generated by FRESCO were found both in flexible and in 
rigid (low B-factor) stretches of the protein sequence.7,9 If the target protein is 
well expressed in an easy to transform host organism like Escherichia coli, the 
complete FRESCO library can be experimentally screened in a few weeks and 
will produce enough stabilizing mutations to be combined into a highly robust 
final variant.  

Figure 2. Framework for rapid enzyme stabilization by computational library design (FRESCO). 
The numbers refer to the sections in this protocol. The protocol differs slightly from the initial 
approach,7 in which chemically unreasonable mutations were filtered out prior to the MD 
simulations. The current protocol is faster as each mutant only needs to be inspected once.  

Below, the entire FRESCO6-7 protocol is described in detail for experimentalists 
in a way that requires no prior experience with Unix(-like) systems, which are 
required for running the protocol. The protocol is implemented for the user-
friendly Mac OS X operating system but can be modified to be used under 
Linuxa. Possibly the protocol can also be implemented under the Linux bash 

a This protocol could be adapted for any Unix(-like) system on which one can install the required 
software. Typical challenges then are finding the correct graphic drivers that YASARA needs to 
run smooth molecular graphics, compiling Rosetta if the precompiled binaries do not work for 
that particular Linux distribution, and Linux distribution specific differences in the commands 
that need to be given. For example, top –o cpu does not work under Linux but top does. It is 
possible to run the visual inspection under Windows. 
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shell that recently became available under Windows 10, or other Unix-like 
environments. The underlying algorithms are described elsewhere.7,13-15 The 
example that is described in the protocol, the stabilization of the enzyme 
limonene epoxide hydrolase (LEH),7 enables the users to verify that all the 
installed software works properly.  

Materials 

The FRESCO workflow consists of executables, scripts, and parameter files for 
running the three software packages that identify the stabilizing mutations. 
FoldX and Rosetta are employed to predict stabilizing point mutations.13-14 
YASARA is used for molecular graphics, for designing disulfide bonds, and for 
MD simulations.15 The FRESCO specific software is made available via 
https://groups.google.com/forum/#!forum/fresco-stabilization-of-proteins. 
Via this forum, it is also possible to ask questions about the protocol to other 
FRESCO users. A short introduction to using the command line 
(unixIntroduction.pdf, with short exercises for people without command line 
experience) and instructions for obtaining and installing the other software are 
provided there as well. The procedure described below assumes that all 
software has been installed as described in “installationInstructions.pdf”. 
YASARA Dynamics (YASARA View lacks the required functionalities), Rosetta, 
and FoldX require licenses. Below, differently colored layouts distinguish UNIX 
command line input and YASARA command line input. 

Hardware requirements 
The only part of FRESCO that needs a large amount of calculation power is the 
MD simulation of the mutants (see below), for which a computer cluster may 
be needed. The calculation time of these MD simulations increases roughly 
with the square of protein size but also depends on protein shape. Accordingly, 
it depends on the target protein whether or not a computer cluster is requiredb. 
The MD simulations for LEH (32 kDa) took < 45 min per variant on a desktop 
computer (Intel Core i5, 4 cores, 3.2 GHz). Thus, testing 500 mutants by MD 
would take 10 days. On a computer cluster, this could be done in a few hours. 
To test the protocol on the LEH example as shown below, only a few selected 
MD simulations are required.  

b The increase of calculation time with the square of the protein length is due both to the 
increasing number of mutants that will be screened as well as the increase in computation time 
per MD simulation. 

https://groups.google.com/forum/#!forum/fresco-stabilization-of-proteins
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Methods 

Setting up a suitable directory structure and preparing the target 
protein  
In this section, defects to the pdb file, such as missing hydrogen atoms, are 
repaired. The resulting structure, which should be representative for the 
protein in solution, will be used for the rest of the procedure.  

1. Create a design directory and subdirectories for each step of the procedure, 
e.g. in your home folder (which can be abbreviated with ~): 

mkdir ~/frescoLEH 

cd ~/frescoLEH 

mkdir disulfides foldx rosetta designsMD finalVariants 

2. Obtain a pdb file of the protein of interest. Best are crystal structures of 
high resolution and with a low Rfree (< 0.25). Structures obtained through 
homology modeling are probably too inaccurate. For training purposes, 
download the LEH structure 1NWW.pdb.  

3. Move the downloaded 1NWW.pdb to ~/frescoLEH. In this directory, type 
yasara 1NWW.pdb& (& opens the process in the background, so the console 
can still be used while YASARA is running).  

4. In YASARA, delete buffer, ligand and any other nonstructural moleculesc. 
For 1NWW, this can be done by typing DelRes MES HPN (MES and HPN are 
the names of the buffer and ligand molecules). For other proteins, possible 
ligands or buffer molecules have to be identified by visual inspection with 
YASARA. Usually, they are displayed in the amino acid sequence panel in 
the bottom of the YASARA window. Cofactors, such as heme or NADP, 
should not be deleted at this stage.  

5. Use the YASARA commands CleanAll and OptHydAll to obtain reasonable 
protonation states for most residues. For each protein, one should carefully 
check by visual inspection that the protein structure is realisticd.  

                                                             
 
c For more information about the YASARA commands and their syntax, use the SearchDoc 
function within YASARA. For example SearchDoc AddBond. 
d For other proteins, common problems encountered are: unusual numbering of the amino acids 
in the pdb file, gaps in the protein sequence, unusual residues, unusual protonation states, 
cofactors that need to be manually adapted to ensure the simulated state is physically relevant, 
etc. Careful inspection and editing solves such problems.  
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6. Save the structure as a pdb file: SavePdb OBJ 1, 1NWW_cleaned.

Running an MD simulation for Dynamic Disulfide Discovery 
To explore possible protein conformations for disulfide bond design, an MD 
simulation of the wild-type enzyme is carried out. The result will be a series of 
snapshots that provide samples of the possible protein conformations. These 
conformations are later used for designing disulfide bonds (Figure 2). 

1. Within the disulfides directory, make a subdirectory:
mkdir disulfides/trajectoryMD.

2. Enter this directory (cd disulfides/trajectoryMD/) and copy the cleaned
pdb file to this directory: cp ../../1NWW_cleaned.pdb .

3. To run the MD simulation, type (as a single command):
yasara -txt ~/frescoSoft/FRESCO/MDSimulBackboneSampl.mcr “MacroTarget
= ‘1NWW_cleaned’” > LOG_MD&

This will start the macro (.mcr) file that contains all necessary
specifications for the simulation.

4. Verify that the MD simulation started. The command ls –rlt should reveal
new files being created and top –o cpua should reveal the processes
running (exit top with q).  It should take several hours or even days before 
this simulation is finished. One can already start with the next two sections.

Predicting stabilizing point mutations with FoldX 
This section starts the FoldX calculations, which predict the ∆∆Gfold for 
individual mutations. These results will be used to select stabilizing point 
mutations (Figure 2).  

1. In the frescoLEH directory (cd ~/frescoLEH), create a table file (.tab) that
lists the protein residues that are allowed to mutate by executing the
following command, type:
yasara -txt ~/frescoSoft/FRESCO/FarEnoughZone.mcr "MacroTarget = '1NWW
'" "AvoidResidue = 'HPN'" "AvoidDistance = 5"

For other proteins, replace “HPN” with the PDB abbreviation of either an
active site ligand, or cofactor. The “AvoidDistance” is the minimal distance
that residues should have from the “AvoidResidue” to be allowed to mutate.
If the entire protein should be allowed to mutate, use ’XXX’.



 Computational Protein Stabilization 

95 

5   

2. This should result in a new file (ls –rtl) named 
1NWW_MoreThan5AngstromFromHPN.tab.  

3. Go to the FoldX directory (cd foldx) and copy the rotabase.txt file 
(cp ~/frescoSoft/FoldX_2017/rotabase.txt .). 

4. Set up the FoldX calculations using (the text in between <X> should be 
replaced, including the brackets themselves):  
~/frescoSoft/FRESCO/DistributeFoldX Phase1 1NWW_cleaned 2 A B ../1NWW_
MoreThan<X>AngstromFrom<AvoidedResidue>.tab 1000 
~/frescoSoft/FoldX_2017/foldx<version>  

 A short explanation will appear on the command line describing what 
DistributeFoldX does. This explanation will also provide guidance when 
setting up the calculation for one’s own protein of interest. Write down the 
number of mutations that will be analyzed by FoldX.  

5. Start the calculations by running the todolist file: ./todolist &.  
6. Verify that no error messages appear and check whether the calculations 

are indeed running (top -o cpu). Type tail */LOG to verify that no 
problems were encounterede. It may take a day for the calculations to 
finish. One can estimate how much time the calculations will take, based on 
the information provided by the command ls -rlt Subdirectory*.  

Predicting stabilizing point mutations through Rosetta 
This is essentially the same procedure as described for FoldX in the previous 
section.  

1. Enter the Rosetta directory (cd ~/frescoLEH/rosetta) and copy the 
necessary parameter file FLAGrow3 into this directory 
(cp ~/frescoSoft/FRESCO/FLAGrow3 .). 

2. Open this file FLAGrow3 using a plain text editor (open –e FlAGrow3) and 
adapt the Rosetta database location, behind “–database”, to match that in 
your own computera. Alternatively, for manual editing you might use Perl:  
perl -pi -e "s,-database.*,-database ~/frescoSoft/rosetta_bin_<version
>_bundle/main/database/,g" FLAGrow3 

                                                             
 
e Input files or commands often cause problems due to (small) abnormalities in the formatting 
or errors in spelling and punctuation. If Rosetta, FoldX, or YASARA do not work as expected, it is 
best to first examine whether the log files contain error messages. This can be done by entering 
tail log if the output of the failing program was redirected to a file called log.  
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3. The Rosetta_ddg application is parameterized for implicit water and has
not (yet) been programmed to accept multimeric proteins. Therefore,
explicit water molecules have to be deleted. If the pdb file of the protein
contains more than one chain, residues and chain IDs have to be renamed.
For example if there are two chains –A and B having 400 amino acids each–
residues of chain B have to be renumbered to 401-800, and Rosetta will
accept this as a “monomeric” protein. Use YASARA to adapt the earlier
cleaned pdb file: For LEH type: yasara ../1NWW_cleaned.pdb&. Then, remove
all the water molecules (DelRes HOH)c, remove an amino acid that occurs
only in one of the LEH subunits (DelRes 4), rename subunit B to A
(RenameMol B, A) and ensure the software forgets that the protein are two
different chains with (JoinRes protein). Ensure consecutive residue
numbering, without shifting the original positions in the first subunit, with
RenumberRes protein, 5 and save the file in the current directory
(SavePdb OBJ 1, 1NWW_forRosetta).

4. Set up the calculations by typing (use Tab-completion):

~/frescoSoft/FRESCO/DistributeRosettaddg Phase1 ../1NWW_MoreThan5Angst
romFromHPN.tab 2 A 5 B 150 1NWW_forRosetta.pdb 4000 FLAGrow3 ~/frescoS
oft/rosetta_bin_<version>_bundle/main/source/bin/ddg_monomer.macosclan
grelease

5. Start the calculations (./todolist&)
6. Again, verify that these calculations are running correctly (top -o cpu, ls -

rlt Subdirectory*, tail */LOGf).

Predicting stabilizing disulfide bonds through Dynamic Disulfide 
Discovery  
The snapshots created in the section “Running an MD simulation for Dynamic 
Disulfide Discovery” are now used to design disulfide bonds.  

1. Verify the snapshot files exist in the disulfides directory
(cd ~/frescoLEH/disulfides) with ls trajectoryMD/*pdb.
The files have names ending with for example 1000ps.pdb, where ps stands 
for picoseconds.

2. In the disulfides directory, make a new subdirectory mkdir all_designs and
copy both the cleaned pdb file (cp ../1NWW_cleaned.pdb all_designs/) and
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the snapshots from the MD trajectory in there cp trajectoryMD/*ps.pdb 
all_designs/. 

3. Go into this new directory (cd all_designs/)  
4. If desired, the minimum number of residues spanning between a disulfide 

bond can be increased by editing 
~/frescoSoft/FRESCO/DisulfideDiscovery.mcr. However, this is un-
necessary for thermostability engineering.16 

5. Type chmod +x ~/frescoSoft/FRESCO/commandRunningDisulfideDesign and 
~/frescoSoft/FRESCO/commandRunningDisulfideDesign to generate a todolist 
file. Inspect the todolist: less todolist.  

6. Start the calculations with ./todolist&. Verify with top that YASARA 
started. The calculations may take several hours to finish on a desktop 
computer. 

7. Type tail LOG to verify no errors were encountered. Type  

ls disulfideBonds_1NWW_cleaned__1NWW_MoreThan<X>AngstromFrom<avoidResi
due>/*pdb | wc –l 
This command counts the number of pdb files in the directory with 
disulfide bonds. For the LEH example, this should be 27 once the 
calculation has finished. This includes multiple conformations of the same 
disulfide bond.  

8. Use the appropriate script to create an overview of all the disulfide bonds 
(~/frescoSoft/FRESCO/OverviewDisulfides) and inspect the result 
(less BestEnergyUniqueDisulfideBonds.tab). The UniqueDisulfides should 
now contain the pdb files of the disulfide bonds structures with the best 
energy, as well as their templates.  

Selecting computationally designed variants for MD simulation 
In this section, mutations that are predicted to be stabilizing by FoldX and 
Rosetta are identified. The predicted 3D structures of the mutants, and those 
of the disulfide bond mutants, are collected to carry out MD simulations (see 
below).  

1. Go to the all_designs directory and copy the UniqueDisulfides folder to 
designsMD (cp –r UniqueDisulfides ../../designsMD/). Also copy the list 
with structures there: 

cp BestEnergyUniqueDisulfideBonds.tab ../../designsMD  
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2. Go to the Rosetta folder (cd ../../rosetta). Select all mutations that are
predicted to have a more than 5 kJ mol-1 improvement of ∆∆Gfoldpredictedf:
~/frescoSoft/FRESCO/DistributeRosettaddg Phase2 ../1NWW_MoreThan5Angst
romFromHPN.tab 2 A 5 B 150 1NWW_forRosetta 4000 -5

Use the resulting command line output to verify that indeed all targeted
mutations were screened.

3. In the FoldX folder (cd ../foldx), type:
~/frescoSoft/FRESCO/DistributeFoldX Phase2 1NWW_cleaned 2 A B ../1NWW_
MoreThan5AngstromFromHPN.tab 1000 -5

Again, verify that the planned number of mutations has indeed been
screened.

4. Make a list of all the mutations that are predicted to be stabilizing, by either 
FoldX or Rosetta, by entering (using Tab-completion):
cat ../rosetta/MutationsEnergies_BelowCutOff.tab > list_SelectedMutati
ons.tab && tail -n +2 MutationsEnergies_BelowCutOff.tab >> list_Select
edMutations.tab

5. Before doing MD simulations, re-add the water molecules (and possibly the 
cofactors) to the pdb files of the designs. Do this by running the
HydrateDesigns script:
yasara -txt ~/frescoSoft/FRESCO/HydrateDesigns.mcr > log_conversion &
A few lines of this short script need to be altered if any other protein than
LEH is targeted, as indicated in the script itself.

6. Look at the resulting directory (ls –rlt NamedPdbFiles/). Verify that there
are indeed pdb files in the generated subdirectories. With top and
tail -f log_conversion one can check whether YASARA has already
finished.

7. For a selected target protein, use YASARA to open one of the pdb files with
waters added to verify that the structure is realistic, e.g. with all cofactors
presentg.

8. Once finished, copy the subdirectory with pdb files of the hydrated
structures to the designsMD folder (cp -r NamedPdbFiles ../designsMD/;

f The cutoff of −5 kJ mol-1 can be made less strict (e.g. −2.5 kJ mol-1) to increase the number of 
stabilizing mutations that can be discovered. 
g The HydrateDesigns.mcr script ought to put cofactors back together with the crystallographic 
water molecules. This script has been tested for several cofactors but may fail for others. If 
cofactors or covalent bonds are missing, or other errors occur, the user needs to adapt the 
HydrateDesigns.mcr scriptc and rerun it. 
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there should not be a / behind NamedPdbFiles) as well as the list of selected 
mutations (cp list_SelectedMutations.tab ../designsMD/). 

MD simulations of mutants 
For each of the mutants, MD simulations are carried out. This is done to predict 
their flexibility. 

1. Go to the MD directory cd ~/frescoLEH/designsMD. One should see (ls) two 
directories named UniqueDisulfides and NamedPdbFiles.  

2. Run the script to set up the MD simulations 
~/frescoSoft/FRESCO/commandRunningMDsimulations (if one is targeting 
another protein than the LEH example, this file should be modified using a 
text editor according to the instructions in the file itself). After that, run the 
resulting todolist ./todolist&. Verify that YASARA is running with top –o 
cpu.  

3. For the LEH example, it will probably take several hours for this step to 
finish, as only a few selected designs will be subjected to an MD simulation. 
For any other protein than LEH, after a few MD simulations have finished 
on a desktop computer do a visual inspection (see below) and verify there 
are still no problems with the protein structure (such as missing 
cofactorsh). After careful inspection of a few structures, the remaining MD 
simulations can be done without risking to waste a large amount of CPU 
time. 

4. Also determine how much time it takes for the MD simulations of a single 
mutant to finish (ls –rlt */*/*yob). If the pace of MD simulations is too 
slow for all selected variants to finish in a reasonable time, obtain an 
account at a computer cluster and carry out the calculations thereh.  

Visual inspection  
Those mutations that are computationally predicted to be stabilizing will often 
have one or more identifiable biophysical errors due to simplifications in the 
energy functions and incomplete conformational sampling.7,17 With visual 

                                                             
 
h To log in to a cluster, ssh can be used after one obtains a user name. Only YASARA will need to 
be installed at the cluster. The most useful command to transfer a large number of files to and 
from a computer (cluster) is rsync –avu <origin> <destiny>. To start the calculations, cluster 
specific scripts will be needed that can normally be obtained via the cluster’s website. 
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inspection, such variants are eliminatedi. This further improves the quality of 
the library that will be screened experimentally, and thus reduces the 
screening effort that is required.  

1. Copy the YASARA plugin file in the appropriate folder:
cp ~/frescoSoft/FRESCO/MutantInspectPlugin.py ~/frescoSoft/YASARA.app/
yasara/plg/

2. Enter the MD directory (cd ~/frescoLEH/designsMD) and run YASARA with
yasara 1NWW_cleaned.pdb&. In the menu bar, go to
Analyze>FRESCO>Prepare Excel file from Mutations list. Wait until the file 
is created, open it and copy/paste the text into a blank sheet of your
favorite spreadsheet application. To this list of mutations, the user should
add his or her own observations and a final judgment whether to keep or
discard the mutation. Start the visual inspection in YASARA by clicking
Analyze>FRESCO>Start Inspection of Mutants. The plugin will load the
mutations showing the static structures of wild-type and mutant in a panel
called main and the MD simulations of mutant and wild-type in two other
panelsj.

3. Optionally, set YASARA to stereo vision (Stereo CrossEyed or
Stereo Parallel).c,k

Carry out visual inspections for all mutations in the sequence of step 4 to 10l. 
Variants can be eliminated as soon as they fail an inspection step. Usually, 
about 40–50% of the mutations will be eliminated both during inspection for 
biophysical credibility (step 4 to 6) and during inspection for conserved 

i Visual inspection is a standard step in computational design and molecular modeling and is 
therefore often not mentioned in the materials and methods sections of publications.  
j The plugin automatically finds the files used for the visual inspection but it requires the above 
provided standard file and folder names to function properly. In a directory called designsMD 
there have to be two subdirectories: NamedPdbFiles and UniqueDisulfides. The pdb and yob files 
in subdirectories of these directories should bear a name of the type <anything>_cleaned<name 
of the mutations><furtherExtensions>. 
k Cross-eyed or parallel stereo needs to be learned by the user. This will take a few hours. See 
the YASARA website for the available other forms of stereo. Some users prefer to manually rotate 
the structures for 3D depth perception. 
l Experienced protein designers can inspect more than 120 variants per day while beginners
should aim at 30-50 variants per day. The fastest method for inspecting is to follow the described 
sequence of steps, in which mutants are initially eliminated based on common and fast to analyze 
problems. 
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rigidity (step 7 to 10). Thus, about 25–35% of the mutations usually survive 
the visual inspection. Some information for practicing visual inspection skills 
on example mutations of LEH are providedm.  

 

Figure 3. Examples of the most common structural errors encountered amongst top-ranked 
point mutations. Both mutations belong to the example set of LEHn. The visualization is as 
provided by the YASARA FRESCO plugin. A) Introduction of a hydrophobic residue that is solvent 
exposed. F48 is surrounded by water molecules. B) A mutation that results in an unsatisfied H-
bond donor (the backbone amide) and an unsatisfied H-bond acceptor (the water oxygen). In 
the native structure, S12 makes an H-bond to the backbone amide while there is room for an 
additional water molecule to make an H-bond to the now unsatisfied water.  

4. Eliminate mutations that result in unusual solvent exposure of 
hydrophobic side chains. Inspect the structure of wild type and mutant 
around the mutated residue to see whether the introduced (hydrophobic) 
side chain atoms becomes unusually water exposed (Figure 3A). The 
inspection can be done both for the static structure and for the structures 
from the MD simulation. Visually inspect how many water molecules can 
contact hydrophobic atoms in the side-chain and evaluate whether this is 
still normal. In case of doubt, make a comparison by looking at the same 
type of residue elsewhere in the enzyme (e.g., for phenylalanines, type 
ShowRes Phe, ColorAtom Res Phe element C, red, ShowRes res with distance 
< 5 from res Phe). For trained eyes, the identification of this common 
problem is very fast, leading to elimination of mutants within seconds.  

                                                             
 
m For the LEH example, Q7M, E68L, A48F, and S111M introduce highly surface-exposed 
hydrophobic side chains. Mutations S12M, T22D, and G129S introduce unsatisfied H-bond 
donors or acceptors while E49P, Y96W, and R9P cause local flexibility, which is larger than that 
of the template structure. All other variants, both those that solve structural problems (T85V) 
and those that merely lack clear biophysical errors (E45K, E124D), should be selected for 
experimental testing. 
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5. If the number of unsatisfied H-bond donors/acceptors increases due to the 
mutation, eliminate the mutant. This is the second most common reason
for elimination. Count the number of unsatisfied H-bond donors and
acceptors around the mutation (Figures 3B, 4)n. H-bond acceptors and
donors that are only involved in one three-centered H-bond interaction
(Figure 4C) are counted as half unsaturated.18

Figure 4. Schematic examples of saturated, unsaturated, and partially unsaturated H-bond 
networks. A) All H-bond donors and acceptors are saturated. B) The hydroxyl oxygen, a 
good H-bond acceptor, is unsaturated. C) Both carbonyl oxygens are half-unsaturated since 
they share a single H-bond donor, forming a 3-centre H-bond. 

6. Verify that the mutations do not violate other biophysical criteria. With
most proteins, for one or a few positions almost all substitutions are
predicted to be stabilizing, which probably reflects a systematic error in
the energy calculationso. In such cases, only accept the mutations if the
wild-type protein features structural problems (unsatisfied H-bonds,
cavities) that are repaired by the proposed mutations. Further, no prolines
should be introduced in an α-helix. In case of a disulfide bond mutation,
eliminate the proposed mutations if these create a large cavity in the
protein interior.

7. Make the most different MD structures invisible for both wild type and 
mutant. It is often found that one of the MD simulations samples a different
conformation than all the others (Figure 5) and thus behaves as an outlier.
If the results of these MD simulations were evaluated in an identical
manner, the differences between mutant and wild type would be randomly 

n The algorithms used in molecular modeling are poor at assessing whether an H-bond is made. 
They typically use some kind of distance cutoff and use surface accessibility to predict whether 
water can form an H-bond. For this reason, also distrust the H-bonds as displayed by YASARA. 
There could be additional H-bonds that are not visualized. Visual inspection is needed to 
eliminate cases where the computer overestimates the feasibility of water H-bonds or fails to 
identify the three-center H-bonds, which are energetically unfavorable.18 
o The calculated energy of the wild-type structure is subtracted from those of the mutants to
predict ∆∆GFold. If almost all mutations are predicted to be stabilizing at a particular position,
this suggests an error in the energy calculation of the wild-type structure.
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exaggerated. To prevent this, always remove the most different structures. 
Click on the visibility button in the HUD display one by one for the 
structures while watching the screen. The picture will change most when 
hiding the most different structure.  

 

Figure 5. Example of identifying an outlier. From the averaged structures of 5 independent 
MD simulations, the structure that differs most from the other 4 is removed. For clarity, only 
the part of the protein with the largest differences is shown.  

8. Eliminate the mutant if the introduced side chain is unusually flexible. 
Flexibility depends on the nature of the side chain. High flexibility would, 
for example, be normal for a lysine but not for a tryptophan. When in doubt, 
compare with similar wild-type residues (for example, type ShowRes Trp).  

9. Eliminate the mutation if the backbone at the mutation site, or in the 
flanking regions, becomes significantly more flexible (Figure 6). 

10. Eliminate the mutant if the overall structure becomes significantly more 
flexible. This rarely occurs by introduction of single point mutations.  

 

Figure 6. Example of a mutation that is predicted to increase local backbone flexibility. R9P 
is one of the LEH example mutationsn. Parts of the backbone that show significant increase 
of flexibility are marked with red. MD-averaged structures (see caption Figure 5) of the 
wild-type are shown in sea green while the corresponding structures of the mutant are 
shown in orange. The mutated residue is in magenta.  
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Experimental verification of the selected variants 
The variants that survive visual inspection should be screened experimentally. 
The protocols for genetic engineering and thermostability assays are widely 
used and are therefore only briefly summarized here. Genetic engineering can 
be done rapidly and inexpensively using 15 µL scale QuikChange reactions 
(Agilent Technologies) in 96-well plates. The reactions should be very reliable, 
we find mostly only a single clone needs to be sequenced. The Tm of the variants 
can be determined with the Thermofluor method19-20 after a small-scale 
purification (from 1-5 mL of culture). The mutants with improved 
thermostability should also be tested for preserved catalytic activity. 
Additional details have been described elsewhere.6-7 

 Combination of stabilizing mutations to a hyperstable final variant 
1. Enter the finalCombinations directory: cd frescoLEH/finalCombinations.
2. Combine all compatible stabilizing mutations that do not decrease catalytic 

activity. Predict the structure of the proposed final variant(s) using the
~/frescoSoft/FRESCO/CombineMutations.mcr. This script contains
instructions for how to generate a table file listing the mutations that
should be combined. The protein structure as generated in the first section 
of this manual should be used as a template.

3. The generated pdb file(s), which already contain(s) the crystal waters,
should then be used as starting point(s) for MD simulation as described
above.

4. The resulting structures should be inspected as described above.
5. If the combination fails these inspection steps, identify possible

(combinations of) mutations that cause problems and repeat step 2 to 4
while omitting these mutations.

6. Prepare the final variant(s) using consecutive QuikChange reactions.
Determine the Tm of all intermediate mutants as well. This allows
experimental identification of incompatible mutations.
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Abstract 

Many proteins are rapidly deactivated when exposed to high or even ambient 
temperatures. This can not only impede the study of a particular protein, but 
also is one of the major reasons why enzyme catalysis is still widely unable to 
compete with established chemical processes. Furthermore, differences in 
protein stability are a challenge in synthetic biology, when individual modules 
prove to be incompatible. The targeted stabilization of proteins can overcome 
these hurdles, and protein engineering techniques are more and more reliably 
supported by computational chemistry tools. Accordingly, algorithms to 
predict the differences in folding energy of a mutant compared to the wild-type, 
ΔΔGfold, are used in the highly successful FRESCO workflow. The resulting single 
mutant prediction library consists typically of a few hundred amino acid 
exchanges, and after combining the most successful hits we so far obtained 
stabilized mutants which exhibited increases in apparent melting temperature 
of 20-35 ºC and showed vastly increased half-lives as well as resistance to 
cosolvents. Here we report a detailed protocol to generate these mutant 
libraries experimentally, covering the entire workflow from primer design, 
through mutagenesis, protein production and screening, to mutation 
combination strategies. The individual parts of the method are furthermore 
applicable to many other scenarios besides protein stabilization, and these 
protocols are valuable for any project requiring individual or semi high-
throughput site-directed mutagenesis, protein expression and purification, or 
generation of mutant combination libraries. 
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Introduction 

Synthetic biology builds on the modular aspects by which cells function and 
can be programmed. Crucial elements in cellular functions are enzymes. With 
the current level of knowledge in enzymology, which ranges from detailed 
insights into how enzymes are produced and modified by post-translational 
processes to the availability of databases that can be queried for known and 
characterized enzymes, design of novel metabolic pathways has become 
possible. By establishing the expression of a complementary set of enzymes, it 
has become feasible to create recombinant organisms capable of producing a 
desired target molecule. Such metabolic engineering efforts require enzymes 
to fulfill a wide range of criteria. 1-2 In fact, for generating effective metabolic 
pathways in synthetic biology, often the performance of the enzymes involved 
needs to be tuned. Targets of enzyme engineering often are optimizing kinetics, 
improved chemo-, regio- and/or enantioselectivity, altering the substrate 
specificity, improving thermostability, and lowering inhibition or inactivation. 
Moreover, it is also crucial to optimize enzymes for many other 
biotechnological applications. While numerous approaches in enzyme 
engineering have emerged in the last few decades, it can still be a challenge to 
engineer an enzyme towards obeying the criteria set by the target application. 
From the wide range of different approaches explored, it seems a consensus in 
enzyme engineering has emerged in recent years: a hybrid approach of random 
mutagenesis combined with high-throughput screening (directed evolution) 
and knowledge-based directed mutagenesis. Such hybrid approaches typically 
make use of structural and/or mechanistic knowledge to design so-called 
‘clever libraries’ that still contain a fair amount of freedom by allowing several 
mutations at various positions in a protein sequence. 
In this contribution we provide experimental protocols that can be used for 
almost any protein engineering effort that involves the creation and screening 
of small targeted mutant libraries. We have used these protocols for 
successfully generating proteins with improved (thermo)stability. The 
‘knowledge-based’ component to guide the preparation of the mutant libraries 
is based on a recently developed computational method which predicts 
mutations that are beneficial for enzyme stability: Framework for Rapid 
Enzyme Stabilization by Computational libraries (FRESCO). In our hands, the 
computational FRESCO method in combination with the experimental 
protocols as described here has delivered marked improvements in 
thermostability of 20-35 °C in apparent melting temperature for various 
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proteins.3 The FRESCO method proved to be useful not just in increasing the 
apparent melting temperature of the enzymes but also in giving a remarkable 
increase in resistance to cosolvents.4 We have also used this approach to 
generate thermostable variants of flavoenzymes by using the ThermoFAD 
method for screening for improved mutants.5  
The FRESCO in silico library can be created even by computationally 
inexperienced biochemists in a few weeks,6 however, the protocols provided 
here can also be used for the preparation and screening of mutant libraries 
based by other stabilization predictions methods or even entirely different 
design criteria. The provided protocols can be applied to any other small 
library and (flavo)enzyme engineering target. We set ourselves a target to 
provide the reader with comprehensive and detailed, yet straightforward 
protocols for semi high-throughput generation, expression, production and 
verification of mutants in a 96-well format. Furthermore, we provide two 
experimental strategies for efficient combination of the best hits.  

Single mutants generation  

Through FRESCO, other computational predictions tools or other structure-
inspired input, it is often desirable to generate a large collection of site-directed 
mutant proteins. From the prediction generated through FRESCO, typically a 
library of a few hundred mutant proteins should be prepared. Also other 
methods often target such a library size, as it allows medium throughput 
screening methods for establishing which mutant proteins perform best. We 
have optimized a protocol that allows the generation of such libraries, by 
combining established molecular biology methods to an efficient workflow, 
and by fine-tuning crucial steps to work seamlessly in the 96-well format 
(Figure 1). 
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Figure 1. Overview of the workflow for generating stabilized proteins. Individual steps and some 
of the main equipment required are depicted. Individual sections in this chapter where the 
corresponding procedures are described indicated by dashed lines.  
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A well-established way to generate single mutants is the QuikChangeTM 
mutagenesis method developed by Stratagene (now Agilent). In this method, a 
complete vector is PCR-amplified by two completely complementary primers 
that contain the desired mutation, and DpnI is used to digest the methylated 
template. The resulting linear PCR fragments contain complementary 
overhangs and thus circularize to a nicked plasmid, which becomes ligated by 
E. coli’s DNA repair machinery after transformation. Despite yielding relatively 
reliable results when using the original protocol, there was room for 
improvement. Limiting the failure rate in this initial experimental phase is 
essential to limit labor and material costs. For a typical library size of a few 
hundred mutants, primer synthesis, polymerase and sequencing service can 
become the major cost factors of the method. Consequently, a reliable primer 
design strategy, and a high PCR success rate are critical. 

Figure 2. Comparison of the QuikChange protocols. In the modified protocol, the linearized PCR 
product can serve as a template, because the primer can bridge the nick. In the classic 
QuikChange, only the original plasmid can serve as a template. 

The two most relevant limitations of the original QuikChange protocol are i) 
favored primer-dimer formation over template annealing, particularly for an 
increased number of mismatches, and ii) the insufficient accumulation of 
product, due to the linear rather than exponential amplification of strands 
(Figure 2). Adaptations to the protocol elegantly overcame both limitations,7-8 
while maintaining the simplicity and the general workflow. Accordingly, 
instead of using a completely complementary pair of primers, the overlapping 
region is confined to the 5’ end. The non-overlapping 3’ end is designed to have 



Experimental Protein Stabilization 

112 

  6 

a higher Tm than the overlapping region, allowing primer-dimers to be melted, 
while the annealing to the template is retained. Moreover, in this way 
exponential amplification is achieved, since the linearized PCR product can 
serve as a template because the primer is able to bridge the nick (Figure 2). 
Besides primer design, one should also pay attention to other details of the 
(otherwise common) procedures in order to maximize the success rate. Firstly, 
a high-fidelity polymerase should be used for PCR, to minimize undesired and 
potentially unnoticed mutations. As an economically interesting alternative to 
Phusion, we are commonly using Pfu polymerase, which we and others9 found 
to be similar in fidelity, despite what is commercially advertised. Assuming an 
error rate of 2.8 × 10−6 (see also footnote d), and two sequencing reads of 1 kb 
each, one would accumulate 1 unnoticed mutation per 96-well plate for a 
vector size of 5.7 kb [(5700 − 2000) ∙ 2.8 ∙ 10-6)-1, which we find tolerable. 
Secondly, the in practice often overdosed amount of template DNA in the PCR 
should be kept at the lower end of the polymerase manufacturer’s 
recommendations, to facilitate DpnI digestion and avoid wild-type colonies. 
Thirdly, high quality competent cells should be prepared in order to counter a 
lowered transformation efficiency in 96-well plates.  

Primer design 
Since reliably designing hundreds of primers manually is impractical, we 
recommend using automated software with adjustable parameters in order to 
satisfy common primer rules as well as guidelines specific to the partially 
overlapping design strategy discussed by Liu et al. One example is AAscan,10 an 
open source tool run under Windows. Although the software has a batch mode 
to generate a list of primers on different positions, the input can currently not 
stem from a defined list of mutations, and is furthermore restricted to one 
amino acid at a time. There are two options to get to the desired list of primers: 
either by manual input of each position and mutant codon, or by generating 
primers for all positions and each amino acid, and subsequent filtering of the 
relevant primers. We describe the procedure for the latter option, including a 
small UNIX command line script that automatically filters the final list of 
primers, using as input a list of mutations generated in the computational part 
of the FRESCO procedure, or any other list that sticks to a common format.a 

a During the visual inspection of the computational FRESCO procedure, an automatically 
generated spreadsheet is filled in with notes leading to acceptance or rejections of predicted 
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Equipment 
• PC running Windows
• DNA sequence of the template plasmid
• AAscan, available from https://www.psi.ch/lbr/aascan
• A UNIX command line (shell), such as the terminal of MacOS or linux, or

the Windows 10 feature known as “Windows subsystem for Linux”

Procedure 
1. Download AAscan and execute it; there is no install process needed.

Figure 3. Screenshot of AAscan. Fields requiring adaptation are marked in red.  

2. Copy and paste the unformatted sequence of the vector containing the
wild-type gene in the DNA sequence field and enter the number
corresponding to the sequence position of the gene’s first nucleotide
(usually the A of the ATG start codon).

3. Since the batch mode will be used, leave the “mut position” field empty.
4. Type the preferred codon for alanine into the “mut codon 1” field, as well

as into the first “if Ala, use Gly” field below, and an alternative codon in the
two fields on the right. It is important to enter the codon twice, otherwise,

stabilizing mutations. One of the columns in this file contains the mutations in an XNY format. A 
list compatible with the above script can be generated by simply copy and pasting the accepted 
mutations from this column to a plain text file (e.g. created using Notepad under Windows). 

https://www.psi.ch/lbr/aascan
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the software will mutate all alanines to glycines. Chose the codons with the 
help of an E. coli codon usage table.b 

5. In the batch fields, type “1” in the first, and the number of the last amino
acid of your protein in the second field.

6. Choose the “Short” output format and keep the rest of the parameters
unchanged or adapt according to specific requirements.c

7. Click “Batch” and copy the output in a plain text file, named with the one
letter code of the amino acid (e.g. “A.txt” for alanine).

8. Repeat steps 4-7 for all 20 amino acids.
9. On a computer with a UNIX command line (such as bash), create a folder

containing these 20 files as well as a plain text file (.txt) that contains a list
of all mutants in an XNY format (e.g. G129S)a and give the file the name
“mutations.txt”.

10. To get only the primers for the mutations in this list, open a command line
terminal, go to the folder containing the primer files and the mutations list,
and run the following script either by copy and pasting into the terminal,
or by creating and executing a script file:

while read -r line; do
mut=$(echo "$line" | grep -o -E '[A-Z][0-9]+[A-Z]') 
num=$(echo "$mut" | sed 's/[a-zA-Z]//g') 
res=$(echo "$mut"| grep -o -E '[A-Z]$') 
fw=$(cat "$res".txt | grep ^"$num"_F | grep -o -E [agctACGT]+) 
rev=$(cat "$res".txt | grep ^"$num"_R | grep -o -E [agctACGT]+) 
printf "%s\t%s\t%s\t%s\n" "$mut"_fw "$fw" "$mut"_rev "$rev" 

done < mutations.txt > primers.txt 

11. A file called “primers.txt” is created that contains the final list. Verify on a
few examples that the primers are correct. Then order the primers from an 

b Codon usage tables for E. coli can be found abundantly on the web. Considering that i) the 
current understanding of the interrelation of DNA sequence (including codon usage) with 
protein expression is still far from fully understood11 and ii) one can assume that the impact on 
expression exerted by the change of a relatively small fraction of the gene’s codons is minimal, 
in practice it is probably sufficient to just make sure to avoid E. coli’s very rare codons: CGA, AGA, 
AGG (Arg), ATA (Ile) and CTA (Leu). 
c If AAscan cannot produce a primer that fulfills the criteria, it will output ‘*******’, which will 
result in an empty field for the primer after the script. In that case, the parameters should be 
adapted. Increasing the MaxTm field to 75 °C can help with GC rich DNA stretches, otherwise the 
MinTm can also be lowered. Then the PCR annealing temperature should be adapted as well.h  
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oligonucleotide synthesis service. Ideally, order the primers in a 96-well 
plate and dissolved in water to 100 µM.  

QuikChange library creation 
The protocol below describes the procedure for the usage of the PfuUltra II 
Hotstart Master Mix for the PCR, basically following the instructions of Agilent. 
The protocol for the preparation of chemically competent cells in a cation-mix 
buffer is based on the one from Green & Rogers,12 enabled through the research 
of Hanahan.13 It is advantageous to transform the PCR product of the 
QuikChange reaction directly into the strain used for expression, in order to 
avoid the need of having to perform a second transformation step. However, 
many dedicated expression strains are not optimized for molecular biology 
applications, resulting in low transformation efficiencies. On the other hand, 
cloning strains are often unsuitable for protein overexpression.d We advise to 
investigate the feasibility of direct transformation for one’s particular system. 
Test first a couple of mutants, using the high-throughput equipment, before 
applying the procedure to one or maximally two 96-well plates of mutants at a 
time. Most of the following steps can and should be performed using an 
(electronic) multichannel pipette, even when it is not explicitly stated. 

Equipment 
• Multichannel pipette (Sartorius, Biohit Picus electronic pipette 12-ch) 
• 37 °C shaking incubator for test tubes (Infors, Multitron Standard) 
• 96-well PCR plates with dedicated sealing (Bio-Rad, HSL9601) 
• Sterile disposable or autoclavable 96-square deep well plates (Waters, 

186002482) 
• Sterile disposable or autoclavable 24-well plates (Greiner Bio One, 

662102) 
• Gas-permeable and water vapor retaining microtiter plate sealing (Excel 

Scientific, AeraSeal B-104) 

                                                             
 
d In this protocol, we describe one of our preferred expression systems making use of the pBAD 
vector,14 which contains the tightly controlled and L-arabinose-inducible PBAD promoter, a 
pBR322 origin of replication and an ampicillin resistance marker. If successful expression is 
dependent on constant or very well defined levels of arabinose (in practice seldom the case) the 
use of an araABCD- strain such as top10 or NEB® 10-beta is obligatory. Otherwise, any strain 
with an intact arabinose import system (araEFGH+, virtually all lab strains) can be used, as long 
as high enough amounts of arabinose (usually 0.1-2%) are added. In our experience, E. coli 
TOP10 is an excellent strain for both cloning/transformation, as well as expression (at least from 
pBAD), with the resulting advantage of avoiding the additional re-transformation step. 
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• Adhesive aluminium sealing foils for microtiter plates (Greiner Bio One,
676090)

• Cooling centrifuge (Eppendorf, 5804R), rotors for tubes and microtiter
plates (Eppendorf, A-2-DWP)

• PCR machine (Peqlab, 96 Universal Gradient Peqstar)
• Sterile toothpicks
• Temperature controlled water bath (Julabo, TW20)
• Temperature controlled shaker, suitable for microtiter platese

• Sequencing service, ideally including plasmid preparation from clones
(Eurofins Genomics)

e A range of studies investigated expression conditions in 96-well plates mainly focusing on 
oxygen limitation—the main challenge in these systems.15 General conclusions are: 

• Square wells permit more effective volume than round wells, and shaking aeration is ~2x
higher, since the corners act as baffles to introduce turbulences.16

• Sufficient head space between culture surface and seal needs to be ensured to avoid
splashes, causing gas-exchange-impairing droplets on the seal and cross-contaminations. 

• The larger the orbital diameter of the shaking device is, the lower needs to be the shaking
frequency, in order to achieve the same oxygen transfer rates.17

• Oxygen transfer rates increase exponentially with the shaking frequency, but only beyond
a critical value (Table 3), which is often higher than common shaking operating conditions. 

The practical problem is that the proficiency of the equipment that an individual researcher has 
at hand is influenced by many parameters: the plate (well dimensions and shape, material), the 
shaking device (orbital diameter, frequency range), and the cultivation conditions (culture 
volume, medium, organism and strain). Since the number of variables impedes both the 
encounter of applicable literature, as well as empirical determination, we recommend to 
approach highest productivity by using 96-square deep well plates with at least 2 mL well 
volume, and an instrument which permits a shaking frequency range as specified in Table 3. The 
ideal volume/frequency pair should be determined by either using a fixed frequency for 
maximum oxygen transfer (Table 1), or a fixed volume of 1 mL. In both cases, the second 
parameter can be determined by a stepwise increase in volume/frequency to a plate sealed with 
paper tissue, where a sample of an expression culture was added to some representative wells. 
Use the volume/frequency just before the occurrence of splashing (as inferred from tissue 
wetting) for the expression culture. 

Table 1. Shaking frequencies for instruments with different orbitals* 
Orbital (mm) 50 25 12.5 6 3 1.5 

Critical value freq. (rpm) 195 255 395 565 735 1070** 
Maximum O2 transfer freq. (rpm) 290 390 560 770 1000 1400** 

*Values approximated from ref. 16 Figure 1, assuming a 2x increase in O2 transfer due to
square wells
**Extrapolated from fitting the data using an exponential function
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Buffers and Reagents 
• High fidelity polymerase and reaction components (Agilent, PfuUltra II 

Hotstart PCR Master Mix 2x)f 
• DpnI restriction enzyme (New England Biolabs, R0176S) 
• E. coli cellsd 
• LB Miller’s high salt medium (10 g tryptone, 5 g yeast extract, 10 g NaCl in 

1 L H2O)  
• LB agar plates with antibiotic 
• SOC medium (20 g tryptone, 5 g yeast extract, 0.58 g NaCl, 0.19 g KCl, 2.4 g 

MgSO4 in 1 L H2O, pH adjusted to 7.5 with NaOH. After cooling medium to 
less than 50 °C, add 20 mL filter sterilized 20 % glucose solution). 

• Buffer I for chemically competent cells: 100 mM RbCl, 50 mM MnCl2, 30 
mM potassium acetate, 10 mM CaCl2, 15 % w/v glycerol; pH adjusted to 5.8 
with 0.2 M acetic acid. Sterilized by filtration with 0.45 µM pore size filter.  

• Buffer II for chemically competent cells: 10 mM RbCl, 75 mM CaCl2, 10 mM 
MOPS, 15 % w/v glycerol; pH adjusted to 6.5 with 0.5 M KOH. Sterilized by 
filtration with 0.45 µM pore size filter. 

• Sterile 70 % glycerol 

Procedure 
1. Preparation of chemically competent cells. Perform all steps observing 

sterility. 
a. Inoculate 5 mL LB in a sterile test tube with the desired E. coli strain.p 

Incubate overnight (o/n) at 37 °C, shaking. 
b. With this preculture, inoculate 165 mL LB (equivalent to one 96-well 

plate of competent cells) in a sterile culture flask and incubate shaking 
at 37 °C until an OD600 of 0.25-0.5.  

c. Transfer the culture to (a) sterile centrifuge tube(s) and place on ice for 
20 min. 

d. Centrifuge at 4000 × g in a pre-cooled centrifuge at 4 °C for 10 min. 
Discard the supernatant and resuspend the pellet in 1 mL of ice-cold 
buffer I. Fill to 60 mL with buffer I and keep on ice for 20 min.  

                                                             
 
f The polymerase described here, PfuUltra II, is an engineered variant of the original Pfu 
polymerase, which—according to the supplier—is even higher in fidelity than the original Pfu 
which was compared to Phusion.8 
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e. Centrifuge at 4000 × g and 4 °C for 10 min. Discard the supernatant and
resuspend in 1 mL of ice-cold Buffer II. Mix well, but carefully, fill to 6 mL 
and keep on ice for 15 min.

f. In a cold room, or with pre-cooled equipment and keeping reagents on
ice whenever possible, aliquot 50 µL in each well of a 96-deep well plate.g

g. Use directly for transformation, or seal with adhesive aluminium sealing
foil, flash-freeze in liquid nitrogen and store at −80 °C.

2. PCR
a. Prepare a DNA template stock by diluting a fresh plasmid preparation of

the wild-type gene-containing vector to a concentration of 1 ng/µL and
store it at −20 °C.h

b. If shipped otherwise, prepare primer stocks in a 96-well PCR plate by
diluting all forward and reverse oligonucleotides to a concentration of
100 µM and store at −20 °C.

c. Add 240 µL of sterile water to each well of a 96-well PCR plate with a
multichannel pipette. Add 5 µL of forward primer stock and 5 µL of
reverse primer stock to get a primer mix with 2 µM of each primer.

d. In a 96-well PCR plate, mix the following reagents to a final volume of
25 µL:i

Table 2. PCR recipe 
Component, stock concentration Final concentration Volume to pipet 
Template stock, 1 ng/µL  0.2 ng/µL  5 µL  
Primer mix, 2 µM each 0.4 µM each 5 µL 
PfuUltra II Hotstart PCR 
Master Mix 2x 1x 12.5 µL  

MiliQ water 2.5 µL  

e. Run a PCR on a thermal cycler with the following program:

g Use precooled pipette tips and a precooled sterile or an autoclavable multichannel reservoir on 
ice. 
h Since multichannel pipettes tend to be less precise than single channel pipettes, and precision 
decreases with volume, we recommend the preparation of diluted stocks that require pipetting 
volumes of ≥ 5 µL.  
i If cost is an issue, the volume can be decreased up to 15 µL. Lower yields due to smaller volumes 
are compensated by high product yields due to efficient PCRs and high-quality competent cells. 
If a different polymerase is used, adapt both recipe as well as thermal cycling program according 
to the manufacturer’s instructions.  
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Table 3. PCR program 
Temperature Time Cycles 
95 °C 2 min 1 
95 °C 20 s  
 55 °C* 20 s 26 
72 °C 30s/kb**  
72 °C 10 min 1 

 *Adapt if the default parameters of AAscan were changedj 
 **Doubled amplification time compared to manual, to increase yieldk 

3. When the PCR is finished, add 10 U DpnI to each well and incubate o/n at 
37 °C.  

4. Thaw a plate of competent cells on ice (or use freshly prepared cells). Add 
5 µL of the DpnI-digested PCR products, but do not mix by pipetting up and 
down. Incubate on ice for 20 min. 

5. Heat shock by placing the plate in a 42 °C water bath for 40 s.l  
6. Put the plate on ice for 2 min, then add 500 µL of pre-warmed SOC medium.  
7. Incubate on a plate shaker for 1 h at 37 °C and 1000 rpm.  
8. Centrifuge at 2250 × g for 10 min and remove 430 µL of supernatant. 
9. Resuspend the pellet with the remaining 70 µL and plate one-by-one on a 

24-well plate with LB agar containing the proper antibiotic.m Incubate o/n 
at 37 °C. 

10. Use a sterile toothpick to pick a colony of each well and transfer it to two 
96-well plates: one with LB-agar plus antibiotic to be sent for sequencingn 
and one with liquid LB medium plus antibiotic to grow o/n. 

                                                             
 
j The minimum primer Tm parameter in AAscan is per default set to 60 °C. The annealing 
temperature should be 5 °C below the lowest Tm.  
k Since amplification speed is one of the main competition parameters between polymerase 
manufacturers, we impute a possible exaggeration.  
l The strain’s commercial supplier should be consulted to infer the strain dependent optimal heat 
shock time. We recommend the extension of this time by ~50% for transformation in 
polypropylene deep well plates, due to the impaired heat transfer compared to reaction tubes. 
m This is the only step where the 96-well format has to be abandoned. Use manual pipetting for 
this step. Plating can be performed by swirling motions or using sterile glass beads. 
n Several DNA sequencing companies offer the plasmid preparation step from colonies on 96-
well plates. In our case, this extra cost is reasonably low to outcompete kit prices and labor of 
manual plasmid preparation of 96 samples. If re-transformation into an expression strain is 
required, it is necessary to ensure that the sequencing company can send back the plasmid 
preparation. However, we recommend to request this from the company in any case.  
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11. Add sterile glycerol to a final concentration of 30% to the o/n liquid culture 
plate, mix well, seal with adhesive aluminum sealing foil, flash-freeze in
liquid nitrogen and store at −80 °C.

Expression and protein purification in a 96-well plate 
Expression and purification should ideally be performed in a 96-well format as 
well. For a reliable melting temperature measurement (see the “Melting 
temperature screening” section), 20 µL of a solution of 0.3 mg/mL of the target 
protein are minimally required.o It should be checked in advance, whether or 
not enough protein is obtained from the 1 mL plate culture in each individual 
case. If the target amount is not achieved, an effort should be made to improve 
expression yields, a topic which is beyond the scope of this protocol.e,d 
Otherwise, one can prepare two 96-well plates with identical clones, and 
combine the cell free extracts, or switch to 24-well plates, or else express in 50 
mL cultures using 250 mL flasks. Though laborious, such individual expression 
can be performed in a 1-2 weeks period for 50-100 mutants. When plates are 
used, it is important to include in each plate the wild-type as a reference, and a 
non-inoculated negative control for contamination in one well, or in several 
wells diagonal across the plate. 
If expression is very high, purification from the cell free extract might be 
omitted for some proteins, see the “Melting temperature screening” section for 
details. Otherwise, many of the commonly applied purification methods are 
feasible in a 96-well format. We describe in this protocol the procedure for the 
widely applied polyhistidine-tag affinity chromatography purification using 
divalent nickel immobilized on beads, in our case Ni Sepharose®. Furthermore, 
the Tris/HCl buffer as well as the pH described here can be adapted to one’s 
specific needs or preferences, as long as they are compatible with the 
purification method. 

Equipment 
• Temperature controlled shaker, suitable for microtiter platesd

• Cooling centrifuge and rotor for microtiter plates
• Sterile disposable or autoclavable 96-square deep well plates
• 96-well Filter Plates, glass polypropylene membrane (Whatman, Unifilter

2 mL, 7720-7236)

o The minimum value varies slightly for different proteins and should for each case be
determined with the wild-type beforehand. 
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• 96-well Filter Plates, polysulfone membrane (Pall, AcroPrep advance, 
PN8130) 

• Disposable 96-well microtiter plate (Greiner, 650161) 
• Multichannel pipettes  
• Gas-permeable and water vapor retaining microtiter plate sealing  
• Adhesive aluminium sealing foils for microtiter plates 

Buffer and Reagents 
• LB medium 
• Ni Sepharose® resin (GE Healthcare, 17526802) 
• Buffer A: 50 mM Tris/HCl, pH 7.5  
• Buffer B: 50 mM Tris/HCl, pH 7.5, 5 mM imidazole 
• Buffer C: 50 mM Tris/HCl, pH 7.5, 500 mM imidazole 
• Lysis buffer: 50 mM Tris/HCl pH 7.5, 10 mM MgCl2, 0.5 mg/mL DNase I 

(NEB, M0303L), 1 mg/mL lysozyme (Sigma-Aldrich, L6876). 

Procedure 
1. Dispense 1 mL of LB medium with antibiotic in each well of a sterile 96-

deep well plate and inoculate from the glycerol stock plate.p Grow the pre-
cultures in a suitable shaker at 37 °C and use appropriate agitation o/n. 

2. Inoculate the main culture plate from this preculture plate and express the 
protein according to your specific expression system. In order to achieve 
the high expression yields needed for the stability assay, consider the 
following guidelines: 
• Use high copy number plasmids, strongly overexpressing and inducible 

promoters such as PBAD or T7 and induce expression after an initial 
growth.d  

• If you have a well-established expression protocol, take into 
consideration that you might have to modify it for the small scale 
expression. Typical adjustments are significantly larger inoculation 
volumes and higher OD600 induction. 

• Use a high cell density culture medium such as terrific broth (TB). 
• Use square deep well plates and vigorous shaking for high aeration.e 

                                                             
 
p This can be done with dedicated equipment (we use a cryo-replicator from EnzyScreen), or a 
multi-channel pipette. Since this step bears a risk of cross contamination, extra care is required, 
and the use of high concentrations of glycerol in the stock plate (step 11 in the “QuikChange 
library creation” section) avoids ‘jumping’ frozen debris upon penetration. 
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3. Centrifuge 20 min at 2250 × g at 4 °C and remove the supernatant by
inverting the plate.

4. Thoroughly resuspend the pellet in 200 µL of lysis buffer,q cover the plate
with aluminum seal and incubate at 20 °C with mild shaking for 30 min.r

5. Flash-freeze the plate in liquid nitrogen and thaw again in a water bath at
room temperature.

6. Centrifuge the lysed cells in the plate for 45 min at 2250 × g at 4 °C to
remove cells debris.

7. Equilibrate 10 mL of Ni-Sepharose resin in a gravity flow column by
washing with at least 50 mL of buffer A.

8. Resuspend the beads in an equal amount of buffer A and dispense 200 µL
of the resin suspensions in each well of a 96-well polysulfone membrane
filter plate. Place the filter plate on top of a 96-deep well plate and remove
excess buffer by centrifuging for 15 s at 200 × g.

9. Transfer the supernatant of the centrifuged lysed cells to a 96-well glass
polypropylene membrane filter plate, placed on top of a 96 deep-well plate, 
and centrifuge at 200 × g for 1 min to remove residual cell debris.

10. Transfer the cell extracts to the filter plate containing the resin and
resuspend very carefully. Close top and bottom with adhesive aluminum
seal and incubate for 15-30 min at 4 °C in a plate shaker with mild agitation. 

11. Centrifuge 15 s at 200 × g and collect the flow through in a 96-well
microtiter plate.

12. Wash the resin with 200 µL of buffer A by centrifuging 15 s at 200 × g.
13. Wash with 200 µL of buffer B by centrifuging 15 s at 200 × g.  
14. Elute with 100 µL of buffer C by centrifuging 15 s at 200 × g two times and

collect the fractions separately in a 96-well microtiter plate.
15. Identify the most concentrated fraction (by eye or using a NanoDrop) and

transfer this fraction slowly to an equilibrated desalting plate.
16. Centrifuge 15 s at 200 × g to load the columns, and elute by adding 100 µL

of buffer A and centrifuging for 15 s at 200 × g and collecting in a 96-well

q To resuspend the pellet more easily, combine circular motions with pipetting up and down. 
r Estimate lysis efficiency by SDS-PAGE. If necessary, increase incubation time, or—if the 
protein’s stability is guaranteed—increase the incubation temperature to 37 °C.  
s Be careful when pipetting pressure sensitive beads. We recommend the use of 1000 µL pipette 
tips where the thinnest part of the tip has been cut off.  
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microtiter plate (or proceed according to the desalting plate 
manufacturer’s instructions). 

17. Proceed directly with the Tm measurement, and flash-freeze the remaining 
purified protein in liquid nitrogen and store at −80 °C. 

Melting temperature screening 
Several methods to measure the thermostability of proteins have been 
developed. However, the feature most commonly targeted is operational 
stability, i.e. the stability over time under working conditions. Developing a 
high-throughput screen sensitive to subtle changes for this feature is, however, 
notoriously difficult. As an attractive alternative, a protein’s apparent melting 
temperature is a quantitative parameter requiring minimal protein amounts 
for its accurate determination. Furthermore, it can be measured in less than 
one hour for one 96-well plate of mutant proteins. It is also easy to screen many 
variants for stability under different conditions, such as pH ranges and buffer 
additives. If dedicated equipment is not available, a real-time PCR (qPCR) 
machine, commonly available in many molecular biology laboratories, can be 
used. The Tm is then determined by following the change of the emission 
intensity of a fluorescent dye which is added in the assay (or by monitoring the 
fluorescence of a protein bound ligand, such as a flavin cofactor). Upon 
unfolding, proteins expose otherwise buried hydrophobic patches to which 
these dyes can bind, effecting a shift of the dye’s fluorescence spectrum (thus 
the name fluorescence-based thermal shift assay, trademarked as 
Thermofluor®). The bandpass filters with which qPCR instruments are 
equipped are adapted to the properties of the DNA-binding dyes most 
commonly used in real-time PCR, but are also perfectly suitable for many 
protein-binding dyes (e.g. SyproOrange), which have similar fluorescent 
properties. Conveniently, flavins also have fluorescence emission and 
excitation spectra that fall in the same ranges. In the case of most flavoproteins, 
the release of the cofactor results in a significant increase in fluorescence, as 
flavins are normally quenched when bound to the protein. Thus, flavin-
containing proteins can be used for the thermal shift assay without the addition 
of dyes, and this method was named ThermoFAD.5 Since this method is so 
specific for flavoproteins, purification from the cell free extract (CFE) might 
even be omitted under certain circumstances. Besides the requirement for high 
expression levels, one has to carefully check a relevant number of mutants and 
the wild-type, to see whether or not the Tm measured in CFE and the Tm of 
purified protein is the same (or only marginally different). We have had cases 
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of fairly similar proteins, where in one case the melting temperature of purified 
protein was very different from the Tm measured in CFE (unpublished data), 
while it was nearly identical in the other case.18 Care has also to be taken since 
this approach can result in off-target peaks, potentially overlapping with the 
desired signal. 

Equipment 
• qPCR Machine (Bio-Rad, CFX96 C1000 Touch Thermal Cycler) 
• 96-Well qPCR Plates (Bio-Rad, iQ High-Profile, 2239441) 
• Adhesive qPCR Plate Sealing Film (Bio-Rad, Microseal 'B', MSB1001) 
• Multichannel pipette  

Buffers and Reagents 
• Solution of target protein with a concentration of at least 0.3 mg/mL 
• Fluorescent dye (if the protein does not contain a flavin) 

Procedure 
1. In a qPCR machine, set up a melt curve program, where the temperature 

ramps from 20 °C to 99 °C with 0.5 °C increments after a 10 seconds delay 
and the fluorescence is measured at each interval. Choose the emission 
filter such that it has the highest overlap with the emission spectrum of free 
flavin (peak at 524 nm) or the dye usedt (see also introduction of this 
section). 

2. Transfer 20 µL of protein solution to a 96-well qPCR Plate.u Unless you have 
indications that the protein concentration has a noticeable effect on the Tm, 
there is no need to correct for concentration variations. 

3. For proteins not containing flavins, add a suitable dye (see introduction of 
this section). 

4. Eliminate bubbles by centrifuging the plate on top of a 96 deep-well plate. 
Seal the plate with qPCR plate sealing film and use a sheet of lint-free tissue 
to fix the film air-tight and remove fingerprints and other residues.  

5. Place the plate in the qPCR instrument and start the melt curve program. 

                                                             
 
t Bio-Rad has a very convenient chart with numerous commercial fluorophores and their 
excitation and emission data. Perform a web search for “Bio-Rad fluorophore reference guide” 
to retrieve the pdf. 
u It is necessary to use dedicated qPCR plates and sealing foils, permeable for the excitation and 
emission wavelength range. 



 Experimental Protein Stabilization 
X 

125 

6   

6. Use the instruments software or manually determine the 1st derivative of 
the fluorescence signal as a function of temperature. The Tm is defined as 
the temperature where this curve has a maximum. 

Combining mutations 

The most thermostable single mutants should be verified for preserved 
catalytic activity before proceeding with the combination of mutations aimed 
to obtain a final highly thermostable variant. With the FRESCO approach, 
typically 10-20 mutations are obtained that lead to an increased stability. As 
the next step in the engineering approach, one would like to combine the 
mutations in a highly stable mutant. Often, some of the individual mutations 
are not compatible, though. In order to identify efficiently the most optimal 
combination of mutations, several strategies can be followed. 
One obvious approach is to directly generate the mutant containing all the 
mutations that were shown to increase the Tm on a single mutant level. This 
approach has proven successful in a few cases where we applied the FRESCO 
scheme. However, it often results in an inactive enzyme. If only relatively few 
(<5) mutations were identified, we recommend to introduce mutations by 
successive rounds of QuikChange (see the “QuikChange library creation” 
section), and to express, purify and determine the Tm of all intermediates, in 
order to verify an additive effect of each mutation. We usually start with adding 
mutations that do not alter the charge of the protein, and generally go from 
highest to lowest effect on Tm. In many cases it is found that one or several 
mutations give a problem, once combined with others. It may be that a 
mutation does not add to the Tm of an already more stable combined mutant, 
or that it decreases the Tm, or even leads to expression of insoluble protein. In 
these cases, it is preferable to omit that particular mutation in the final variant. 
However, it is possible that a mutation causes this problem only in a certain 
combination with other mutations, while it would be beneficial in another. If, 
for example, a highly stabilizing point mutant leads to insoluble protein after 
already having combined 5 other single mutants, one would like to know 
whether the insolubility is caused by a specific interaction with only one of the 
previous mutations. If that was the case, and if the effect on Tm of the first 
mutation was lower in comparison, it would be better to remove the earlier, 
rather than the newly added, mutation. To investigate this, however, one would 
have to remove one-by-one all the previous mutations, and express, purify and 
compare the Tm again. If this occurs with several mutations, the effort and time 
spent becomes impractical.  



Experimental Protein Stabilization 

126 

  6 

As an alternative approach, we developed two strategies that aim to create a 
library of randomly combined mutations. This allows screening of all possible 
combinations for up to around eight mutated positions. Including more 
positions would result in a library size that is too big to be practicably screened 
in a 96-well format, unless a robotic system can be used.19 If more than eight 
positions are to be combined, the mutations can be split in sets, and the same 
or different strategies for combinations can be applied to each set.  
The described methods are based on the generation of one DNA fragment per 
targeted position and subsequent cloning of a shuffled pool of wild-type and 
mutant fragments. The methods vary with respect to the cloning techniques 
applied—Golden Gate and Gibson cloning—as well as the fragment generation, 
which is either PCR based, or through more and more affordable commercial 
gene synthesis. Although these techniques can in principle be combined 
indiscriminately, we present here two successfully applied work-flows as 
alternatives: Golden Gate cloning from two synthetic genes, as a currently more 
expensive but very easy and fast method once a suitable cloning vector is 
available, and Gibson cloning of PCR fragments, as a very affordable, albeit 
more work-intensive method. 

Golden Gate gene shuffling 
The first strategy proposed for randomly shuffled mutations is based on 
Golden Gate cloning methodology 20. The method described and schematized 
in Figure 4 is a one-pot reaction that requires two donor vectors, one 
containing the wild-type gene sequence and the other the mutated gene 
sequence, plus a destination vector. Previously described methods implicated 
the cloning of each module, flanked by BsaI sites in different vectors and 
addition of type IIS restriction enzyme sites by separate PCRs for each 
module.20-21 We simplified this approach developed by involving two synthetic 
genes: one wild-type version and one with the selected mutations, each 
containing BsaI restriction sites flanking sections of the gene that contain the 
target mutation sites. The modules are flanked by two mirrored BsaI sites with 
four overhang nucleotides, thus determining the end of one module and the 
start of the next. Restriction and ligation leads to the excision of the BsaI sites, 
which leads to a scarless ligation. Having the BsaI restriction sites already 
inside the synthetic genes allows one to obtain a shuffled library in a single 
restriction-ligation reaction using only three vectors. The Golden Gate 
restriction-ligation proved to be very efficient: 97% of the colonies contained 
the correct restriction pattern and we obtained 65 uniquely shuffled clones 
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from one 96-well plate. The main advantage of such a method is the rapidity, 
because the synthetic gene design takes less than a day and the library can be 
obtained in another day. On the other hand, although synthetic gene synthesis 
is becoming relatively cheap, the extra cost can remain a drawback. 

Figure 4. Design of the Golden Gate gene shuffling (example with four mutations). Top panel: 
generation of the destination vector. Starting from the original expression vector, two BsaI sites 
flanking a leaving fragment are introduced by QuikChange mutagenesis. Additional QuikChange 
mutagenesis may be necessary to remove unwanted BsaI recognition sites occurring in the 
vector. Bottom panel: one-pot Golden Gate reaction. In the case of the donor vectors, the BsaI 
sticky ends are designed to pair with the sticky ends of the destination vector. Moreover, in the 
donor vectors the BsaI recognition sites between two modules are flanked and mirrored. The 4 
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nucleotide overhang at the end of one fragment is replicated at the beginning of the next one to 
avoid nucleotide loss after the ligation. The donor vectors have the same fragment arrangement. 
The blue sections (donor vectors backbone, BsaI sites and leaving fragment of the destination 
vector) are lost after the ligation. The shuffled library consists of destination vectors with a 
random combination and correct order of the 4 gene modules (with or without mutations). 

Equipment 
• Synthetic gene synthesis service (Genscript)
• PCR machine
• NanoDrop (Thermo Scientific, NanoDrop 1000)

Buffers and Reagents 
• Plasmid isolation kit (Qiagen, QiaPrep, 27106)
• BsaI (NEB, R3535L)
• T4 ligase 30 WU (Thermo Scientific, EL0013)
• T4 ligase buffer (Thermo Scientific)
• Destination vector with leaving BsaI sites
• LB media with and without agar and antibiotics
• SOC medium
• Chemically competent E. coli cells (see the “QuikChange library creation”

section)

Procedure 
1. Design and construct the destination vector.

a. The destination vector can be designed based on any vector desired for
expression. First, it has to be ensured that there are no BsaI sites are in
the vector. If they occur, they have to be removed by QuikChange,
introducing silent mutations in coding regions, or otherwise mutations
that don’t alter the vector’s properties.

b. Introduce BsaI sites at the sites where the donor gene is supposed to
enter. An unrelated placeholder (leaving fragment) sequence can be kept 
in between. The donor vectors and the destination vector should confer
different antibiotic resistances. In this way the selection after the
transformation will lead to the exclusion of clones with the donor
vectors.

2. In silico design of the two synthetic genes.
a. First identify the mutagenesis sites. The mutations must be separated by 

at least one codon (otherwise the sticky ends will not be the same).
b. Design the two synthetic genes identically (one with mutations and one

without).
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c. Add the 4 bp of the sticky ends of the destination vector at the beginning 
and at the end of your gene fragment. They will have to match with the 
sticky ends produced after BsaI cuts the destination vector. 

d. To separate all the mutation sites, select 4 freely chosen bp which will 
delimit the fragments, with the following precautions: 
i. The mutation sites must be inside of the modules, not on the selected 

4 bp.  
ii. The sequence of 4 bp must be unique for at least 2 bp out of 4. 

iii. The 4 bp must not be palindromic. 
e. Once the fragments are identified, place the BsaI recognition sequence 

(see Figure 4): 
i. For the first and last fragment: add NGAGACC after the first 4 bp and 

GGTCTCN before the last 4 bp.v  
ii. Next add the double BsaI recognition site NGAGACCGGTCTCN 

between the first and second module (and so on for the next 
modules). Replicate the chosen 4 bp that are before the NGAGACC 
after the GGTCTCN (this is to get a scarless ligation without base-pair 
loss). 

3. Order the two synthetic genes. If you order them already cloned in a 
vectorw they can be used directly in the one-pot reaction, otherwise a 
cloning step is needed.  

4. Set the one-pot reaction with 20 µL of final volume and the following 
components:  

Table 4. Golden Gate cloning reaction 
Component Final Concentration 
Destination vector 3.75 ng/µL 
Donor vector wild-type 2.5 ng/µL 
Donor vector with mutations 2.5 ng/µL 
T4 DNA ligase buffer 1x 
T4 DNA ligase 1.5 U/µL  
BsaI 1 1 U/µL  

                                                             
 
v The fragmentation of the two genes must be the same (BsaI cutting sites must be placed at the 
same position and the same sticky ends need to be used). To check the uniqueness of the sites a 
useful tool is provided by New England Biolabs in collaboration with Benchling 
(https://goldengate.neb.com/). NGAGACC and GGTCTCN represent BsaI recognition sites in 
different orientations (N is a random base pair that can be any of AGTC). 
w Companies like GenScript usually offer also a cloning service. Ordering the synthetic gene 
already cloned in a vector will save time, because it can be used directly for the one-pot reaction.  

https://goldengate.neb.com/
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5. In order to directly create a fully mutated variant, another assembly can be
performed without the wild-type donor plasmid.

6. The thermocyler program alternates between the optimal temperatures of
BsaI and the ligase, followed by a final digestion step to cut all template and 
BsaI containing products, and an enzyme inactivation:

Table 5. Golden Gate cloning program 
Temperature Time Cycles 
37 °C 5 min 50 16 °C 10 min 
50 °C 10 min 1 
80 °C 10 min 1 

7. The restriction-ligation reaction (5 µL) can be used to transform 100 µL of
chemically competent NEB 10β cells plated on LB agar plates with
antibiotic.

Gibson shuffling 
This protocol makes use of a multiple site directed mutagenesis procedure 
developed by Mitchell et al. which allows simultaneous mutations at several 
positions on a plasmid 22. Based on this method we have developed a protocol 
to construct a library of mutant combinations. First, the fully mutated plasmid 
is created by PCR-amplifying fragments with mutated primers and subsequent 
Gibson assembly. In the second step, PCR is used again to generate a mix of 
fragments with and without the mutations, and another Gibson assembly 
results in the shuffled library. Although this PCR based method requires more 
work when compared with the Golden Gate-based protocol, it can be applied 
when a limited budget prohibits custom gene synthesis. Moreover, it is 
particularly useful if it is desired to randomize a position for more than one 
mutant variant. The FRESCO procedure commonly predicts several mutations 
for the same position, and if more than one variant proved to be stabilizing on 
single mutant level, this method allows the inclusion of all variations in the 
library, without requiring another full custom-made gene.  
If two mutations are separated by 5 to 15 amino acids (or 15 to 45 bp), extra 
attention is required, because all of the individual steps (PCR, DNA purification, 
and cloning) will be less efficient for smaller fragments. The lowest limit for 
Gibson assembly can be considered as 150 bp—however, this length includes 
the length of the forward and reverse primers. Since the primer should not 
exceed 75 bp (the ideal is 30-50), and the mutation should always be at least 
15 bp from the termini (the ideal is in the middle of the primer), the minimum 
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separation of two mutations is approximately 11 amino acids, or 33 bp for the 
smallest possible fragment. If the two desired mutations are closer together 
they have to be included on the same primer. Due to the same limitations, the 
maximum separation of two mutations on one primer is ≈14 amino acids, or 
42 bp. Thus, the method in principle covers any separation of two mutations. 
The maximum amount of fragments is another limitation. However, the 
exponential increase of possible combinations will usually prohibit a library of 
more than 8 target positions, and assembling 8 fragments is still feasible. 
Efficiency does, however, decrease with more fragments, and the general 
considerations for highest success rates, as pointed out before, apply here as 
well. 

Figure 5: Overview of the Gibson shuffling method (example with four mutations). By 
performing PCR on the WT plasmid with primers that contain the mutations (A), fragments are 
generated that overlap at the site of the mutation where the primer originally bound. After 
purifying the fragments (B), they are assembled in a Gibson cloning step (C) to result in the fully 
mutated plasmid (D). This plasmid is mixed with the original WT plasmid to serve as a template 
in a second PCR step (E) where primers bind in between the mutated regions. This creates pools 
of fragments that do or do not contain the mutation, which have to be purified (F) and assembled 
(G) again, to yield the shuffled library (H). 

Equipment 
• DNA sequence analysis software (Biomatters, Geneious R8)



Experimental Protein Stabilization 

132 

  6 

• RNAfold software, part of the open source ViennaRNA package, web server 
available at http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
23

• PCR machine
• Standard agarose gel electrophoresis equipment (Bio-Rad, Mini-Sub Cell

GT)
• UV transilluminator, or preferably blue-light varianty

• NanoDrop

Buffers and Reagents 
• High fidelity polymerase and reaction components
• 1% agarose gel
• Gel extraction kit, if necessary dedicated for small fragments (Qiagen,

28606)
• Gibson assembly master mix (NEB, E2611L)z

• Chemically competent E. coli cells (see the “QuikChange library creation”
section)

Procedure 
1. Select sites for mutagenesis and verify they are in appropriate distance

(see introduction).
2. Primer design is critical to the success of the method, so strict care is

required.
a. Choose the mutagenesis codon and select around 13-25 bp upstream and 

downstream, ensuring on both ends to apply the GC-clamp rule
[A/T][A/T/C/G][C/G] (i.e. end on one or two G or C, but not more).

b. All primers should have a similar Tm of at least 55 °C, and a G/C content
of 40-60%.

c. Mutate the codon to the desired amino acid making sure to avoid rare
codonsb

d. For successful Gibson assembly, it is critical to avoid secondary
structures (ss) of the homologous regions (which corresponds to the
primer). The most intuitive way of removing ss from the initial primer is
by visual inspection, via ss prediction software, such as the RNAfold
utility of the ViennaRNA package. This tool is freely available as a web
server, but we commonly use its implementation in the bioinformatics
software Geneious. Be sure to predict the ss at 50 °C and inspect the
result (Figure 6).

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
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Figure 6. Secondary structure of primers/homologous regions. In Geneious, go to the 
DNA-fold tab, and select 50 °C. Structure A) is ideal, B) good, C) tolerable, D) critical and 
E) unacceptable. 

e. Weak ss (probability < 0.5, color code green/blue), especially when
distant from the termini, can be accepted.

f. Stronger ss (yellow/red), especially when close to the termini, should be
removed by i) change of mutant codon; ii) introduction of (not more than 
a few) silent mutations for other codons, not too close to the termini;
and/or iii) removal/addition of nucleotides at the 5’ and/or 3’ end of the
primer (keeping the GC-clamp).

g. In this way, the best possible compromise has to be found between
avoiding rare codons, removing strong ss and avoiding too many silent
mutations, especially close to the termini.

h. The reverse complement of the generated sequence serves as the reverse 
primer for the previous fragment.

i. Repeat steps 2a–2h for all mutant positions.
j. Design a second set of primers which bind in between the mutated

positions (Figure 6E). They should again be 30-50 bp long, contain a GC-
clamp on both sides and the exact position may be chosen freely with the 
intention to again keep the ss minimal. As before, the reverse
complements act as primers for the adjacent fragments.

3. Using the wild-type plasmid as a template, perform individual PCRs to
generate fragments containing the mutations by combining primers as
color-coded in Figure 6A: the forward primer of position 1 with the reverse 
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primer of position 2, etc. Make 40 µL reactions, and stick to the 
recommendations of the polymerase’s manufacturer. When using PfuUltra 
II, see step 2 in the “QuikChange library creation” section for recipe and 
program recommendations. 

4. Purify the fragments by gel purification after agarose gel electrophoresisx

a. Prepare a 1% agarose gel with pockets large enough to hold 40 µL. Load
an appropriate ladder and the PCR products with loading buffer and run
the gel at 85 V, 30 mins.

b. Avoid taking an image of the gel, to minimize the exposure time of the
DNA to UV.y Verify the correct size of the fragments and the PCR success
directly while excising the bands from the gel with a scalpel. Then purify
the DNA using a gel extraction kit. Elute in 20 µL (intense band) or 10 µL
(faint band).

c. Measure DNA concentration using a NanoDrop.
5. Gibson assembly reaction

a. Thaw two 15 µL aliquots of Gibson assembly master mixz on ice.
b. Calculate the correct amounts of vector to insert molar ratios, e.g. by

using the NEB ligation calculator
(http://nebiocalculator.neb.com/#!/ligation). This tool gives the
required ng of insert for different ratios, upon input of a certain insert
and vector length. For optimal assembly, use 100 ng of vector (i.e. the
largest fragment). For fragments <200 bp, use 1:5, for 200-400 bp use
1:3, and for >400 bp use a 1:2 molar ratio.

x In principle it is possible to replace this step with DpnI digestion. We recommend a gel 
extraction anyway, because i) DpnI digestion is never 100% efficient in removing template, 
while gel purification is; ii) it will immediately show success or failure of the PCR, iii) a clean-up 
step is also required after DpnI digestion; iv) even if yields are low, the required amounts in the 
assembly are very small; and v) it is the faster method (gel 30 mins + extraction 15 min, vs. ≥ 2 
h DpnI digest + clean-up). 
y DNA damage occurs very rapidly under UV light. A blue-light transilluminator prevents UV 
damage and allows band excision without time pressure.  
z An alternative to the commercial Gibson mix, is to prepare it in-house: 

a. Prepare first a 5x reaction buffer containing 25 % w/v PEG-8000, 500 mM Tris/HCl pH
7.5, 50 mM MgCl2, 50 mM DTT, 1 mM dATP, 1 mM dCTP, 1 mM dGTP, 1 mM dTTP, and
5 mM NAD. Sterilize by filtration and freeze at −20 °C in aliquots of 100 µL. 

b. d Prepare next the Gibson assembly master mix containing 1x reaction buffer, 0.0053
U/µL T5 exonuclease, 0.033 U/µL Phusion polymerase, and 5.33 U/µL Taq DNA ligase. 
Freeze at -20 °C in aliquots of 15 µL. 

http://nebiocalculator.neb.com/%23!/ligation
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c. Next, calculate the volumes corresponding to this mass, considering the 
concentrations of your fragments. The total volume of the reaction mix 
is 20 µL, leaving 5 µL for fragments. If the sum of the volumes exceeds 5 
µL, decrease the vector mass to 50 ng and use half of the fragments. If it 
still exceeds 5 µL, increase the total volume by using two Gibson MM 
aliquots, or try to get higher concentrations by optimizing PCR, 
extraction yield, and using lower elution volumes. Fill the Gibson 
assembly mix up to 20 µL with sterile MilliQ water.  

d. As a negative control, prepare an identical sample excluding the smallest 
fragment. 

e. Run the isothermal assembly at 50 °C for 1 h.  
6. For transformation, use 3.5 µL of the assembly mix (no clean-up required) 

and follow the recommendations outlined in step 4-7 of the “QuikChange 
library creation” section. 

7. Pick several colonies, and grow them overnight in 5 mL LB medium. Make 
a plasmid preparation and send for sequencing.  

8. Once verified that the full mutant was generated, perform another round 
of individual PCRs. 

a. For the template, create a mix of the wild-type plasmid with the fully 
mutated plasmid. Check the concentration with the NanoDrop and make 
a precisely 1:1 mixed stock solution. Volumes that require reasonable 
pipetting amounts (> 10 µL) should be used for improved precision. 

b. Prepare PCR reactions with primer combinations as color-coded in 
Figure 1E: the forward primer binding before position 1 with the reverse 
primer before position 2, etc. Make 40 µL reactions, and stick to the 
recommendations of the polymerase’s manufacturer. When using 
PfuUltra II, see step 2 in the “QuikChange library creation” section for 
recipe and program recommendations. 

9. Proceed in exactly the same way as described in steps 4-6 to purify and 
assemble the fragments, resulting in a shuffled library of mutant 
combinations. 

Final stabilized mutant 
After creating the shuffled library by either of the above methods, the success 
and shuffling efficiency should be verified by sequencing. In principle it is 
sufficient to sequence a mix of the entire library. In that case, individual clones 
are screened for thermostability without specific sequence information, and 
only the most stable variants are then sequenced again. A greater amount of 
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information is gained if a statistically relevant portion of individual clones (e.g. 
10 % of the library size) or even the entire library is sequenced. In that case, 
one can draw more conclusions about the effect of different combinations and 
determine incompatible patterns as well as beneficial arrangements.  
After determination of the mutant with the combination that yields the highest 
melting temperature, a verification of preserved catalytic activity is self-
evident. This confirmation has to be adapted to one’s specific requirements and 
is not described in this protocol. It is important to notice, however, that a 
common observation is an upshift of the temperature for optimal enzyme 
activity. Thus, even though one could observe a lowered activity at the assay 
temperature that is standard for the wild-type, a higher activity is likely to be 
observed at a higher temperature. Nevertheless, if the activity is generally 
lowered, one can test the mutants next in rank with regard to the Tm to find the 
ideal compromise. Since the computational part of the FRESCO procedure 
already avoids mutations near the enzyme’s active site, we usually do not 
observe an impaired catalytic activity for the thermostable mutants.  

Equipment 
• Sterile disposable or autoclavable 96-square deep well plates
• Sterile 15 mL tube (Greiner)
• Sterile toothpicks
• DNA sequence analysis software

Buffers and Reagents 
• LB medium

Procedure 
1. Analyze the transformed combination library generated by either of the

two methods outlined the “Combining mutations” section. By using the
highly competent cells (step 1 of the “QuikChange library creation”
section), one should obtain a few hundred colonies. Transform more of the
shuffled library assembly mix, if necessary.

2. Estimate the amount of clones that have to be analyzed to achieve a good
coverage of the library. By rule of thumb, analyze three times the size of the 
library. E.g. for one mutant amino acid at seven positions, the number of
possible combinations is 27 = 128. Threefold oversampling gives 384
clones, which corresponds to exactly four 96-well plates.

3. Prepare the 96-well plates containing LB medium and appropriate
antibiotics and a sterile 15 mL tube filled with 14 mL LB.
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4. Pick individual colonies from the library plate with sterile toothpicks and 
place them in the 96-well plate to inoculate one well per colony. Keep some 
wells for the wild-type, the fully mutated variant, and non-inoculated 
contamination controls.  

5. Remove the toothpicks one by one, and dip each of them in the tube with 
LB medium before discarding them.  

6. Mix the tube inoculated with all mutants, and grow 5 mL of culture 
overnight, to isolate the mix of plasmids and send it for Sanger sequencing. 

7. Analyze the sequencing chromatogram, and verify that the peaks for the 
mutated nucleotides are approximately of the same intensity as the wild-
type nucleotides (Figure 7). If either WT or mutant signals seem to 
dominate, sequence a significant portion of individual clones to determine 
if there is a bias in the library. If that is the case, repeat the assembly 
reaction of the library generation, and pay extra care to using exactly the 
same amounts of wild-type and mutant plasmid.  

 
Figure 7. Example of a sequencing chromatogram obtained from a successful mix of WT 
and mutant. The third amino acid position shows an even mix of peaks for GCC (Ala) and 
GTG (Val). 

8. To produce and screen the individual clones of the library, proceed in 
exactly the same way as outlined in the “Expression and protein 
purification in a 96-well plate” and “Melting temperature screening” 
sections. 

Summary and conclusions 

The fourth wave of protein engineering is being announced as the synergy of 
directed evolution with rational and computational design to create more 
robust enzymes with better specificities or novel reactivities. Yet, one often still 
faces the quite tedious experimental work in generating and evaluating the 
corresponding libraries. With the protocols described above, we hope to 
contribute to efficient strategies to create improved enzymes. 
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After promising pioneering work done using FRESCO for thermostabilization 
of limonene epoxide hydrolase (Tm increase of 35 °C) 3, haloalkane 
dehalogenase (Tm increase of 23 °C) 24 and halohydrin dehalogenase (Tm 
increase of 28 °C) 4, we have decided to further expand the application of 
FRESCO to flavin-containing enzymes. Thereby, the FRESCO approach was 
proven to be useful in engineering stability in a flavoenzyme: a more robust 
variant of 5-(hydroxymethyl)furfural oxidase (HMF oxidase) was engineered 
18. As described in the protocol above, we could take advantage of the 
fluorescent properties of the flavin cofactor to rapidly identify improved HMF 
oxidase variants. HMF oxidase was shown to be able to convert HMF into the 
polymer building block FDCA 25. By engineering an HMF oxidase that is efficient 
in converting HMF into FDCA and is thermostable, a valuable biocatalytic tool 
is now available to be used in strategies for producing renewable-based 
polymers. It demonstrates that the FRESCO methodology combined with the 
protocols described above is a powerful combination for engineering tuned 
(flavo)enzymes. Because many structures are available for various 
biocatalytically interesting flavoenzymes which display an astonishing 
catalytic flexibility, they are ideally suited in this methodology or other 
knowledge-based enzyme engineering approaches. There is a growing list of 
studies in which a flavoenzyme is key for the design of a new metabolic 
pathway or biocatalytic cascade reaction 26. Examples of newly engineered or 
proposed metabolic pathways that include flavin-containing enzymes are: i) 
the recent illustrative example that employs a bacterial flavin-containing 
monooxygenase and a glucosyltransferase for a sustainable indigo dyeing 
strategy 27, ii) the whole cell conversion of limonene into chiral carvolactone 
with the help of a flavin-containing Baeyer-Villiger monooxygenase 28, iii) the 
redesign of cyclohexanone monooxygenase to enable production of methyl 
propanoate 29 and iv) the use of flavoprotein oxidases fused to a peroxidase for 
biocatalytic cascade reactions 30. Except for FRESCO, the protocols described 
here can also be used as part of other (flavo)enzyme engineering efforts. 
Therefore, we hope that they will be adopted by other laboratories for the 
generation of improved proteins for biocatalysis.  
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Abstract 

Enzymes often by far exceed the activity, selectivity and sustainability achieved 
with chemical catalysts. One of the main reasons for the lack of biocatalysis in 
the chemical industry is the poor stability exhibited by many enzymes when 
exposed to process conditions. This dilemma is exemplified in the usually very 
temperature-sensitive enzymes catalyzing the Baeyer-Villiger reaction 
(BVMOs), which display excellent stereo- and regioselectivity and offer a green 
alternative to the commonly employed, explosive peracids. Here we describe a 
protein engineering approach applied to cyclohexanone monooxygenase from 
Rhodococcus sp. HI-31, a substrate promiscuous enzyme that efficiently 
catalyzes the production of the nylon-6 precursor ε-caprolactone. We 
employed a framework for rapid enzyme stabilization by computational 
libraries (FRESCO), which predicts protein-stabilizing mutations. From 128 
screened point mutants, approximately half had a stabilizing effect, albeit 
mostly to a small degree. To overcome incompatibility effects observed upon 
combining the best hits, an easy shuffled library design strategy was devised. 
The most stable and highly active mutant displayed an increase in unfolding 
temperature of 13 °C, and an approximately 33x increase in half-life at 30 °C. 
In contrast to the wild-type enzyme, this thermostable 8x mutant is an 
attractive biocatalyst for biotechnological applications.  
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Introduction 

The oxidation of ketones with peroxides and peracids is known as the Baeyer-
Villiger (BV) reaction, named after the scientists who discovered it 120 years 
ago.1 The credit for the “invention” goes to nature, however, where 
mechanistically analogously working enzymes called Baeyer-Villiger 
monooxygenases (BVMOs) were presumably already present in the last 
universal common ancestor.2 BVMOs gained attention in the field of 
biocatalysis, because several representatives accept a very wide range of 
substrates, and catalysis often occurs chemo-, regio-, and stereoselectively.3 
The BV reaction mechanism commences with a nucleophilic attack of the 
peroxide on the carbonyl carbon. In BVMOs, the catalytic entity is a 
peroxyflavin, generated from the reaction of molecular oxygen with reduced 
flavin adenine dinucleotide (FAD), which in turn received the electrons from 
NADPH. After the addition step, the so called “Criegee-intermediate” 
rearranges, and generally the carbonyl-adjacent carbon that is better at 
stabilizing a positive charge migrates to the incorporated oxygen.4 Enzymes 
can violate this “migratory aptitude” by binding the substrate such that the 
required antiperiplanar conformation of the canonically migrating bond is 
prevented, thus forcing the arrangement to the “abnormal” BV product.5 An 
additional advantage of biocatalysis is the use of O2 as oxidant, in contrast to 
the requirement of stoichiometric amounts of a peroxide reactant in the 
chemical reaction. This circumvents the peril of highly explosive concentrated 
peracids, as well as the generation of hazardous waste.6 Since these problems 
are above all relevant for industrial processes, biocatalytic alternatives should 
also be applicable at this scale.  
One major hurdle to that end has efficiently been addressed in recent years: 
the prohibitively expensive nicotinamide cofactor consumed in the reaction is 
now routinely recycled by using whole-cell systems, or by using a redox 
partner enzyme.7 Various alternatives have been described, making for 
example use of dehydrogenases that regenerate NADPH from NADP+, either at 
the expense of a cheap sacrificial substrate, or with concurrent oxidation of a 
cascade reaction-participating substrate.8 Molecular fusions of the recycling 
enzymes facilitate handling and seldom affect enzyme activity.9-10 A remaining 
issue, however, is the poor stability of most BVMOs. In an industrial process, 
high temperatures and the use of co-solvents often are a prerequisite, or 
greatly increase efficiency or suitability. These conditions are incompatible 
with many BVMOs, which can inactivate within minutes, even in buffer and at 
room temperature. The only truly thermostable BVMO, phenylacetone 
monooxygenase (PAMO) from Thermobifida fusca, unfortunately presents a 
strictly limited substrate scope and poor selectivities.11 PAMO was the first 
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BVMO whose crystal structure was solved,12 and despite intensive subsequent 
protein engineering,13-16 catalytic efficiencies with most substrates remain too 
low to achieve industrially required productivities. One of the most important 
BV transformation, the conversion of cyclohexanone to ε-caprolactone, a 
precursor to nylon-6, is particularly difficult to achieve with PAMO. There is, 
however, a subgroup of BVMOs that is highly active on this substrate, the so-
called cyclohexanone monooxygenases (CHMOs). In fact, the first BVMO 
isolated was a CHMO stemming from Acinetobacter sp. NCIMB 9871 
(AcCHMO). Although this enzyme is particularly unstable, it has become a 
prototype in BVMO research because of its high activities and substrate 
promiscuity, while often showing excellent selectivities. Three studies have 
been reported in which AcCHMO’s robustness could be improved: two studies 
introduced disulfide bridges,17-18 and the best mutants displayed an increase in 
the protein’s melting temperature (Tm), defined as the midpoint of the thermal 
denaturation curve, of 5 °C and 6 °C, respectively. In an attempt to target the 
enzyme’s oxidative stability, the third study introduced point mutations at 
sulfur-containing residues.19 While not measuring Tm, the authors reported on 
the temperature at which 50% of activity remained after incubation at various 
temperatures, which shifted by 6.8 °C in the best mutant. While these 
engineering efforts were greatly hampered by the unavailability of a crystal 
structure, structures are now available of two close homologs of AcCHMO: 
RhCHMO from Rhodococcus sp. HI-31,20 and TmCHMO from Thermocrispum 
municipale.21 The various structures of RhCHMO advanced mechanistical 
BVMO research, as it allowed intricate insight into both structural and catalytic 
features of CHMOs.20,22-23 TmCHMO, on the other hand, can be seen as a big 
progression toward applicable CHMOs, and with a Tm of 48 °C is considerably 
more stable than both AcCHMO and RhCHMO.21 Yet, TmCHMO also shows a 
significantly lower activity on cyclohexanone, with a kcat of 2 s-1 being 
approximately 5 times slower than the two homologs. Because RhCHMO 
remains a prototype in BVMO research, and its substrate spectrum is highly 
similar to the by far best-studied BVMO AcCHMO, we attempted to engineer 
RhCHMO towards increased thermostability. To that end, we applied our 
previously described framework for rapid enzyme stabilization by 
computational libraries (FRESCO).24-25 This method uses two independent 
algorithms to calculate the difference in folding free energy, ΔΔGFold, between a 
wild-type structure and a single point mutant. After an in silico screening step 
supported by molecular dynamics simulations, selected mutants are expressed 
and tested for improved stability, and successful hits are combined to a final 
stabilized mutant. So far, we applied the FRESCO procedure to five enzymes, 
and achieved considerable improvements, with Tm increases up to 35 °C.24,26-29 
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Here we describe the results gained by applying FRESCO to RhCHMO, where 
we could increase the Tm by up to 15 °C in the most stable mutant. Although 
numerous stabilizing point mutations were encountered and confirmed the 
high success rate of the computational predictions, several complications 
needed to be overcome: many stability increases were small and not additive 
upon combination, and some mutations caused insoluble or inactive enzymes. 
Besides investigating potential causes of these effects, we also devised a novel 
methodology to easily create random combinatorial mutant libraries, which 
aided in obtaining the most stable variant.  

Results 

In silico predictions 
There are five different crystal structures of RhCHMO in the protein data bank 
(PDB), all of which have been suggested to represent a distinct conformation 
adopted by the enzyme throughout its catalytic mechanism. Although all 
structures contain both the FAD and the NADP cofactor, previous 
computational analysis of RhCHMO was based on the “closed” structure (PDB 
ID 3GWF), because it was assumed to represent the catalytically more relevant 
conformation in which the substrate is converted.30 While the “open” structure 
(3GWF) was proposed to represent the enzyme in the ligand free form, the lack 
of electron density for a large loop on the protein’s surface already impedes a 
reliable computational analysis.20 This so-called control-loop, stretching from 
residue 488 to 504, is also lacking in the “rotated” (3UCL)23 and “loose” 
(4RG4)22 conformations.  
For the FRESCO calculations, we used the fifth, “tight” RhCHMO structure 
(4RG3)22, which presents a “closed” conformation with an ordered control 
loop, contains a ligand in the active site, and is the structure with the highest 
resolution. We applied the in silico protocols as previously described in 
detail,25 which predict stabilizing mutations by applying the Rosetta-DDG31 and 
FoldX32 algorithms in combination with MD simulations. Instead of performing 
the calculations on all of the 10,260 possible point mutants (19 × 540 
residues), mutagenesis of catalytically relevant positions was avoided by 
excluding residues in a distance smaller than 5 Å from the active site. As BVMOs 
stably bind to FAD and NADP+4, we also had to exclude residues in the vicinity 
of these two cofactors (Figure S7.1). Although the preservation of cofactor 
affinity is an obvious aim, the main reason is the Rosetta and FoldX algorithms 
are not parameterized to work with cofactors. Any calculations for these 
residues would therefore be unreliable. After ranking the calculations of the 
remaining 8,350 mutations by energy (Figure S7.1), the 853 variants that 
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showed a ΔΔGFold ≤ -5 kJ mol-1 underwent short MD simulations, which 
included the cofactors. The generated in silico structures were then visually 
inspected. After discarding chemically unreasonable mutations and those 
where MD simulations suggested an increase in flexibility of the protein, we 
chose initially 114 point mutations for experimental verification (Figures S7.1, 
1).  

Figure 1. Tm increase of RhCHMO for the first (A) and second (B) set of point mutants. Stabilizing 
mutations with a Tm increase of at least 1 °C are shaded pink, stabilizing mutations not 
considered for mutant combinations are indicated by a striped pattern.  

Stability determination of point mutants 
We performed the experimental stabilization procedure (see Figure S7.1 for an 
overview of the workflow) from DNA mutagenesis to Tm measurements of 
purified enzymes following a protocol recently published as a step-by-step 
description.33 A 96-well format was maintained throughout nearly the entire 
procedure. First, we exchanged the targeted codon using the QuikChange 
method on a plasmid harboring the RhCHMO gene fused to a NADPH-recycling 
phosphite dehydrogenase (PTDH)-encoding gene. After transformation into 
E. coli NEB 10 beta cells, we expressed the proteins on a 2 mL scale. The cell-
free extract (CFE) of the lysed cells was then subjected to affinity-
chromatography that took advantage of an N-terminal 6x-histidine tag. The Tm 
of the purified protein was determined in a flavin-fluorescence-exploiting 
thermal shift assay called ThermoFAD.34 As it is convenient to avoid full 
purification and perform Tm determinations using cell-free extracts (CFE), but 
the results may vary significantly, we measured Tms for both the CFE and the 
purified proteins. With a coefficient of determination R2 of only 0.68 (Figure 
S7.2), we deemed the Tm of RhCHMO to apparently be too strongly influenced 
by the soluble cellular components in the CFE, and decided for Tm 
measurements to rely on purified proteins only.  
Out of 114 of the RhCHMO single mutants initially selected from the FRESCO 
calculations, 18 repeatedly gave no detectable ThermoFAD signal, likely caused 
by insufficient expression of soluble protein and/or a lack of FAD 
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incorporation. Although BVMOs with lowered cofactor affinity can be 
reconstituted to the holoenzyme by adding an excess of FAD during 
purification, this is an unattractive feature for application and no 
reconstitution attempt was made. Of the remaining 96 mutants, 34 had a 
decreasing effect, 13 had no effect and 50 had an increasing effect on Tm (Figure 
1A). Although this success rate compares favorably with previous FRESCO 
stabilizations, where typically 20-40% were found stabilizing,24,26,28 most of the 
Tm improvements we found for RhCHMO were very small. When we selected 
13 mutations with a ΔTm of at least 1 °C and produced the proteins on a larger 
scale for verification, we nevertheless confirmed the stabilizing effect for all 
but one mutation (E293A). The remaining 12 were subjected to the next step 
in the FRESCO procedure, the combination of mutations in a multiple mutant.  

Mutant combination libraries 
Initially, we combined the most stabilizing mutations by successive rounds of 
QuikChange. When we tested the mutant proteins, however, we noticed that 
the Tm increases were not additive, and that the addition of one mutation 
(A11M) caused expression of insoluble protein. The most stable mutant with a 
Tm increase of 6.3 °C was the 4x mutant Q409P/N431Y/A115V/A455V (M4). 
As we also observed unsatisfactory results when adding mutations in another 
order, we decided to change strategy and devised a more systematic method.  
We previously created a combinatorial library of wild-type and mutant 
residues by golden gate shuffling using synthetic genes.29 To explore a method 
that avoids DNA synthesis, we now applied a PCR- and Gibson assembly-based 
method. We decided to use the M4 mutant as a starting point and to exclude 
the A11M mutation, while randomizing the remaining seven mutations. As two 
mutations targeted position E91, the library size was 96 (25 × 3). Initially, we 
created the library using an altered method described for the simultaneous 
mutation of several positions on a plasmid35 (Figure S7.3). Details of our 
adapted procedure, which is based on the direct generation of mixed wild-type 
and mutated PCR fragments and Gibson assembly, are described in the 
experimental section. DNA sequencing of 95 clones of the library confirmed a 
shuffled library, but revealed an uneven distribution of wild-type and mutant 
in some cases (Figure S7.4A). When we expressed three 96-well plates of 
individual clones (to achieve ~95% library coverage if there was no bias) and 
measured the purified protein’s Tm, we found only a few hits with marginally 
increased stability (data not shown). This seemed to suggest that our starting 
point was a dead-end combination that had reached a thermostability plateau. 
Noticing also the absence of a signal in ~70% of the clones, we cross-
referenced the results with their sequences. We found that the mutants giving 
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a signal always had the wild-type residue at two positions (D10Y and D119R), 
which we thus deemed as incompatible for combinations (Figure S7.4B).  
We decided to create a second library without these mutations and tried to 
escape the stability dead-end by randomizing A115V and A455V, using the 
double mutant Q409P/N431Y (M2) as the new template. To furthermore 
create the resulting library of again 96 possibilities without a bias, we also 
adapted the method for generating the library (Figure 2). We now first created 
a fully mutated plasmid and then generated mixed wild-type and mutated PCR 
fragments with primers remote from the mutated site. We sequenced 48 clones 
of the assembled and transformed library and again found successful 
randomization. Furthermore, a χ2 test on the data found no significant 
deviation from the expected 50% (or 33% in the case of position 91) ratio 
(Figure S7.5, Table S7.1). We also sequenced a culture of a mix of all colonies, 
and as the mixed signals in the electropherogram reflected the same 
distribution, we conclude that this suffices in verifying such libraries quickly 
(Figure S7.6).  

Figure 2. Method to create the second shuffled library without bias. The wild-type plasmid was 
used as a template in PCRs with mutated primers to generate DNA fragments containing two 
mutations on each end. The purified fragments were assembled by Gibson cloning to obtain a 
plasmid with all mutations. An equal mix of this mutated and the wild-type plasmid was used in 
the next round of PCR where primers were used that bound outside the mutated region to 
generate a mix of fragments with and without mutations. Upon Gibson assembly of this mix, the 
shuffled library was obtained.  

We then produced the proteins from three 96-well plates of individual clones 
and measured Tm. Although we found a much higher signal rate (81% of all 
clones), again no combination of mutations increased the thermostability of 
RhCHMO to a large extent (data not shown). At this point, the strongest 
increase in Tm with respect to the wild type was 7.3 °C found for a 7x mutant 
(M7), only 1 °C more stable than the M4 mutant (Figure 3).  
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Figure 3. Tm increase of RhCHMO by combination of mutations to a highly stabilized multiple 
mutant.  

Final stabilization mutations 
Acknowledging the fact that we seemed to have found the largest possible Tm 
increase achievable with our initially selected mutations but being unsatisfied 
with the result, we decided to test an additional small set of point mutations. 
Revisiting the computationally predicted list of single mutants, we therefore 
selected 14 more mutations to be tested experimentally. Following the same 
procedure as before, we found no signal for four, a destabilizing or no effect for 
five, and a significant increase in Tm for three mutations (Figure 1B). At this 
point, an independent study found indications for an implication of one of the 
stabilizing residues, located in the substrate tunnel, on the substrate scope of a 
related CHMO.36 For this reason we excluded this mutation (L509F) from 
further combination. The other two mutations were directly added to our most 
stable mutant M7. Gratifyingly, we found a larger than additive effect on Tm: 
while the single mutants D95H and Q191M increased the Tm by 4.5 °C and 
1.5 °C, respectively, addition to M7 increased the Tm by 6.4 °C and 3.2 °C, 
respectively. When we added both mutations, the effect remained additive in 
the resulting mutant M9, which showed a Tm increase of 15 °C with respect to 
wild type. 
As the FRESCO protocol foresees to exclude residues in a 5 Å radius from the 
active site, changes in activity are rarely observed in stabilized mutants, with 
the exception of a common upshift of the temperature optimum. There are 
indications, however, that the activity of BVMOs is not purely determined by 
active-site residues.36 When we checked the most stable mutants for activity 
on the native cyclohexanone substrate, we found a highly diminished activity 
for the M9 mutant, but not for M7. We then looked at the activity of the 8x 
mutant with the second highest Tm (49 °C), and found this mutant (M8B) to be 
highly active again. In comparison to M9, M8B only lacks mutation Q191M, 
which was thus identified as the activity-abolishing mutation. We also 
determined the temperature optimum of the two enzyme variants and found a 
shift that was very much in line with their melting temperatures (Figure 4A). 
The kinetic constants were then measured at standard conditions and we 
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found a kcat of 4.9 s-1 for the mutant compared to 9.2 s-1 for the wild type (Figure 
S7.7, Table 1). The high affinity for cyclohexanone was retained in the mutant, 
and the Km could only be estimated to be < 1 µM for both wild type and mutant 
(Table 1). To estimate the monooxygenases-inherent degree to which NADPH 
oxidation is uncoupled from substrate oxygenation, we also measured rates in 
the absence of substrate. We found a very low uncoupling rate of 0.05 s-1 in the 
wild type, which only slightly increased in the mutant (0.13 s-1).  

Figure 4. Comparison of the stabilized mutants with wild-tpe RhCHMO. A) Temperature 
optimum of wild-type RhCHMO and M8B mutant. B) Activity over time upon incubation at 30 °C. 
C) Comparison of Tm and halflife. 

Previous FRESCO projects also demonstrated that the proteins’ Tm increase 
was accompanied by higher operational stability, i.e. their ability to retain 
activity over time upon exposure to process conditions. In order to determine 
this characteristic for our most stable RhCHMO mutants as well, we measured 
residual activity of the wild type, the M8B, and the intermediate M7 mutant 
after incubation at 30 °C and 37 °C (Figures 4B, S7.8). These measurements 
demonstrated a strong correlation between Tm and operational stability, as the 
enzyme’s half-life of activity at 30 °C was improved 33-fold from 22 minutes in 
the wild type to 12.3 hours. For the M7 mutant, we measured a half-life of ~5 h, 
which lies approximately in the middle between wild type and M8B mutant, as 
does the Tm of this variant (Figure 4C). Similarly, the half-life at 37 °C increased 
from 8.6 min in the wild type to 135 min in the M8B mutant (Figure S7.8). We 
thus again demonstrated the high correlation between a protein’s unfolding 
temperature and its stability over time. Considering the largely retained 
catalytic properties (Figure S7.7) and the high increase in operational stability, 
the RhCHMO M8B mutant is a much more suitable biocatalyst for application 
than both its wild-type template and the very similar AcCHMO (Table 1).  

Structural analysis of mutations 
In order to rationalize some of the effects observed by the mutations, we 
analyzed the location and environment of the respective residues in the 
protein’s structure.  
The two most stabilizing mutations of the first set, combined in the M2 mutant, 
were N431Y and Q409P, which are located very closely together (Figure 5A). 
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For the N431Y mutation, a combination of improved protein packing and 
hydrogen-bonding network seems to occur: in the wild-type structure, the 
asparagine fringes a cavity, which is filled by the bulky tyrosine in the mutant. 
Furthermore, the carbonyl of wild-type N431 is unable to hydrogen bond and 
this is prevented in the mutant, where van der Waals interactions with the 
nearby V505 occur instead. The asparagine’s amine group coordinates two 
water molecules, one of which is replaced by the tyrosine’s hydroxyl group in 
the mutant, and which constitutes the link to Q409. For this residue, the effect 
of the mutation stems from elsewhere: Q409 is located on a surface-exposed 
loop and, unlike proline, can hydrogen bond to the solvent waters. Analysis of 
the MD simulations indicate that the more rigid torsion angles forced upon the 
backbone by proline decrease the flexibility of the loop and nearby regions, 
which likely is the cause of the improved stability (Figure S7.9).  
D95 is located at the center of a negatively charged surface patch (Figure 
S7.10A, 5B). As no obvious hydrogen bonding impairments or flexibility 
alterations are observed in the histidine mutant, the stabilizing effect might be 
related to the charge change. One possibility is that the mutated residue forms 
a salt bridge, assuming that the solvent-exposed histidine surrounded by acidic 
residues is mostly in the protonated form. Such an interaction is, however, not 
observed in the predicted structure. The stabilizing effect could therefore 
simply result from preventing a thermodynamically unfavorable clustering of 
anionic residues (Figure S7.10).  
The activity-abolishing effect of mutation Q191M could be related to a 
hydrogen bond that this residue establishes with a strictly conserved glycine 
that is part of the NADP-binding Rossmann fold motif (Figure 5C). Although 
this interaction occurs through Q191’s backbone amine, even small 
perturbations of the backbone entailed by other sidechains may be enough to 
critically impair folding and/or NADP binding. It is also noteworthy that Q191 
is part of the NADP domain, but connects to the BVMO’s so-called helical 
domain through a hydrogen bond of the amide with S214. The residue thus 
might also be critical for domain orientation and/or movement, which may 
occur in these proteins during catalysis.37 Performing a multiple sequence 
alignment, we also found Q191 to be highly conserved in BVMOs, further 
suggesting an important functional role (Figure S7.11). 
Interestingly the final stabilized mutant contains most mutations in the FAD 
domain (Figure 5D). While some mutations were found in the NADP domain in 
the single mutant screen, they proofed incompatible in the combination 
mutants. Also one of the two mutations in the helical domain was discarded in 
this step.  
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Figure 5. Mutations introduced in RhCHMO to increase thermostability. The crystal structure of 
RhCHMO (PDB ID 4RG3) shown in cartoon representation and colored yellow, green and cyan 
for FAD, NADP and helical domain, respectively. FAD is shown in yellow and NADP+ as green 
sticks. Figures 5A-C) show the close up view of important residues, where the computationally 
predicted mutations are superimposed and shown as sticks with pink carbons. Alpha carbons 
are indicated by balls, hydrogen bonds as yellow dashed lines, and water molecules from the 
crystal structures as red balls. In Figure 5A, a transparent sphere indicates a cavity observed in 
the wild type, which is filled by the tyrosine mutation. Figure 5D shows the overall protein 
structure and all mutations experimentally shown to be stabilizing are shown as balls in shades 
of red indicating the degree of stabilization.  

The fact that we found a thermostability plateau in the combinations of the first 
single mutant set let us to believe that we were missing out on stabilizing an 
early-unfolding region. If such a region triggers irreversible unfolding at a fixed 
temperature, this could mask a stabilization towards higher temperatures in 
another region. This hypothesis is also substantiated by the fact that the 
mutations of set 2 gave a more than additive effect. Possibly, these mutations 
prevented the early unfolding, thereby unmasking the less than additive effects 
observed for the previous mutants.  
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Conclusions 

Cyclohexanone monooxygenase has been a frequent target of protein 
engineering, despite its complex catalytic mechanism: in order to overcome the 
challenge of coordinating oxygen, two cofactors, and the organic substrate, 
these enzymes employ protein domain and loop movements as well as cofactor 
rearrangement.37 This hampers many computational design approaches 
including the here applied FRESCO predictions, as molecular dynamics 
simulations are unable to cover the timescales of large protein motions. As 
FRESCO’s core algorithms are restricted to the proteinogenic component of the 
enzyme, the cofactor-dependency was an additional limitation and required to 
exclude ~19% of the enzyme’s residues from the calculations. Our subsequent 
screening confirmed the reliability of those predictions, however, with nearly 
half of the tested mutations exhibiting a stabilizing effect. An innovative 
shuffled library design method then aided in identifying the most stable 
mutant, which displayed a 13 °C higher Tm accompanied by a vastly extended 
lifetime. Our best mutant shows a slightly higher Tm than a recently discovered 
naturally thermotolerant CHMO21 while performing catalysis at a roughly 2.5x 
higher maximum rate. The stabilizing effects of the here-identified mutations 
were context-depended and we found that the full potential of initially non-
additive mutations can emerge after stabilizing other protein regions.  

Materials and methods 

General 

All chemical reagents were purchased from Sigma-Aldrich or TCI Europe, unless 
otherwise stated. Oligonucleotide primers were synthetized by Sigma-Aldrich 
(Haverhill, UK) or Eurofins Scientific (Ebersberg, Germany). DNA sequencing was 
performed by GATC (Konstanz, Germany) and Eurofins Scientific.  

Computational methods 

The computational predictions by FRESCO were carried out by following the detailed 
protocol described in Wijma et al., 2018.  

Structure preparation 
Using the YASARA software,38 the RhCHMO structure from PDB ID 4RG3 was prepared 
by adding hydrogens and removing alternative side chain configurations, buffer and 
active site ligand molecules. After using a YASARA script to identify residues with less 
than 5 Å distance from the active site ligand, the FAD and NADP+ cofactor, the 
remaining residues were subjected to Rosetta-DDG31 and FoldX.39  

Single mutant predictions 
Rosetta’s ddg_monomer version 2015.25.57927 was run using the “row 3 protocol” 
and these settings: ddg::weight_file soft_rep_design, ddg::iterations 50, 
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ddg::local_opt_only true, ddg::min_cst false, ddg::mean true, ddg::min false, 
ddg::sc_min_only false, ddg::ramp_repulsive false , ddg::opt_radius 8.0, 
ddg::dump_pdbs false. 
FoldX version 3.0b6 was used in the BuildModel mode with these settings: 
Temperature=298K, pH=7, IonStrength=0.05, moveNeighbours=true, 
VdWDesign=2, numberOfRuns=5. 

MD screening 
The ΔΔGFold energy predictions of both programs were sorted and all mutations with a 
predicted energy of < -5 kJ mol-1 were subjected to MD simulations. For each mutant, 
five MD simulations with a random initial velocity seed were performed using a 
YASARA script employing Yamber3 as the force field. The system was warmed up from 
0 to 298 K in 30 ps, followed by 20 ps equilibration, and a subsequent production run 
of 50 ps, where snapshots were sampled every 5 ps.  

Visual inspection 
All mutants were visually inspected using YASARA with a custom plugin.25 The average 
structure of each MD simulation was superimposed and the structure with the most 
notable differences eliminated, while the remaining four served as the basis for the 
flexibility alteration visual screening. For experimental screening only those were 
chosen, which showed no unfavorable hydrogen bonding alterations, no drastic 
hydrophobic surface exposure, and no increased local or overall flexibility. YASARA 
was also used to create the structural figures, except for Figure S7.10, which was 
created using the adaptive Poisson–Boltzmann Solver (APBS) web server40 with 
standard settings and visualizing the results using Chimera 1.10.2.  

Molecular biology methods 

The experimental procedure of screening targeted libraries were carried out by 
following the detailed protocol described in Fürst et al., 2018.  

QuikChange mutagenesis 
High throughput mutagenesis was conducted using a modified QuikChange protocol41 
for which the primers were designed using AAscan.42 PCRs were conducted in 96-well 
thin-walled plates (Bio-Rad) using the Pfu Ultra II Hotstart MasterMix (Agilent). As 
template served the native sequence of the Rhodococcus sp. Hi-31 gene (genbank 
accession number BAH56677) cloned into the previously described43 pCRE vector, a 
pBAD-NK derivative where the monooxygenase is N-terminally fused to a 6x-His-
tagged, thermostable phophite dehydrogenase. The PCR program was 95 °C – 3 min; 
(95 °C – 30 s; 55 °C – 30 s; 72 °C – 3 min) x 26; 72 °C – 12 min. Subsequently, 10 U DpnI 
were added to each well to digest the template plasmid. After at least 4 h reaction, 3.5 
µl were transformed in chemically competent E. coli NEB10beta cells via 30 s heat 
shock at 42 °C. Plating was conducted on 24 well plates containing LB-agar with 
ampicillin. A single colony was picked and grown on a 96-well LB-agar plate and sent 
for plasmid extraction and sequencing to Eurofins Genomics.  
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Randomly shuffled library creation 
The first library, which used the M4 mutant as a template, was based on the 
multichange isothermal mutagenesis (MISO) method,35 in which one Gibson-
assembles overlapping PCR-fragments amplified using mutated primers. As seven 
mutations were to be randomized and two targeted the same residue (E91K and 
E91Q), our library size was 25 ×3 = 96 possible combinations. We designed 
overlapping primers according to MISO, but to randomize, we performed the PCR with 
an oligonucleotide mix, combining a wild-type sequence-containing primer with a 
mutation-containing primer, or two, in case of E91. We assembled the resulting 
fragment mix to full plasmids by Gibson cloning and analyzed 95 clones of the 
transformed library by DNA sequencing. The clones were mixed and each targeted 
position was either wild type or mutant, but in one case the ratio was strongly biased 
toward wild type (84%), and position 91 favored one of the mutations (60%) (Figure 
S7.4A). This bias can originate from the PCR with mixed primers, where template-
binding may be altered by the mutation. Additionally, efficiency variations can occur in 
the assembly, where sequence-dependent secondary structures impair fragment 
annealing. Although we anticipatory attempted to mitigate these effects through silent 
mutations in the wild-type primers and the use of secondary structure prediction 
software (Geneious), this precaution proved to be only partly successful.  
For the second library, the M2 mutant served as a template, and mutations D10Y and 
D119R were excluded. To create the resulting library of again 96 possibilities without 
a bias, we first created a plasmid with six mutations by MISO. Then, PCRs were 
performed with primers that generated fragments where the mutated site lies 
centrally. To randomize, we used a template mix combining the wild-type plasmid and 
the 6x mutated plasmid (plus the single mutant plasmid with the third mutation for 
the fragment with position 91). With both the primer binding site and the assembly 
overlap now occurring at areas remote from the mutation, we expected to avoid a bias. 
We sequenced 48 clones of the assembled and transformed library and performed a χ2 
test on the data (Microsoft Office Excel), using an equal 1:1 distribution as expected 
value range. We also sequenced a culture of a mix of all colonies by inoculating a single 
5 ml culture tube with all of the 96 clones. The mixed signals in the electropherogram 
were analyzed using Geneious.  

Biochemical methods 

Expression and cell free extract preparation 
NEB10beta cells transformed with the pCRE-RhCHMO construct were grown overnight 
in 200 µL LBamp with vigorous shaking at 37 °C in two identical 96-well plate. 800 µL 
TBamp were added and the plates were shifted to 24 °C with vigorous shaking. After 
~36 h, an OD600 of ~20 was reached and the cells were harvested by centrifugation. 
Cells were resuspended in 50 mM Tris/HCl pH 7.5 buffer containing 10 mM MgCl2, 0.5 
mg/mL DNase I (NEB), and 1 mg/mL lysozyme (Sigma-Aldrich). After 30 min 
incubation at 20 °C, the cells were shock frozen in liquid N2 and thawed in a water bath. 
Cell debris was removed by centrifugation at 4 °C and 2250 g for 45 min.  
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Protein purification 
The cell free extract (CFE) of the two identical plates was combined and subjected to 
affinity chromatography using 100 µl Ni2+-Sepharose (GE Healthcare) in a 96-well 
filter plate. The Ni2+ resin was allowed to incubate with the CFE for 1 h, before 
removing the flow through by centrifugation. The resin was washed with 200 µl 50 mM 
Tris/HCl pH 7.5 and the same buffer with additionally 5 mM imidazole added. The pure 
protein was then eluted by adding 100 µl of 50 mM Tris/HCl pH 7.5 + 500 mM 
imidazole. Desalting was performed by using a PD MultiTrap G-25 96-well desalting 
plate (GE Healthcare) according to manufacturer’s instructions.  

Thermostability screen 
The purified protein’s Tm was determined by the ThermoFAD method 34. 20 µl of the 
desalted protein solution was transferred to a qPCR plate (iQ, Bio-Rad) and subjected 
to a melt curve program in a qPCR machine (Touch Thermal Cycler, Bio-Rad), which 
ramped the temperature from 20 °C to 99 °C in 0.5 °C increments after 10 s incubation 
and a fluorescent read step. For excitation, a 450-490 nm filter was used and for 
emission, a 515-530 nm filter.  

Enzyme kinetics 
To determine the kinetic constants, reactions of RhCHMO with cyclohexanone and 
NADPH were followed spectrophotometrically (V-660, Jasco) at 340 nm (ɛ340 = 6.22 
mM-1 cm-1). The 200 µl reaction mixture contained 50 mM Tris/HCl pH 7.5, 0.05 µM 
RhCHMO, 100 µM NADPH, and 0-500 µM substrate. The mix was quickly transferred to 
a 0.1 ml quartz cuvette after addition of NADPH and the absorbance at 340 nm was 
measured for 45 s. The kinetic constants were calculated by fitting the data to the 
Michaelis-Menten equation using the GraphPad Prism 6.  

Temperature optimum 
The temperature optimum was determined by following the same procedure as for the 
enzyme kinetics determination, but using always 100 µM of cyclohexanone and varying 
the temperature. 180 µL of enzyme-substrate mix were incubated at the specified 
temperature for 2 min, to allow the solution’s temperature to equilibrate. Addition of 
20 µl NADPH then started the reaction, and the mix was transferred to a 0.1 mL quartz 
cuvette, which was placed in the preheated sample holder of the spectrophotometer.  

Stability over time 
The enzyme was incubated at the specified temperature, after which a sample was 
taken and the residual activity determined by following the same procedure as 
specified above.  
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Abstract 

Detoxifying enzymes such as flavin-containing monooxygenases deal with a 
huge array of highly diverse xenobiotics and toxic compounds. In addition to 
being of high physiological relevance, these drug-metabolizing enzymes are 
useful catalysts for synthetic chemistry. Despite the wealth of studies, the 
molecular basis of their relaxed substrate selectivity remains an open question. 
Here, we addressed this issue by applying a cumulative alanine mutagenesis 
approach to cyclohexanone monooxygenase from Thermocrispum municipale, 
a flavin-dependent Baeyer-Villiger monooxygenase which we chose as model 
system because of its pronounced thermostability and substrate promiscuity. 
Simultaneous removal of up to eight non-catalytic active-site side chains 
including four phenylalanines had no effect on protein folding, thermostability, 
and cofactor loading. We observed a linear decrease in activity, rather than a 
selectivity switch, and attributed this to a less efficient catalytic environment 
in the enlarged active-site space. Time-resolved kinetic studies confirmed this 
interpretation. We also determined the crystal structure of the enzyme in 
complex with a mimic of the reaction intermediate that shows an unaltered 
overall protein conformation. These findings led us to propose that this 
cyclohexanone monooxygenase may lack a distinct substrate selection 
mechanism altogether. We speculate that the main or exclusive function of the 
protein shell in promiscuous enzymes might be the stabilization and 
accessibility of their very reactive catalytic intermediates. 
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Introduction 

Enzymes are traditionally thought of as being very specific for the particular 
metabolic reaction they catalyze, and molecular discrimination between 
closely related compounds indeed often is an asset. However, it is also known 
that some degree of substrate promiscuity is common for most, if not all 
enzymes, and this is assumed to be a prerequisite for their evolution.1 There 
are also enzymes equipped with an extremely broad specificity, and some of 
them have become trailblazers in modern biocatalysis.2 In many cases, the 
underlying physiological role can explain the selective advantage that led to 
the evolution of such indiscriminate catalysts. A classic example is 
detoxification, a process that involves diverse enzyme classes.3 In higher 
organisms, the metabolism of drugs proceeds via an initial modification phase 
involving cytochrome P450 (P450s) and flavin-containing monooxygenases 
(FMOs), while transferases and ligases flag a compound for decomposition or 
secretion in the subsequent conjugation phase.4 Performing these steps on a 
range of xenobiotics allows these enzymes to afford a broad protection. P450s 
were originally investigated because of their clinical relevance,5 but they also 
gained strong interest in biocatalysis and protein engineering, due to their 
unique catalytic competences6. FMOs typically oxidize heteroatoms,7 but a 
human isoenzyme (FMO5) recently was shown to act as a Baeyer-Villiger 
monooxygenase (BVMO),8 adding to the repertoire of the reactions catalyzed 
by human detoxifying and drug/xenobiotic-metabolizing enzymes.  
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Scheme 2. Baeyer-Villiger reaction and catalytic mechanism of BVMOs showing the various 
oxidation states of the flavin (Fl). 

BVMOs are enzymes present in all kingdoms9 and catalyze the incorporation of 
oxygen adjacent to a carbonyl moiety via their catalytic C4a-peroxyflavin 
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intermediate, which results from the reaction of dioxygen (O2) and reduced 
flavin adenine dinucleotide (FAD) (Scheme 1).10  
Interestingly, many characterized microbial BVMOs also display relaxed 
substrate specificities, even though they are typically thought to have a more 
specialized physiological role. Cyclohexanone monooxygenase (CHMO) from 
Acinetobacter sp. NCIMB 9871, for example, is part of a cyclohexanol 
degradation pathway,11 yet this enzyme was found to convert hundreds of 
different compounds.12-13 With several crystal structures14-18 and a wealth of 
mutagenesis data at hand,19-24 BVMOs present an excellent model for the study 
of substrate acceptance and promiscuity. Engineering studies aiming at the 
implementation of a BVMO for cyclohexanone conversion are particularly 
interesting; the resulting product, ε-caprolactone, is a precursor for nylon-6, a 
polymer produced industrially on megaton scale.25  
Several engineering attempts performed on a thermostable BVMO which is 
inactive on cyclohexanone (phenylacetone monooxygenase from 
Thermobifida fusca26) failed to generate a promiscuous mutant capable of 
acting on this substrate.21-23 The only mutant of phenylacetone monooxygenase 
known to convert small amounts of cyclohexanone combined mutations in the 
active site with mutations discovered through an unusual approach of induced 
allostery.24,27 The allosteric residues are approximately 18 Å from the substrate 
binding site, and may lead to a domain shift resulting in the alteration of the 
active site shape.24 Conformational flexibility can indeed contribute to enzyme 
promiscuity28 and could also play a role in the kinetic mechanism of BVMOs18 
as evidenced by crystal structures of CHMO which show a rotation of the 
NADP+ domain of around 3°.14 The related proteins lysine monooxygenase and 
thioredoxin reductase show the same domain architecture and were found to 
rotate by 30° and 67°, respectively.29-30 Although there is no structural 
evidence for similar movements in BVMOs, the inefficiency of rationally 
engineering phenylacetone monooxygenase might result from an incomplete 
picture of BVMO catalysis. Major shifts of the cofactor,14 complex loop 
rearrangements,31 and the lack of an explanation for the remote position of the 
conserved BVMO fingerprint motive18 leave room for speculations.  
We therefore aimed to find evidence for so far unknown mechanisms involved 
in substrate preference and selectivity of BVMOs and chose a recently 
described thermostable CHMO as the target for this study.32 Because a lot of 
experimental data on single mutants of various CHMOs as well as 
phenylacetone monooxygenase can already be found in literature (recently 
reviewed in 33), we undertook the uncommon approach of creating cumulative 
alanine mutants. Alanine lacks a distinct side chain and does not allow the 
backbone geometries of glycine. Thus, observed effects can largely be 
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attributed to the loss of the wild-type side chain.34 In these minimalistic 
mutants, we explored the effects of incrementally removing those groups that 
shape the binding site and presumably establish favorable interactions with 
the substrates. While it was previously observed that enzymes possess 
backups and can compensate for the loss of some side chains through other 
residues or conformations,28 accumulating mutations quickly lead to 
inactivation.35 It was therefore against our expectations to observe that our 
radical side-chain pruning only had a strong effect on enzyme activity when 
applied to a massive extent. In combination with conclusions drawn from 
structural investigations, we show that in promiscuous enzymes such as 
BVMOs, the accessibility to enzyme-stabilized, yet chemically very reactive, 
flavin intermediates appears the main factor that governs substrate 
preference.  

Results 

Structural investigations using a substrate mimic to reveal substrate 
binding modes.  
In BVMOs, the catalytic entity is the C4a-peroxyflavin, which reacts with the 
substrate to form the so-called Criegee intermediate (Scheme 1).10 Although 
the chemistry behind this reaction is well understood, crystal structures of 
monooxygenases with either flavin adduct are not available. It is possible that 
the unsuccessful protein engineering is a direct result of the uncertainty about 
the conformation of BVMOs in this critical catalytic step. Our first goal was 
therefore, to rule out that BVMOs undergo a so far overlooked conformational 
change. Because both the C4a-peroxyflavin as well as the Criegee intermediates 
seem too unstable to be crystallized and/or survive the X-ray exposure, we 
aimed to create a mimic of the C4a-peroxyflavin-substrate complex. In the 
course of our X-ray studies on a robust CHMO from Thermocrispum municipale 
(TmCHMO; Figure 1a),32 we noticed that an acetate molecule present in the 
crystallization medium binds in front of the C4a atom of the flavin ring. As the 
Criegee intermediate is negatively charged and TmCHMO is active on linear 
aliphatic ketones, we reasoned that the carboxylate could mimic the 
intermediate. This idea prompted us to carry out co-crystallization trials with 
various carboxylic acids. The trials were successful with hexanoic acid, which 
bound to TmCHMO both in the tunnel leading towards active site, as well as the 
active site itself (Figure 1a; Table S8.1). The ligand close to the flavin bound in 
the same position as observed for previous BVMO crystal structure ligands 
(Figure S8.1) and in an orientation we would expect for the Criegee 
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intermediate. For comparison, we computationally modeled the peroxyflavin 
and the Criegee intermediate (Fig 1b-c). We found that the anionic 
peroxygroup stabilizes above the pyrimidine ring of the flavin, and this 
position coincides with one of the oxygen atoms of hexanoic acid in our 
structure (Figure 1b). The other carboxylate oxygen of hexanoic acid points 
away from the flavin to hydrogen bond with the hydrogens of the NE atom of 
Arg329 and of the O1 atom of NADP+. This position was previously predicted 
to be occupied by the negatively charged oxygen of the Criegee intermediate 
by a theoretical study36 (Figure 1c). Importantly, we found no conformational 
changes when comparing the overall protein arrangement of the TmCHMO-
hexanoic acid complex with that of previously obtained structures. The Cα-
atom root mean square deviation to previously obtained structure of TmCHMO 
in complex with FAD and NADP+ in the oxidized (ligand-bound, PDB code 
5M0Z) and reduced (different space group; 5M10) was only 0.3 Å. We thus 
concluded that in the reaction outcome-determining catalytic step of the 
Criegee intermediate the enzyme is unlikely to be in a different conformation 
than previously observed. 

Figure 1. Overall structure of TmCHMO crystallized in complex with hexanoic acid (a, PDB code 
6GQI) and superposition with a model of the peroxyflavin (b) and the Criegee intermediate (c). 
a: Asymmetric unit of the TmCHMO crystal structure depicting the secondary structure (left 
monomer) and as surface representation (right monomer). The surface is cut open (grey planes) 
to emphasize the position of the ligand molecules in the tunnel and active site. The NADPH and 
FAD domain are colored red and pink, respectively. NADP+, FAD, and hexanoic acids are shown 
as ball and sticks colored green, yellow, and cyan, respectively. b and c: The flavin and NADP+ 
cofactors are shown as ball and sticks with yellow and green carbons, respectively. In b, hexanoic 
acid as crystallized is shown as ball and sticks (cyan carbons) superimposed on a model of the 
peroxyflavin. In c, a model of the Criegee intermediate (Scheme 1) of hexanal is shown together 
with the electron density of the bound hexanoic acid (weighted 2Fo-Fc map, contoured at σ=1.2 
level; Table S8.1).  
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Pruning the side chains from the substrate-binding site. 
Having ruled out large enzyme conformational changes during the Criegee 
intermediate step, we next turned our attention to the active-site pocket using 
the crystal structure as a reference. In TmCHMO, ten residues form the catalytic 
site: Leu145, Leu146, Phe248, Phe279, Arg329, Phe434, Thr435, Leu437, 
Trp492, and Phe507 (Figure 2). Notably, these residues are strictly conserved 
in all bona fide CHMOs, i.e. closely related enzymes that were demonstrated to 
be active on cyclohexanone (Figure S8.2). Since it was shown that the strictly 
conserved aromatic residue at position 49220 and Arg32937 are essential for 
catalysis, these two positions were excluded for mutagenesis. The remaining 
eight residues were successively and cumulatively mutated to alanine. The 
order was chosen arbitrarily with the exception of the lastly added Leu146 and 
Leu437, which are within interacting distance from the two cofactors, and 
Thr435, whose side chain points away from the active site (Figure 2). Notably, 
four of the targeted residues are phenylalanines, resulting in a substantial 
increase in the volume of the active site upon mutation to alanine (Figure 2). 
Although the replacement of single active site residues can lead to a more 
stable enzyme,38 previous studies showed that mutating the binding site 
residues in BVMOs usually slightly decreases enzyme stability.39 Moreover, 
accumulating mutations are frequently found to be deleterious in general.35 
Therefore we were expecting to encounter abolished activity at some point, but 
were hoping for retained protein folding ability.  
We applied successive rounds of site-directed mutagenesis to a plasmid 
harboring the TmCHMO gene fused to a (His6)-SUMO expression tag. This 
resulted in eight variants ranging from the single (1x) mutant L145A up to the 
eight-fold (8x) mutant L145A/L146A/F248A/F279A/F434A/T435A/L437A/
F507A (Table S8.2). As they emerged in the course of mutagenesis, we also 
tested three more variants corresponding to alternative 2x, 5x and 7x mutants 
(Table 1). Upon transformation in Escherichia coli, we found that all variants 
expressed equally well as wild-type TmCHMO and could be purified loaded 
with FAD. We determined the melting temperature (Tm) of the mutant proteins 
with a thermal shift assay that exploits flavin fluorescence (ThermoFAD).40  
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Figure 2. Active site pocket and tunnel of TmCHMO wild type (crystal structure, top panel) and 
the 8x alanine mutant (model, bottom panel). The left and right panels are the same scene 
rotated by 180°. FAD and NADP+ are depicted in yellow and green, respectively. All active site 
residues are displayed as sticks in various colors. The surface they create and which forms the 
pocket is in the same color. In the mutant, residues that contribute to the newly shaped pocket 
are also shown with grey carbons. The hexanoic acid ligand bound in the tunnel is depicted as 
ball and sticks. The rest of the protein is shown as grey surface representation, cut open at 
various planes (black). The active site pocket is not cut, to emphasize the volume differences 
between wild type and mutant. As a result, the inner hexanoic acid ligand, bound close to the 
flavin (Figure 1b, c), cannot be seen. 

Table 1. Active site residues targeted in this study. A grey field indicates a mutation to alanine in 
the corresponding variant. 

Res # Mutant 
1x 2x 2x’ 3x 4x 5x 5x’ 6x 7x 7x’ 8x 

LEU 145 
LEU 146 
PHE 248 
PHE 279 
PHE 434 
THR 435 
LEU 437 
PHE 507 
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Despite the accumulating loss of active site side chains, we found that the Tm 
gradually increased with each introduced alanine mutation until the 5x mutant, 
which had a 4 °C higher Tm than wild-type TmCHMO (Figure 3a). Then the 
stability slightly declined again until the 8x mutant, which still had a 3 °C higher 
Tm than wild type enzyme. From these data, we concluded that protein folding 
and stability was apparently not affected by the mutations. 
We then wanted to determine the point of abolition of catalytic activity. To that 
end we determined enzyme activity using a spectrophotometric NADPH 
consumption assay, but also performed bioconversions and product analysis 
via gas chromatography-mass spectrometry. Besides cyclohexanone, we also 
used rac-bicyclo-[3.2.0]hept-2-en-6-one, a model substrate for the analysis of 
stereo- and regioselectivity and readily converted by most BVMOs. 
Surprisingly, we found that none of the mutations caused a complete loss of 
activity. Firstly, the kinetic analysis showed that the uncoupling rate, i.e. the 
unproductive NADPH oxidation, was barely affected by most mutations (Figure 
3b, Table S8.2). Measurements in the presence of rac-bicyclo-[3.2.0]hept-2-en-
6-one or cyclohexanone, on the other hand, showed an impaired catalytic 
performance: while the 1x mutant displayed a somewhat higher activity than 
the wild-type enzyme, the rates quickly declined upon accumulative loss of 
active-site side chains, until it became undistinguishable from the uncoupling 
rate from the 4x mutant on (Figure 3b, Table S8.2). Likewise, the 
bioconversions showed the complete turnover of 1 mM cyclohexanone in 24 h 
at 30 °C by all mutants up to and including the 4x mutant, yet also 
approximately 10% conversion by the 5x mutant, and trace conversions 
detectable up to the 8x mutant (Figure 3c). Reactions with rac-bicyclo-
[3.2.0]hept-2-en-6-one were performed with 10 mM substrate, and while the 
4x mutant converted only traces, the two 5x (85% and 29%) and the 6x mutant 
(97%) still showed high turnovers (Figure 3c). In the highest mutants, no 
product was detectable at first, but when we extended the reaction time to 72 h 
and supplemented the conversion mix with FAD and catalase, we could also 
detect traces of conversions of rac-bicyclo-[3.2.0]hept-2-en-6-one. These 
results lead us to reject the hypothesis that a combination of side chains in the 
active site is required for catalysis in general, or for activity on cyclohexanone 
in particular. In fact, these results indicate that none of the targeted residues is 
strictly essential for either task. 
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Figure 3. A summary of the thermostability, kinetic, and bioconversion properties of the 
TmCHMO active site mutants (see Table 1). The thermostability and kinetic properties of the 
mutants are shown in a and b. BCH is rac-bicyclo-[3.2.0]hept-2-en-6-one. (c) Conversions of 
individual substrates are quantitative and plotted on a logarithmic scale. The enzyme 
concentration was 2 µM. 2-Butanone conversions were performed using whole cells. More 
information can be found in the Supporting Information. (d) Conversions of substrate mixes are 
semi-quantitative and approximated based on GC peaks as full (>99%), moderate (50-99%), 
low (5-50%), or trace (<5%). The enzyme concentration was 10 µM. Panel e illustrates product 
regioselectivity (abnormal vs normal lactone). f: Legend for c-e. All data sets with an error bar 
(corresponding to ± sd) are from two, the remaining data from one independent experiment. 

We also analyzed the effect on CHMO’s substrate promiscuity and performed 
conversions with two substrate mixes. These contained common BVMO 
substrates [4-octanone, phenylacetone, (+)-dihydrocarvone], as well as 
substrates for non-canonical oxidations (thioanisole, benzaldehyde, 
isophorone) together with compounds typically not accepted by CHMOs [(-)-
menthone, (-)-isomenthone, acetophenone, 1-indanone, cyclopentadecanone, 
camphor, stanolone]. The results are summarized in Figure 3d. The substrate 
scope of wild-type TmCHMO was found to be even broader than assumed. 
Besides converting cyclic substituted and linear ketones and performing 
sulfoxidations, TmCHMO also oxidizes benzaldehyde, and—in contrast to 
CHMO from Acinetobacter sp. NCIMB 987141—converts aromatic ketones such 
as 1-indanone and acetophenone. The only tested substrates that were not 
converted were very bulky or α,β-unsaturated ketones. While previous work 
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already showed a high affinity of wild-type TmCHMO for some of the assayed 
compounds,32 the detection of comparable amount of product resulting from 
the conversion of the newly identified substrates suggest that their binding 
constants are in the same order of magnitude. The alternative scenario, i.e., 
very high kcat and KM values, is improbable taking into account that wild-type 
TmCHMO shows similar kcat values (and thus the same rate-limiting step) with 
most of the assayed substrates. In the mutants, on the other hand, the 
promiscuous activity gradually vanishes. Although sulfoxidation capability and 
activity on cyclic ketones is mostly retained in the highest mutants, activity on 
nearly all other substrates is practically lost. The 4x mutant showed no activity 
in these conversions; apparently this particular combination of mutations is 
unfavorable in some conditions (presumably in the presence of the more 
elevated concentration of acetonitrile used in these reactions). Notably, for 
some mutants we observed an activity on cyclopentadecanone, a 
transformation that was never previously reported for a CHMO. When testing 
these mutants in individual conversions with 1 mM of this bulky substrate, the 
3x mutant converted approximately 60% to the corresponding lactone 
(Figures 3c, S8.3). 
Because some of the substrates we used can yield two different products 
depending on the side of oxygen incorporation, we could also study the effect 
of the mutations on regioselectivity. We found that if the wild-type enzyme 
produced exclusively the normal product (where the oxygen is incorporated 
next to the more substituted carbon), the regioselectivity remained unaffected 
in the mutants. When the enzyme produced fully or partially the abnormal 
product, however, the selectivity turned in favor of the normal product as more 
side chains were removed. As is the case for other CHMOs42, wild-type 
TmCHMO produces exclusively the abnormal lactone from trans-(+)-
dihydrocarvone. In the 1x and one of the 2x mutants this selectivity is retained, 
while all the other mutants produce between 31 and 43% abnormal lactone. 
This apparent on/off mechanism seems to depend on Phe279: if it is present, 
regioselective production of the abnormal lactone occurs, while in its absence 
the residual production is unselective, and approximates the value found for 
Baeyer-Villiger reactions via chemical oxidation.43 For 4-octanone, the 
abnormal production slightly increases upon the first mutation approximating 
fully regioselectivity, but then drops to 32 and 15% in the 2x and 3x mutants. 
Using a whole cell assay, we also performed conversions with 11 mM 2-
butanone (Figure 3c), which yields the industrially relevant methyl 
propanoate when the abnormal product is formed. We found exclusively the 
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normal product from the 5x mutant on (Figure 3e). Wild-type TmCHMO 
converts rac-bicyclo-[3.2.0]hept-2-en-6-one regiodivergently, leading to the 
abnormal lactone from one substrate enantiomer, and the normal lactone from 
the other. We found that the enzyme was able to retain this behavior until the 
6x mutant. Previous protein engineering studies aiming to change the 
regioselectivity in BVMOs often sought to rationalize the switch towards 
normal lactone production by computational models.44-46 Our findings support 
the simple conclusions that, in a spacious and non-specific binding site, the 
normal product is preferentially formed, leading to the same regioselectivity 
as the non-enzymatic Bayer-Villiger reaction. The shift towards the abnormal 
product can thereby take place only in the context of a sterically restrained 
environment. A recent study used extensive computational analysis to 
investigate the origin of abnormal product formation in TmCHMO mutants and 
corroborates this conclusion.47  

Expanding to the active-site tunnel.  
Our results indicate that the active site residues are not strictly essential for 
catalysis and contribute to CHMO’s substrate preference only to a limited 
extent since most mutants retained a broad substrate scope with highest 
activities towards cyclohexanone and thioanisole. If this selectivity was not 
determined in the active site, however, it consequently would have to be 
established elsewhere. A hint about this hypothesis was given by our crystal 
structure of TmCHMO in complex with hexanoic acid. The asymmetric unit of 
the crystals contains two enzyme monomers. Both monomers contain the 
hexanoic ligand in the active site, but one of them also features a defined 
density for the same ligand in the tunnel that connects the active site to the 
solvent (Figures 2, 4a). This tunnel has previously been observed in 
BVMOs17,48, but our structure is a unique capture of a molecule along this 
diffusion pathway.  
This newly emerged evidence for the importance of the tunnel prompted us to 
investigate its role in substrate acceptance. After a careful visual inspection, we 
defined as tunnel residues only those amino acids that protrude with their side 
chain into the path of the tunnel. Residues contributing with their backbone 
only were excluded, because mutagenesis would not affect the tunnel shape 
and easily disturb the hydrophobic packing. The beginning of the tunnel was 
defined as the rim at the solvent exposed outside, and the end as the catalytic 
site (Figure 2 and 4).  
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If the tunnel indeed was partially or fully responsible for CHMO’s activity on 
cyclohexanone, we hypothesized that we could also transfer this activity by 
transplanting the tunnel. As engineering target we chose phenylacetone 
monooxygenase, which is inactive on cyclohexanone and shares 44% sequence 
identity to TmCHMO. Because some active site residues also partially 
contribute to the shape of the tunnel further up, we created two variants for 
the transplantation approach: one with those residues exchanged that only 
form the tunnel, and one in which also the entire catalytic site was exchanged 
(Tables S8.3-S8.5). The latter mutant included the double deletion of Ser441 
and Ala442, the so called active site “bulge” present in phenylacetone 
monooxygenase21, and two mutations corresponding to amino acids that only 
contribute to the active site found in phenylacetone monooxygenase (Ile339 
and Leu340). Similarly, Phe250 does not contribute to the tunnel in TmCHMO, 
but because the corresponding Arg258 in phenylacetone monooxygenase does, 
it was also exchanged in both variants. The two enzymes furthermore display 
several glycine insertions and deletions in the tunnel and/or the active site, and 
those were also exchanged (details can be found in the Supporting 
Information). The resulting 25x and 38x mutant genes of phenylacetone 
monooxygenase were ordered as synthetic genes, cloned and transformed and 
expressed in E. coli. We found expression and flavin incorporation unaffected, 
but when we tried the proteins in bioconversions, only the 25x mutant showed 
a minor activity with rac-bicyclo-[3.2.0]hept-2-en-6-one, which was converted 
to the two normal lactones (Table S8.6). No activity was found with any of the 
other substrates. Clearly, simply transplanting the tunnel-surface residues 
from one enzyme to the other was not causing a transfer of substrate 
selectivity. On the other hand, it is remarkable that such an overwhelming set 
of mutations did not abolish FAD binding and protein stability (Table S8.6), 
highlighting a remarkable degree of structural tolerance featured by the BVMO 
protein scaffold. 
As a second strategy, we followed our previous approach of cumulative alanine 
substitutions. We dissected the tunnel in five ring-like sections, because a 
mutation of all residues to alanine at once was likely to lead to insoluble 
protein. Each section contained 5-10 residues, and those were simultaneously 
mutated to alanine (Figure 4a). We created the plasmids using a PCR based 
method using mutated primers and subsequent Gibson assembly.49 The 
proteins expressed well with incorporated flavin. The more external ring-1 
residues turned out to have little influence on the enzyme properties (Figure 
4b,c). Conversely, the other mutants were mostly inactive on substituted cyclic, 
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aromatic, and linear ketones. However, they retained a high activity on 
cyclohexanone and moderate activities on thioanisole, rac-bicyclo-[3.2.0]hept-
2-en-6-one, 4-octanone, and acetophenone (Figure 4c). In the case of ring 3,
the mutant was unable to convert more than small amounts of rac-bicyclo-
[3.2.0]hept-2-en-6-one (Figure 4c), but it gained a weak activity on
cyclopentadecanone (Figure 4b), possibly indicating that this particular part of 
the tunnel presents a bottleneck for the entry of bulky substrates. Low activity
on rac-bicyclo-[3.2.0]hept-2-en-6-one was also found for the ring 2 multiple-
Ala mutant, but this could result from its decreased stability (Figure 4d). The
regioselectivity remained relatively unaffected in these mutants (Figure 4c). In 
general, these experiments followed the same trend observed for the active-
site poly-Ala mutants. Introducing multiple alanine residues on the tunnel wall
does not affect the preference for cyclohexanone, thioanisole, and rac-bicyclo-
[3.2.0]hept-2-en-6-one, which remain the best substrates for all mutants
despite their small bulkiness.

Figure 4. Tunnel mutagenesis strategy and activity results. a: Surface representation of the 
substrate tunnel of TmCHMO occurring in the crystal structure. b: schematic cross-section 
through TmCHMO’s active site and substrate tunnel and contributing residues. All residues 
depicted in the same color and corresponding to ring-like dissections of the tunnel were 
simultaneously mutated to alanine. c and d: Conversion results for substrate mixes (c, semi-
quantitative, see Figure 3) and of cyclohexanone and rac-bicyclo-[3.2.0]hept-2-en-6-one (rac-
BCH) in individual conversions (d, quantitative). Enzyme concentrations were 2 µM and 10 µM 
for mixed and individual substrates, respectively. e: Stability of the ring-wise tunnel multi-
alanine mutants; the dashed line indicates the melting temperature of the wild-type enzyme.  
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Influence on the flavin-peroxide stabilization. 
For a more in-depth understanding of the effect of side chain pruning on the 
catalytic cycle, we used a stopped-flow spectrophotometer to study both the 
reductive and oxidative half-reactions of the 6x variant, which is the highest 
mutagenized enzyme variant with a well detectable activity (Figure 3). The 
mutant became fully reduced in the presence of NADPH under anaerobic 
conditions, as evidenced by the loss of the absorbance peak at 440 nm (Figure 
S8.4). The stopped-flow traces at 440 nm were best fit to a double exponential 
function with an initial faster phase accounting for 71% of the total absorbance 
change. The corresponding kred1 and kred2 values were 0.2 and 0.02 s-1, 
respectively. These data can be compared with the stopped-flow traces at 440 
nm for wild-type TmCHMO which were best fit to a triple exponential function 
with kred values of 30, 2, and 0.1 s-1. The Kd value for NADPH was too small to 
be determined under pseudo-first order conditions (≥5-fold excess of NADPH 
over enzyme) for both the 6x and wild-type enzymes. To study the oxidative 
half-reaction, the 6x variant was anaerobically mixed with a stoichiometric 
amount of NADPH. Next, the resulting 2-electron reduced enzyme was reacted 
with air-saturated buffer resulting in an immediate increase in absorbance at 
440 nm (Figure S8.4). The trace was best fit to a double exponential function 
corresponding to rates of 0.4 and 0.1 s-1. Differently from wild-type TmCHMO32, 
a stable C4a-peroxyflavin with an absorption maximum at around 355 nm was 
not observed in the 6x variant at either 25 or 4 °C, most likely because its decay 
is faster than its formation. Collectively, these experiments showed that both 
the reductive and the oxidative half-reactions are impaired in the 6x variant. 
This may be due to a non-optimal position of the NADPH in the enzyme, which 
hampers both hydride transfer and stabilization of the C4a-peroxyflavin. 
Nevertheless, the mutants must retain some stabilization of the C4a-
peroxyflavin (documented by the detection of Baeyer-Villiger reaction 
products in the above bioconversions; Figures 3-4) giving further evidence 
that the intermediate is above all stabilized by the bound NADP+, potentially 
supported by residues at the flavin’s si side. 

Discussion 

Our results from the mutagenesis of the active site and the tunnel collectively 
suggest that we were not targeting a structural entity that is fully responsible 
for the selectivity differences in BVMOs. Although similar approaches to our 
tunnel transplantation attempt have failed also in other cases,50 our section-
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wise “alanization” clearly shows the retention of activity with cyclohexanone 
and other good substrates. Although we observe decreased substrate 
promiscuity, these effects are likely to stem from an overall reduced catalytic 
efficiency, as evidenced by the reduced observed rates. Since the activity on 
cyclohexanone is not overwhelmingly determined by CHMO’s active site or 
tunnel, it is possible that there is another, more remote substrate recognition 
and filter site. This could potentially also involve protein dynamics that 
previous BVMO structures were simply unable to capture. The second, and—
according to Occam’s razor—more likely possibility is that CHMOs simply lack 
a selection mechanism entirely. Both BVMOs and flavin-containing 
monooxygenases were previously described as “cocked guns”,51 giving credit 
to their continuous stabilization of the C4a-peroxyflavin which readily reacts 
with any substrate reaching the active site. Our experiments expand the idea 
to a “cocked shotgun” and suggest that enzymes like CHMO simply provide a 
scaffold to stabilize the reactive cofactor, and potentially lack a specific 
mechanism for substrate uptake and acceptance entirely. The only filter would 
then be the size of the active site and the increasing hydrophobicity towards 
the inside. Because most biological metabolites are polar, this rather crude 
selection of favoring partition from the solvent might be sufficient to prevent 
these enzymes from unwanted cellular reactions. 
Promiscuous activity on polar compounds can easily interfere with primary 
metabolism, thus, enzymatic activity on such molecules needs to be more 
tightly regulated. On one hand, enzymes can evolve specific mechanisms that 
limit broad specificity, as it is the case for BVMO-related 
hydroxylases/monooxygenases.52 Accumulation of paralogs with a more 
restricted substrate scope can achieve diversity without complete 
unspecificity, as could for example be the case for a set of BVMOs found in a 
single plant biomass-degrading bacterial species.41,53 On the other hand, 
expression of promiscuous isoforms can be restricted to certain tissues,54 or 
regulation can occur through wide substrate-dependent variations in the 
catalytic rate, as has been observed for detoxifying paraoxonases.55 An 
“excluding rather than binding” mechanism as we show is the case for some 
BVMOs, however, could well be the case for many catabolic or detoxifying 
enzymes which show high promiscuity towards hydrophobic substrates, such 
as flavin-containing monooxygenases56 or cytochrome P450s.57 Our 
completely “alanized” active site mutant of TmCHMO can also be a useful 
starting point for engineering novel activities, since it can be regarded as a 
minimal active site scaffold. 
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Materials and methods 

General 

All chemical reagents were purchased from Sigma-Aldrich or TCI Europe, unless 
otherwise stated. Oligonucleotide primers were synthetized by Sigma-Aldrich or 
Eurofins. DNA sequencing was performed by GATC (Konstanz, Germany) and Eurofins 
Genomics (Ebersberg, Germany). Codon-optimized, synthetic genes were ordered 
from GenScript (New Jersey, USA). 

Protein crystallization, X-Ray data collection, and structure determination  

Native TmCHMO was co-crystallised with hexanoic acid at 293 K using the sitting-drop 
vapour diffusion technique at 20 °C. Equal volumes of 12 mg mL-1 TmCHMO in 20 mM 
Tris/HCl containing 5 mM hexanoic acid at pH 7.5 and reservoir solution were mixed. 
The reservoir solution contained 25% PEG 6000 in 0.1 M Tris/HCl at pH 8.5 (w/v). 
Crystals were cryoprotected by soaking in the reservoir solution containing 20% 
glycerol (v/v). X-Ray diffraction data were collected at the PXIII beamline of the Swiss 
Light Source in Villigen, Switzerland (SLS) and at the BM14-1 beamline of the 
European Synchrotron Radiation Facility in Grenoble, France (ESRF). The images were 
integrated and scaled using MOSFLM58. Intensities were merged and converted to 
amplitudes with Aimless59 and other software of the CCP4 Suite60 (Table S8.1). The 
structures were solved with MOLREP61, and the coordinates of TmCHMO (PDB code 
5M10) as search model32. COOT62 and REFMAC563 were employed to carry out 
alternating cycles of model building and refinement.  

Computational methods 

All structures were based on the structure of TmCHMO in the oxidized state as 
deposited in the PDB with the PDB code 5M1032. Before modeling, the structure was 
cleaned: alternative side-chain rotamers with higher B-factor were eliminated, 
hydrogens were added and optimally oriented, and water, buffer and the ligand were 
removed. The force field for all simulations was Amber14. The figures in the 
manuscript were created using YASARA64. The electron density figure was created 
with CCP4MG60.  

Mutant model 
The model of the mutant structure shown in Figure 2 was prepared using YASARA, by 
employing a script that swaps the respective amino acids, and subsequently performs 
a dead end elimination optimization based on rotamers, making use of the SCWRL3 
algorithm65 and further optimizes the orientation considering force field and 
solvation energies66. The resulting structure is then energy minimized. This approach 
is repeated in six rounds, with increasing volume of flexible atoms around the mutated 
site until finally the entire protein is energy minimized.  

Flavin intermediate models 
The peroxyflavin in Figure 1b was manually modeled by first adding a hydrogen to the 
flavin N5 atom, then adding the peroxygroup to the re-side of the flavin at the C4a atom, 
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while updating the bond orders. The entire structure except the peroxygroup, the C4a, 
and the C4a bonding atoms was frozen and an energy minimization yielded the out-of-
plane C4a, with the distal negatively charged oxygen. The Criegee intermediate in 
Figure 1c was created by superimposing the model of the peroxyflavin with the original 
structure with hexanoic acid bound in the active site. The distal oxygen of the 
peroxygroup was deleted, and a single bond was added between the remaining oxygen 
of the peroxygroup and the oxygen of hexanoic acid that was closest. Next, an energy 
minimization was performed on the entire complex in a simulation box that extended 
5 Å around the protein and which was filled with water molecules and neutralized 
using Na+ and Cl- ions.  

Molecular biology methods 

QuikChange mutagenesis 
A modified QuikChange protocol67 was used to introduce single mutations. PCRs were 
conducted in thin-walled PCR tubes (Bio-Rad) using the Pfu Ultra II Hotstart 
MasterMix (Agilent). As template served the codon-optimized, synthetic gene of 
TmCHMO cloned in a pBAD-SUMO vector, where the gene is N-terminally fused to the 
SUMO (small ubiquitin-related modifier) protein for improved expression68 and a 6x-
His tag for affinity chromatography. The PCR program was 95 °C – 3 min; (95 °C – 30 
s; 55 °C – 30 s; 72 °C – 3 min) x 26; 72 °C – 12 min. 10 U DpnI were then added to digest 
the template plasmid. After at least 4 h reaction, 3.5 µL were transformed in chemically 
competent E. coli NEB10beta cells via a 30 s heatshock at 42 °C. A single colony was 
grown to extract the mutated plasmid using the QIAprep Spin miniprep kit (QIAGEN), 
which was sent for sequencing at Eurofins Genomics.  

Multichange isothermal mutagenesis (MISO) 
To generate a multiple mutant in one step, a protocol based on PCR and Gibson 
assembly was used49. For each mutation, an approximately 40 bp long, completely 
overlapping pair of primers that contained the mutated bases were designed. Next, PCR 
was performed combining the forward primer of one mutation with the reverse primer 
of the next mutation. The PCR products were gel purified (QIAquick gel extraction kit, 
QIAGEN), and assembled with Gibson cloning using a self-made reaction mix69. After 
transformation in E. coli NEB10beta, plasmids were isolated from single colonies and 
sent for sequencing.  

Biochemical methods 
Protein expression and purification 
All proteins were produced in E. coli NEB10beta transformed with the pBAD-SUMO-
TmCHMO (wild type or mutated) construct. A 5 mL culture tube with Luria-Bertani 
(LB) medium and ampicillin (50 µg/mL) was inoculated from a glycerol stock. After 
overnight growth (37 °C, 135 rpm), it was used to inoculate a main culture of TB 
medium with ampicillin. Induction of the PBAD promoter controlled gene occurred 
together with inoculation by supplementing the medium with 0.02% L-arabinose. The 
culture was grown in an Erlenmeyer flask with sufficient head space at 24 °C for 36 h. 
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Cells were harvested by centrifugation (6,000 × g for 15 min at 4 °C, JA-10.5 rotor, 
Beckman Coulter), re-suspended in Tris/HCl pH 7.5 buffer, and lysed via sonication. 
The cell debris was removed by centrifugation (15,000 × g for 45 min at 4 °C, JA-17 
rotor, Beckman Coulter) and the clear cell extract applied to a gravity flow column 
containing buffer equilibrated Ni2+-Sepharose (GEHealthcare). The flow-through was 
discarded and the column washed first with Tris/HCl pH 7.5 and then with Tris/HCl 
pH 7.5 containing 5 mM imidazole. Next, the protein was eluted using Tris/HCl pH 7.5 
containing 500 mM imidazole. The eluate was then subjected to an Econo-Pac 10DG 
desalting column (Bio-Rad), and the resulting purified protein was shock frozen in 
liquid N2.  

Bioconversions with purified enzyme 
The conversion solutions typically contained 50 mM Tris/HCl pH 7.5 buffer, 10 mM 
sodium phosphite, and 100 µM NADPH, 10 µM purified phosphite dehydrogenase and 
TmCHMO, 1 mM cyclohexanone or the substrate mix. For 10 mM rac-bicyclo-
[3.2.0]hept-2-en-6-one, the enzyme concentrations and substrate concentrations were 
2 µM and 10 mM, respectively. For the substrate mix, a stock solution with 2 mM of 
each compound was solubilized in 100% methanol, which was then diluted 1:10 in the 
final reaction mix. In a closed 20 mL glass vial, 1 mL of that mix was incubated at 30 °C 
with mild agitation, before analysis. The substrate mixes contained (i) cyclohexanone, 
rac-bicyclo-[3.2.0]hept-2-en-6-one, thioanisole, 4-octanone, phenylacetone, 
cyclopentadecanone and stanolone or (ii) (+)-dihydrocarvone, benzaldehyde, 
isophorone, (-)-menthone, (-)-isomenthone, acetophenone, 1-indanone, and camphor. 

Bioconversions with whole cells expressing CHMO 
Precultures and the subsequent whole cells bioconversions were carried out in 2 mL 
deep 96-square well plates (Waters) covered by adhesive seals (AeraSeal film, Excel 
Scientific) and polypropylene cap mats (Waters), respectively. For all incubations, a 
Titramax 1000 incubator (Heidolph) at 1,050 rpm was used. Single E. coli colonies 
harboring the plasmids encoding wild type and mutants CHMO were picked and grown 
in 300 µL LB medium containing 50 µg/mL ampicillin (15 h, 30 °C). Next, 20 µL of these 
precultures were mixed with 180 µL LB containing 50 µg/mL ampicillin, 0.02% (w/v) 
L-arabinose and 11 mM 2-butanone. After 43 h of incubation at 24 °C, analyses were
carried out by headspace GC-MS as described below. 

Activity assays 
NADPH consumption rates were calculated by following the decrease in absorbance at 
340 nm (ɛ340 = 6.22 mM-1 cm-1) using a spectrophotometer (V-660 Jasco) at 30 °C. 
Reactions contained enzyme (0.1/10 µM), NADPH (100 µM), and either 10 µM 
cyclohexanone or 51 µM rac-bicyclo-[3.2.0]hept-2-en-6-one in air-saturated 50 mM 
Tris/HCl pH 7.5. Under the same conditions, enzyme reactions with NADPH were 
carried out in the absence of the ketone substrate to determine the uncoupling rate 
(kun). The standard deviations calculated for all reactions are based on two replicates. 
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Stopped-flow kinetics 
Both the reductive and oxidative half-reactions of the 6xAla TmCHMO variant were 
studied using the single-mixing mode of a SX20 stopped-flow spectrophotometer 
equipped with a photodiode array detector (Applied Photophysics, Surrey, UK). In all 
cases, spectral changes were recorded in duplicate after mixing equal volumes of the 
reactants prepared in 50 mM Tris/HCl pH 7.5. The flow-circuit of the stopped-flow 
instrument was made anaerobic by repeated flushing with a dioxygen scrubbing 
solution containing 5 mM glucose and 0.3 µM glucose oxidase (Aspergillus niger, type 
VII, Sigma-Aldrich). Nitrogen was bubbled through the NADPH solutions for 10 min to 
make them anaerobic. With the same purpose, nitrogen was blown on the surface of 
the enzyme solution for 10 min. Oxidized TmCHMO was reacted with various NADPH 
concentrations (25-150 µM) under anaerobic conditions at 25 °C. The stopped-flow 
traces recorded at 440 nm were fit to an exponential function. The resulting observed 
rates (kobs) were plotted as a function of the NADPH concentrations to calculate the 
pseudo-first-order rate constant for anaerobic flavin reduction under saturation 
conditions (kred). Lower concentrations of NADPH could not be assayed under pseudo-
first order conditions (≥5-fold excess of NADPH over enzyme) preventing the 
determination of the apparent macroscopic dissociation constant for binding of the 
substrate to the enzyme (Kd). To study the oxidative half-reaction, the 6x variant was 
anaerobically mixed with a stoichiometric amount of NADPH in a gastight vial. Next, 
the fully reduced TmCHMO was loaded into the stopped-flow instrument and mixed 
with air-saturated buffer in the stopped-flow cell at either 25 or 4 °C. The stopped-flow 
traces recorded at 440 nm were fit to exponential functions to determine the kobs. All 
data were analyzed using the software Pro-Data (Applied Photophysics, Surrey, UK) or 
GraphPad Prism 6.05 (LA Jolla, CA, USA). 

Analytical methods 

Determination of melting temperature 
For determination of the apparent melting temperature (Tm) of TmCHMO and its 
mutants, duplicate samples of 25 µL in 50 mM Tris/HCl pH 7.5 buffer were prepared 
in a 96-well thin wall PCR plate (BioRad). Each sample contained approximately 10 µM 
purified enzyme. The plate was subjected to a melting curve program, where an RT-
PCR machine (CFX96-Touch, Bio-Rad Laboratories) heated from 20 °C to 90 °C, and 
increased the temperature by 0.5 °C every 10 seconds. At each step, the fluorescence 
was measured using a 450–490 excitation filter and a 515–530 nm emission filter. The 
melting point was defined as the temperature when the first derivative of the 
measured fluorescent curve showed a maximum70. 

GC-MS analysis 
The conversion mixes were extracted 3x with equal amounts of ethyl acetate, and dried 
over anhydrous sodium sulfate. Compounds were then analyzed with a GC-MS QP2010 
ultra instrument (Shimadzu) with electron ionization and quadrupole separation, 
equipped with an HP-1 column (Agilent, 30 m x 0.32 mm x 0.25 µm). The settings of 
the GC were as follows: 
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Compound(s) Program 
Cyclohexanone Injection temp.: 250 °C 

Oven program: 32 °C; 10 °C/min until 130 °C; 130 °C, 3 mins. 

Mix of ketones 
without steroids 

Injection temp.: 250 °C 
Oven program: 50 °C, 5 mins; 5 °C/min until 70 °C; 70 °C, 10 mins; 
4 °C/min until 130 °C; 130 °C, 5 mins; 15 °C/min until 280 °C 

Mix of ketones with 
steroids 

Injection temp.: 260 °C 
Oven program: 30 °C, 5 mins; 5 °C/min until 70 °C; 70 °C, 5 mins; 5 
°C/min until 130 °C; 130 °C, 5 mins; 15 °C/min until 325 °C; 325 
°C, 1 min. 

1 µL was injected into the GC in all cases, and the split ratio was 5.0 (for the mixes) or 
25 (for cyclohexanone). The software to analyze the chromatograms and MS spectra 
was GCMSsolution Postrun Analysis 4.11 (Shimadzu), equipped with the NIST11 MS 
spectra library. 

Headspace GC-MS analysis 
Whole cell bioconversions of 2-butanone were analyzed by headspace GC-MS using a 
GCMS-QP2010 (Shimadzu) in an air-conditioned room (21 °C). 250 µL headspace 
samples were injected onto a HP-1 column (30 m x 0.25 mm x 0.25 µm, Agilent). The 
injector temperature was set at 150 °C. The column oven temperature during the 
analyses was 35 °C for 1.7 min. The carrier gas was helium and the split ratio was 40. 
Standards were used to identify the substrates and products by retention time and 
their characteristic fragmentation pattern. Calibration curves were carried out for 
their quantification. Both conversion yield and regioselectivity was calculated based 
on the amount of the products. 

Chiral GC analysis 
The conversion mix was extracted three times with equal amounts of tert-butyl methyl 
ether, dried over anhydrous sodium sulfate, and analyzed via chiral gas 
chromatography (GC) using a 7890A GC System (Agilent Technologies) and a CP 
Chiralsil Dex CB (25 m x 0.25 mm x 0.25 µm, Agilent) chiral column. The oven 
temperature for the column was ramped from 40 °C to 130 °C at 10 °C/min, then kept 
at 130 °C for 15 min; and finally ramped from 130 °C to 40 °C at 10 °C/min. Absolute 
configuration of the products was assigned by comparison of the retention times with 
published data71. 
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Abstract 

Manipulating the selectivity of Baeyer-Villiger (BV) reactions is an ongoing 
research challenge in organic chemistry. Generally relying on hazardous heavy 
metals and harsh reaction conditions, only a few chemical catalysts are 
enantioselective, while deliberate production of the so-called abnormal BV 
product is virtually impossible by chemical means. Biocatalysis using BV 
monooxygenases does not face these limitations, as the specificity of enzymes 
can be tuned by directed evolution. Here, we applied iterative saturation 
mutagenesis at sites lining the binding pocket of a thermostable cyclohexanone 
monooxygnease to alter its natural selectivity. We determined the enzyme’s 
scope on substituted cyclic ketones and switched the enantioselectivity for 2-
methylcyclohexanone from 99% ee S to 94% ee R. We then aimed to also switch 
regioselectivity, and challenged our method by using three linear ketones as 
substrates, which are inherently prone to produce the normal product. We 
were able to reverse the regioselectivity with 4-phenyl-2-butanone from 99:1 
in favor of the normal 2-phenylethyl migration to 2:98 in favor of methyl 
migration. The reversal of regioselectivity was also achieved in the BV reaction 
of two other linear ketones. We determined the kinetic parameters of the wild-
type and best mutant enzymes for the studied reactions and also confirmed 
that the mutations did not affect thermostability. A computational analysis 
using MD simulations shed light on the enantioselectivity switch, but suggested 
that quantum mechanic effects need to be taken into account. An extended 
methodology was thus applied to study the regioselectivity switch, and we 
found a combination of induced changes in the conformation of the Criegee 
intermediates and crucial (de)stabilizations of transition states to dictate 
selectivities. The enzyme can thereby override electronic control, which 
normally causes preferential migration of the group that is best able to stabilize 
positive charge. 
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Introduction 

The Baeyer-Villiger oxidation of ketones or aldehydes is a valuable 
transformation in synthetic organic chemistry in which a single oxygen atom is 
inserted into the C–C bond adjacent to a carbonyl moiety with formation of 
esters or lactones.1-4 Many different reagents such as peracids or 
hydroperoxides have been used as stoichiometric oxidants, sometimes in the 
presence of chiral transition metal catalysts5-12 or organocatalysts13-17 for 
obtaining enantiomerically enriched or pure products. The C–C activating 
process can also be catalyzed by Baeyer-Villiger monooxygenases (BVMOs),18-

24 which require only dioxygen from air, thereby avoiding the use of potentially 
explosive reagents. Mechanistically, O2 reacts with the reduced form of the 
enzyme-bound flavin (FAD), brought into this redox state by NADPH, with 
formation of an intermediate flavin peroxide. This intermediate in the anionic 
form adds to the carbonyl function leading to the so-called Criegee 
intermediate. In the final step, one of the alkyl or aryl groups next to the 
original carbonyl function migrates. The product is then released, after which 
NADP+ is also released. Being NADPH-dependent, BVMOs require a cofactor 
regeneration system such as glucose dehydrogenase or a whole-cell system.  
By using BVMOs from different sources and various structurally different 
ketones as non-native substrates, high stereoselectivity has been observed 
numerous times.18-24 Moreover, directed evolution25-30 has been applied to 
influence the chirality of the reaction products, but the targeted enzyme, 
cyclohexanone monooxygenase from Acinetobacter calcoaceticus NCIMB 9871 
(AcCHMO),31-36 is highly unstable and rather unsuitable for application. The 
first example of BVMO directed evolution involved the stereoselective 
desymmetrization of 4-hydroxycyclohexanone, catalyzed by AcCHMO.31 Later 
the result was rationalized by QM/MM computations37 using the insights 
gained by a previous theoretical study concerning the mechanism of the 
enzyme as catalyst in the desymmetrization of 4-methylcyclohexanone.38  
The control of regioselectivity in the reaction, leading to two constitutionally 
isomeric products (Scheme 1) continues to be a central synthetic and 
mechanistic issue.1-4 Stereoelectronic effects governing the reaction outcome2-

4 have been addressed in a number of QM computational and mechanistic 
studies.39-42 In the generally accepted model, the Criegee intermediate is found 
in a conformation in which the migrating group is antiperiplanar to the 
fragmenting peroxy O–O bond. This so-called primary stereoelectronic effect 
enables the preferred reaction due to an optimal overlap of the C–R ơ-bond 
with the O–O ơ*-orbital. As the O–O is broken heterolytically, the best migrating 
groups are those that stabilize the partial positive charge best and were 
experimentally determined to follow the tendency tert-Bu > Phe ~ Iso-Pr > Et 
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> Me.1-4 A secondary stereoelectronic effect has also been postulated in some 
cases, which requires the migrating group to be antiperiplanar to one of the 
lone electron pairs of the hydroxyl group in the Criegee intermediate.39-42 
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Scheme 1. Baeyer-Villiger reaction of asymmetrical ketones with potential formation of two 
different esters. 

Biocatalytic BV oxidations likewise adhere to the stereoelectronic effects 
which govern the migratory aptitude, but the protein environment in the 
binding pockets of these enzymes may lead to the formation of abnormal 
products or mixtures, depending on the enzyme. Previous protein engineering 
work included the switch from abnormal to normal product in the BV reaction 
of (+)-trans-dihydrocarvone catalyzed by an evolved CHMO mutant from 
Arthrobacter sp.43 A unique case of a non-biased ketone concerns the reaction 
of 2-butanone, which several CHMOs convert to a 3:1 mixture of normal and 
abnormal product.44 A semi-rational mutagenesis strategy applied to AcCHMO 
induced a moderate shift from 26% (WT) to 40% (mutant I491A) abnormal 
product.33 
In the present study, we addressed the two challenging problems of switching 
BVMO stereo- and regioselectivity. The plan was to introduce effective point 
mutations by directed evolution, flanked by a theoretical study in the quest to 
unveil the structural and mechanistic reasons for these switches. We used the 
recently discovered CHMO from Thermocrispum municipale DSM 44069 
(TmCHMO). This enzyme is characterized by good thermostability, and has 
been shown to accept ketones such as cyclohexanone, acetophenone, 
phenylacetone and 2-octanone, but stereo- and regioselectivity have not been 
studied to date. Experimentally, we applied our previously developed semi-
rational directed evolution technique based on Combinatorial Active-Site 
Saturation Test (CAST) and Iterative Saturation Mutagenesis (ISM) at sites 
lining the binding pocket,30,45 flanked by protein QM/MM computations.46-47 
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Enantioselectivity 

Directed evolution experiments and characterization of mutants 
As model reaction for assessing the enantioselectivity of TmCHMO, we chose 
the BV-oxidation of 4-methylcyclohexanone (1a) with formation of R- and S-2a 
(Scheme 2). We discovered that in whole-cell reactions, WT TmCHMO shows 
excellent enantioselectivity and conversion in favour of S-2a (99% ee; 100 % 
conversion in 24 h). Thus, in this particular transformation, the result is 
comparable to the use of AcCHMO, the most prominent prototype enzyme of 
this family, which is likewise S-selective (> 98% ee). However, TmCHMO has 
the advantage that it is more thermally stable, the melting temperature (Tm) of 
the wild type being 49.8 °C as determined here and reported earlier,48 

compared to AcCHMO (Tm= 37 °C). 

O

(S)

O

O

(R)

O

O

+TmCHMO

1a 2a 3a

Scheme 2. Baeyer-Villiger oxidation of 4-methylcyclohexanone (1a) catalyzed by TmCHMO. 

We then set out to invert stereoselectivity by protein engineering. Lactone R-
2a is a chiral compound of particular interest because it is a precursor of R-β-
methyl-substituted adipic acid, which in turn is an important intermediate in 
the synthesis of an effective inhibitor of acetylcholinesterase (AChE)49 as 
shown in Scheme 3. In earlier work, a mutant of cyclopentanone 
monooxygenase from Comamonas sp. was shown to be R-selective (96% ee) in 
this reaction,50 but this BVMO, as AcCHMO, lacks sufficient thermostability and 
robustness under operating conditions to be of practical significance. A PAMO 
variant was also shown to be R-selective (98% ee), but activity proved to be 
poor.51 

Scheme 3. Synthesis of R-β-methyl-substituted adipic acid, the precursor of an AChE-inhibitor.49 

We started our investigations with directed evolution based on saturation 
mutagenesis at sites surrounding the predicted substrate binding pocket 
(CAST-sites; Combinatorial Active-site Saturation Test) and iterative 
saturation mutagenesis (ISM). 45,52-53 Utilizing the X-ray structure of TmCHMO 
(pdb accession code 5M10),48 we docked the substrate 1a in the active site. 
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Subsequently, 11 amino acids within 5 Å from the docked substrate were 
chosen for saturation mutagenesis (L145,L146, F248, F279, R329, F434, T435, 
N436, L437, 492, and F507) (Figure 1). These positions were subjected 
individually to NNK-based randomization in which all 20 canonical amino 
acids are used as building blocks, requiring in each case the screening of about 
96 transformants for 95% library coverage (one microtiter plate).45,52-53 Such 
exploratory experiments are fast and deliver valuable information for 
subsequent mutagenesis steps. 

 
Figure 1. TmCHMO structural model showing docked 4-methylcyclohexanone (1) (in cyan) 
based on the crystal structure of wild-type TmCHMO (5M10),48 which served as a guide for 
choosing amino acids for saturation mutagenesis (in purple). 

In the mini-libraries generated by saturation mutagenesis at positions 146, 
434, 435, 437 and 507, several mutants were discovered showing decreased S-
selectivity, namely L146E, F434I, T435F, T435Y, T435W, L437G, L437T, L437A 
and F507W, thereby pointing the way towards reversal of enantioselectivity. 
The libraries created at the other six positions failed to harbor any positive 
variants (Table S9.1). At this stage we explored two mutagenesis strategies in 
parallel. In one approach, saturation mutagenesis at a relatively large 5-residue 
randomization site defined by the above hot spots was performed. This time, 
appropriately reduced amino acid alphabets, individually designed for each of 
the five residues were used.45,52-53 The respective design was based on the 
information that the initial positive mutants provided (Table S9.2). 
Accordingly, 146E/L, 434I/F, 435 F/Y/W/T, 437T/A/G/L and 507W/F, 
including the amino acid alphabets encoding wild type and positive mutations 
at individual positions, were chosen for creating a 5-residue saturation 
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mutagenesis library. A total of only 384 transformants were screened for 95% 
library coverage, and three R-selective variants were indeed identified (Table 
S9.3) showing moderately reversed enantioselectivity (50%-66% ee). 
According to the second strategy, the best hit identified in the exploratory 
NNK-based mini-libraries, mutant L437A, was chosen as a template for 
performing iterative saturation mutagenesis (ISM) at the remaining four hot 
spot residues (L146, F434, T435 and F507), which were grouped into two 
randomization sites: A (F434, T435) and B (L146, F507). Thereafter, several 
ISM pathways were explored using the respective best variants as templates 
and NDT codon degeneracy encoding only 12 amino acids (Phe, Leu, Ile, Val, 
Tyr, His, Asn, Asp, Cys, Arg, Ser, and Gly) (Figure 2). Two excellent R-selective 
mutants, which could not have been found in the above described 5-residue 
saturation mutagenesis library, were identified, LGY3-4-E5 (F434I/T435L/
L437A/F507V, in the following called E5) (91% ee) and LGY3-4-D11 (L146F/
F434I/T435L/L437A/F507C, in the following called D11) (94% ee). All results 
are summarized in Figure 2 and Table S9.4. In this ISM strategy, a total of only 
768 transformants had to be screened for 95% library coverage. This is more 
than the first approach in which the 5-residue site was randomized by a single 
saturation mutagenesis experiment using optimally designed codons at each 
individual position (384 transformants). However, the screening effort 
involved only 8 microtiter plates which could easily be handled by automated 
GC. The superiority of the ISM-based approach has to do with the greater 
structural diversity at protein level. 

Figure 2. Iterative saturation mutagenesis (ISM) exploration of TmCHMO as catalyst in the model 
reaction of ketone 1a (Scheme 2) with focus on reversal of enantioselectivity. 

-100

-80

-60

-40

-20

0

20

40

60

80

100

(R
)

(S
)

L437A
ee=-74%

F434L/T435F

F434I/T435F

F434I/T435L

LGY2-2-B3
ee=53%

LGY2-1-A10
ee=54% LGY2-2-G4

ee=64%

F507L

L146V/F507L
L146F/F507C

LGY3-1-D12
ee=86%

LGY3-1-E2
ee=87%

F507V

WT
ee=-99%

LGY3-4-E5
ee=91%

LGY3-4-D11
ee=94%



 Engineering the Selectivity of BVMOs 

195 

9   

By measuring the consumption of NADPH in the presence of varying amounts 
of 4-methylcyclohexanone, the enzyme kinetic parameters were determined 
using a spectrophotometer (Figure S9.1).48,54 Under the experimental 
conditions (150 µM NADPH, 5% methanol, pH 7.4), the wild type showed an 
uncoupling rate of 0.22 s-1. The maximum turnover rate kcat was determined to 
be 1.9 s-1, while the affinity for 4-methylcyclohexanone was so high that a Km 
<1 µM could only be estimated. For the D11 mutant, a Km could not be 
accurately determined, because the activities with concentrations lower than 
the apparent Km were almost undistinguishable from the uncoupling rate 
(0.16 s-1). The Km of the E5 mutant is approximately 5.5 mM and a lowered 
uncoupling rate in 5% methanol of 0.05 s-1 was observed. The kcat was 
determined to be 8 times lower than wild type for the D11 mutant, while the 
E5 mutant was close to wild type with 1.23 s-1. It is striking to see that all four 
mutants that show a high enantioselectivity (Figure 2) have a mutation of F507 
in common, while L146 is only mutated in two of these mutants. This suggests 
that the F507 mutations play a dominant role in equipping the enzyme with 
high enantioselectivity for the target substrate while the L146 mutations may 
only have a marginal effect and may even harm the kinetic performance as 
observed in the D11 mutant. 
Some degree of substrate inhibition, which is not unusual for BVMOs,22-24,55 was 
observed in all cases. The wild type is half-maximal inhibited at a concentration 
of 13 mM. In the E5 mutant, inhibition is less strong, with a Ki roughly 3 times 
higher than that of wild type. The fitting for the D11 mutant suggests a 20 times 
higher Ki than wild type, but has to be considered unreliable for the same 
reasons as the Km determination (Table 1, Figure S9.1). 
The melting temperatures (Tm) of wild type and both mutants were 
determined with a fluorescence-based thermal shift assay (ThermoFAD).56 The 
results indicate that the thermostability of the mutants is not negatively 
affected, as the Tm was found to be slightly higher than WT TmCHMO (Table 1). 

Table 1. Kinetic and thermostability data of WT TmCHMO, and mutants D11 and E5. 4-
Methylcyclohexanone (1a) was used as substrate for the kinetic analysis.  

Entry Mutations kcat (s-1) Km 
(mM) 

Ki 
(mM) kunc (s-1) Tm 

(°C)b 
WT  1.93 ± 0.03 <0.001 13 ± 3 0.22 ± 0.08 49.8 
LGY3-
4-D11 

L146F/F434I/T435L/ 
L437A/F507C 0.2 n.d.a n.d.a 0.16 ± 0.01 53.0 

LGY3-
4-E5 

F434I/T435L/L437A/ 
F507V 1.23 ± 0.09 5.5 ± 0.8 47 ± 8 0.05 ± 0.00 51.5 

a n.d. = not determined, due to unreliable fitting only a maximal observed rate is given. All 
experiments were done in triplicates.  
b the standard deviation (triplicates) was < 0.5 °C. 
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We also compared the two best mutants as catalysts for a panel of cyclic 
substrates (1-15, Scheme S9.1), and found no predictable consistency with 
respect to selectivity changes (Table S9.5). The mutations had little influence 
on other substituted cyclohexanones, regardless of position and nature of the 
substituent. We found inversion of enantioselectivity from S to R in the 
mutants’ conversion of 3-(4-chlorophenyl)cyclobutan-1-one, while they were 
highly R selective for the unchlorinated substrate. The results suggest that the 
largely unpredictable outcome of the wild type’s enantioselectivity holds also 
true for the mutants.  

Investigation of the Origin of Enantioselectivity by Computational 
Modeling.  
In an attempt to unravel the origin of the enantioselectivity switch for 1, a 
computational analysis on TmCHMO wild type (WT) and the D11 and E5 
mutants with 4-methylcyclohexanone was performed. Energy minimizations 
determined the ligand in the chair conformation and with the methyl group 
equatorial as the conformation of lowest energy. The substrate was then 
docked into the active site of the WT and the mutants. The active side chain 
residues were kept flexible, while the rest of the protein was fixed. The docking 
pose with the carbonyl carbon (Cyl) close (< 3.41 Å) to the distal oxygen of the 
peroxygen group (Oper) with the highest binding energy was accepted as the 
final docking pose and all are shown in Figure 3. The best docking result in the 
WT matches the previously described pose in the closely related CHMO from 
Rhodococcus sp.38 Both the oxo- as well as the methyl group of the substrate 
point “up” (with respect to the orientation in Figure 3), in an angle pointing 
away from the flavin’s isoalloxazine ring plane. In contrast, in the mutants, the 
molecule is rotated around the carbonyl bond axis (Figure 4), such that the 
methyl is pointing towards the flavin plane. While in the D11 mutant, the 
rotation approximates 180° and the carbonyl group overlaps with the WT pose, 
it is slightly shifted (~ 1.2 Å) in E5 mutant, where it is rotated ~140° with 
respect to WT.  
Due to the chair conformation, the chiral outcome of the reaction is already 
apparent from the substrate reactant complex before the addition step. The α-
carbon close to the view plane in Figure 3 is different in the WT than in the 
mutants (Figure 4) and this quasi-chirality allows to distinguish the two α-
carbons. In the WT, if oxygenation occurs where indicated by a red arrow in 
Figure 4A, then the S product is afforded. Due to the rotation in the D11 mutant, 
an oxygen insertion at the same place here leads to the R product.  
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Figure 3. Docking poses of 1 in TmCHMO WT and mutants. The top panel shows the substrate in 
ball and stick representation and the isoalloxazine ring of the flavin as well as the ribose and 
nicotinamide part of NADP+ as sticks. The bottom panel shows the scene from a 90° rotated 
perspective and in the context of the secondary structure of the proteins as ribbons, as well as 
the mutated residues as sticks. 
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Figure 4. Rotation of the substrate in the WT compared to the mutants. A) Orientation in the WT, 
where the orientation of the methyl away from the isoalloaxine ring plane leads to the S product, 
if oxygen insertion occurs next to the right-hand side carbon. The exact opposite orientation in 
the D11 mutant (B) causes the R product upon insertion at the same position. 

As it is known that in the Criegee intermediate, it is the C–C bond antiperiplanar 
to the peroxy group that migrates, we looked at the dihedral angles formed by 
the peroxy oxygens, the carbonyl carbon, and the α-carbons. Antiperiplanarity 
was here defined as the conformation where the angle peroxy O–O and 
carbonyl C–C is 0°. Figure S9.2 shows that in the WT, the two angles were 99° 
and 50° and the carbon on the right therefore fulfills the criterion of 
antiperplanarity more closely, suggesting S product formation upon 
oxygenation (Figure 4). Contrarily, in the D11 mutant the other angle is 
smaller, suggesting formation of the R product. In E5, however, although the 
angles are similar (75° vs. 69°), the pose suggests S product formation. 
Nevertheless, these measurements represent the reactant state, while really 
the conformation in the Criegee intermediate determines the bond migration. 
For the reaction to occur, the critical factors are the distance Cyl–Oper, as well as 
the angle Oper–Cyl–Oyl. With 3.22 Å, the sum of the van der waals radii of carbon 
and oxygen57 is close to the 3.41 Å determined in a previous study performing 
QM calculations on the reactant complex.38 The obtained angle was not 
reported, but it is known that the nucleophile approaches the carbonyl group 
ideally at 107°.58 The distances and angles of the three docking poses are 
summarized in Table 2. While the Cyl was always the closest carbon to Oper and 
always closer than 3.41 Å, the angle deviated considerably from 107°.  

Table 2. Distances of Oper and Cyl and the angle Oper–Cyl–Oyl. 
Reactant complex Ideal value WT D11 E5 
Distance peroxy-carbonyl (Å) < 3.41 Å 2.91 2.88 2.73 
Angle peroxy-carbonyl (°) 107° 72.8 81.4 78.4 

The docking thus resulted in a complex which is similar to the pose of the 
substrate in a reacting state. The principle observation is that the mutants 
seem to stabilize the substrate in a flipped orientation compared to WT.  
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To gain a more thorough understanding of substrate binding, the docking 
structures were subjected to classical MD simulations. QM charge distribution 
on the cofactors and the substrate were calculated on HF6-31G* level and five 
independent simulations of 10 ns were performed for each complex. Figure 
S9.3 shows the trajectory of these initial MDs plotting the critical distance and 
angle and the results are summarized in Table 3.  
Major shifts in the trajectories were occasionally observed, corresponding to 
displacements of the substrate (e. g. due to loss of a hydrogen bond), resulted 
from a conformational change (e.g. from chair to boat), or reflected the rotation 
of the peroxy group. The latter occurred throughout the entire simulation in 
the WT, and we consequently measured a sustained high Oper–Cyl distance. 
Figure 5A exemplarily shows a simulation screenshot of seed 1 of the WT at 
time 0, and after 25 ps. This immediate rotation away from the substrate is 
supposed to be an artifact, but was kept throughout the entire 10 ns of 
simulation (Figure 5B). Although this rotation was also observed in the 
mutants, a reorientation towards the substrate occurred there.  

Figure 5. A) Reorientation of the peroxy group away from the substrate. B) MD trajectory of the 
ligand for selected seeds shown as superposition of snapshots recorded every 25 ps. Seed 1 was 
selected for WT and D11, the E5 trajectory was seed 2. In all cases, the ligand stayed relatively 
stable. 

In general, the ligand’s position was relatively stable (Figure 5B), with root 
mean square fluctuations typically less than 1 Å, and no flips around the 
carbonyl axis. However, in the D11 mutant, the ligand quickly changed 
orientation from the “full-flip” rotation with respect to the WT docking pose, to 
an E5 docking-like orientation. Thus, this seems to be the more stable 
orientation in both mutants. The WT adopts a slightly rotated position 
compared to the docking pose, but it cannot be excluded that this is an artifact 
arising from the rotated peroxy group.  
We looked at the development of the distances and angles using two different 
sets of criteria as cutoff to determine the complex to be reactive (“near attack 
conformation”, NAC). The geometries did not reflect the experimentally 
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observed preference of the enzymes well, but stricter criteria (smaller 
distance, angle deviation less tolerant) improved the results.  
To next estimate the extent to which our observations were biased by the 
starting structure, we performed a new docking confined to the previous 
substrate position and subjected two similar positions with opposite 
orientations, i.e. with rotated conformations (Figure S9.4), to MDs. The results 
are summarized in Table 3, and the MD trajectory depicted in Figure 6. We 
found that the R/S distribution depended strongly on the starting structure, 
with R/S distributions of around 100%. 

Table 3. NAC parameters and corresponding NAC percentage and R/S distribution 
enz-
yme 

criteri-
on set 

starting 
pose 

dist-
ance 

must 
be min. 

min. 
angle 

max. 
angle 

% 
NAC % S % R 

WT 1 CH3 ↑a 3.41 yes 82 132 0 - - WT
D11 1 CH3 ↑a 3.41 yes 82 132 0.91 53.6 46.5 D11 
E5 1 CH3 ↑a 3.41 yes 82 132 8.56 40.7 59.4 E5 
WT 2 CH3 ↑a 3.22 yes 92 122 0 - - WT
D11 2 CH3 ↑a 3.22 yes 92 122 0.04 38.0 62.1 D11 
WT 1 CH3 ↑b 3.41 yes 82 132 6.3 0.1 99.9 
D11 1 CH3 ↑b 3.41 yes 82 132 3.3 0 100 
E5 1 CH3 ↑b 3.41 yes 82 132 0 0 100 
WT 1 CH3 ↓b 3.41 yes 82 132 2.3 99.5 0.5 
D11 1 CH3 ↓b 3.41 yes 82 132 11.2 100 0 
E5 1 CH3 ↓b 3.41 yes 82 132 6.1 99.7 0.3 
aData sets from first and from bsecond docking set are indicated.  

The trajectories showed that the substrate’s position is stable in the WT when 
starting with the methyl group up, as in the first docking structure. In the 
opposite orientation, an orientation flip was observed. Furthermore, no NACs 
occurred before the flip, while they did occur in the apparently preferred 
flipped rotation. In the D11 mutant, both orientations led to NACs, but an 
unproductive sideward conformation could be visited when starting with the 
methyl group up. In the E5 mutant, the position with the methyl group up 
prevents NACs, while the opposite orientation causes NACs until a flip occurs. 
In contrast to the WT, however, no NACs occur after the flip. These results are 
in line with the docking, showing that the preferred pose for the WT is with the 
methyl group up, to an extent that the switch can be observed when 
deliberately starting MDs in the opposite orientation. The D11 mutant seems 
to cope with both positions, but docking suggests the methyl down position to 
be energetically favored. The E5 mutant can also flip from its “preferred” 
position, but this prevents NACs. In general, the results show that the observed 
R/S selectivities strongly depend on the starting structure.  
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Figure 6. Selected seeds of the second docking pose MD simulations (Figure S9.4, A: methyl up, 
B: methyl down), their R/S selectivity over time, and the corresponding snapshots superposed. 
The Cyl–Oper distance (upper line), and the Oper–Cyl–Oyl angle (lower line) are plotted against 
time. When Cyl was the closest carbon to Oper, closer than 3.41 Å, and the angle between 92° and 
122° (107° ± 25°), the pose was considered a “near attack conformation. In this case, the 
dihedral angle peroxy O–O and carbonyl C–C is depicted as a golden or grey bar when favoring 
the S or R product, respectively. To better visualize the orientation of the methyl group, the 
hydrogen at C4 is shown, which points in the opposite direction of the methyl carbon.  

As we again frequently observed the peroxy group in a non-productive pose, 
we repeated the MDs with a restraint on these atoms. Figure 7 shows the 
results for the two different starting structures, comparing five criteria sets. 
When starting from the methyl down (the “mutant”) position, the results came 
close to reflect experimental results, with the WT fully S, and the mutants 
predominantly R-selective (Figure 7, top). When starting with the methyl up 
(the “WT”) position, the mutants selectivity was mostly inversed (Figure 7, 
bottom). 
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Figure 7. NAC percentages (dots) and R/S preference (grey/white bars) for MD simulations with 
a restrain on the peroxy group, compared for five sets of parameters. A) starting position with 
the methyl group upwards. B) Starting position with the methyl group downwards. 

These results were also found to be robust, as they were relatively insensitive 
to the NAC parameters chosen (Table 4). Only for D11, where the NAC 
frequency was very low, a change in parameters had a more noticeable effect.  

Table 4. Parameter sets for Figure 5. 
crit. set distance has to be min. min. angle max. angle max. angle peroxy 
1 3.41 yes 82 132 360 
2 3.22 yes 92 122 360 
3 3.22 yes 77 137 30 
4 3.22 no 62 152 45 
5 3.41 no 0 360 360 

In summary, the computational analysis provided clues on the origin of 
selectivities. The docking suggested distinct poses for the mutants, inversed to 
the position in the WT, and MD simulations demonstrated the stability of these 
two positions. When we deliberately started MDs with both orientations in 
either variant it was found that the supposedly unpreferred position of the WT 
switched to the preferred position and only there the pose was reactive. In D11, 
the substrate seemed to be stable in both positions, while a switch occurred 
also in E5, here leaving its supposed preferred position to an unproductive 
pose. R/S selectivities were found to be difficult to estimate from reactant 
states: the docking pose did not reveal the preferred bond migration from the 
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peroxy–carbonyl–α-carbon dihedral in the case of E5. The second MDs showed 
the selectivity to be highly dependent on the starting structure, and good 
results were only obtained for one orientation and upon restraining the peroxy 
group. We conclude from this analysis that reactant state analysis is a 
suboptimal method for selectivity determination, and future analysis needs to 
focus on the intermediate state, where electronic effects can influence the 
reaction outcome. As purely classical MD simulations would poorly 
parameterize the intermediate, QM calculations are required for this task.  

Regioselectivity 

Directed Evolution Experiments and Characterization of Mutants.  
To invert regioselectivity, we chose the model ketones 17, 20, and 23 (Scheme 
4), which are inherently prone to canonical migration. The chemical reactions 
using m-CPBA as oxidant led to exclusive or nearly exclusive formation of the 
normal products 18 (> 99:1), 21 (> 99:1), and 24 (95:5) (Scheme S9.2) and 
we found similar results for WT TmCHMO. To disocver mutants of inversed 
regioselectivity, we reused the library of NNK-based saturation mutagenesis 
from the enantioselectivity screen with 11 selected CAST residues (L145, L146, 
F248, F279, R329, F434, T435, N436, L437, W492 and F507). First, we docked 
substrate 17 into the crystal structure of TmCHMO (Figure 1) and found that 
all 11 previously selected positions are likewise CAST residues. Therefore, we 
screened by automated GC the 11 mini-NNK libraries in the BV transformations 
of the three ketones 17, 20, and 23.  
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Scheme 4. Baeyer-Villiger oxidation of regioselectivity model ketones 17, 20 and 23 catalyzed by 
TmCHMO. 

In the case of ketone 17, L145A, L145G, L145V, L437T and L437A showed 
decreased selectivity for the normal product 18, thus pointing the way towards 
regioselectivity reversal. The best, L145G, was chosen as a template to visit 
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position L437, leading to two variants with reversed regioselectivity, LGY2-
B12 (L145G/L437T, 18:19 = 17:83) and LGY2-D8 (L145G/L437V, 18:19 = 
23:77). Thereafter, LGY2-B12 (L145G/L437T) was used as a template to test 
ISM by considering the remaining 9 residues (L146, F248, F279, R329, F434, 
T435, N436, W492 and F507), which were grouped into five randomization 
sites: A (F279, F507), B (L146, N436), C (F248, W492), D (F434, T435) and E 
(R329). In contrast to our earlier stereoselectivity study, this meant that 
residues were considered that were not hotspots in the initial 11 exploratory 
NNK-based mutagenesis experiments. In order to minimize the screening 
effort, NDT codon degeneracy encoding only 12 amino acids (Phe, Leu, Ile, Val, 
Tyr, His, Asn, Asp, Cys, Arg, Ser and Gly) were chosen for constructing libraries 
at the 2-residue sites (A, B, C and D). This required in each case the screening 
of 4 microtiter plates for 95% coverage assuming the absence of bias, and for 
the NNK single amino acid library E one plate only. Several mutants were 
discovered showing significantly enhanced regioselectivity favoring the 
abnormal product 19 in library D, namely LGY3-D-A9 (L145G/F434I/T435I/
L437T, 18:19 = 3:97), LGY3-D-E1 (L145G/F434G/T435F/L437T, 18:19 = 
2:98), LGY3-D-B7 (L145G/F434N/T435G/L437T, 2:3 = 8:92), and LGY3-D-E9 
(L145G/F434G/T435Y/L437T, 18:19 = 7:93). The libraries created at the 
other four sites did not harbor any positive variants (Table S9.6). The best 
results are summarized in Figure 8A. 
An analogous procedure was applied to ketone 20, the best results being 
summarized in Figure 8B (see also Table S9.7 for full details). As can be seen, 
regioselectivity favoring the abnormal product 22 was achieved starting from 
an initial complete preference by wild-type TmCHMO for the normal product 
21 formed by benzyl migration, but the degree of reversal remained at the 
incomplete stage of 21:22 = 30:70. Nevertheless, in view of the BV reaction 
using m-CPBA which occurs with exclusive benzyl migration, this is a 
synthetically remarkable result. 

Figure 8. Iterative saturation mutagenesis (ISM) exploration of TmCHMO as catalyst in the 
reactions with focus on reversal of regioselectivity in favor of the abnormal product using 
substrate 17 (A), 20 (B), or 23 (C). 
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In the case of ketone 23, WT TmCHMO proved to be selective for the normal 
product 24 produced by preferential 2-phenylethyl migration, but a small 
amount of the abnormal product 25 was also formed (24:25 = 85:15). Upon 
screening the 11 mini-NNK libraries (Figure 8C and Table S9.8), it was possible 
to improve the initial outcome to nearly exclusive preference for the normal 
ester (24:25 = 98:2), and also to completely reverse regioselectivity in favor of 
the abnormal product (24:25 = 3:97). Surprisingly, it required less steps to 
evolve mutants that allow either benzyl migration or ethyl migration on an 
optional basis, in contrast to the outcome of the reaction of ketone 20 in which 
benzyl competes with the smaller methyl group. 

Table 5. Kinetic parameters of WT TmCHMO and best mutants evolved for the abnormal BV 
product of three substrates. 

Enzyme Substrate Mutations kunc (s-1) Km (mM) kcat (s-1) Tm (°C) 

WT 17 - 0.02 ±  
0.00 

12 ± 
7.0 

0.31 ± 
0.11 

52.67 ± 
0.76 

LGY3-D-A9 17 L145G/F434I/ 
T435I/L437T 

0.20 ±  
0.02 n.d. n.d. 50.83 ± 

0.76 

LGY3-D-E1 17 L145G/F434G/ 
T435F/L437T 

0.10 ± 
0.01 

0.02 ± 
0.00 

0.16 ± 
0.00 

51.33 ± 
 0.76 

WT 20 - 0.07 ± 
 0.03 

0.90 ± 
0.06 

0.73 ± 
0.01 

52.67 ± 
0.76 

LGY2-B6 20 L437A/W492Y 0.07 ±  
0.01 

1.50 ± 
0.46 

0.16 ± 
0.01 

55.33 ± 
0.29 

WT 23 - 0.02 ±  
0.00 

4.40 ± 
1.00 

0.37 ± 
0.03 

52.67 ± 
0.76 

LGY1-492-
A7 23 W492Y 0.03 ± 

0.02 
5.50 ± 
1.70 

0.18 ± 
0.03 

53.50 ± 
0.50 

LGY1-248-
D3 23 F248D 0.03 ± 

0.00 
0.02 ± 
0.02 

0.07 ± 
0.01 

47.83 ± 
2.02 

LGY1-437-
E12 23 L437A 0.01 ± 

0.00 
2.80 ± 
0.36 

0.36 ±  
0.02 

55.33 ±  
0.29 

Due to the possibility of ester hydrolysis catalyzed by endogenous lipases or 
esterases in E. coli cells, the BV oxidations of the three substrates 17, 20 and 23 
were repeated using purified enzyme of the best TmCHMO mutants. The 
results turned out to be the same (Table S9.9), or even slightly better, e.g., 
LGY3-D-E1 (18:19 = 2:98), LGY2-B6 (21:22 = 26:74), and LGY1-248-D3 
(24:25 = 99:1). A previous report also noticed a possible effect of substrate 
concentration on the regioselectiviy,59 thus we also tested the WT and the 
mutant LGY3-D-E1 in the conversion of 17 at 50 mM and 100 mM 
concentrations. In our system, all reactions retained a high regioselectivity as 
shown Table S9.10, WT leading to 18:19 > 99:1 and LGY3-D-E1 leading to 
18:19 < 3:97. 
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We next determined the kinetic parameters for the wild type enzyme and the 
most promising mutants with the corresponding substrates as shown in Table 
5 and Figure S9.5. Using purified enzymes, we spectrophotometrically 
measured the rate of oxidation of the NADPH cofactor at varying substrate 
concentrations. The uncoupling rate kunc, i.e. the unproductive decay of the 
peroxyflavin without substrate oxidation, was measured in control reactions 
without substrate. It was found to be very low for the WT and most mutant 
enzymes (0.02-0.10 s-1) except for mutant LGY3-D-A9 (0.20 s-1), prohibiting 
accurate determination of its kcat and Km values for 17. For the WT enzyme, 20 
was found to be the best of the three substrates, with a kcat of 0.73 s-1 and a Km 
of 0.86 mM. The evolved mutant LGY2-B6 showed a reduced kcat of 0.16 s-1, and 
with a Km of 1.5 mM also a somewhat lower affinity for the substrate than WT 
TmCHMO. On the other hand, mutant LGY3-D-E1 illustrated a drastically 
increased affinity to substrate 17 as compared to WT (kcat = 0.31 s-1, Km = 12 
mM versus kcat = 0.16 s-1, Km = 0.02 mM). For substrate 23, the mutant LGY1-
492-A7 displayed similar kinetic parameters relative to WT. LGY1-248-D3 had
a very low Km (0.02 mM), but also obviously decreased kcat and probably suffers 
from substrate inhibition. Clearly the best mutant is LGY1-437-E12, showing a
slightly lower Km than WT but the same kcat.
To probe thermostability, we measured the melting temperatures (Tm) of WT
and all the evolved mutants, using the ThermoFAD method.56 It was found that
the thermostability of most mutants is maintained as compared to WT
TmCHMO, except for LGY1-248-D3 showing a 5 °C drop in Tm (Table 5).
We also tested the best mutant LGY3-D-E1 for semi-preparative scaled
transformation of substrate 17 (50 mg) in 25 mL of reaction volume. Full
conversion was achieved within 24 h, while maintaining the originally evolved
high regioselectivity as analyzed by GC. After purification using column
chromatography, 46 mg product 19 (83% isolated yield), identified by NMR,
was obtained (Figures S9.6, S9.7).

Unraveling the origin of regioselectivity by computational modeling 
To gain more insights into the regioselectivity switch through directed 
evolution, we computationally modeled the reaction. In the light of the 
experience from the enantioselectivity mutants, we now used DFT 
computations to model the intrinsic reaction preferences and used QM/MM 
and MD simulations to model the reactions. First, the energy barriers of the 
rate- and regioselectivity-determining39,60 migration step with m-CPBA were 
calculated by DFT. The optimized transition states (TSs) showed a clear trend 
toward the normal product, arising from the better stabilization of the partial 
positive charge on the migrating carbon atom. In accordance with 
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experimental ratios, the energy differences ΔΔG were computed to be −3.3, 
−5.2, and −1.9 kcal·mol-1 for substrate 17, 20, and 23, respectively (Figure
S9.8).
In the Criegee intermediate, two conformations are possible, where either of
the two migrating groups is placed antiperiplanar to the peroxyl O–O bond. We 
hypothesized that the enzymes may allow only one of the two possible TSs by
imposing conformational restrictions. We chose ketone 17 for our
computational modeling because it experimentally exhibits the largest degree
of selectivity (Figure 8A). We ran 500 ns MD simulations on the Criegee
intermediate bound into the different enzyme variants and monitored the
dihedral angles formed by the peroxy O–O and carbonyl C–C atoms. Here, the
antiperiplanar dihedral angle required for migration was defined as ±180°.

Figure 9. Analysis of 17-R-Criegee intermediate conformations though 500 ns MD simulations 
when bound in the A) WT enzyme; and B) LGY3-D-E1 variant. Black symbols denote selected 
snapshots used for further analysis in Figure S9.13. 

In the Criegee intermediate, a new quaternary carbon center is generated. 
Based on docking results and MD simulations (see Figure S9.9), we concluded 
that only the R-Criegee stereoisomer may be formed. This conformation keeps 
a less strained conformation of the phenylethyl group and allows the H-
bonding interaction with R329 needed for stabilizing the negative charge 
generated on the former carbonyl oxygen. In the MD simulations, the 
intermediate mainly explores a conformation in which the dihedral angle for 



Engineering the Selectivity of BVMOs 

208 

  9 

phenylethyl group migration (dihed1-normal) is ca. 150–180° and the dihedral 
angle for methyl migration (dihed1-abnormal) is ca. −60 to −100° (Figure 9A). 
Thus, the enzyme active site only allows the phenylethyl group to adopt the 
antiperiplanar orientation required for migration. As this group is also most 
effective in stabilizing the positive charge at the peroxy O-atom in the 
transition state, these results are fully consistent with the exclusive formation 
of the normal BV product 2 by the WT (Figure 8A).  
When we measured the LGY3-D-E1 variant, the dihedral angles for the 
phenylethyl migration (dihed1-normal) and methyl migration (dihed1-
abnormal) indicated that two interconverting conformations of the Criegee 
intermediate can be explored (Figure 9B). From these results, one may expect 
to observe the formation of both possible BV products, in contrast to 
experimental results. We selected two snapshots from the MD trajectory of 
LGY3-D-E1 where the two different bound conformations are visited (Figures 
9B, S9.10) and carried out QM/MM calculations. The QM/MM calculated 
energy barriers are 17.5 kcal·mol-1 for the methyl migration TS (17-TS-
abnormal, snapshot at 300ns) and 20.8 kcal·mol-1 for the phenylethyl 
migration TS (17-TS-normal, snapshot at 100ns). Thus, although a 
conformation of the Criegee intermediate leading to the normal BV product 18 
can be visited, the high energy 17-TS-normal prevents this pathway and favors 
the abnormal product 19 through a much lower energy 17-TS-abnormal. The 
consequence is preferred methyl migration, even though this group is least 
effective in stabilizing the incipient positive charge in the transition state 
(Scheme 2).  
In order to understand the origins of the high energy barrier for the normal 
product formation in the LGY3-D-E1 variant, we analyzed the phenylethyl 
migration TS in the WT (Figure S9.10D). In this case, the QM/MM computed 
energy barrier is with only 14.3 kcal·mol-1 more than 5 kcal·mol-1 lower. This 
likely results from a more distorted phenylethyl migrating group in LGY3-D-E1 
due to the new conformation of the Criegee intermediate. The LGY3-D-E1 17-
TS-normal is a late TS as compared to the WT 17-TS-normal and the LGY3-D-
E1 17-TS-abnormal (Figure S9.10D-F), where the main differences arise from 
the breaking C–C bond distances (1.93 Å vs. 1.77 Å and 1.76 Å, respectively).  
As shown in Figure S9.10A−C, the L145G and L437T mutations create more 
space to accommodate the phenyl ring. At the same time, L437T is H-bonding 
and displacing the FAD cofactor, and stabilizing the Criegee intermediate 
through CH-π interactions with the phenyl ring. Finally, the F434G and T435F 
mutations allow W492 to move closer to the Criegee intermediate phenyl, 
pushing and forcing it to keep that particular orientation. These effects 
increase the strain on the phenylethyl group when migrating, resulting in a 
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worse orbital overlap and a destabilization of this normal migration TS. 
Contrarily, the new conformation explored by the Criegee intermediate allows 
the abnormal methyl migration. Consequently, the mutations enable LGY3-D-
E1 to stabilize a bound conformation and a TS that efficiently leads to the 
abnormal product. Moreover, the intrinsically preferred migration pathway is 
destabilized by increasing the barrier of the normal migration TS due to 
cooperative effects of the mutated residues.  

Conclusions 

In summary, we have addressed the challenging issues of reversing the stereo- 
and regioselectivity of a Baeyer-Villiger monooxygenase. This was 
accomplished by applying iterative saturation mutagenesis (ISM) at sites lining 
the binding pocket of the thermally stable TmCHMO. Two mutants emerged 
that are excellent biocatalysts for the asymmetric transformation of 4-
methylcyclohexanone and other structurally diverse ketones. In some cases 
the high enantioselectivity in desymmetrization reactions is similar to those 
reported for the prototype AcCHMO. However, this well-known BVMO is only 
moderately stable in contrast to the robust TmCHMO used here and this 
stability was retained in the mutants. The reversal of enantioselectivity as 
reported herein allows ready access to several chiral compounds of particular 
synthetic value. A computational analysis gave hints on the origin of the 
selectivity switch and suggested a flipped substrate binding mode in the 
mutant as compared to the wild type. MD simulations revealed limitations 
when analyzing reactant states and suggested electronic effects in the 
intermediate could play a role in selectivity. 
We also developed mutants for switching the regioselectivity in reactions of 
three structurally unbiased linear ketones. The switch involves the preferred 
formation of the abnormal product resulting from selective group migrations 
in the respective Criegee intermediates, which are normally disfavored due to 
stereoelectronic effects. The results are of synthetic significance because the 
standard reagent for Baeyer-Villiger oxidations, m-CPBA, was shown to 
provide the normal products in all three cases. The evolved mutants suffered 
essentially no tradeoff in thermostability and activity as shown by Tm 
measurements and kinetics, respectively. In terms of mutagenic “hot spots” in 
TmCHMO, our study reveals, inter alia, that position L437 plays an especially 
critical role in controlling the regioselectivity in reactions of two of the three 
model ketones, but other positions are also of distinct importance. In future 
protein engineering efforts, simply combining some of the known mutations 
may prove to be a simple and fast way to obtain selective BVMOs with little or 
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no high-throughput screening, provided the respective “rational” choices are 
guided by structural and theoretical information.  
A model for explaining the molecular phenomenon behind the reversal of 
regioselectivity was constructed by MD simulations and QM/MM 
computations. The mutations induce conformational changes of the respective 
Criegee intermediates in the enzyme’s binding pocket, which allow the 
abnormal TS while largely destabilizing the normal migration TS. This novel 
conformational control leads to the violation of the traditional rule that those 
migrating groups are preferred that stabilize the incipient positive charge at 
the peroxy O atom in the Criegee intermediate most effectively. The steric 
effects that we observed overcame otherwise favorable stereoelectronic 
effects. Such a novel mechanism of control adds another way that enzymes can 
control selectivity, and complements the electrostatic factors shown to control 
competing pathways in terpene cyclases.61 We hope that the mechanistic 
lessons learned and the insights gained from our theoretical study will provide 
a basis for making future protein engineering of BVMOs easier and faster. 

Materials and methods 

Materials 

KOD Hot Start DNA Polymerase was obtained from Novagen. Restriction enzyme DpnI 
was bought from NEB. The oligonucleotides were synthesized by Life Technologies. 
Plasmid preparation kit was ordered from Zymo Research, and PCR purification kit 
was bought from QIAGEN. DNA sequencing was conducted by GATC Biotech. All 
commercial chemicals were purchased from Sigma-Aldrich, Tokyo Chemical Industry 
(TCI) or Alfa Aesar.  

PCR based methods for library construction of TmCHMO 

Libraries were constructed using Over-lap PCR and megaprimer approach with KOD 
Hot Start polymerase. 50 µL reaction mixtures typically contained 30 µL water, 5 µL 
KOD hot start polymerase buffer (10×), 3 µL 25 mM MgSO4, 5 µL 2 mM dNTPs, 2.5 µL 
DMSO, 0.5 µL (50~100 ng) template DNA, 100 µM primers Mix (0.5 µL each) and 0.5 
µL KOD hot start polymerase. The PCR conditions for short fragment: 95 °C 3 min, (95 
°C 30 sec, 56 °C 30 sec, 68 °C 40 sec) × 30 cycles, 68 °C 120 sec. For mega-PCR: 95 °C 3 
min, (95 °C 30 sec, 60 °C 30 sec, 68 °C 6 min) × 28 cycles, 68 °C 10 min. The PCR 
products were analyzed on agarose gel by electrophoresis and purified using a Qiagen 
PCR purification kit. 2 µL NEB CutSmart™ Buffer and 2 µL Dpn I were added in 50 µL 
PCR reaction mixture and the digestion was carried out at 37 °C for 7 h. After Dpn I 
digestion, the PCR products 1.5 µL were directly transformed into electro-competent 
E. coli Top10 to create the final library for Quick Quality Control (QQC)3 and screening. 
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Primer design and library creation of TmCHMO 

Primer design and library construction depend upon the particular amino acid chosen, 
and the eleven single sites saturation mutagenesis libraries (L145，L146，F248， 
F279，R329， F434，T435， N436， L437，W492 and F507) of TmCHMO were 
constructed following the following procedure:  

Enantioselectivity libraries 
1) Amplification of the short fragments of TmCHMO using mixed primers L145NNK-
F/L145-R, L146NNK-F/L146-R, F248NNK-F/F248-R, F279NNK-F/F279-R, R329NNK-
F/R329-R, F434NNK-F/F434-R, T435NNK-F/T435-R, N436NNK-F/N436-R, 
L437NNK-F/L437-R, W492NNK-F/W492-R and F507NNK-F/F507-R for libraries 
L145NNK, L146NNK, F248NNK, F279NNK, R329NNK, F434NNK, T435NNK, 
N436NNK, L437NNK, W492NNK, and F507NNK, respectively; 2) Amplification of the 
whole plasmid TmCHMO using the PCR products of step1 as megaprimers, leading to 
the final various plasmids for library generation. 
For rational designed 5-residue randomization mutagenesis library: 1) Amplification 
of the short fragments of TmCHMO using mixed primers 146E/L-
F/434I/F+435F/Y/W/T+437T/A/G/L-R and 434I/F+435F/Y/W/T+437T/A/G/L-
F/507W/F-R, respectively; 2) Overlap PCR using the PCR products of step 2 as 
template and mixed primers 146E/L-F/507W/F-R; 3) Amplification of the whole 
plasmid TmCHMO using the PCR products of step2 as megaprimers, leading to the final 
variety plasmids for library generation.  
For ISM, the libraries A and B were constructed as following procedure: 1) 
Amplification of the short fragments of TmCHMO using mixed primers 
F434NDT/T435NDT-F/F434/T435-R and L146NDT-F/F507NDT-R for Libraries A 
and B, respectively; 2) Amplification of the whole plasmid TmCHMO using the PCR 
products of step 1 as megaprimers, leading to the final plasmids for library generation. 
The PCR products were digested by Dpn I and transformed into electro-competent 
E. coli Top10 to create the library for screening.  

Regioselectivity libraries 
1) Amplification of the short fragments of TmCHMO using mixed primers L437NNK-
F/L437-R; 2) Amplification of the whole plasmid of TmCHMO using the PCR products 
of step1 as megaprimers, leading to the final various plasmids for library generation; 
3) The PCR products were digested by DpnI and transformed into electro-competent 
E. coli Top10 to create the library for screening. Other libraries created in the ISM 
process also followed the same procedure.  

Screening procedures 

Colonies were picked up and transferred into deep-well plates containing 300 µL LB 
medium with 50 µg/mL carbenicillin and cultured overnight at 37 °C with shaking. An 
aliquot of 120 µL was transferred to glycerol stock plate and stored at −80 °C. 
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Subsequently, 800 µL TB medium containing 0.02% (0.2 g/L) L-arabinose and 
50 µg/mL carbenicillin was added directly to the culture plate, then continued to 
culture it for 16 h at 25 °C with shaking for protein expression. The cell pellets were 
harvested, then washed with 400µL of 50 mM, pH 7.4 potassium phosphate buffer. The 
cell pellets were resuspended in 400 µL of the same buffer and substrate (final 
concentration 10 mM in reaction system) in 20 µl methanol was added. The plates were 
incubated at 30 °C, 800 rpm, 18 h. The product and remaining substrate were extracted 
using equal volumes of ethyl acetate (EtOAc) for GC analysis by chiral column 
(Supplementary Tables S9.11 and S9.12). 

Protein expression and purification 

All enzymes were expressed using E. coli Top10 cells in the presence of L-arabinose 
and purified using Ni-sepharose resin, as previously described.34 The purified HisTag-
SUMO-TmCHMO fusion protein was incubated overnight with SUMO protease. 
Subsequently, a Ni2+-Sepharose column was used to capture the SUMO-His-Tag protein 
yielding isolated TmCHMO in the flow through. 

Determination of kinetic parameters 

Enzyme activity for kinetic parameters was measured by monitoring the consumption 
of NADPH at 340 nm. The activity assay was performed in a mixture containing 0.15 
mM NADPH and varying concentration of 4-methylcyclohexanone (0-50 mM) with 5% 
(final) methanol as cosolvent. It should be noted that 0.05 µM WT (reacting too fast in 
higher concentration) and 2 µM mutants were used in each reaction. 
To determine NADPH affinity, varying amounts of NADPH were added to mixture with 
constant 2.5 mM substrate. The limitations of the assay are the quick consumption of 
the NADPH at low concentrations and too high absorbance in high concentrations. 
As we found a relatively high uncoupling rate when using methanol as a cosolvent and 
the kinetic parameters for the substrates used in the regioselectivity switch are notably 
slower, we adapted the buffer conditions to minimize uncoupling, and thus preventing 
a masking of the coupled reaction at low substrate concentrations. In the optimized 
conditions, the uncoupling rate is 0.02-0.07 s-1, while in the previous conditions 
(50 mM PBS buffer, 5% methanol as cosolvent), the uncoupling rate of the WT was 
0.22 s-1. This would have made an analysis of most of the regioselectivity mutants 
impossible, since the observed rates were below this value. 
Kinetics were determined at 25 °C in 100 mM PBS pH 7.4, in the presence of 5% 
(substrate 4) or 8% (substrates 1 and 7) acetonitrile. Reactions were performed with 
varying amounts of substrate as shown in Figure S9.5. The final reaction volume was 
200 µL, and NADPH was added to a final concentration of 150 µM as the last component 
to start the reaction. Initial rates of NADPH oxidation were measured 
spectrophotometrically (Jasco V-660) following the absorbance at 340 nm for 45 s. The 
observed rates were plotted against substrate concentration and fitted to the 
Michaelis-Menten equation to determine the kinetic parameters (GraphPad Prism 6). 
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Determination of thermostability by ThermoFAD method 

The Tm was determined using the ThermoFAD method. Specifically, 25 µl samples 
containing 1 mg/mL purified enzyme were prepared in a 96-well thin wall PCR plate, 
and then the plate was heated from 20 °C to 90 °C, increasing temperature by 0.5 °C/10 
seconds, using an RT-PCR machine (CFX96-Touch, Bio-Rad Laboratories), which could 
measure fluorescence using a 450–490 nm excitation filter and a 515–530 nm 
emission filter. The melting point was defined as the temperature when the first 
derivative of the observed fluorescent signal showed maximum value.  

Biotransformation reactions for tested substrates 

1 mL PBS buffer (pH 7.4, 50 mM) containing recombinant expressed cells (OD600=35) 
and 10 mM substrate [final concentration, methanol as cosolvent (5% of total volume)] 
were added into 25 mL flask (providing enough oxygen), and the reaction was 
performed at 30 °C shaking (220 rpm) for 24 h. The product was extracted with ethyl 
acetate containing 0.1 mM methylbenzoate as internal standard for GC analysis. 

Chemical reference reactions 

Chemical reactions were conducted for the substrates 2-benzylcyclohexanone, 4-
phenylcyclohexanone, 4-tertbutylcyclohexanone and bicyclo[4.2.0]octan-7-one, 
whose enantiomers we could not find through their enzymatic reference reactions. 
Specifically, substrate (4.0 µmol, 8 µl of a 0.5 M stock solution in dioxane) and 3-
chloroperbenzoic acid [8.9 µmol, 20 µl of a 10%w/v stock solution of reagent grade 3-
chloroperbenzoic acid (77% w/w) in dichloromethane, 2.2 equiv] were combined in a 
micro-inlay for GC vials. This results in a final concentration of 0.160 M ketone and 
0.360 M peracid. The clear colorless solution was shaken at room temperature for 18 
h. The solution was diluted with dichloromethane (100 µl) and transferred into a 1.5 
mL Eppendorf tube. A solution of triethylamine (ca. 45 µmol, 1000 µl of 0.6% v/v 
solution in dichloromethane, ca. 9 equiv.) and water (500 µl). The biphasic mixture 
was shaken for 30 min and centrifuged for 30 s at 10 kRCF at room temperature. The 
aqueous layer was removed and the organic phase was dried over Na2SO4. 
Methylbenzoat as standard was added and the solution was analyzed via GC. 

Chemical synthesis of 5-methyloxepan-2-one 

Synthesis of 5-methyloxepan-2-one: To a solution of 4-methylcyclohexanone (200 mg, 
1.78 mmol) in 10 mL CH2Cl2 m-CPBA (800 mg, 4.64 mmol) and TFA (136 µL, 1.78 
mmol) was added at 0 °C. The reaction mix was allowed to reach room temperature 
and left to react 24 h. Next, 10% Na2S2O3 (5 mL) was added and the mixture was further 
stirred for another 2 h. The organic layer was extracted with CH2Cl2 (3 x 20 mL), 
washed twice with saturated sol. NaHCO3, and dried over anhydrous MgSO4. The 
solvent was removed under vacuum, and the crude reaction mixture was purified using 
column chromatography (EA : PE=1:4) to afford 5-methyloxepan-2-one a colorless oil 
(175 mg, 77%). NMR spectra were in concordance with literature data.62  
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Baeyer-Villiger oxidation of 1, 4 and 7 catalyzed by purified WT TmCHMO and best 
mutants in analytical level (10 mM) 

1 mL PBS buffer (pH 7.4, 50 mM) containing 2 mg purified enzyme, 10 mM substrate 
[final concentration, methanol as cosolvent (5% of total volume)], 100 µM NADP+, 30 U 
glucose dehydrogenase and 100 mM glucose were added into 15 mL test tube 
providing enough oxygen, and the reaction was performed at 30 °C for 15 h shaking. 
The product and remaining substrate were extracted with ethyl acetate at 1 h and 15 h 
for GC analysis. 

Baeyer-Villiger oxidation of 1 catalyzed by WT TmCHMO and variant LGY3-D-E1 in 50 
mM and 100 mM. 

1 mL PBS buffer (pH 7.4, 50 mM) containing 4 mg purified enzyme, 50 mM or 100 mM 
substrate 1 [final concentration, methanol as cosolvent (5% of total volume)], 100 µM 
NADP+, 80 U glucose dehydrogenase and 500 mM glucose were added into 15 mL test 
tube providing enough oxygen, and the reaction was performed at 30 °C with shaking 
(220 rpm) for 24 h. The product and remaining substrate were extracted with ethyl 
acetate for GC analysis. 

Baeyer-Villiger oxidation of 1 using variant LGY3-D-E1 in semi-preparative scale 
reaction. 

25 mL PBS buffer (pH 7.4, 50 mM) containing 10 mg purified LGY3-D-E1, 50 mg 
substrate 1 (1 mL methanol as cosolvent), 100 µM NADP+, 200 U glucose 
dehydrogenase and 200 mM glucose were added into a 250 mL flask providing enough 
oxygen, and the reaction was performed at 30 °C with shaking (220 rpm) for 24 h. The 
reaction was stopped by adding ethyl acetate (5 mL). The organic phase was extracted 
with ethyl acetate (3 x 10 mL), dried over MgSO4 and a sample was collected for the 
GC analysis. In continuation, the crude reaction product was purified using column 
chromatography (EA:PE 1:4) to afford 3 as a yellow liquid, (46 mg, yield 83%). 1H NMR 
(300 MHz, Acetone) δ 2.61 (t, J = 7.8 Hz, 2H), 2.91 (t, J = 7.7 Hz, 2H), 3.61 (s, 3H), 7.31–
7.15 (m, 5H). 13C NMR (75 MHz, Acetone) δ 31.54 (s), 36.10 (s), 51.59 (s), 126.96 (s), 
129.15 (s), 129.25 (s), 141.81 (s), 173.39 (s). 

Chemistry 

To perform Baeyer-Villiger oxidation with m-CPBA, a solution of ketone 1, 4 or 7 (1 
Eq.) in 5 mL CH2Cl2 was added at 0 °C m-CPBA (2.6 Eq.) and TFA (1 Eq.). The reaction 
mixture was allowed to reach room temperature and left to react 24 h. In continuation, 
10% Na2S2O3 (3 mL) was added and the mixture was further stirred for another 2 h. 
The organic layer was extracted with CH2Cl2 (3 x 10 mL), washed twice with saturated 
sol. NaHCO3, and dried over anhydrous MgSO4. The solvent was concentrated under 
vacuum, and a GC sample from the crude reaction mixture was injected in the GC. 
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Docking 4-methycyclohexanone into WT TmCHMO 

The X-ray structure of TmCHMO (5M10) was used as the basis for docking calculations. 
4-methylcyclohexanone was prepared for docking using ChemDraw. Docking was 
performed using Autodock Vina and PDB 5M10. Hydrogens were added, and water, 
buffer and the ligand were removed. To prepare a suitable receptor for ligand docking, 
a simulation cell was defined by amino acids of the active site cavity (L145, L146, F248, 
G278, F279, R329, F434, T435, N436, L437, W492, and F507). The docking pose with 
the carbonyl atom closest to the flavin C4a was taken as the final docking pose. 
 

Computational analysis of the enantioselectivity switch 

The ligand structure was prepared by building the molecule in its presumed most 
stable (i.e. least energetic) geometry, that is, with the methyl group in the equatorial 
position. After enclosing the molecule in an H2O solvent box, an energy minimization 
was performed, before the final geometry was obtained by using a semi-empirical 
quantum mechanics algorithm with the COSMO implicit solvent model.63  
Next, the enzyme structure was prepared: PDB ID 5M10 was downloaded, alternative 
side-chain rotamers with higher B-factor were eliminated, hydrogens were added and 
optimally oriented, and water, buffer and the ligand were removed. Then the 
peroxyflavin was modeled: a hydrogen was added to the N5, the peroxygroup added to 
the re side of the flavin at the C4a, and the bond orders updated. The entire structure 
except the peroxygroup and the C4a was frozen and an energy minimization yielded 
the out-of-plane C4a, with the distal negatively charged oxygen stabilized above the 
positive C4, C2 and C10 atoms of the flavin. The mutant structures were prepared by 
employing a script that swaps the respective amino acids, and subsequently performs 
a dead end elimination optimization based on rotamers, making use of the SCWRL3 
algorithm64 and further optimizes the orientation considering force field and solvation 
energies.65 The resulting structure was then energy minimized. This approach was 
repeated in six rounds, with increasing volume of flexible atoms around the mutated 
site until finally the entire protein is energy minimized.  
To prepare a suitable receptor for ligand docking, a simulation cell was defined by 
enclosing the sidechains of the active site cavity-forming residues:  
WT: L145, L146, F248, G278, F279, R329, F434, T435, N436, L437, W492, F507 
D11: L145, F146, F248, G278, F279, R329, I434, L435, N436, A437, W492, C507 
E5: L145, L146, F248, G278, F279, R329, I434, L435, N436, A437, W492, V507 
These atoms were also kept flexible, while the rest of the protein was frozen. The 
substrate was then docked into the active site using AutoDock 466 with 999 runs and 
25m energy evaluations. The results were then visually inspected. The docking pose 
with the carbonyl atom close (< 3.41 Å) to the distal oxygen of the peroxygen group 
and the highest binding energy was accepted as the final docking pose. The second 
docking round was essentially the same, but with the simulation cell confined to the 
space where the substrate was found to dock in the first round.  
Gaussian67 was used to calculate the charge distribution on the peroxyflavin, the 
NADP+ cofactor, and the substrate. The atom coordinates were kept fixed. ESP charges 
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were calculated using the Hartree-Fock method with Gaussian shaped orbitals of the 
6-31* complexity.
MD simulations were carried out under YASARA v17.4.17, using either the Yamber3 or
the YASARA forcefield. The procedure was as follows: first a dodecadral simulation cell
with periodic boundaries was defined 7.5 Å around all protein atoms. The cell was filled
with water and then neutralized with sodium and chloride as counter ions. The pH was
set to 7.40 and the protonation states were adjusted accordingly. Then the charges of
the cofactors were updated to match the charges determined by QM. The MD started
with an energy minimization experiment, then the temperature was set to 0 K and
within 30 ps gradually increased to 25 °C. The simulation was allowed to proceed for
10 ns. With a new random seed, this procedure was repeated five times, so a total time
of 5 x 10 ns = 50 ns was sampled. A simulation snapshot for later playback was taken
every 25 ps, and every 2 ps, the NAC criteria were recorded.

Computational analysis of the regioselectivity switch 

DFT calculations for modeling m-CPBA BV oxidations were performed using Gaussian 
09.67 Geometry optimizations and frequency calculations were performed using 
unrestricted B3LYP (UB3LYP)68-70 and the 6-31G(d) basis set, within the CPCM 
polarizable conductor model (dichloromethane).71-72 Enthalpies and entropies were 
calculated for 1 atm and 298.15 K. Single point energy calculations were performed 
using the dispersion-corrected functional (U)B3LYP-D3(BJ)73-74 with the 6-
311++G(3df,2p) basis set, within the CPCM polarizable conductor model 
(dichloromethane). All stationary points were verified as minima or first-order saddle 
points by a vibrational frequency analysis.  
QM/MM calculations within the ONIOM approach75-76 were performed using Gaussian 
09. 67 Geometry optimizations were performed using unrestricted B3LYP (UB3LYP) in 
combination with the 6-31G(d) basis set, and using the QuadMac algorithm (as
implemented in Gaussian) and a mechanical embedding scheme. Frequency
calculations were performed to confirm that optimized TS structures have one
imaginary frequency that corresponds to the desired transition state vector. Single
point energy calculations were performed at the uB3LYP/Def2TZVP level. Snapshots
for QM/MM calculations were obtained from classical MD trajectories, as described
below, and included all the protein residues, cofactors, counterions and water
molecules contained in a <3 Å shell around the protein structure. QM region atoms
were defined based on previous studies by Thiel and co-workers.38 QM region included 
all atoms from the isoalloxazine ring of C4a-peroxyflavin, ketone substrates, the side
chain of R329, and the nicotinamide ring and the adjacent ribose of NADP+. The total
charge of the QM region was +1. In the QM/MM optimizations the active site region to
be optimized included all QM atoms and all the residues and water molecules of the
MM region within 6 Å from any atom in the QM region.
Molecular Dynamics simulations were performed using the GPU code (pmemd)77 of
the AMBER 16 package. Parameters for the different Criegee intermediates, cofactors
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and substrates were generated within the antechamber module using the general 
AMBER force field (gaff),78 with partial charges set to fit the electrostatic potential 
generated at the HF/6-31G(d) level by the RESP model.79 The charges were calculated 
according to the Merz–Singh–Kollman scheme80-81 using the Gaussian 09 package. Each 
protein was immersed in a pre-equilibrated truncated cuboid box with a 10 Å buffer of 
TIP3P82 water molecules using the leap module, resulting in the addition of around 
15,000 solvent molecules. The systems were neutralized by addition of explicit counter 
ions (Na+ and Cl−). All subsequent calculations were done using the widely tested 
Stony Brook modification of the Amber99 force field (ff99sb).83 A two-stage geometry 
optimization approach was performed. The first stage minimizes the positions of 
solvent molecules and ions imposing positional restraints on the solute by a harmonic 
potential with a force constant of 500 kcal·mol-1·Å-2 and the second stage minimizes all 
the atoms in the simulation cell except those involved in the harmonic distance 
restraint. The systems were gently heated using six 50 ps steps, incrementing the 
temperature by 50 K for each step (0–300 K) under constant-volume and periodic-
boundary conditions. Water molecules were treated with the SHAKE algorithm such 
that the angle between the hydrogen atoms was kept fixed. Long-range electrostatic 
effects were modelled using the particle-mesh-Ewald method.84 An 8 Å cutoff was 
applied to Lennard–Jones and electrostatic interactions. Harmonic restraints of 30 
kcal·mol-1 were applied to the solute and the Andersen equilibration scheme was used 
to control and equalize the temperature. The time step was kept at 1 fs during the 
heating stages, allowing potential in homogeneities to self-adjust. Each system was 
then equilibrated for 2 ns with a 2 fs time step at a constant volume. Production 
trajectories were then run for an additional 500 ns under the same simulation 
conditions. 
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Conlusions? 

After nine chapters with conclusion sections, what is left to conclude? We knew 
that we know nothing 2500 years ago, and—arguably—it hasn’t changed a lot 
in absolute terms. The very foundation of research is the curiosity-driven quest 
for discoveries. However, what we discover, often doesn’t answer anything, 
and just leads to more questions. Thus, with the knowledge accumulated in a 
PhD arguably positioning one at the minimum of the Dunninger-Kruger plot,1 
it seems adequate to also end this thesis with questions, instead of answers. 

 
Figure 1. The Dunninger-Kruger effect.  

Biocatalysis to the rescue? 

The extensive literature on monooxygenases (Chapters 1-2) reflect the 
continuous interest in these catalysts. Though some representatives obviously 
emerged from investigations of biosynthetic pathways, many monooxygenases 
have been explored exclusively for their potential in application. This 
development gives hope that monooxygenases may be at the forefront of a new 
industrial revolution. In the future, we need to drastically change our 
production systems. This is especially true for the chemical industry that 
produces so many of the goods that sustain the living standards of this planet’s 
population, which approaches eight billion people in 2019. Considering the 
frustratingly slow progress of political action to our global problems, 
technological advances might be our best bet to stop the downward spiral 
caused by the combination of overpopulation and increased consumption with 
resource depletion and environmental damage. As the chemical industry is a 
major player in this development, catalysis with green reagents can make an 
enormous impact of global scale. Biocatalysis has the potential to emerge as a 
“game changer”, as it combines sustainability with efficiencies. The major 
technological limitations that remain to be overcome are largely the same for 
monooxygenases as for other enzyme classes: stability and specificity. The here 
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presented work shows that a combination of classical enzyme discovery and 
characterization with computational approaches can successfully tackle these 
issues. Research and development in both techniques causes a mutually 
beneficial advance, an effect exemplified also in various parts of this thesis. 

Cytochrome P450s—what lurks in the shadow of the king of catalysis? 

P450s are extremely popular enzymes in the biocatalysis community, because 
they are such an obvious example of superiority of enzyme catalysis. As one of 
the holy grails of organic chemistry, their ability of selective carbon activation 
means a tremendous synthetic (and thus commercial) potential. The other side 
of the medal is only too well known to enzymologists with hands-on 
experience: poor stability and unpredictable catalytic behavior. 
Thermostability can hopefully be achieved—with new variants, such as the one 
described in Chapter 3, and using engineering techniques as outlined in 
Chapters 5 and 6. However, the greater challenge will be to alter the stability 
of the reactive heme and the associated fate of a substrate to be either accepted 
or induce uncoupling. Natively, P450s will never display capabilities that are 
ideally suited for application: as nature knows that with great power comes 
great responsibility, it has fenced its most reactive catalysts with deliberate 
restrictions. These probably are also reflected in catalytic control through 
enzyme flexibility (Chapter 1), which add a layer of complexity to the intricate 
catalytic mechanism. These reasons make also computational predictions 
vastly more complicated, where the fear is that only extensive simulation times 
can cover all mechanistic steps leading to substrate acceptance, while at the 
same time only theoretical descriptors at the highest level of theory can 
adequately calculate the electronic nature of the catalytic heme species and 
thus predict the reaction outcome. With technological advances progressing in 
a reliably astonishing pace and new and creative methodologies improving 
simulation accuracies at ever longer timescales, we may yet see these hurdles 
overcome. On the other hand, if the development stalls, a serious competitor in 
the enzyme world—peroxygenases—has emerged as a promising alternative.  

Baeyer-Villiger monooxygenases—is the field exhausted? 

Although to perhaps a lesser extent, many of the above considerations apply 
also to BVMOs. Even though a scan of the recent literature can sometimes give 
the impression of a von Baeyer-like confidence in the field, it seems 
appropriate to doubt which of the two maxima in Figure 1 our current 
knowledge is approaching. The most important open questions lie in the 
mechanism and they may or may not all be connected to each other. The 
uncertainty about the kinetic step of BVMOs found to be rate-limiting (Chapter 
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2), needs to be resolved. If it turns indeed out to be a conformational change, 
its nature (side-chains, loops, cofactors, domains?) needs to be elucidated. In 
relation to that, the exact position of the substrate during catalysis must be 
clarified (Chapter 1). Only if these uncertainties can be dispelled, 
computational analyses can be taken seriously and be used in a predictive way. 
This will hopefully largely reduce the workload currently required to engineer 
desired activities (Chapter 9) and allow the design of tailor-made mutants for 
specific substrates. Similarly, the puzzle of substrate promiscuity will then 
need to be connected to these insights. Possibly related is another mechanistic 
open question—the reduction of the flavin by NADPH. The incoherency of the 
stereochemistry of hydride transfer with the sliding mechanism is not just a 
curiosity, it will also be essential in enabling the engineering of true 
dependency on the dephosphorylated cofactor. 
Next, the issue of substrate and product inhibition has been largely 
unaddressed. The reason may be that so far, the low stability often has masked 
this limitation. However, with new homologs and engineered variants, this 
issue has become and will be the more important new bottleneck. Also here, an 
approach aiming to tackle the underlying cause, and not just the symptoms 
would be desirable. However, until cleverly designed experiments are able to 
establish the mechanism of inhibition and protein engineering can be applied 
to overcome it, another focus will lie in process design and engineering. 
Chemoenzymatic systems employing (co)solvents and cascade reactions have 
already become popular and many more examples are expected to be 
developed in the future. An extended knowledge will also be valuable for 
stability engineering, where seemingly distant mutations can sometimes 
abolish activity (Chapter 7). And although the stability of BVMOs has been 
tackled (Chapters 4-7), it can be doubted that this is enough to reach a broad 
application. However, with so many thermo- and hyperthermostable enzymes 
known from other enzyme families, it seems fair to speculate that it is only a 
matter of time until a BVMO representative will be discovered as well. Other 
approaches such as ancestral sequence reconstruction could also create 
thermostable BVMOs that likely show a broad substrate scope.  
Lastly, the stability of the peroxyflavin should be better investigated. 
Uncertainties about variations in the mode of uncoupling exist, and the 
influencing factors are largely unknown. Although not as pressing as in P450s, 
improvements in oxygenation coupling will make BVMO reactions more 
reliable and efficient. 
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Supporting Figures 
Chapter 3 

 
Figure S3.1. SDS-PAGE of CYP505A30 purification.  
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Figure S3.2. GC chromatogram and MS data for extracted and TMS-derivatized bioconversions 
using purified enzyme and lauric acid. A) GC chromatogram. B) MS spectra of substrate (S) and 
product 1-3 (P1-3) and NIST11 library reference spectrum (when available, shaded in orange). 

Figure S3.3. Fluorescent signals of CYP505A30 in melt curve program. Exemplary curves 
obtained both in phosphate buffer pH 7.2. A) Signal obtained using the ThermoFluor method 
where a Sypro Orange dye is added. B) Signal obtained using the ThermoFAD method, where no 
dye is added.  
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Figure S3.4: 1H NMR (300 MHz, DMSO) δ 12.23 (bs, 1H), 7.15 (s, 4H), 3.71–3.53 (m, 1H), 2.61 (s, 
2H), 1.34 (d, J = 7.1 Hz, 3H), 1.04 (s, 6H) ppm. 
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Figure S3.5. 13C NMR (76 MHz, DMSO) δ 175.47, 138.50, 137.38, 130.42, 126.57, 69.31, 49.03, 
44.31, 29.17, 18.53 ppm. The chemical shift δ is indicated in ppm (parts per million) and the 
coupling constant J in Hz (Hertz). For the signal multiplicities the following abbreviations were 
most commonly used: s (singlet), bs (broad singlet), d (doublet), t (triplet), q (quadruplet), m 
(multiplet). Quarternary carbons are labeled as Cq. 
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Figure S3.6. 1H NMR (300 MHz, DMSO) δ 12.10 (bs, 1H), 7.26–6.95 (m, 4H), 4.50 (bs, 1H), 3.61 
(q, J = 6.7 Hz, 1H), 3.22 (dd, J = 15.2, 8.3 Hz, 2H), 2.67 (dd, J = 13.2, 5.7 Hz, 1H), 2.24 (dd, J = 
13.2, 8.4 Hz, 1H), 1.81–1.62 (m, 1H), 1.33 (d, J = 7.0 Hz, 3H), 0.77 (d, J = 6.6 Hz, 3H) ppm. 
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Figure S3.7. 13C NMR (76 MHz, DMSO) δ 175.55, 139.35, 138.48, 129.03, 127.11, 65.58, 44.32, 
38.68, 37.50, 18.55, 16.47 ppm. 
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Figure S3.8. 1H NMR (300 MHz, DMSO) δ 12.26 (bs, 1H), 7.22 (s, 4H), 4.20 (d, J = 6.1 Hz, 1H), 
3.64 (q, J = 7.0 Hz, 1H), 1.85–1.67 (m, 1H), 1.34 (d, J = 7.1 Hz, 3H), 0.85 (d, J = 6.6 Hz, 3H), 0.73 
(d, J = 6.7 Hz, 3H) ppm. 
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Figure S3.9. 13C NMR (76 MHz, DMSO) δ 175.45, 143.59, 139.37, 126.70, 126.63, 77.34, 44.38, 
34.89, 19.12, 18.56, 17.97 ppm. 
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Chapter 4 

Figure S4.1. Phylogenetic tree with recombinantly expressed BVMOs. A clustalW-calculated 
protein sequence alignment of 79 type I BVMOs was used to generate the tree using the 
Maximum-Likelihood method. Robustness was tested with 500 bootstraps (values at the nodes) 
and the cut-off was 30%. Phylogenetic groups are annotated from literature and in accordance 
with previous classifications. Group numbers are according to the “Grogan classification”1 and 
prototypes represent the best characterized representative of a group. Crystal structures are 
indicated by a crystal symbol. The accession numbers of all sequences are as follows:  
AAC36351: AKMO (Pseudomonas fluorescens DSM50106); AAL14233: CDMO (Rhodococcus 
ruber); AAN37479: CHMO (Arthrobacter sp. BP2); AAN37491: CHMO (Rhodococcus sp. Phi2); 
AAN37494: CHMO (Rhodococcus sp. Phi1); AAR27824: CHMO (Rhodococcus sp. TK6); 
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AAR99068: CHMO (Brachymonas petroleovorans); ABB88524: BVMO (Streptomyces 
aculeolatus); ABG93685: BVMO 6 (Rhodococcus jostii RHA1); ABG93916: BVMO 5 
(Rhodococcus jostii RHA1); ABG94297: BVMO 15 (Rhodococcus jostii RHA1); ABG94724: BVMO 
16 (Rhodococcus jostii RHA1); ABG94866: BVMO 4 (Rhodococcus jostii RHA1); ABG95240: 
BVMO 14 (Rhodococcus jostii RHA1); ABG95573: BVMO 13 (Rhodococcus jostii RHA1); 
ABG96095: BVMO 2 (Rhodococcus jostii RHA1); ABG97009: BVMO 17 (Rhodococcus jostii 
RHA1); ABG97104: BVMO ro05323 (Rhodococcus jostii RHA1); ABG97176: BVMO 18 
(Rhodococcus jostii RHA1); ABG97302: BVMO 19 (Rhodococcus jostii RHA1); ABG97785: BVMO 
7 (Rhodococcus jostii RHA1); ABG98452: BVMO 1 (Rhodococcus jostii RHA1); ABG98471: 
BVMO 11 (Rhodococcus jostii RHA1); ABG98876: BVMO 12 (Rhodococcus jostii RHA1); 
ABG99184: BVMO 20 (Rhodococcus jostii RHA1); ABG99230: BVMO 23 (Rhodococcus jostii 
RHA1); ABG950950 : BVMO 3 (Rhodococcus jostii RHA1); ABH00042: BVMO 8 (Rhodococcus 
jostii RHA1); ABH00079: BVMO 9 (Rhodococcus jostii RHA1); ABH00083: BVMO 10 
(Rhodococcus jostii RHA1); ABH00380: BVMO 21 (Rhodococcus jostii RHA1); ABI15711: 
MEKMO (Pseudomonas veronii MEK700); ABQ10653: CHMO (Arthrobacter sp. L661); 
ACJ37423: HAPMO (Pseudomonas putida); ADE73876: BVMO ADE73876 (uncultured 
bacterium); AE004582_5: BVMO (Pseudomonas aeruginosa PAO1); AE016474_2: BVMO EthA 
(Pseudomonas putida KT2440); AF257214_1: BVMO 1 (Brevibacterium sp. HCU); AF257215_1: 
BVMO 2 (Brevibacterium sp. HCU); AF355751_1: HAPMO (Pseudomonas fluorescens ACB); 
AHE80562: BVMO3 (Dietzia sp. D5); BAA24454: STMO (Rhodococcus rhodochrous); 
BAA86293: CHMO (Acinetobacter sp. NCIMB9871); BAC22652: CPMO (Comamonas sp. NCIMB 
9872); BAE93346: CPDMO (Pseudomonas sp. HI-70); BAF43791: ACMO (Gordonia sp. TY-5); 
BAH56677: CHMO (Rhodococcus sp. HI-31); BAN13280: OTEMO (Pseudomonas putida ATCC 
17453); BAN13281: 2,5-DKCMO (Pseudomonas putida); BAN13301: 3,6-DKCMO (Pseudomonas 
putida); BAU98044: IFnQ (Streptomyces sp. RI-77); XP_003661890: PockeMO 
(Thermothelomyces thermophila ATCC 42464); CAA16134: BVMO CAA16134 (Mycobacterium 
tuberculosis H37Rv); CAA16141: BVMO CAA16141 (Mycobacterium tuberculosis H37Rv); 
CAA17436: BVMO CAA17436 (Mycobacterium tuberculosis H37Rv); CAA97398: BVMO 
CAA97398 (Mycobacterium tuberculosis H37Rv); CAB02175: BVMO CAB02175 
(Mycobacterium tuberculosis H37Rv); CAB06212: BVMO ETaA (Mycobacterium tuberculosis 
H37Rv); CAB55657: BVMO 1 (Streptomyces coelicolor A3: 2)); CAB59668: BVMO 2 
(Streptomyces coelicolor A3: 2)); CAD10801: CHMO (Xanthobacter flavus); CAK50794: MtmOIV 
(Streptomyces argillaceus); E3VWI7: PntE (Streptomyces arenae); E3VWK3: PenE 
(Streptomyces exfoliatus); GU145276: ArBVMO (Acinetobacter radioresistens S13); JN230349: 
CAMO (Ilyonectria radicicola); KF319017 : BVMO4 (Dietzia sp. D5); KOQ70971: SMFMO 
(Stenotrophomonas maltophilia); WP_011291921: PAMO (Thermobifida fusca YX); Q82IY8: 
PtlE (Streptomyces avermitilis MA-4680); WP_003060775: SAPMO (Comamonas testosteroni); 
XM_741856: BVMOAf2 (Aspergillus fumigatus Af293); XM_742067 : BVMOAf1 : N-term) 
(Aspergillus fumigatus Af293); XM_001270541 : CHMO (Aspergillus clavatus NRRL 1); 
XP_002375343: Afl210 (Aspergillus flavus NRRL3357); XP_002375466: Afl456 (Aspergillus 
flavus NRRL3357); XP_002375657: Afl838 (Aspergillus flavus NRRL3357); XP_002383043: 
Afl619 (Aspergillus flavus NRRL3357); YP_552312FMO (Polaromonas sp. JS666) 



234 

Figure S4.2. SDS-PAGE of enzyme purification (A) and spectrum (B) of purified 
Thermothelomyces thermophila BVMO (PockeMO) fused to PTDH. The purification procedure 
is described in more detail in section 3.4. The soluble fraction is obtained after separation of cell 
debris (insoluble fraction) from the soluble fraction after disruption of cells via sonication. This 
cell-free extract was subjected to a Nickel column which was washed with buffer (wash I) and 
buffer containing 5 mM imidazole (wash II). The eluted protein was desalted to yield pure 
protein. Yields ranged from 120–180 mg pure protein per liter of culture, depending on the 
prepared batch. 
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Figure S4.3. Kinetic profile for Thermothelomyces thermophila BVMO (PockeMO) fused to 
phosphite dehydrogenase or after cleavage of the SUMO tag. NADPH consumption rates were 
measured in air-saturated 50 mM Tris-HCl buffer at pH 7.5 and 25 °C (enzyme 2 µM; NADPH, 
100 µM). Plots were fit to the Michaelis-Menten equation. 

Figure S4.4. Apparent melting temperature (Tm) of Thermothelomyces thermophila BVMO 
(PockeMO) native enzyme (A) and the PTDH-fusion enzyme (B) in different solvents and varying 
pH values.  
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Conversion of cycloundecanone: 
 

 
 
Conversion of cyclododecanone: 
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Conversion of cyclopentadecanone: 

Conversion of stanolone: 
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Conversion of pregnenolone: 

 
 
Conversion of androstenedione: 
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Conversion of androstadienedione: 
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Conversion of mixed cyclopentanone, bicyclo[3.2.0]hept-2-en-6-one, cyclohexylmethylketone, 
cyclooctanone, phenylacetone, (+)-camphor, 2-indanone: 
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Conversion of mixed cyclohexanone, bicyclo[3.2.0]hept-2-en-6-one, 4-octanone, acetophenone, 
phenylacetone, 2-phenylcyclohexanone 
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Conversion of mixed bicyclo[3.2.0]hept-2-en-6-one, 3,3,5-trimethylcyclohexanone, 2-
hexylcyclopentanone, (S)-(+)-2,3,7,7a-Tetrahydro-7a-methyl-1H-indene-1,5(6H)-dione 
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Conversion of mixed cyclohexanone, bicyclo[3.2.0]hept-2-en-6-one, 4-octanone, 
cyclohexylmethylketone, acetophenone, cyclooctanone, isophorone, phenylacetone , (+)-
camphor, 2-indanone, 2-hexylcyclopentanone, 4-phenylcyclohexanone, stanolone, 
androstenedione, pregnenolone 
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Figure S4.5. GC-MS results of conversions with PockeMO. First shown is the GC-chromatogram as 
an overlay of the sample containing the substrate (S)/the substrate mix (S1-Sn) incubated with 
enzyme (green line), and the same sample without enzyme (control, blue line). In the enzyme 
containing sample, the resulting product peak is abbreviated P or P1-Pn for the conversion mix. 
The MS fragmentation spectra are shown below: in black the actual measurement, and in red the 
spectrum in the library (NIST11) that lead to identification, together with the chemical structure. 
The similarity of all spectra shown with that of the library is > 90% in all cases. Some compounds 
were not present in the library (closest hit similarity < 80%), which is indicated with a gap after 
the measurement spectrum. Compounds were then identified as the Baeyer-Villiger reaction 
product of the substrate due to the GC peak shift and the appearance of an MS parent peak with 
a 16 Da higher mass, corresponding to an oxygen insertion. For the last mix of 15 substrates, 
PockeMO (green line), CHMO (pink line) and CPDMO (brown line) were compared. With the 
exception of peak P3 (4-octanone), all enzymes converted the substrates to the same regioisomer 
(when applicable), in these cases, only one representative MS spectrum is shown. 
Bicyclo[3.2.0]hept-2-en-6-one was included in each mix as known control substrate to indicate 
potential inhibiting effects.  
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Figure S4.6. Kinetic profile of Thermothelomyces thermophila BVMO (PockeMO) with 
cyclopentadecanone. NADPH consumption rates were measured in air-saturated 50 mM Tris-HCl 
at pH 7.5 and 25 °C (enzyme 2 µM; NADPH, 100 µM). Plots were fit to the Michaelis-Menten 
equation. Substrate was solubilized using 5% dioxane. Under these conditions, 250 µM was the 
solubility limit of this compound, therefore no higher substrate concentrations could be 
measured 
 

Figure S4.7. 1H NMR of stanolone conversion product with PockeMO. 1H NMR (400 MHz, 
Chloroform-d) δ 4.28 (dd, J = 13.1, 8.8 Hz, 1H), 3.81–3.59 (m, 3H), 2.70 (t, J = 14.1 Hz, 1H), 2.50 
(dd, J = 14.6, 7.3 Hz, 1H), 2.12–2.00 (m, 1H), 1.93 (dd, J = 14.4, 7.5 Hz, 1H), 1.81 (d, J = 12.6 Hz, 
1H), 1.74 (dd, J = 13.0, 3.3 Hz, 1H), 1.63–1.18 (m, 11H), 1.06 (td, J = 12.9, 4.2 Hz, 1H), 0.94 (s, 
3H), 1.00–0.87 (m, 1H), 0.81–0.75 (m, 1H), 0.74 (s, 3H). The NMR spectrum is in agreement with 
published data for the depicted 3-keto-4-oxa-4a-homo lactone.2 
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Figure S4.8. 1H NMR of pregnenolone and the conversion mix with PockeMO.  
(A) 1H NMR of pregnenolone pure substrate as reference. 1H NMR (400 MHz, Chloroform-d) δ 
5.35 (m, J = 5.4 Hz, 1H), 3.53 (m, J = 11.1 Hz, 1H), 2.53 (t, J = 8.9 Hz, 1H), 2.36–1.93 (m, 8H), 
1.91–1.80 (m, 2H), 1.74–1.39 (m, 8H), 1.30–1.02 (m, 3H), 1.00 (s, 3H), 0.63 (s, 3H).
(B) 1H-NMR of the reaction crude, showing a mix of the reaction product and substrate (67.6%
conversion according to the peak integration). A significant shift of the peak corresponding to
proton C of the substrate (2.53 ppm, 1H) to C’ (4.59 ppm, 1H) is observed due to the addition of 
the vicinal oxygen. Taking the integration of peak C’ as reference for one proton of the product
and C for one proton of the substrate, the integration of the peaks at 5.35 ppm and at 3.52 ppm
correspond to the sum of the contribution of product and substrate to these peaks. These two
protons A (5.35 ppm, 1H) and B (3.52 ppm, 1H) are too distant from the new oxygen to show a
detectable change in shielding, so that the protons corresponding to product and substrate
overlap. Moreover, a shift of proton E (0.63ppm,3H) to E’ (0.80ppm, 3H) is observed. 
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Figure S4.9. GC-MS results of conversion of 4-octanone with PockeMO. Top graph: GC-
chromatogram as an overlay of the sample containing the substrate (S)/the substrate without 
enzyme (control, blue line). The samples containing enzyme correspond to PockeMO (green) 
and AcCHMO (pink) and the resulting product peaks are abbreviated P. The sample incubated 
with AcCHMO yields two peaks that partially overlay (P3a and P3b), while the PockeMO sample 
contains only one peak, product P3b. The MS fragmentation spectra are shown below: in black 
the actual measurement, and in red the spectrum in the library (NIST11) that lead to 
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identification, together with the chemical structure. The similarity of all spectra shown with that 
of the library is > 95% and clearly can distinguish between the normal product P3a and the 
abnormal product P3b, with the two of them leading to entirely different mass fragmentation 
spectra. 

Figure S4.10. Stereoselectivity of bicyclo[3.2.0]hept-2-en-6-one (BCH) conversion by 
Thermothelomyces thermophila BVMO (PockeMO). GC-Chromatogram of chiral GC of racemic 
BCH incubated with PAMO or PockeMO or without enzyme. The retention times of the two 
isomeric ketones are 9.2 min (S1; 1S,5R isomer) and 9.4 min (S2; 1R,5S isomer). The order for 
the lactones is: abnormal lactone 1R,5S: 17.1 min (P1); normal lactone 1R,5S: 17.6 min (P2); 
abnormal lactone 1S,5R: 18.0 min (P3); normal lactone 1S,5R: 18.2 min (P4). PAMO yields the 
four possible lactones, with a preference for the 1R, 5S ketone, while PockeMO converts both 
ketones fast to the abnormal lactone 1R, 5S and the normal lactone 1S, 5R with enantiomeric 
excesses of 97% and 100%, respectively. The inset shows the reaction, where oxidation of 
racemic BCH either yields all the four possible isomers (grey arrows) or two regioisomers (black 
arrows). 
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Figure S4.11. Quality of the crystallographic data. Electron density of NADP+ (grey carbons; the 
nicotinamide ring is disordered and not included in the model) and FAD (yellow carbons) to 
exemplify the quality of the X-ray data (2.0 Å resolution). The weighted 2Fo-Fc map is contoured 
at 1.4 σ level. 

 
Figure S4.12. Alignment of PockeMO amino acid sequence. Alignments were generated with 
ClustalW using the BLOSUM cost matrix. Visualisation of conservation was achieved using the 
software BOXSHADE 3.2 (http://embnet.vital-it.ch/software/BOX_form.html) A: Sequence 
alignment of the extended N-terminus found in PockeMO and the other BVMOs in this 

http://embnet.vital-it.ch/software/BOX_form.html
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phylogenetic group (Figure S4.1). B: Sequence alignment of PockeMO with some prototype 
BVMOs. Highlighted according to the colour scheme in Figure 4 is the stretch of residue 316-388 
(PockeMO numbering) that forms a very different conformation in PockeMO (and presumably 
the homologous CPDMO) as compared to PAMO and other known BVMO structures. The 
sequences are: CPDMO (Pseudomonas sp. HI-70); CDMO (Rhodococcus ruber); BVMO 1 
(Streptomyces coelicolor A3: 2)); BVMO4 (Dietzia sp. D5); PntE (Streptomyces arenae); PenE 
(Streptomyces exfoliatus); PtlE (Streptomyces avermitilis MA-4680); CHMO (Aspergillus 
clavatus NRRL 1); PAMO (Thermobifida fusca YX); CHMO (Acinetobacter sp. NCIMB9871); 
CPMO (Comamonas sp. NCIMB 9872) 

Figure S4.13. Modeling of stanolone (one of the bulkiest PockeMO substrates; 17 in Table 1 of 
the main text) bound to the PockeMO active site. The protein surface is in grey, the FAD in yellow, 
and the modeled ligand in red. Modeling was performed with the program Vina 
(http://vina.scripps.edu/). 

http://vina.scripps.edu/
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Chapter 7 

Figure S7.1. Overview of the individual steps followed in the RhCHMO stabilization work flow. 
The ΔΔGFold energy predictions were performed on 8,350 single mutants, of which 853 fell 
below the energy cutoff of -5 kJ mol-1 (white bars in the top graph). 114 point mutations were 
intially selected in the visual inspection screen, to which another 14 were added as a second set. 
The best mutants were combined, partly by using a shuffled library screening approach. The best 
mutant was obtained after removing one activity-abolishing mutation from the most stable 
mutant.  
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Figure S7.2. Correlation between the Tm of RhCHMO mutants determined in cell-free extract 
preparations or as purified proteins. As the single mutant screen requires a certain degree of 
accuracy, the observed varations between the two enzyme formulations were deemed to large 
to allow Tm measurements in cell-free extracts.  

Figure S7.3. First approach to generate a shuffled library. The method is an adaptation of the so-
called multichange isothermal (MISO) mutagenesis procedure 3. The PCR was performed using 
a mix of mutated and wild-type primers, after which the mixed fragments were purified and 
assembled by Gibson cloning 4.  
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Figure S7.4. Distribution of wild-type and mutant residues at the targeted positions in the first 
library. A) Distribution on sequence level of 95 analyzed clones. B) Distribution in the 
ThermoFAD signals, resulting from only from mutants that express solubly and bind FAD.  

 
Figure S7.5. Distribution of wild-type and mutant residues at the targeted positions in the second 
library on sequence level of 48 analyzed clones. 

 

Figure S7.6. Electropherograms obtained from sequencing a mixed culture inoculated with all 48 
clones of the second library. Targeted positions show a mixed signal corresponding to the 
distribution observed when sequencing the clones individually (Figure S7.5). 
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 Figure S7.7. Enzyme kinetics. Catalytic rates observed upon incubation of RhCHMO wild type 
(WT) or M8B mutant with varying amount of substrate fitted to the Michaelis-Menten equation.  

Figure S7.8. Activity over time upon incubation at 37 °C. 

Figure S7.9. MD simulation trajectories for wild-type (A) and Q409P mutant (B). The average 
structure of four independent trajectories is overlaid and shows more deviation (and thus more 
flexibility) in the with arrow indicated positions for the wild type than for the mutant.  
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Figure S7.10. Molecular surfaces of RhCHMO wild type (A) and D95H mutant (B), colored by 
electrostatic potential distribution. Negative charge is shown red, neutral is white, and positive 
blue. The potentials were calculated using the adaptive Poisson–Boltzmann Solver (APBS) web 
server.5 
 

 

Figure S7.11. Weblogo showing sequence conservation among 79 BVMO sequences. The 
Rossmann fold motif GXXGXG and the mutated Q191 are marked. The sequences are a set of 
literature-described BVMOs that were recombinantly expressed. The full list of sequences and 
their accession numbers are documented in Figure S4.1.  
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Chapter 8 

Figure S8.1. Superposition of BVMO crystal structures containing active site ligands (PDB codes 
are: 2YLT, 2YLW, 2YLX, 3UCL, 4RG3, 4RG3, 5M10, 5M0Z). FAD, nicotinamide cofactor and 
ligands are shown with yellow, violet and cyan carbons respectively. The structure obtained in 
the present work is highlighted with atom balls.  

Figure S8.2. Multiple sequence alignment of CHMOs. Blue bars indicate the position of the active 
site residues. Black and grey shades indicate sequence conservation.  
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Figure S8.3. GC-chromatogram (top) of conversions of wild-type TmCHMO, and the 3x and 5x 
mutant with cyclopentadecanone as a substrate. Mass-spectra of the peaks S and P (below, 
black) identify the peaks as the ketone and lactone, respectively, using the Nist11 library spectra 
(below, red) as a reference.  
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Figure S8.4. Reoxidation of the 6x mutant (Table 1 in the main text) (a, b) and wild type (c, d) 
TmCHMO. Spectral changes were recorded after mixing reduced enzyme with air-saturated 
buffer at 25 °C. Only for wild type TmCHMO, the formation and decay of the C4a-peroxyflavin 
intermediate (absorbance maximum at 355 nm) was unequivocally observed.  
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Chapter 9 

 

Figure S9.1. Plots of the substrate concentration dependency of the observed rates of NADPH 
consumption. The curves (solid lines) correspond to fitting the data with the Michaelis-Menten 
formula with substrate inhibition for 4-methylcyclohexanone. The dotted line indicates the 
uncoupling rate (the observed NADPH oxidation rate in absence of substrate). The WT enzyme 
(A) displays a very low Km (Km < 1 µM, the inset shows rates in the µM range) while at high 
concentrations significant substrate inhibition is observed. The D11 mutant (B) shows a 
maximal rate of around 0.2 s-1 and the rate is only slightly higher than the uncoupling rate. The 
E5 mutant (C) displays the lowest uncoupling rate and a relatively high KM, while the kcat and Ki 
are similar to the WT enzyme. 
 

 
Figure S9.2. Dihedral angles of the peroxy group and the carbonyl carbon with adjacent carbons. 
A grey line extends the respective atoms and the angles are indicated at their intersection. Due 
to the 3D orientation, and the fact that the three lines never lie in one plane, the angles in the 
two-dimensional picture appear different from their true values.  
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Figure S9.3. MD trajectory for the WT (A), D11 (B) and E5 mutant (C) depicting the Cyl–Oper 
distance (upper line), and the Oper–Cyl–Oyl angle (lower line). When Cyl was the closest carbon 
to Oper and closer than 3.41 Å, and the angle between 92° and 122° (107° ± 25°), the pose was 
considered reactive (a “near attack conformation” or NAC). In case of a NAC, the dihedral angle 
peroxy O–O and carbonyl C–C is depicted as a golden or grey bar when favoring the S or R 
product, respectively. A) The observed distances of the carbonyl carbon to the peroxy group are 
never closer than the NAC criterion of 3.41 Å. Some shifts are observed that can be attributed to 
conformational changes (see main text). B) D11 mutant. In trajectories 1-3, no major 
angle/distances shifts are observed and NACs occur frequently. A roughly equal amount of S and 
R conformations can be observed. In seed 4 and 5, some conformational changes lead to strong 
distance/angles shifts. These mostly lead to unfavorable, non-NAC-achieving conformations. C) 
E5 mutant. The MD simulations of this mutant yielded the highest NAC frequencies. In seed 1 
e.g., the substrate was approximately 30% of the total time in a pose fulfilling the NAC criteria. 
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Figure S9.4. Superposition of new docking poses. Two poses with an opposite initial orientation 
were selected for each enzyme variant as starting structure for new MD simulations.  
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Figure S9.5. The tested kinetics results of WT TmCHMO and evolved mutants towards the 
corresponding substrates 17, 20 and 23. 

 
Figure S9.6. 1H NMR spectrum of 19 (300 MHz, Acetone D6)  
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Figure S9.7. 13C NMR spectrum of 19 (75 MHz, Acetone D6) 

Figure S9.8. DFT optimized TS structures for the migration steps in the BV oxidation of substrates 
1, 4 and 7 using m-CPBA. Relative energies obtained at B3LYP-D3BJ/ 6-311++G(3df,2p)-
(PCM=Dichloromethane)//B3LYP/6-31G(d)-(PCM=Dichloromethane) are given in kcal/mol, 
distances in Å, and O(peroxy1)-O(peroxy2)-C(carbonyl)-C(migrating) dihedral angles in 
degrees. 
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Figure S9.9. A–B) Overlaid representative snapshots of 500 ns MD simulations of 17-R-Criegee 
(gray) and 17-S-Criegee (pink) intermediates in WT TmCHMO. Representative conformations of 
c) 17-R-Criegee intermediate; and d) 17-S-Criegee intermediate, during the MD trajectories.  

Figure S9.10. Active site arrangement in selected snapshots obtained from 500 ns MD 
trajectories of the 17-R-Criegee intermediate bound into the A) WT enzyme (snapshot at 400 ns, 
gray); and B) LGY3-D-E1 variant (100 ns, purple, and 300 ns, orange). Active sites are shown 
from the same perspective. Substrate 17 in the 17-R-Criegee intermediate is shown in blue. C) 
Superimposition of the WT (400 ns, gray) and LGY3-D-E1 (300 ns, orange) 17-R-Criegee 
intermediate bound active sites. QM/MM optimized transition state geometries (only QM-region 
atoms are shown) for selected snapshots obtained from D) WT 17-TS-normal phenylethyl 
migration (400 ns); E) LGY3-D-E1 17-TS-normal phenylethyl migration (100 ns); and F) LGY3-
D-E1 17-TS-abnormal methyl migration (300 ns). Energies are given in kcal·mol-1, distances in 
Å, and O(peroxy1)-O(peroxy2)-C(carbonyl)-C(migrating) dihedral angles in degrees. G) 
Superimposition of the 17-R-Criegee intermediate QM/MM optimized 17-TS-normal structures 
in the WT (400 ns, gray) and LGY3-D-E1 (snapshot at 100 ns in purple).  
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Supporting Schemes 
Chapter 9 
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Scheme S9.1. Baeyer-Villiger oxidation of a series of structurally diverse substrates catalyzed by 
TmCHMO. 

Scheme S9.2. Acid catalyzed Baeyer-Villiger oxidation of 17, 20 and 23. 
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Supporting Tables 
Chapter 4 

Table S4.1. Compounds analyzed for conversion with PockeMO 

Structure Product(s)a Conversionb 
O

 O

O

 
+ 

O

 

O

O  
+++ 

O
 

O
O

 
+++ 

O
 

O
O

 
+ 

O
 

O
O

 
++ 

O
 

O
O

 
++ 

O
 

O
O

 
+++ 

O

 

O O

 
+++ 

O

 

O

O

 

O

O

 

++c 

O

 

O

O

 

- 

O

 
O

O

 
+++c 

O
 

O

O  
+++c 

O

O

 O

O O

 
(+++) 

O

 
O

O  
O

O

 
+++d 

O  
O O

 
++c 

O

 

O

O  
- 

O  
O

O

 
+++ 



266 

O
O O

- 

O

O

H H
O

H H

O O

+++ 

O

O

H H
O

H H

O O

+++ 

O

OH

H H H H

OH

O
O

+++e 

HO
H H

O

HO
H H

O
O

++c 

aConversion products are shown as determined for PockeMO. If no conversion was observed, the 
theoretical product(s) are shown. 
bDegree of conversion (Conv.) was determined semi-quantitatively by analysis of the GC peaks 
for the substrate and the product and categorized as 100%, +++; >50%, ++; 1-50%, +, or 0%, 
-. Parentheses indicate that no product peak was identifiable and conversion was only inferred 
from the decrement of the substrate peak.  
cThe product of this compound was not in the MS spectrum library. The MS spectra showed the 
parent peak with the +16 Da mass shift. The structure depicts the expected BV product. 
dThe identity of the products was confirmed via chiral GC and by comparison with the reference 
catalyst PAMO. 
eThe identity of the product was confirmed by comparison with the reference catalyst CPDMO 
and NMR. 

Table S4.2. Data collection and refinement statistics.a 
Oxidised enzyme (PDB: 5MQ6) 

Wavelength (Å) 1 
Resolution range 75.21 - 2.0 (2.071 - 2.0) 
Space group P212121 
Unit cell (Å), (°) 59.2 91.02 133.52 90 90 90 
Total reflections 306952 (22686) 
Unique reflections 49615 (3629) 
Multiplicity 6.2 (6.2) 
Completeness (%) 100.00 (100.00) 
Mean I/sigma (I) 8.9 (1.6) 
Wilson B-factor (Å2) 25.50 
R-merge (%) 0.162 (1.207) 
CC1/2 0.98 (0.50) 
Reflections used in refinement 48005 (3519) 
Reflections used for R-free 1541 (103) 
R-work (%) 0.153 (0.266) 
R-free 0.231 (0.339) 
Number of non-hydrogen atoms 5433 
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Macromolecule  4970 
Ligands 98 
Protein residues 636 
RMS (bonds) (Å) 0.022 
RMS (angles) (°) 2.13 
Ramachandran favoured (%) 96 
Ramachandran allowed (%) 3.9 
Ramachandran outliers (%) 0.16 
Rotamer outliers (%) 5 
Clashscore 5.00 
Average B-factor 32.84 
Macromolecules 32.59 
Ligands 33.74 
Solvent 36.00 
aStatistics for the highest-resolution shell are shown in parentheses.  
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Chapter 7 
Table S7.1. P-values obtained from a χ2-test on the observed wild type/mutant distribution 
(Figure S7.5).  

Mutation P-valuea 
E91/QK 0.191633 
A115V 0.768083 
T164L 0.376344 
R280Y 0.140369 
A455V 1 
S534R 0.07044 

avalues < 0.005 signify a statistically significant difference between the two values.  
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Chapter 8 
Table S8.1. Crystallographic statistics 

 Complex with hexanoic acid 
PDB code 
Wavelength (Å) 

6GQI 
0.97625 

Resolution range (Å) 44.0-2.0 (2.05-2.0) 
Space group P212121 
Unit cell (Å) (°) 65.07, 93.69, 159.64, 90 90 90 
Total reflections 276013 (19215) 
Unique reflections 65972 (4617) 
Multiplicity 4.2 (4.2) 
Completeness (%) 99.9 (99.6) 
Mean I/sigma (I) 6.7 (1.7) 
Wilson B-factor (Å2) 19.7 
R-merge (%) 14.8 (74.6) 
CC1/2 0.993 (0.650) 
Reflections used in refinement 62601 (4601) 
Reflections used for R-free 3307 (250) 
R-work (%) 13.9  
R-free 19.9 
Number of non-hydrogen atoms 9383 
Protein residues 2 x 529 
RMS (bonds) (Å) 0.024 
RMS (angles) (°) 2.2 
Ramachandran favoured (%) 97 
Ramachandran allowed (%) 2.6 
Ramachandran outliers (%) 0.4 

 
Table S8.2. Uncoupling rate and activity for wild type and mutants TmCHMO.a 

 TmCHMO kun 
[s-1] 

kcyc 
[s-1] 

kBCH 

[s-1] 
 WT 0.02 1.9 1.6 
1x L145A 0.03 2.2 2.1 
2x L145A/F248A 0.08 0.7 0.7 
2x’ L145A/F279A 0.09 0.6 0.6 
3x L145A/F248A/F279A 0.06 0.14 0.14 
4x L145A/F248A/F279A/F434A 0.03 0.04 0.04 
5x L145A/F248A/F279A/F434A/F507A 0.04 0.06 0.04 
5x’ L145A/F248A/F279A/F507A/L437A 0.11 0.09 0.13 
6x L145A/F248A/F279A/F434A/F507A/L437A 0.08 0.10 0.09 
7x L145A/F248A/F279A/F434A/F507A/L437A/L146A 0.10 0.10 0.13 
7x’ L145A/F248A/F279A/F507A/L437A/L146A/T435A 0.05 0.04 0.04 
8x L145A/F248A/F279A/F434A/F507A/L437A/

L146A/T435A 0.04 0.03 0.03 

 Ring 1 0.04 0.04 1.94 
 Ring 2 0.06 0.06 0.06 
 Ring 3 0.03 0.03 0.04 
 Ring 4 0.11 0.14 0.13 
 Ring 5 0.09 0.09 0.08 
25x PAMO 
mut.  0.08 0.08 0.08 
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38x PAMO 
mut. 0.02 0.02 0.01 

aNADPH consumption rates were measured in reactions containing enzyme (0.1/10 µM), 
NADPH (100 µM), and 10 µM cyclohexanone (cyc) or 51 µM rac-bicyclo-[3.2.0]hept-2-en-6-one 
(BCH) in air-saturated 50 mM Tris-HCl at pH 7.5 and 30 °C. To determine the uncoupling rate 
(kun), NADPH and TmCHMO were reacted in the absence of a ketone under the same conditions. 
The standard deviation is ≤28% and based on two replicates.  

Table S8.3. Active site residues TmCHMO vs PAMO 
TmCHMO PAMO conserved? 
L 145 Q 152 
L 146 L 153  
F 248 T 256 
G 278 P 286 F 279 
R 329 R 337  
F 434 L 443 
T 435 S 444 
L 437 M 446 
W 492 W 501  
F 507 L 516 
D 59 D 66  
T 60 I 67 
L 331 I 339 
C 332 L 340 

--- S 441 
--- A 442 

Table S8.4. Tunnel residues TmCHMO vs PAMO 
TmCHMO PAMO conserved? 
S 243 N 251 
S 244 T 252 
T 245 P 253 
V 246 G 254 
E 251 Y 259 
E 252 Q 260 
T 254 P 262 
E 256 S 264 
M 282 L 289 
F 283 A 290 G 284 
C 287 R 293 
D 288 D 294  
I 289 I 295  
A 290 L 296 
T 291 R 297 
N 292 D 298 
P 330 L 338 
P 433 P 440  
E 479 E 488  
I 480 I 489  
M 483 E 492 
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T 484 T 493  
F 486 Y 495  
I 493 Y 502  
Y 508 Y 517  
L 509 V 518  
G 510 G 519  
G 511 G 520  
G 513 H 522  
N 514 R 523  
R 517 Q 526  
F 250 R 258  
  --- G 334  
L 512 F 521  

 
 
Table S8.5. Two mutant proteins compared. Bold font indicates conservation. 
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TmCHMO 
residue 
number 

243 244 245 246 251 
252 254 256 282 283 
287 288 289 290 291 
292 330 433 479 480 
483 484 486 493 508 
509 510 511 513 514 

517 

250 

59 60 
145 146 
248 329 
436 437 
492 507 

331 
332 

279 
434 
435 

--- 
--- 278 284 --- 

PAMO 
residue 
number 

251 252 253 254 259 
260 262 264 289 290 
293 294 295 296 297 
298 338 440 488 489 
492 493 495 502 517 
518 519 520 522 523 

526 

258 

66 67 
152 153 
256 337 
445 446 
501 516 

339 
340 

286 
443 
444 

4
4
1 
4
4
2 

--- --- 334 

count not 
conserved 22 1 5  3 2 1 1 1 

PAMO 25x 
mutant          

PAMO 38x 
mutant          

 
Tables S8.6. Conversion and stability data of the 25x and 38x PAMO mutants 

 Tm [°C] conversion BCH [%] fraction abnormal lactone BCH [%] 

25x PAMO mutant 52.00 13.9 10.0 
38x PAMO mutant 52.00 0 n.a. 
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Chapter 9 
Table S9.1. Screening results of single site saturation mutagenesis at positions (L145, L146, F248, 
F279, R329, F434, T435, N436, L437, W492 and F507) towards 4-methylcyclohexanone. 

List Mutations ee（%） Enantiomer Conv.  
LGY1-146-H11 L146E 95% S 70% 
LGY1-434-C4 F434I 94% S 74% 
LGY1-435-B12 T435F 95% S 95% 
LGY1-435-C12 T435Y 95% S 97% 
LGY1-435-D9 T435W 96% S 97% 
LGY1-437-C6 L437G 85% S 44% 
LGY1-437-E7 L437T 77% S 33% 
LGY1-437-E12 L437A 74% S 65% 
LGY1-507-D3 F507W 95% S 64% 

Table S9.2. The code used for the construction of 5-residue randomization mutagenesis library. 
Positions Code 
146 E/L 
434 I/F 
435 F/Y/W/T 
437 T/A/G/L 
507 W/F 

Table S9.3. Screening results of 5-residue randomization mutagenesis library towards 4-
methycyclohexanone. 

List Mutations ee （%） Enantiomer Conv.  
LGY-R1-C10 T435F/L437A/F507W 60% R 70% 
LGY-R2-A7 T435F/L437A 50% R 96% 
LGY-R2-F7 T435W/L437A/F507W 66% R 50% 

Table S9.4. Screening results of libraries A and B towards 4-methylcyclohexanone. 

Library Code Mutations ee (%) Enan-
tiomer Conv.  

template LGY437-E12 L437A 74% S 65% 

LGY437-
E12→A 

LGY2-1-A10 F434L/T435F/L437A 54% R 68% 
LGY2-2-B3 F434I/T435F/L437A 53% R 62% 
LGY2-2-G4 F434I/T435L/L437A 64% R 77% 

template LGY2-2-G4 F434I/T435L/L437A 64% R 77% 

A→B 

LGY3-1-D12 F434I/T435L/L437A/F507L 86% R 93% 
LGY3-1-E2 L146V/F434I/T435L/L437A/F507L 87% R 60% 
LGY3-4-D11 L146F/F434I/T435L/L437A/F507C 94% R 86% 
LGY3-4-E5 F434I/T435L/L437A/F507V 91% R 96% 

Table S9.5. Substrate scope of WT TmCHMO and variants D11 and E5. 

Sub-
strate 

WT LGY3-4-D11 LGY3-4-E5 
Conv.a N:ABNb 

ee [%] 
Conv.a N:ABNb 

ee [%] 
Conv.a N:ABNb 

ee [%] 
1a +++ 99 S +++ 94 R +++ 91 R 
1b +++ 18 R +++ 99 R  +++ 99 R 
1c +++ 93 S n. c. n. d. n. c. n.d. 
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Table S9.6. Screening results of single site saturation mutagenesis (L145, L146, F248, F279, R329, 
F434, T435, N436, L437, W492 and F507) and ISM libraries towards compound 17. 

Library Positive hits Mutations Ratio 
18:19 

Conv.  

L145NNK 
LGY1-145-C4 L145A 88:12 50% 
LGY1-145-F4 L145G 81:19 80% 
LGY1-145-D4 L145V 93:7 80% 

L146NNK N N N N 
F248NNK N N N N 
F279NNK N N N N 
R329NNK N N N N 
F434NNK N N N N 
T435NNK N N N N 
N436NNK N N N N 

L437NNK LGY1-437-A9 L437T 97:3 30% 
LGY1-437-E12 L437A 89:11 60% 

W492NNK N N N N 
F507NNK N N N N 
Template LGY1-145-F4 L145G 81:19 80% 
LGY1-145-F4→ 
L437NNK 

LGY2-B12 L145G/L437T 17:83 90% 
LGY2-D8 L145G/L437V 23:77 90% 

Template LGY2-B12 L145G/L437T 17:83 90% 
Library A2 (LGY2-B12→ 
F279NDT/F507NDT) N N N N 

Template LGY2-B12 L145G/L437T 17:83 90% 
Library B2 (LGY2-B12→ 
L146NDT/N436NDT) N N N N 

Template LGY2-B12 L145G/L437T 17:83 90% 
Library C2 (LGY2-B12→ 
F248NDT/W492NDT) N N N N 

Template LGY2-B12 L145G/L437T 17:83 90% 

Library D2 
(LGY2-B12→ 
F434NDT/T435NDT) 

LGY3-D-A9 L145G/F434I/T435I/L437T 3:97 60% 
LGY3-D-E1 L145G/F434G/T435F/L437T 2:98 70% 
LGY3-D-B7 L145G/F434N/T435G/L437T 8:92 40% 
LGY3-D-E9 L145G/F434G/T435Y/L437T 7:93 30% 

Template LGY2-B12 L145G/L437T 17:83 90% 

1d ++ 88 (−) + 16 (−) + 30 (+) 
3 ++ 99 (4S,6R) ++ 99 (4S,6R ) ++ 99 (4S,6R) 
5a +++ 49 R +++ 99 R +++ 98 R 
5b +++ 95 S ++ 94 R +++ 95 R 

7 +++ 50:50 
>99(−), >99(−) 

+++ 55:45 
83(−), >99(−) 

+++ 50:50 
98(−), >99(−) 

9 +++ 55:45 
79(−), 98(−) 

+++ 48:52  
97(−), 97(−) 

+++ 48:52  
98(−), 98(−) 

11 +++ 45:55 
>99(−), 99(−) 

+++ 35:65 
28(−), 44(−) 

+++ 30:70 
86(−), 55(−) 

13 ++ 97 R  + 75 R + 96 R  
15 + 98 R + 66 R  + 58 R 
aConversion (Conv.): +++ >80 %, ++ 50-80%, + <50%; n.d. not determined 
bN: Normal, ABN: Abnormal.; n.c. not converted 
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Library E2 (LGY2-B12→ 
F329NNK) N N N N 

Table S9.7. Screening results of single site saturation mutagenesis (L145, 146, F248, F279, R329, 
F434, T435, N436, L437, W492 and F507) and ISM libraries towards compound 20 

List Mutations Ratio 21:22 Conv.  
L145NNK N N N N 
L146NNK N N N N 
F248NNK N N N N 
F279NNK N N N N 
R329NNK N N N N 
F434NNK N N N N 
T435NNK N N N N 
N436NNK N N N N 

L437NNK LGY1-437-E12 L437A 75:25 55% 
LGY1-492-C9 W492Y 83:17 70% 

W492NNK LGY1-492-G5 W492F 86:14 50% 
F507NNK N N N N 
Template LGY1-437-E12 L437A 75:25 55% 
LGY1-437-E12→W492NNK LGY2-B6 L437A/W492Y 30:70 20% 
Template LGY2-B6 L437A/W492Y 30:70 20% 
A3 (LGY2-B6→ 
L145NDT/F434NDT) N N N N 

Template LGY2-B6 L437A/W492Y 30:70 20% 
B3 (LGY2-B6→ 
T435NDT/N436NDT) N N N N 

Template LGY2-B6 L437A/W492Y 30:70 20% 
C3 (LGY2-B6→ 
F248NDT/F507NDT) N N N N 

Template LGY2-B6 L437A/W492Y 30:70 20% 
D3 (LGY2-B6→ 
L146NDT/F279NDT) N N N N 

Template LGY2-B6 L437A/W492Y 30:70 20% 
E3 (LGY2-B6→R329NNK) N N N N 

Table S9.8. Screening results of single site saturation mutagenesis libraries (L145, L146, F248, 
F279, R329, F434, T435, N436, L437, W492 and F507) towards compound 23. 

Library Positive hits Mutations Ratio 24:25 Conv. 
L145NNK N N N N 
L146NNK N N N N 

F248NNK 

LGY1-248-A6 F248G 95:5 93% 
LGY1-248-A7 F248V 95:5 94% 
LGY1-248-C5 F248A 97:3 98% 
LGY1-248-D3 F248D 98:2 98% 

LGY1-248-D11 F248T 95:5 96% 

F279NNK LGY1-279-C8 F279G 95:5 91% 
LGY1-279-D6 F279Q 96:4 91% 
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R329NNK N N N N 
F434NNK N N N N 

T435NNK LGY1-435-C12 T435Y 96:4 30% 
LGY1-435-D12 T435F 96:4 30% 

N436NNK N N N N 
L437NNK LGY1-437-E12 L437A 9:91 90% 

W492NNK LGY1-492-A7 W492Y 3:97 55% 
LGY1-492-E7 W492F 3:97 30% 

F507NNK N N N N 
 
Table S9.9. Baeyer-Villiger oxidation of 17, 20 and 23 in 10 mM catalyzed by WT TmCHMO and the 
best mutants obtained from the respective directed evolution. 

Sub. Mutants Mutations Ratio 
18:19 Conv. 

1 

WT  99:1 1 h: 98%, 15 h: 
100% 

LGY3-D-E1 L145G/F434G/T435F/L43
7T 2:98 1 h: 88%, 15 h: 

100%  

LGY3-D-A9 L145G/F434I/T435I/L437
T 3:97 1 h: 77%, 15 h: 

100%  

Sub. Mutants Mutations Ratio 
21:22 Conv. 

4 WT  99:1 1 h: 60%, 15 h: 
100%  

LGY2-B6 L437A/W492Y 26:74 1 h: 20%, 15 h: 62% 

Sub. Mutants Mutations Ratio 
24:25 Conv. 

7 

WT  85:15 1 h: 65%, 15 h: 
100%  

LGY1-248-C5 F248A 98:2 1 h: 80%, 15 h: 
100% 

LGY1-248-D3 F248D 98.5:1.5 1 h:100%, 
15 h:100% 

LGY1-437-E12 L437A 9:91 1 h: 72%, 15 h: 
100% 

LGY1-492-A7 W492Y 3:97 1 h: 20%, 15 h: 88% 

Table S9.10. Oxidation of 7 in 50 mM and 100 mM catalyzed by WT TmCHMO and LGY3-D-E1. 
Entry Mutations Ratio 8:9 Conv. 
WT (50 mM)  99:1 100% (24 h) 
WT (100 mM)  99:1 100% (24 h) 
LGY3-D-E1 (50 mM) L145G/F434G/T435F/L437T 3:97 100% (24 h) 
LGY3-D-E1(100 mM) L145G/F434G/T435F/L437T 3:97 100% (24 h) 

Table S9.11. Conditions for GC analyses of the enantioselectivity mutants. 
Procedure Retention time 
155 °C, 5 °C /min, 170 °C (1 min), 50 °C/min, 200 °C (1 
min). H2: 1.5bar 

1a: 0.67 min, 
S-2a: 3.44 min 



276 

Table S9.12. Conditions for GC analyses of the regioselectivity mtuants. 

Column: Hydrodex-β-TBDAc, 25 m x 0.25 mm ID, 0.15 µm. R-2a: 3.52 min 
80 °C (2 min), 5 °C/min, 160 °C(1 min), 10 °C/min, 
220 °C(8 min). Helium: 2 mL/min. 
Column: BGB173, 30 m x 0.25 mm ID, 0.25 µm. 

1a: 6.08 min
S-2a: 14.33 min 
R-2a : 14.75 min 

80 °C (2 min); 2 °C/min, 220 °C (8 min), Helium: 2 mL/min. 
Column: BGB175, 30 m x 0.25 mm ID, 0.25 µm. 

1b: 34.8
S-2b: 50.997 
R-2b: 51.282

80 °C (2 min), 5 °C/min, 160 °C(1 min), 10 °C/min, 
220 °C(8 min). Helium: 2 mL/min. Column: BGB175, 30 m x 
0.25 mm ID, 0.25 µm. 

1c: 13.143 min 
R-2c: 22.512 min 
S-2c: 22.583 min 

80 °C (2 min), 5 °C/min, 160 °C(1 min), 10 °C/min, 220 °C 
(8 min). Helium: 2 mL/min. Column: BGB175, 30 m x 0.25 
mm ID, 0.25 µm. 

1d: 21.855 min
(+)-2d: 27.8 min
(-)-2d: 28.073 min 

80 °C (2 min); 5 °C/min, 160 °C(1 min); 10 °C/min, 
220 °C(8 min). Helium: 2 mL/min. Column: BGB173, 30 m x 
0.25 mm ID, 0.25 µm. 

3: 5.342 min
(4R;6S)-4: 18.53 min 
(4S;6R)-4: 18.62 min 

80 °C (2 min); 2 °C/min, 220 °C (8 min), Helium: 2 mL/min. 
Column: BGB173, 30 m x 0.25 mm ID, 0.25 µm. 

5a: 26.187 min 
S-6a: 46.767 min 
R-6a: 46.997 min 

80 °C (2 min); 2 °C/min, 220 °C (8 min), Helium: 2 mL/min. 
Column: BGB173, 30 m x 0.25 mm ID, 0.25 µm. 

5b: 41.713 min 
S-6b: 60.803 min 
R-6b: 61.1 min

80 °C (2 min), 5 °C/min, 160 °C(1 min), 10 °C/min, 220 °C 
(8 min). Helium: 2 mL/min. Column: BGB173, 30 m x 0.25 
mm ID, 0.25 µm. 

7: 4.647 min; N(-)-8a:
14.233 min; N(+)-8a:
14.31 min; ABN(-)-8b:
13.133 min; ABN(+)-8b: - 

80 °C (2 min), 5 °C/min, 160 °C(1 min), 10 °C/min, 220 °C 
(8 min). Helium: 2 mL/min. Column: BGB173, 30 m x 0.25 
mm ID, 0.25 µm. 

9: 7.357 min
N(-)-10a: 16.37 min
N(+)-10a: 16.22 min
ABN(-)-10b: 15.28 min
ABN(+)-10b: 17.19 min 

80 °C (2 min), 5 °C/min, 160 °C(1 min), 10 °C/min, 220 °C 
(8 min). Helium: 2 mL/min. Column: BGB175, 30 m x 0.25 
mm ID, 0.25 µm. 

11: 7.305 or 7.492 min 
P(-)-12a: 19.508 min
P(+)-12a: 19.073 min 
D(-)-12b: 19.41 min
D(+)-12b: 19.635 min

110 °C (2 min ); 10 °C/min, 118 °C;2 °C/min 122 °C; 25 °C/ 
min, 200 °C (1 min); 50 °C/min, 220 °C (4 min), Helium: 2 
mL/min. Column: BGB175, 30 m x 0.25 mm ID, 0.25 µm. 

13: 9.1 min 
S-14a: 11.1 min 
R-14a: 11.5 min 

80 °C (2 min); 2 °C/min, 220 °C (8 min). Helium: 2 mL/min. 
Column: BGB175, 30 m x 0.25 mm ID, 0.25 µm. 

15: 39.83 min 
S-16a: 57.6 min 
R-16a: 57.88 min 

Procedure Retention time 

120 °C, 5 °C /min, 130 °C (1 min), 50 °C/min, 200 °C (1 min). H2: 1bar 
Column: DB-1, 30 m x 0.25 mm ID, 0.25 µm. 

17: 2.717 min 
18: 2.849 min 
3: 3.046 min 

90 °C, 5 °C /min, 130 °C (0 min), 50 °C/min, 200 °C (1 min). H2: 1bar 
Column: DB-1, 30 m x 0.25 mm ID, 0.25 µm 

19:4.92 min 
18: 5.21 min 
19: 5.54 min 

120 °C, 5 °C /min, 130 °C (1 min), 50 °C/min, 200 °C (1 min). H2: 1bar 20: 1.958 min 
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Ongeveer 200 jaar geleden begon met de ureumsynthese van Wöhler de 
wetenschap van de organische chemie. De voortdurende uitbreiding van ons 
begrip van de aard en het ontstaan van moleculen heeft ons in staat gesteld om 
nieuwe chemische verbindingen te creëren, waarvan sommige een enorme 
invloed hebben op onze huidige levensstandaard. De in de vorige eeuw 
ontwikkelde industrie daarachter is enorm. Als voorbeeld: van een chemische 
basisstof zoals het simpele molecuul etheen (CH2=CH2), werd in 2011 
141 miljoen ton geproduceerd. Deze petrochemische stof maakte daardoor 
ongeveer 3% uit van de 620 kg ruwe olie die elke persoon gemiddeld in 
datzelfde jaar verbruikte.a Ondanks deze gigantische getallen vormen 
petrochemicaliën slechts een fractie van de totale behoefte aan ruwe olie, die 
nog steeds bijna uitsluitend in het vervoer wordt gebruikt als brandstof.b Net 
als veel andere basischemicaliën wordt etheen grotendeels verwerkt tot 
plastic. Naast het hoofdproduct kunststof (waaronder textiel), omvat de 
chemische industrie ook de productie van kunstmest, pesticiden, papier, verf, 
zepen, cosmetica, voedingsadditieven, rubbers, kleefstoffen, en meer. 
Bovendien is de productie van farmaceutische producten—qua massa bijna 
verwaarloosbaar—in termen van omzet één van de grootste industriële 
sectoren. De farmaceutische industrie, die sinds haar bestaan voortdurend een 
enorme groei vertoont, heeft in 2017 voor meer dan een biljoen US$ aan 
receptplichtige geneesmiddelen verkocht.c Dat is meer dan één procent van het 
totale bruto wereldproduct.d 
Productieprocessen in de chemische en farmaceutische industrie omvatten 
meestal meerdere omzettingen (reacties) om te komen van het 
uitgangsmateriaal tot het uiteindelijke product. Deze reacties vormen de kern 
van de organische chemie en zijn vaak alleen mogelijk door het fenomeen 
‘katalyse’. Katalyse maakt het genereren van het ene molecuul uit het andere 
mogelijk door de transformatie energetisch te vergemakkelijken. Gewoonlijk 
worden de atomen in een molecuul samen gehouden door stabiele bindingen, 
die maar heel zelden en op verschillende manieren herschikken. Het gebruik 

                                                             
 
a In 2011 bedroeg de wereldbevolking ongeveer 7 miljard en de vraag naar wereldwijde olie 
was 87 miljoen vaten per dag. Met een gemiddelde van 7,33 vaten per ton resulteert dit in een 
verbruik van 4,3 biljoen kg per jaar. 
b Zie, bijvoorbeeld, de statistieken van de U.S. Energy Information Administration 
https://www.eia.gov/energyexplained/index.php?page=oil_use 
c Lindsley, CW. New 2017 Data and Statistics for Pharmaceutical Products. ACS Chemical 
Neuroscience 2018 (9) 1518-1519. 
d De BWP lag volgens gegevens van de Wereldbank als laatste op ongeveer 80 biljoen US$ 
https://databank.worldbank.org/data/download/GDP.pdf 

https://www.eia.gov/%E2%80%8Cenergyexplained/%E2%80%8Cindex.php?page=oil_use
https://databank.worldbank.org/data/download/GDP.pdf
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van een katalysator kan een bepaalde herschikking versnellen (lees: reactie), 
die dan plaatsvindt met een reactiesnelheid die vele ordes van grootte sneller 
kan zijn. 
De term katalysator omvat een verscheidenheid aan stoffen, gasvormig, 
vloeibaar of vast, die in een kleine hoeveelheid worden toegevoegd aan de 
uitgangsmaterialen, zodat deze reageren, maar zelf niet verbruikt worden. 
Fysisch gesproken vermindert een katalysator de activeringsenergie, dat wil 
zeggen de energiebarrière van de overgangstoestand van de reactie. Het 
gerichte gebruik van katalysatoren, wat de mensheid in reageerbuis of reactor 
slechts sinds ongeveer tweehonderd jaar doet, is in de natuur een paar miljard 
jaar geleden uitgevonden. Dit vormde de basis van het ontstaan van leven. 
Sindsdien bevatten alle cellen DNA, welke aan de evolutie onderworpen is en 
de informatie verschaft voor de synthese van de eiwitten die het organisme 
vormen. Terwijl veel eiwitten zorgen voor structuur in en om cellen, is het 
enige wat "leeft" in een cel het metabolisme, mogelijk gemaakt door de 
katalytische eiwitten, de enzymen. Enzymen—vaak aangeduid met het suffix 
"ase"—zijn de moleculaire machines die alle biochemische reacties, met 
inbegrip van zijn eigen synthese, uitvoeren. Eiwitten worden aangemaakt 
uitgaande van de informatie die in het DNA opgeslagen is: door transcriptie van 
DNA tot RNA en vervolgens de translatie van eiwitten vanuit het RNA door 
ribosomen, worden vele verschillende eiwitten in cellen geproduceerd. Door 
het vouwen in een precies gedefinieerde driedimensionale structuur ontstaat 
het voltooide eiwit. Dit proces (DNA>RNA>eiwit) is universeel. Een deel van 
de aangemaakte eiwitten zijn katalytisch actief en stellen het organisme in 
staat om energie op te wekken en te gebruiken voor allerlei essentiële 
processen.  Veel eiwitten zijn echter ook speciaal aangepast aan de 
omstandigheden van de specifieke habitat van het organisme en katalyseren 
een breed scala van verschillende reacties. Het aantal verschillende enzymen 
aanwezig in de natuur is immens en vormt een bijna onuitputtelijke bron van 
biokatalysatoren voor biotechnologische toepassingen. 
Van dit reservoir aan diversiteit maakt de wetenschap van de biokatalyse 
gebruik: na de erkenning dat veel van deze reacties een equivalent van reacties 
in de organische chemie vormen, rees de vraag of enzymen als biokatalysator 
in industriële processen kunnen worden gebruikt. Als dit kan, zou je ook 
gebruik kunnen maken van de extreme variëteit van natuurlijk voorkomende 
transformaties en daardoor volledig nieuwe synthetische routes kunnen 
ontwerpen. Bovendien liggen de grote voordelen van enzymatische katalyse 
voor de hand: geoptimaliseerd door miljoenen jaren van evolutie overtreft de 
reactiesnelheid van enzymen hun chemische tegenhangers. Daarnaast, omdat 
ze bestaan uit natuurlijke bouwstenen, kunnen enzymen volledig biologisch 
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worden afgebroken. Hoewel deze voordelen enzymen in theorie ideale 
katalysatoren maken, hebben enkele praktische beperkingen tot nu een 
toepassing op brede schaal voorkomen. Ten eerste is er sprake van een 
achterstand van het biologisch onderzoek op het chemische onderzoek: een 
paar decennia geleden was het identificeren van een enkel enzym voor een 
specifieke reactie een moeizaam en traag proces. De introductie van moderne, 
snelle DNA-sequencing reacties in de afgelopen jaren maakten een explosie 
van ontdekkingen mogelijk: aangezien elk nieuw gesequencede gen 
onmiddellijk zou kunnen worden toegewezen aan een nieuw eiwit, werd 
vrijwel ineens de volledige natuurlijke schat van enzymen onthuld. Als ander 
obstakel met betrekking tot praktische toepassingen werd lange tijd de (te) 
hoge specificiteit van enzymen aangevoerd. Het dogma was altijd dat enzymen 
slechts één reactie katalyseren en deze beperking tot één enkele stof 
(substraat) een biologische noodzaak is. Voor toepassingen is een dergelijke 
hoge specificiteit ongewenst omdat natuurlijke substraten voor het grootste 
deel niet relevant zijn voor de industrie en men zo veel mogelijk reacties met 
een enkele katalysator wil implementeren. Er worden echter steeds meer 
enzymen met een wijd substraatspectrum ontdekt, welke in bepaalde 
organismen bijvoorbeeld betrokken zijn bij ontgifting. Deze promiscuïteit is 
een van de belangrijkste kenmerken om een veelbelovende biokatalysator 
geworden. Met de moleculaire oorsprong van enzympromiscuïteit houdt 
hoofdstuk 8 zich bezig. Het daar onderzochte enzym evolueerde waarschijnlijk 
relatief recent in een bacterie om in aardolie aanwezige verbindingen te 
metaboliseren. Het kan een breed scala van deze koolwaterstoffen omzetten. 
We hebben nu nauwkeuriger onderzocht hoe dit enzym werkt.  
Een van de laatst overgebleven obstakels voor het wijdverspreide gebruik van 
enzymen was nog hun gebrek aan stabiliteit. In levende cellen ondergaan alle 
eiwitten een cyclus van assemblage en demontage, waardoor een mechanisme 
wordt geboden voor het tijdelijke beperken van een reactie. In tegenstelling tot 
een industriële toepassing, is het daarom vaak geen voordeel dat een enzym in 
de natuurlijke functie bijzonder stabiel is. In de biokatalyse zijn daarom vooral 
enzymen van zogenaamde thermofiele organismen populair; dit zijn microben 
die een relatief warme habitat koloniseren, zoals een hydrothermale bron. 
Omdat eiwitten uit deze habitats aangepast zijn om een "normale" stabiliteit te 
hebben bij hoge temperaturen, vertonen ze ook hoge stabiliteit bij "normale" 
temperaturen. De hoofdstukken 3 en 4 beschrijven voorbeelden hiervan—twee 
enzymen afkomstig uit een thermofiele schimmel die stabiliteit met een breed 
substraatspectrum combineren. 
Deze aan hun habitat aangepaste stabiliteit van de eiwitten van het organisme 
maakte hun evolutie mogelijk. Hoewel dit zich vaak vooral op het fenotypische 
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niveau manifesteert, is het initieel te wijten aan de genetische variabiliteit en 
daardoor aan de veranderde eiwitten. De reden van variabiliteit is het 
inherente (lage) foutenpercentage van het DNA-verdubbelend DNA-
polymerase, wat resulteert in natuurlijke mutaties van de ene generatie naar 
de volgende. Een mutatie in het gen resulteert op zijn beurt in een verwisseling 
van een aminozuur in het gecodeerde eiwit. Hoewel de resulterende mutanten 
in veel gevallen onveranderde of verslechterde eigenschappen zullen hebben, 
is er ook kans op een evolutionair gunstige verandering. Als de gastheer met 
een dergelijk verbeterd eiwit zich sneller kan vermenigvuldigen, kiest de 
natuur uit de vele mogelijke mutaties deze mutant. Dit Darwinistische systeem 
van variabiliteit en selectie is zo krachtig dat het de evolutie van de extreme 
complexiteit van de huidige levende wezens mogelijk maakte zonder een 
doelgerichte ratio te volgen.  
In erkenning van het nut van dit systeem maakt de wetenschap nu gebruik van 
dezelfde mechanisme. In de 2018 Nobelprijs-winnende methode van 
doelgerichte evolutie wordt variabiliteit eerst in een specifiek eiwit op een 
gecontroleerde manier geïntroduceerd. Echter, in plaats van te worden 
blootgesteld aan de selectieve druk voor verhoogd vermogen om te 
reproduceren zoals in de natuur, selecteert men voor de toepassingsspecifieke 
gewenste eigenschap. In sommige gevallen kan dit overeenkomen met een 
natuurlijk proces. Heeft men bijvoorbeeld een interessant maar onstabiel 
enzym beschikbaar en een gerelateerd (homoloog) enzym uit een thermofiel 
organisme is niet bekend, dan kan dit systeem van doelgerichte evolutie 
gebruikt worden om een aantal eiwitvarianten te genereren en stabielere 
mutanten te identificeren. Dit volgt hetzelfde evolutionaire proces dat een 
organisme met het oorspronkelijk eiwit ("wild type") zou doormaken als het 
naar een warmere habitat zou verhuizen. Interessant is echter dat er in de 
reageerbuis geen beperkingen bestaan en ook voor elke andere eigenschap 
geselecteerd kan worden. Doelgerichte evolutie maakt ook de creatie van 
enzymen mogelijk die reacties katalyseren die niet in de natuur voorkomen 
(volgens de huidige stand van kennis) en slechts een doel dienen dat nuttig is 
voor de mens. 
Hoewel deze methode al zeer succesvol werd gebruikt voor verschillende 
eiwitten, zorgt de onderliggende statistiek voor een probleem. Er zijn voor een 
mutatie die een aminozuuruitwisseling veroorzaakt (puntmutatie), vanwege 
de van nature voorkomende 20 verschillende aminozuren, precies 19 
varianten mogelijk. Hoewel dit nog steeds een hanteerbaar aantal is, wordt dit 
explosief uitgebreid zodra meerdere uitwisselingen worden overwogen. Het 
aantal mogelijkheden volgt de formule 19n, waarbij n het aantal aminozuren is 
dat wordt uitgewisseld. Daarom vereist het maken van alle varianten van een 
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relatief klein eiwit van 100 aminozuren een zeer groot aantal mogelijke 
combinaties: indien men slechts één molecuul volgens deze eiwitvarianten zou 
genereren en deze in een doos zou plaatsen, zou het volume van die doos groter 
zijn dan één mol universumse. Gezien de onmogelijkheid om een significante 
deel van deze varianten te maken of zelfs te testen, zijn de laatste jaren 
methoden ontwikkeld om het zoeken tot "zinvolle" varianten te beperken. 
Cruciaal hiervoor is de onderliggende kennis over het moleculair functioneren 
van een enzym. Doordat die uit de specifieke driedimensionale structuur 
resulteert, is de onthulling hiervan vaak een beslissende eerste stap. Dit wordt 
mogelijk gemaakt door  röntgenkristallografie, waarin een eiwit in de 
kristallijne toestand (waarin eiwitmoleculen een compact en regelmatig 
gerangschikte toestand hebben) wordt bestraald. De gemeten 
elektronendichtheid maakt de toewijzing van de exacte structuur van het eiwit 
mogelijk, vaak tot atomaire resolutie. We hebben deze methode bijvoorbeeld 
in hoofdstuk 3 gebruikt. Kennis van de structuur op zijn beurt maakt het 
mogelijk aminozuren met katalytische activiteit te onderscheiden van die met 
een puur structurele functie. Omdat er vaak slechts enkele cruciale catalytische 
aminozuren zijn, kan het onderzoek nu worden beperkt tot een aanzienlijk 
kleiner aantal varianten. Deze procedure wordt ook gebruikt in hoofdstuk 9, 
waardoor we het bestudeerde enzym zo konden modificeren dat het een ander 
reactieproduct kan genereren. 
De keuzes, welke plaatsen in het eiwit moeten worden verwisseld en welke 
aminozuren de beste vervanging zijn, worden nu meer en meer gemaakt op 
basis van computersimulaties. In tegenstelling tot de statische structuur van 
het kristallijne eiwit, kunnen simulaties een realistische beweging van het 
eiwit voorspellen en zo een aanzienlijk grotere nauwkeurigheid bij de 
berekening van de bindingsenergie mogelijk maken. Dit maakt de theoretische 
bepaling van de specifieke affiniteit van een enzym voor een bepaalde 
verbinding mogelijk en dus een prognose of een reactie kan worden verwacht. 
Zoals ook in hoofdstuk 9 wordt gebruikt, dienen dergelijke modellen ook als 
basis voor het theoretische verklaren van specifiek enzymgedrag. Bovendien 
kunnen computermodellen ook voorspellend worden gebruikt om gerichte 
aminozuursubstituties aan te raden die een bepaalde reactie waarschijnlijker 
maken. Dezelfde procedure kan ook de intramoleculaire bindingssterkte van 
de structurele aminozuren van het eiwit berekenen, wat een indicatie van de 
stabiliteit geeft. De exploitatie van deze methode voor de gerichte stabilisatie 
van een enzym wordt behandeld in de hoofdstukken 5-7. Hier beschrijven we 

                                                             
 
e Een mol bedraagt ongeveer 600 triljard moleculen (constante van Avogadro). 
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eerst een gedetailleerd stappenplan voor een computer-ondersteunde 
voorspelling van stabiliserende aminozuursubstituties (hoofdstuk 5), gevolgd 
door gedetailleerde laboratoriuminstructies om enkele honderden 
eiwitvarianten parallel te produceren en te testen (hoofdstuk 6). Ten slotte 
demonstreren we de procedure voor een biokatalytisch interessant enzym in 
hoofdstuk 7. 
De twee inleidende hoofdstukken 1 en 2 beschrijven de specifieke 
enzymfamilie waaraan ik mijn onderzoek heb besteed. De biokatalysatoren die 
in dit promotieonderzoek werden onderzocht zijn oxidatieve enzymen, dat wil 
zeggen enzymen waarvan de reactie elektronenoverdracht omvat. Om precies 
te zijn, zijn het oxygenasen—enzymen die een zuurstofatoom naar hun 
substraat overbrengen. Deze reactie is chemisch bijzonder moeilijk, daarom 
ontwikkelden deze eiwitten zich zodanig dat ze een reactief molecuul als 
hulpstof binden, een zogenaamde cofactor. Deze cofactoren maken het 
mogelijk dat enzymen reacties katalyseren die niet mogelijk zouden zijn met 
alleen de 20 reguliere aminozuren. Cytochroom P450 monooxygenases 
(CYPs), die worden besproken in hoofdstuk 3, zijn detoxificatie-enzymen in 
veel levende wezens en bevatten een heem cofactor. Deze ijzerhoudende 
cofactor heeft een hoge affiniteit voor zuurstof, waarmee het een intens rood 
complex vormt, dat onder andere ook de door hemoglobine veroorzaakte rode 
kleur aan bloed geeft. CYP's zijn zeer reactief en een van de weinige manieren 
waarop de natuur zich heeft ontwikkeld om een zuurstofatoom direct in een 
koolwaterstofmolecuul in te passen. De Baeyer-Villiger monooxygenases 
(BVMOs) die in de resterende hoofdstukken worden behandeld, installeren 
echter de zuurstof specifiek naast een carbonylgroep, een dubbele koolstof-
zuurstofbinding. BVMOs hebben een gele flavin cofactor, die in de cel uit 
vitamine B2 wordt gesynthetiseerd. 
Dankzij hun reactiviteit zijn zowel CYPs als BVMOs veelbelovende enzymen 
voor biokatalytische toepassingen. Grootschalige industriële processen voor 
dergelijke reacties vereisen het gebruik van gevaarlijke chemische middelen 
en zijn zeer energie-intensief. Het is te hopen dat mijn onderzoek naar 
stabielere en verbeterde enzymen dergelijke processen in de toekomst kan 
helpen vervangen door biokatalyse. Zo'n beweging naar groene technologieën 
zou de enerzijds belangrijke en anderzijds vaak schadelijke chemische 
industrie kunnen veranderen: het zou het gebruik van gevaarlijke chemicaliën 
voor mens en milieu kunnen voorkomen en schonere, efficiëntere en 
energiezuinige processen mogelijk maken. In de farmaceutische industrie 
kunnen enzymatische reacties bovendien de hoge selectiviteit verschaffen die 
vereist is voor de productie van zuivere geneesmiddelen. Tegelijkertijd maken 
de unieke enzymatische reacties nieuwe synthetische routes mogelijk die de 
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productie van geneesmiddelen radicaal vereenvoudigen en hun kosten 
drastisch zouden kunnen verlagen. 
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Vor etwa 200 Jahren begann mit Wöhlers Harnstoffsynthese die Wissenschaft 
der organischen Chemie. Eine ständige Erweiterung unseres Wissens von der 
Beschaffenheit und Entstehung von Molekülen ermöglichte es, immer neue 
chemische Verbindungen zu erzeugen, von denen einige heute einen 
immensen Einfluss auf unseren Lebensstandard haben. Die im letzten 
Jahrhundert entwickelte dahinterstehende Industrie ist riesig: Von einer 
Grundchemikalie wie dem unscheinbaren Molekül Ethylen (CH2=CH2) wurden 
im Jahr 2011 141 Millionen Tonnen produziert. Diese Petrochemikalie machte 
damit etwa 3 % von den 620 kg Rohöl aus, die jeder Mensch im selben Jahr im 
Durchschnitt verbrauchte.a Trotz solch gigantischer Zahlen macht die 
Petrochemie nur einen Bruchteil des gesamten Bedarfs an Rohöl aus, welches 
immer noch fast ausschließlich im Transportwesen verbrannt wird.b Wie viele 
andere Grundchemikalien wird Ethylen zu einem Großteil zu Kunststoff 
weiterverarbeitet. Neben dem Hauptprodukt Plastik (inklusive Textilien), 
umfasst die chemische Industrie aber ebenso die Fertigung von Düngemitteln, 
Pestiziden, Papier, Farben, Waschmitteln, Kosmetika, 
Lebensmittelzusatzstoffen, Gummis, Klebstoffen und vielem mehr. Außerdem 
macht die Herstellung von Arzneimitteln – in Masse fast vernachlässigbar – 
nach Umsatz einen der größten Industriesektoren aus. Die Pharmaindustrie, 
die seit ihrem Bestehen ununterbrochen und in atemberaubender Weise 
Wachstum verzeichnet, hat im Jahr 2017 verschreibungspflichtige 
Arzneimittel für mehr als eine Billion US$ verkauft.c Das entspricht mehr als 
einem Prozent des gesamten Bruttoweltprodukts.d 
Jedes einzelne Produkt der Chemie- und Pharmaindustrie wird in einem 
Prozess hergestellt, der die Umwandlungen (Reaktionen) der Ausgangsstoffe 
in einer bestimmten Anzahl an Transformationen umfasst. Diese Reaktionen 
sind das Herzstück der organischen Chemie und oft nur durch das Phänomen 
der Katalyse möglich. Die Katalyse ermöglicht es ein Moleküls aus einem 
anderen zu schaffen, indem sie die Umwandlung energetisch begünstigt. 
Normalerweise sind die Atome in einem Molekül durch stabile Bindungen 

                                                             
 
a 2011 lag die Weltbevölkerung bei etwa 7 Milliarden und der weltweite Erdölbedarf bei 87 
Millionen Barrel am Tag. Mit durchschnittlich 7,33 Barrel pro Tonne ergibt sich ein Verbrauch 
von 4,3 Billionen kg pro Jahr. 
b Siehe beispielsweise die Statistik der U.S. Energy Information Administration 
https://www.eia.gov/energyexplained/index.php?page=oil_use 
c Lindsley, CW. New 2017 Data and Statistics for Pharmaceutical Products. ACS Chemical 
Neuroscience 2018 (9) 1518-1519. 
d Das BWP lag nach Daten der Weltbank zuletzt bei etwa 80 Billionen US$ 
https://databank.worldbank.org/data/download/GDP.pdf 

https://www.eia.gov/%E2%80%8Cenergyexplained/%E2%80%8Cindex.php?page=oil_use
https://databank.worldbank.org/data/download/GDP.pdf
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zusammengehalten, die sich nur sehr selten und in unterschiedlicher Weise 
umlagern. Bei Zugabe eines Katalysators beschleunigt sich hingegen eine 
bestimmte dieser Umlagerungen, die damit in einer in vielen 
Größenordnungen schnelleren Reaktionsrate abläuft.  
Der Begriff Katalysator umfasst verschiedenste Stoffe, gasförmig, flüssig oder 
fest, die in einer zu den Ausgangsstoffen geringen Menge hinzugegeben 
werden, deren Reaktion zulassen und dabei selbst nicht verbraucht werden. 
Physikalisch gesehen setzt ein Katalysator die Aktivierungsenergie, d. h. die 
Energiebarriere des Übergangszustands der Reaktion herab. Die gezielte 
Ausnutzung dieser Eigenschaft, die der Mensch im Reagenzglas oder Reaktor 
seit weniger als zweihundert Jahren betreibt, hat die Natur vor ein paar 
Milliarden Jahren mit der Entstehung des Lebens erfunden. Seither enthalten 
alle Zellen eine der Evolution unterliegende DNA, welche die Information zur 
Synthese der Proteine, die den Organismus aufbauen, bereitstellt. Während die 
Strukturproteine sich zu einem mehr oder weniger statischen Gerüst fügen, ist 
alles „Lebendige“ in einer Zelle der von den katalytischen Proteinen, den 
Enzymen, ermöglichte Stoffwechsel. Enzyme – oft erkennbar an der Endung 
„-ase“ – sind die Maschinen, die alle biochemischen Reaktionen durchführen, 
inklusive der ihrer eignen Synthese: Zellen produzieren alle Proteine gemäß 
der auf der DNA gespeicherten Anleitung. Dabei wird in der Transkription aus 
DNA zunächst RNA synthetisiert, welche das Ribosom als Matrize zur 
Produktion einer Aminosäurekette nutzt. Dessen Faltung zu einer exakt 
bestimmten dreidimensionalen Struktur lässt das fertige Protein entstehen. 
Dieser Prozess (DNA>RNA>Protein) ist universal, d. h. allen Lebewesen 
gemein. In allen Zellen erfüllt ein Teil der Proteine lebenswichtige Funktionen, 
wie die Bereitstellung von Energie. Viele Proteine sind aber auch speziell 
angepasst an die Bedingungen des jeweiligen Lebensraum des Organismus, 
und katalysieren so eine weite Spanne an unterschiedlichen Reaktionen. Die 
Zahl an potentiellen Biokatalysatoren für biotechnologische Anwendungen ist 
daher nahezu unerschöpflich. 
Dieses Reservoir an Diversität macht sich die Wissenschaft der Biokatalyse 
nun zu eigen: Nach Erlangen der Erkenntnis, dass viele dieser Reaktionen ein 
Äquivalent zu einer Reaktion in der organischen Chemie darstellen, stellte sich 
die Frage, ob nicht auch Enzyme als Biokatalysatoren in industriellen 
Prozessen nutzbar wären. Wenn das gelänge, ließe sich außerdem die extreme 
Vielfalt an in der Natur vorkommenden Transformationen anzapfen und 
dadurch völlig neue Syntheserouten entwerfen. Darüber hinaus liegen 
gewaltige Vorteile von enzymatischer Katalyse auf der Hand: Durch die 
Evolution im Laufe der Jahrmillionen optimiert, stellen die durch Enzyme 
erreichten Reaktionsraten die ihrer chemischen Pendants oft weit in den 
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Schatten. Da sie aus natürlichen Bausteinen bestehen, können Enzyme 
außerdem vollständig biologisch abgebaut werden. Obwohl diese Vorzüge 
Enzyme in der Theorie zu optimalen Katalysatoren machen, verhinderten 
einige praktische Einschränkungen bisher die großflächige Anwendung. 
Zunächst ist der zeitliche Verzug zu nennen, mit dem die biologische Forschung 
der chemischen hinterherhinkt: Noch vor wenigen Jahrzehnten bedingte die 
Aufdeckung der Identität eines einzelnen Enzyms für eine bestimmte Reaktion 
eine aufwendige Untersuchung. Mit der Einführung moderner DNA-
Sequenzierung mit hohem Durchsatz sahen die letzten Jahre hingegen eine 
regelrechte Explosion an Entdeckungen: Da jedes neu sequenzierte Gen 
umgehend einem neuen Protein zugeordnet werden konnte, war quasi mit 
einem Schlag der volle Schatz an natürlichen Enzymen gehoben. Als weiteres 
Hindernis in der praktischen Anwendung wurde lange Zeit die hohe Spezifität 
von Enzymen angeführt. Bisher galt als Lehrbuchmeinung, dass Enzyme genau 
eine Reaktion katalysieren und diese Beschränkung auf einen einzigen 
Ausgangsstoff (Substrat) eine biologische Notwendigkeit sei. Für die 
Anwendung ist so eine Spezifität unerwünscht, weil erstens die natürlichen 
Substrate größtenteils keine industrielle Relevanz besitzen, und man zweitens 
möglichst viele Reaktionen mit einem einzigen Katalysator umsetzen möchte. 
Nun wurden allerdings immer mehr Enzyme mit weiter Substratspanne 
bekannt, die in bestimmten Organismen z. B. der Entgiftung dienen, und diese 
Promiskuität ist eines der wichtigsten Merkmale eines aussichtsreichen 
Biokatalysators geworden. Mit dem molekularen Ursprung von 
Enzympromiskuität beschäftigt sich Kapitel 8. Das hier behandelte Enzym 
evolvierte wahrscheinlich vor relativ kurzer Zeit in einem Bakterium zur 
Verstoffwechselung von erdölbasierten Verbindungen und kann eine weite 
Spanne dieser Kohlenwasserstoffe umsetzen. Wir haben genauer untersucht, 
wie das dem Enzym gelingt.  
Eine der letzten verbliebenen Hürden für die breite Anwendung von Enzymen 
war ihre fehlende Stabilität. In lebenden Zellen unterliegen alle Proteine einem 
Zyklus aus Auf- und Abbau, was einen Mechanismus zur zeitlichen Begrenzung 
einer Reaktion darstellt. Im Gegensatz zur industriellen Anwendung ist es 
innerhalb der natürlichen Funktion daher oft kein Vorteil für ein Enzym, 
besonders stabil zu sein. In der Biokatalyse sind deshalb Enzyme von 
sogenannten thermophilen Organismen beliebt, das sind meist Mikroben, die 
einen verhältnismäßig warmen Lebensraum wie etwa eine hydrothermale 
Quelle besiedeln. Da Proteine aus diesen Habitaten so angepasst sind, dass sie 
eine „normale“ Stabilität unter hohen Temperaturen besitzen, zeigen sie in der 
Folge eine hohe Stabilität bei „normalen“ Temperaturen. In Kapitel 3 und 4 
beschreiben wir Beispiele dafür—zwei aus einem thermophilen Pilz 
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stammende Enzyme, die Stabilität mit einem breiten Substratspektrum 
kombinieren. 
Diese an das Habitat des Organismus angepasste Stabilität der Proteine 
ermöglichte die Evolution. Obwohl sich diese oft insbesondere auf 
phänotypischer Ebene bemerkbar macht, ist sie zunächst der genetischen 
Variabilität und demzufolge den veränderten Proteinen geschuldet. Der 
Ursprung der Variabilität ist die inhärente Fehlerquote der für die DNA-
Verdopplung zuständigen DNA-Polymerase, die zu natürlichen Mutationen 
von einer Generation zur nächsten führt. Eine Mutation im Gen wiederum führt 
zu einem Austausch einer Aminosäure in dem kodierten Protein. Obwohl die 
dadurch entstehenden Mutanten in vielen Fällen unveränderte oder 
verschlechterte Eigenschaften aufweisen werden, gibt es eine statistische 
Chance für eine evolutionär vorteilhafte Veränderung. Kann sich der Wirt eines 
derart verbesserten Proteins bevorzugt vermehren, selektiert die Natur aus 
den vielen möglichen Änderungen diese Mutante. Das Darwin’sche System der 
Variabilität und Selektion ist so mächtig, dass es die Entwicklung der extremen 
Komplexität heutiger Lebewesen zuließ, ohne einer gezielten Ratio zu folgen.  
In Anerkennung der Nützlichkeit dieses Systems machte sich die Wissenschaft 
inzwischen dasselbe Werkzeug zunutze. In dem 2018 mit dem Nobelpreis 
ausgezeichneten Verfahren der gerichteten Evolution führt man im 
Reagenzglas zunächst kontrolliert Variabilität in ein bestimmtes Protein ein. 
Statt nun allerdings dem Selektionsdruck nach erhöhter Fähigkeit zur 
Reproduktion ausgesetzt zu sein, filtert man im Gegensatz zur Natur nach der 
anwendungsspezifisch gewünschten Eigenschaft. In manchen Fällen kann dies 
einem natürlichen Prozess entsprechen: Hat man z. B. ein interessantes; aber 
instabiles Enzym zur Hand und kein verwandtes (homologes) Enzym aus 
einem thermophilen Organismus ist bekannt, kann man mit diesem System 
eine Reihe von Proteinvarianten generieren und stabilere Mutanten 
identifizieren. Das entspricht demselben evolutionären Prozess den ein 
Organismus mit dem Ausgangsprotein („Wildtyp“) durchliefe, würde er sich in 
einem wärmeren Habitat ausbreiten. Interessanterweise ist man im 
Reagenzglas allerdings keinerlei Restriktionen ausgesetzt und kann auch nach 
beliebigen anderen Eigenschaften selektieren. So ermöglicht die gerichtete 
Evolution sogar die Kreation von Enzymen, welche Reaktionen katalysieren, 
die (jedenfalls nach Stand des Wissens) so in der Natur nicht vorkommen und 
ausschließlich einem dem Menschen nützlichen Zweck dienen.  
Obwohl dieses Verfahren bereits außerordentlich erfolgreich für verschiedene 
Proteine angewandt wurde, stellt sich ein grundlegendes Problem in der 
Statistik. Bei einer Mutation, die einen Aminosäureaustausch bewirkt 
(Punktmutation), gibt es wegen der natürlicherweise vorkommenden 20 
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verschiedenen Aminosäuren genau 19 mögliche Varianten. Während dies noch 
eine überschaubare Anzahl darstellt, dehnt sie sich jedoch explosionsartig aus, 
sobald mehrere Austausche in Betracht kommen. Die Zahl der Möglichkeiten 
folgt dabei der Formel 19n, wobei n die Zahl der ausgetauschten Aminosäuren 
angibt. Ein relativ kleines Protein mit 100 Aminosäuren erlaubt deshalb eine 
unvorstellbar große Anzahl an Kombinationen: Würde man nur ein einziges 
Molekül von jeder Proteinvariante generieren und dieses in eine Kiste geben, 
wäre das Volumen einer solchen Kiste größer als ein Mol an Universene. Da es 
ausgeschlossen ist, auch nur einen Bruchteil dieser Varianten herzustellen, 
geschweige denn zu testen, wurden in den letzten Jahren Methoden entwickelt, 
um die Suche auf „sinnvolle“ Varianten zu beschränken. Ausschlaggebend 
dafür ist das zugrunde liegende Wissen über die molekulare Funktionsweise 
eines Enzyms. Da sich diese durch die spezifische dreidimensionale Struktur 
ergibt, ist ihre Bestimmung oft ein entscheidender erster Schritt. Möglich 
macht dies die Röntgenstrukturanalyse, mit der die Bestrahlung eines Proteins 
im kristallinen Zustand (in dem Proteinmoleküle einen kompakten und 
regelmäßig angeordneten Zustand eingenommen haben) durchgeführt wird. 
Die dadurch gemessene Elektronendichte erlaubt die Bestimmung der exakten 
Struktur des Proteins, oft hin bis zum einzelnen Atom. Diese Methode haben 
wir zum Beispiel in Kapitel 3 angewandt. Kenntnis über die Struktur wiederum 
erlaubt es, Aminosäuren mit katalytischer Aktivität von denen mit rein 
struktureller Funktion zu unterscheiden. Da es sich bei den entscheidenden 
Aminosäuren oft um nur einige wenige handelt, kann nun die Suche auf eine 
deutlich geringere Zahl an Varianten beschränkt werden. Dieses Verfahren 
kommt auch in Kapitel 9 zur Anwendung. Es versetzte uns in die Lage, das 
untersuchte Enzym so zu verändern, dass es ein unterschiedliches 
Reaktionsprodukt generiert.  
Entscheidungshilfen, welche Stellen im Protein auszutauschen sind und mit 
welchen Aminosäuren man sie am besten ersetzt, kommen mittlerweile immer 
häufiger von Computersimulationen. Im Gegensatz zur statischen Struktur aus 
dem Kristall, können Simulationen eine realistische Bewegung des Proteins 
vorhersagen und bewirken dadurch eine deutlich erhöhte Genauigkeit in der 
Berechnung von Bindungsenergien. Dies erlaubt die theoretische Bestimmung 
der initialen spezifischen Affinität eines Enzyms für eine bestimmte 
Verbindung und damit eine Prognose, ob eine Reaktion zu erwarten ist. Wie in 
Kapitel 9 zur Anwendung gekommen, dienen derartige Modelle auch als 
Erklärungsgrundlage für ein bestimmtes Enzymverhalten. Darüber hinaus 

                                                             
 
e Ein Mol entspricht der Avogadro-Konstante von etwa 602 Trilliarden. 
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kann man Computermodelle auch prädiktiv einsetzen, um gezielte 
Aminosäureaustausche vorzuschlagen die eine bestimmte Reaktion 
wahrscheinlicher machen. Mit demselben Verfahren wird außerdem die 
intramolekulare Bindungsstärke der strukturellen Aminosäuren des Proteins 
berechnet, was einen Schluss auf dessen Stabilität zulässt. Die Ausnützung 
dieses Verfahrens zur zielgerichteten Stabilisierung eines Enzyms beschäftigt 
uns in Kapitel 5-7. Hier geben wir zunächst eine detaillierte Anleitung zur 
computergestützten Vorhersage von stabilisierenden Aminsäureaustauschen 
(Kapitel 5), gefolgt von genauen Instruktionen zur Vorgehensweise im Labor, 
um einige Hundert Proteinvarianten effizient parallel zu produzieren und zu 
testen (Kapitel 6). Schließlich demonstrieren wir das Verfahren an einem 
biokatalytisch interessanten Enzym in Kapitel 7.  
Die beiden Einleitungskapitel 1 und 2 beschreiben die spezielle Enzymfamilie, 
der ich meine Forschung gewidmet haben. Die in meiner Doktorarbeit 
untersuchten Biokatalysatoren sind oxidative Enzyme, also solche, deren 
Reaktion einen Elektronentransfer beinhaltet. Im engeren Sinne handelt es 
sich um Oxygenasen, das sind Enzyme, die ein Sauerstoffatom an ihr Substrat 
übertragen. Eine solche Reaktion ist chemisch besonders herausfordernd, 
weshalb sich diese Proteine so entwickelten, dass sie ein reaktives Molekül als 
Hilfsmittel, einen sogenannten Cofaktor, fest an sich binden. Die Cofaktoren 
erlauben es Enzymen, Reaktionen zu katalysieren, die mit den 20 regulären 
Aminosäuren nicht zu bewerkstelligen wären. Die in Kapitel 3 behandelten 
Cytochrome P450 (CYPs) sind in vielen Lebewesen vorkommende 
Entgiftungsenzyme, die ein Häm in sich tragen. Dieser eisenhaltige Cofaktor 
hat eine hohe Affinität für Sauerstoff, mit dem er einen intensiv roten Komplex 
bildet, was unter anderem der vom Hämoglobin verursachte Grund für die rote 
Farbe von Blut ist. CYPs sind hochreaktiv und stellen einen der nur wenigen 
Wege dar, die die Natur entwickelt hat, um ein Sauerstoffatom direkt in ein 
Kohlenwasserstoffmolekül einzubauen. Die in den restlichen Kapiteln 
behandelten Baeyer-Villiger Monooxygenasen (BVMOs) installieren den 
Sauerstoff hingegen gezielt an die häufig auftretende Carbonylgruppe, d. h. 
eine Kohlenstoff-Sauerstoff-Doppelbindung. BVMOs besitzen einen gelben 
Flavin-Cofaktor, der zellulär aus Vitamin B2 synthetisiert wird. 
Dank ihrer Reaktivität sind sowohl CYPs als auch BVMOs vielversprechende 
Enzyme für biokatalytische Anwendungen. Die im großen Maßstab etablierten 
industriellen Prozesse für derartige Reaktionen erfordern den Einsatz hoch 
bedenklicher chemischer Mittel und sind sehr energieintensiv. Es ist zu hoffen, 
dass meine Erforschung von stabileren und verbesserten Enzymen dazu 
beiträgt, derartige Prozesse in der Zukunft durch Biokatalyse zu ersetzen. Eine 
Entwicklung hin zu grünen Technologien könnte die so wichtige und 
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gleichzeitig oft so schädliche chemische Industrie transformieren: Der Einsatz 
von für Mensch und Umwelt gefährlichen Chemikalien könnte dadurch ebenso 
verhindert werden, wie es sauberere, effizientere und energieärmere Prozesse 
ermöglichte. In der medizinischen Forschung erlauben enzymatische 
Reaktionen darüber hinaus die hohe Selektivität, welche für die Produktion 
von reinen Arzneimitteln erforderlich ist. Gleichzeitig ermöglichen die 
einzigartigen enzymatischen Reaktionen neue Synthesewege, die die 
Produktion von Medikamenten radikal vereinfachen und deren Kosten 
drastisch reduzieren können.  
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