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ABSTRACT 

The use of enzymes in organic synthesis is highly appealing due their remarkably 
high chemo-, regio- and enantioselectivity. Nevertheless, for biosynthetic routes to be 
industrially useful, the enzymes must fulfill several requirements. Particularly, in case 
of cofactor-dependent enzymes self-sufficient systems are highly valuable. This can be 
achieved by fusing enzymes with complementary cofactor dependency. Such bifunctional 
enzymes are also relatively easy to handle, may enhance stability, and promote product 
intermediate channeling. However, usually the characteristics of the linker, fusing 
the target enzymes, are not thoroughly evaluated. A poor linker design can lead to 
detrimental effects on expression levels, enzyme stability and/or enzyme performance. 
In this chapter, the effect of the length of a glycine-rich linker was explored for the case 
study of ε-caprolactone synthesis through an alcohol dehydrogenase-cyclohexanone 
monooxygenase fusion system. The procedure includes cloning of linker variants, 
expression analysis, determination of thermostability and effect on activity and conversion 
levels of fifteen variants of different linker sizes. The protocols can also be used for the 
creation of other protein-protein fusions.

Keywords: Baeyer-Villiger monooxygenase, alcohol dehydrogenase, biocatalytic cascade, 
cofactor regeneration, cyclohexanone 
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INTRODUCTION

Biocatalysis refers to the use of enzymes to catalyze the synthesis of chemicals. For this, the 
field has exploited the accumulated knowledge of catalytic mechanisms, kinetic parameters 
and structure-function relationships of enzymes. This fundamental knowledge enables 
the development of improved biocatalysts for the chemo-, regio- and enantioselective 
synthesis of (fine) chemicals1,2. The use of biocatalysts in the synthesis of industrially 
relevant chemicals, such as lactones, is well described1,3,4. These compounds are highly 
attractive as platform chemicals for the pharmaceutical and chemical industries, because 
they are often used as precursors for valuable molecules, such as floral scents, or for polymer 
synthesis3–6. For example, ε-caprolactone, is a valued 6-carbon lactone that can be used 
as a precursor for the synthesis of caprolactam7. This product is further polymerized to 
form nylon-6, a popular polyamide polymer that is used in the manufacturing industries 
because of its high strength and elasticity. In addition to the production of polyamides, the 
most significant chemical feature of ε-caprolactone is its capacity to polymerize through 
a straightforward ring-opening reaction8,9. The obtained product is polycaprolactone, a 
biodegradable thermo polyester used as additive in resins, coating, colorant materials 
and polyurethanes10–12. Nowadays, ε-caprolactone has a high global demand and is 
produced on a scale of over 10,000 tons per year13. However, the classical synthesis of 
the lactone is not eco-friendly, as this compound is generally obtained through a Baeyer-
Villiger oxidation using peracetic acid and cyclohexanone in an anhydrous solvent such 
as acetone7,12. Otherwise, it can be obtained by letting an excess of cyclohexanone react 
with air at 25-50 °C in the presence of acetaldehyde and metal-oxidant catalysts. As a 
byproduct, acetic acid is obtained, which must be removed by distillation7. A biocatalytic 
process would offer an attractive greener alternative for the synthesis of ε-caprolactone.

Broadly, enzymes have evolved for millions of years to catalyze specific reactions with 
a high efficiency. The use of enzymes may reduce energy costs by performing catalysis 
at milder conditions than classical chemical methods, such as lower temperature and 
pressure14–16. Enzymes can be employed as i) isolated enzymes, ii) immobilized enzymes, 
iii) cell free extracts or iv) within whole cells17,18. The latter is the most widely used method 
for large scale reactions, since (1) it is the cheapest way to formulate enzymes, (2) it provides 
greater enzyme stability, and (3) it satisfies biochemical requirements such as the presence 
of cofactors and cosubstrates. However, the use of whole cells also implies more complex 
mass balance calculations and transfer concerns, such as inadequate supply of oxygen or 
substrate/product transfer in/out the cells19–23. Evidently, each of these approaches has its 
own pros and cons, and the application will depend on the specific reaction to be achieved.

Baeyer-Villiger monooxygenases (BVMO, E.C. 1.14.13) have been described to produce 
ε-caprolactone using cyclohexanone as a substrate10,24–26. In particular, type I BVMOs from 
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the class B flavin-dependent monooxygenases contain flavin adenine dinucleotide (FAD) as 
a prosthetic group, which is required for catalysis. In the catalytic cycle, the FAD is reduced 
by NADPH27. Subsequently, the reduced enzyme reacts with dioxygen to form a reactive 
peroxyflavin enzyme intermediate which reacts with a ketone to form an ester or lactone28. 
Release of the product and NADP+ completes the catalytic cycle. The most studied BVMO for 
the synthesis of ε-caprolactone is a cyclohexanone monooxygenase (AcCHMO) isolated from 
the soil bacterium Acinetobacter calcoaceticus NCIMB 987129. Although this enzyme shows a 
remarkably broad substrate scope, it exhibits very poor stability. Specifically, its apparent melting 
temperature (TM

app) is around 36 °C and it has a low tolerance towards cosolvents30. Recently, a 
more robust CHMO homolog was described and crystallized31. This variant, TmCHMO, was 
discovered in the actinobacterium Thermocrispum municipale DSM 44069. Even though this 
BVMO displays high sequence identity of 57 % with AcCHMO, TmCHMO showed greater 
robustness in presence of cosolvents and a significantly higher TM

app. A clear disadvantage for 
CHMO and BVMOs as biocatalysts is their NADPH dependence. This cosubstrate is relatively 
expensive and therefore problematic to be used for biosynthetic routes. To remedy this, 
CHMO has been explored as fusion enzyme with different NADPH regenerating enzymes, 
such as phosphite dehydrogenase, formate dehydrogenase, glucose dehydrogenase or alcohol 
dehydrogenase (ADH)32,33. Interestingly, some alcohol dehydrogenases (ADH, E.C.1.1.1.X) are 
able to oxidize cyclohexanol to cyclohexanone while reducing NAD(P)+. The combination of 
such an ADH with a BVMO can catalyze a cascade reaction, in which the ADH regenerates 
NADPH while producing the substrate for the BVMO. For the particular reaction of this 
study, ADH catalyzes the oxidation of cyclohexanol (forming NADPH) which is converted 
into ε-caprolactone by CHMO (consuming NADPH)10,24,34,35. 

For the biocatalytic cascade reaction above, it is attractive to create a fused bifunctional 
ADH-BVMO fusion. For such fusion, it is important to introduce a proper linker. The 
linker is expected to allow enough flexibility and proper folding of the fused enzymes. The 
close proximity of two active-sites may also increase the conversion rates by enhancing 
the channeling of the reaction intermediates36. Although this substrate channeling effect 
is questioned in some studies37–39, and likely only applies when the concentration of the 
intermediate remains low, there are a number of studies that found higher conversions 
for a cascade reaction with fused enzymes compared to the equimolar combination of 
separate enzymes40. The ADH-BVMO cascade system has been previously studied for 
the optimization of the biocatalytic conversion of cyclohexanol into ε-caprolactone 
(Figure 1)34,41. However, the reaction design is not trivial and some critical parameters are 
worth mentioning. For example, a poor substrate/cosubstrate set up can adversely affect 
the conversion rates. Particularly, AcCHMO suffers from inhibition by cyclohexanol, 
cyclohexanone and caprolactone42. For TmCHMO, an activity reduction of 50 % was 
observed at 66 mM ε-caprolactone, and 75 % at 2 mM cyclohexanol43. Therefore, a good 
cascade strategy must be found that balances optimal kinetic conditions for both enzymes. 
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Figure 1. TbADH-TmCHMO cascade reaction. A schematic representation of the cascade reaction 
is shown. The cascade starts with the reversible oxidation of cyclohexanol to cyclohexanone and 
NADP+ reduction by TbADH. Subsequently, the TmCHMO partner accepts the cyclohexanone and 
performs a Baeyer-Villiger oxidation. For this reaction, the hydride donor is consumed and lactone 
and water are produced. Then, the oxidized NADP+ can be re-occupied for the first reaction. 

In a previously published report, three different ADHs were explored as TmCHMO 
fusion partners: i) TbADH from Thermoanaerobacter brockii, ii) PfADH from Pyrococcus 
furiosus and iii) MiADH from Mesotoga infera43. To avoid product inhibition, a lipase was 
employed as additional biocatalyst, to decrease product concentration by catalyzing the 
ring opening of ε-caprolactone. The best performing fusion (TbADH-TmCHMO) achieved 
full conversion of 200 mM cyclohexanol with a turnover number (TON) of 13,000, while 
using separate enzymes only 41 % conversion was obtained (TON=5,600). Even though the 
TbADH-TmCHMO fusion gave promising results for the cascade reaction, the study did not 
try to optimize the linker. In that sense, both length and physicochemical characteristics of 
the linker can be tuned. Key aspects to consider are flexibility/rigidity and hydrophilicity/
hydrophobicity of the linker sequence. Jeon et al. investigated the use of two different linkers 
in a similar two-step whole-cell biocatalytic process —conversion of long-chain sec-alcohols 
into esters—44. Fusions were evaluated consisting of an ADH from Micrococcus luteus 
NCTC2665 and BVMOs of Pseudomonas putida KT2440 or Rhodococcus jostii RHA1. 
The use of a glycine-rich linker had a better performance on the conversions than a rigid 
α-helix linker, and the fusion also outperformed the same combination of separate enzymes. 
Moreover, various studies have described that linkers with non-polar residues, such as the 
glycine-rich linker, are beneficial by enhancing the flexibility between both partners45,46. 
This would provide freedom for correct folding and conformational changes. In a critical 
study on flexible linkers, that also included computational modeling work, linker length and 
composition turned out to be highly important47. Shorter linkers and sequences containing 
more glycines increased FRET efficiencies between the ECFP and EYFP domains of the 
fusion. Other studies have described that the size of the linker can critically perturb the 
biocatalytic properties of fusions, such as enzyme activity, stability or coupling efficiency48–50. 
Therefore, in addition to the physicochemical composition of the linker, the length itself may 
have a key role on the biocatalytic features of the fusion. Thus, it is attractive to evaluate 
whether this is also the case for other fusions, such as the ADH-CHMO fusion, and to study 
the effects of linker length on its performance of its cascade reaction. 
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In this chapter, we describe an experimental procedure for exploring the effect of the 
length of a glycine-rich linker on the biocatalytic properties of a ADH-BVMO fusion. 
Specifically, the TbADH-TmCHMO fusion for the production of ε-caprolactone from 
cyclohexanol was studied. The glycine-rich linker SSGGSGGSGGSAGTA was selected 
based on previous work. Fusion variants were designed with different linker size using 
the P-LinK methodology51. The fusion enzymes were prepared with a linker size of 1 to 15 
amino acids. The complete procedure is as follows: i) verifying the expression levels of the 
fusion, ii) spectrophotometrically analyze the oxidation state of TmCHMO, iii) evaluate 
the effect of the linker length on the thermostability, iv) activity and v) conversion levels. 

GENERAL METHOD AND STATISTICAL ANALYSIS

Common security measures for a biosafety level-1 laboratory must be followed. Personal 
protective elements as glasses, lab coat and chemically resistant gloves are required for the 
researcher when performing the experiments. For the statistical analysis, the determination 
of thermostability, activity and conversions level were performed in triplicates or 
duplicates. The results were analyzed using GraphPad Prism v6.05 for Windows (GraphPad 
Software, La Jolla, CA, United States). Statistical difference was evaluated using ordinary 
one-way ANOVA, using significance p < 0.05. Multiple comparisons against the control 
was performed using Dunnett’s multiple comparison test. Nevertheless, the user can use 
other suitable software according to his preferences.

MOLECULAR DESIGN OF LINKER VARIANTS

The most straightforward way to obtain a fusion enzyme is by ordering a synthetic DNA 
construct for expression of the respective protein. On the other hand, there are various 
ways to create a construct to express a fusion enzyme using the two respective genes. A 
couple of well-described and convenient cloning approaches are: 1) traditional restriction/
ligation by adding a unique restriction site at the reverse primer of the first gene (for the 
first enzyme) and the forward primer of the second gene (for the second enzyme of the 
fusion), such that they can be ligated. It is worth mentioning that the stop codon of the 
first gene must be removed. 2) Golden Gate cloning, similar to restriction/ligation, except 
that it employs a restriction site (BsaI) that is not recognized after ligation, which greatly 
improves efficiency for ligation, and reduces steps compared to restriction/ligation. A 
disadvantage is that a Golden gate vector is required. Lastly, using 3) Gibson assembly/In-
Fusion® cloning by designing primers with 15-30 base pairs (bp) overlapping regions, the 
amplified fragments can be assembled through an isothermal reaction with 3 enzymes: 
DNA polymerase, 5’ exonuclease, and DNA ligase. In each of these methods there is some 
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room to build a linker region, by adding codons that code for a linker to the reverse primer 
of the first gene and to the forward primer of the second gene. Alternatively, with each 
method an existing linker can also be amplified as fragment, and ligated together with 
the two genes. 

Once a construct coding for a fusion enzyme is obtained, different linker sequences can be 
designed and introduced. In this section, we describe the use of the P-LinK method that 
has been described to change the linker length between two domains of a cytochrome P450 
monooxygenase51. This method is analogous to QuikChange with partially overlapping 
primers, with as difference that the primers are partly phosphorothioated, which enables 
efficient chemical ligation of the vectors after amplification (referred to as PLIC reaction 
from Phosphorothioated Ligation Independent Cloning). This is an advantage in terms 
of efficiency and number of steps needed to complete the construct compared to, for 
example, Gibson cloning. There are other methods to introduce different linkers, of which 
one recent example is detailed in Chapter 10 “Combinatorial Linker Engineering with 
iFLinkC” of this edition of Methods in Enzymology, as well as in a recent publication52. 

Equipment
• PCR Thermocycler machine (T100 thermal Cycler, Bio-Rad).
• Shaker (Innova 44, New Brunswick Scientific).
• Thin-walled PCR tubes (DNAse free and/or sterile). 
• Electrophoresis chamber (Bio-Rad).
• Thermomixer or water bath.
• Speedvac equipment.
• UV transilluminator (M20, Appligene).

Reagents
• PCR oligonucleotides containing 12 phosphorothioates (PTO) (see note 1) at the 5’-end 

(see Procedure: Step 1 and Step 2).
• Pfu polymerase (as master mix, or with separate components: dNTPs mix, polymerase 

buffer).
• PCR cleanup kit (Qiagen).
• Plasmid MiniPrep kit (Qiagen).
• Sterile dH2O.
• Agarose gel (1 % w/v) (from agarose powder).
• DpnI enzyme (NEB).
• Sterile 80 % glycerol.
• Iodine solution (100 mM I2 in ethanol).
• Sterile LB medium (for 1 L, 10 g tryptone, 10 g NaCl and 5 g yeast extract). For LB agar, 

add agar-agar at 2 % w/v final concentration (20 g for 1 L).
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• Escherichia coli NEB 10-β chemo competent cells, genotype: Δ(ara-leu) 7697 
araD139 fhuA ΔlacX74 galK16 galE15 e14-ϕ80dlacZΔM15 recA1 relA1 endA1 nupG 
rpsL (StrR) rph spoT1 Δ(mrr-hsdRMS-mcrBC).

Procedure
1. Design oligonucleotides as follows: the protocol has been optimized for having (at 

least) 12 phosphorothioates (PTOs) at the 5’ end of the reverse primer and forward 
primers. For every 5 linker lengths (1-5 amino acids), the same reverse (RV) primer is 
used and 5 different forward (FW) primers. See the example in table S1.

2. Solubilize PTO oligonucleotide stocks to 100 µM in 10 mM TrisHCl pH 7.0 or 
autoclaved MilliQ water. Then, dilute to 20 µM for working stocks. Store the 100 µM 
stocks at -20 °C to preserve.

3. Set up PCR reactions with either PCR master mix, following the manufacturer’s 
instruction, or using separate components, as follows in table S2. Include a reaction 
without any primers added, to serve as control for the DpnI digestion.

4. Transfer the tubes to a thermocycler and start the following PCR program (Table S3). 
The lid must be at 105 °C to prevent condensation.

5. Analyze the PCR products by loading them in a 1 % agarose gel (20-50 mL) with 1.5 
µL of RotiSafe as gel stainer. Mix 3 µL of PCR sample with 0.5 µL of loading dye (6x), 
and add it to the well, then examine the gel under UV light in a UV transilluminator 
(Figure 2a) (see note 2).

6. Add 10 U of DpnI and CutSmart buffer (1x final concentration) to each reaction that 
gave product, and incubate them at 37 °C for at least 1 hour or overnight (16 hours).

7. Purify the PCR products with a PCR cleanup kit, and in the final step elute with 22 µL 
dH2O, to ensure a high concentration of DNA. 

8. Determine DNA concentration with a NanoDrop spectrophotometer. A concentration 
of approximately 0.02 – 0.04 pmol μL-1 (=μM) is desired. To translate that value to 
ng μL-1, the following online tool can be used: https://nebiocalculator.neb.com/#!/
dsdnaamt (see note 3). 

9. To increase the DNA concentration, one can apply the samples to a speedvac, to reach 
the 0.02 – 0.04 pmol μL-1 concentration range. Optionally, an additional PCR reaction 
can be performed using the corresponding purified PCR product as template.

10. Place the purified PCR products and thin-wall PCR tubes on ice. Transfer 4 μL of each 
PCR product (at 0.02 – 0.04 pmol μL-1) to a thin-wall PCR tube, as well as one for the 
control, and keep on ice. 

11. To anneal the PCR product and form the circularized vector, a PLIC reaction is carried 
out. This reaction consists of two components: (1) the PCR product, and (2) iodine cleavage 
solution. This iodine solution can be prepared as follows table S4. Add 2 μL of iodine 
cleavage mixture to each thin-wall PCR tube that contains 4 μL of PCR reaction, for a total 
volume of 6 μL. The solution should be yellowish. Keep the solutions on ice (see note 4).
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12. Transfer the tubes into PCR thermocycler with a preheated lid (80 °C), and start the 
program with an incubation of 10 minutes at 70 °C (PTO cleaving step). Then, for the 
annealing/hybridization step, incubate the tubes at 25 °C for 5 minutes After this step 
is done, the tubes can be transferred into ice, or stored at 4 °C. The solutions are ready 
to be used to transform chemically competent E. coli cells.

13. Set a thermomixer or water bath to 42 °C. Pre-warm 1 mL SOC or LB media to 37 °C in 
the thermo block, then transform the samples (PLIC reaction with each PCR product) 
and include the PLIC reaction control (without iodine) and a DpnI control.

14. Thaw 18 tubes of 50-100 μL chemically competent E. coli NEB 10-β cells on ice, and 
label them accordingly (1-18). Add the 2.5 μL to the respectively labeled tube and mix 
gently by flicking the tube, and directly place back on ice.

15. Incubate on ice for 20-30 minutes.
16. Perform a heat shock by incubating the tubes for 30 seconds at 42 °C in the thermomixer 

or water bath. Place them back into the ice after the 30 seconds.
17. Add 900 μL pre-warmed SOC or LB media to each tube, and incubate them at 37 °C for 

60 minutes while shaking. This can be done in a large shaking incubator with a tube 
rack, or in a thermomixer at 700 r.p.m. This is necessary to ensure proper aeration. 

18. Centrifuge the tubes at 5,000 g for 1 minute, remove 700-800 μL of the supernatant, 
and resuspend the remaining 100-200 μL with a pipette using sterile tips, and transfer 
to an LB agar plate with the appropriate antibiotic (50 µg mL-1 ampicillin). Spread the 
cell suspension with sterile glass beads, an inoculation loop, a bend glass pipette, or a 
glass/metal spreader. If one of these tools was heated with a flame to sterilize, ensure 
that it is cooled down prior to touching the cell suspension.

19. Incubate the agar plates at 37 °C overnight.
20. If everything went well, the control plates should be empty or nearly empty, while the 

plates from the PLIC reaction should have >100 colonies. Typically, the more colonies, 
the higher the chance the correct construct will be obtained.

21. Pick a colony from each plate, except the controls, to inoculate 5 mL LB with 50 µg 
mL-1 ampicillin, to grow overnight at 30 °C (>18 hours) or 37 °C (12-18 hours).

22. Transfer ~2 mL from the overnight culture to a 2 mL eppendorf tube, and spin down 
the cells at 5,000 g for 1 minute. Use a MiniPrep kit to purify the plasmid from this 
pellet, according to the kit’s instructions. Store the remaining 3 mL of the culture at 4 
°C.

23. Send the plasmid for sequencing, to ensure the right construct is obtained. After 
sequence confirmation, use the corresponding stored culture to make a -70/-80 °C 
glycerol stock by mixing 400 μL culture with 400 μL of sterile 80 % glycerol, and store 
at -70/-80 °C (see note 5). Alternatively, the corresponding plasmid can be used to 
transform chemically competent cells, and these can be used to make a -70/-80 °C 
stock (see note 6).
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Figure 2. Agarose gel analysis of the PCR products. The numbers indicate the linker length of the 
PCR product. Lanes marked with L are loaded with the ladder (Page Ruler). 

Notes
• A notable disadvantage of this method is the need for phosphorothioated primers, 

which are quite costly or require in-house primer synthesis. There are other methods 
to introduce different linkers, of which one recent example is detailed in this edition of 
Methods in Enzymology, as well as in a recent publication 52. Moreover, the method 
detailed above could also be carried out with Gibson assembly instead of PLIC reaction, 
using regular primers, with some adaptations.

• Since not all PCR reactions yielded detectable products, the missing reactions were 
repeated (using the same program as above). For step 3, the annealing temperature 
parameter was modified to 62 °C (-1 °C/cycle), while for step 6, it was changed to 50 °C. 
This yielded product for linker lengths 1-3 (Figure 2b). To obtain PCR product for 4 
and 5, the program from table S5 was used. In addition, one can add DMSO (3-10 %) 
to a PCR reaction. In our case, we added two PCR reactions that included 5 μL DMSO 
(10 % v/v).

• For this chapter, the PCR products were around 6,800 bp, since the vector is 6,789 bp. 
Hence, 0.02 – 0.04 pmol μL-1 corresponds to a DNA concentration of 84-168 ng μL-1. 

• Optionally, an additional control can be added where 4 μL of PCR reaction is mixed 
with 2 μL of dH2O, to have an indication of whether the PLIC reaction worked.

• For this scenario case, variants with the 1-3 and 6-15 linker length were obtained, 
while the constructs with 4 and 5 amino acid were not.

a

b
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• E. coli NEB 10-β is a derivate strain from DH10B, commonly preferred for high 
quality plasmid preparation, mostly due the deficiency in endonuclease I (endA1) and 
recombinase (recA1).

PURIFICATION OF HISX6 TAGGED PROTEINS

This section describes the expression and purification of the obtained fused variants and 
the single components TmCHMO and TbADH after the cloning and sequence verification 
of the plasmid of each construct. The expression plasmids have a pBAD backbone that 
included a N-terminal hexa-histidine tag to facilitate the further purification. The pBAD 
expression system is tightly controlled using L-arabinose and within the plasmids contains 
the gene for ampicillin resistance. For an optimal yield, some aspects of protein expression 
should be considered, such as the evaluation of the optical density of the culture before 
induction, concentration of the inducer, time and temperature of induction, oxygenation 
levels, different types of plasmid backbones and host strains53,54. Then, after cell lysis the 
enzymes are obtained through immobilized metal affinity chromatography (IMAC) using 
nickel-sepharose HP resin. To increase the speed of the purification process, the resin 
is bed in a gravity-flow column. For a more precise purification, other systems can be 
employed, such as fast protein liquid chromatography (FPLC). Using FPLC, the purity of 
the sample can be even higher, but it would be more time consuming. Finally, the level 
of expression and purity of the proteins can be evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The fusions were well expressed in the 
host, and yields in the range of 300 mg L-1 were obtained. Additionally, electrophoresis 
showed the expected size for the variants according to the molecular size estimation. 

Equipment
• Shaker (Innova 44, New Brunswick Scientific).
• Cooling centrifuge (Centrifuge 5804 R, Eppendorf).
• Sonicator (Sonics, Vibra Cell).
• Orbital rotator (Nutating Mixer, VWR International).
• Electrophoresis system (Power Pac HC and Mini-Protean Tetra system, Bio Rad).
• Nano drop spectrophotometer (NanoDrop 1000, Thermo Scientific).

Buffers, strain and reagents
• Sterile LB medium (for 1 L, add 10 g tryptone, 10 g NaCl and 5 g yeast extract). For LB 

agar, add agar-agar at 2 % w/v final concentration.
• Sterile TB medium (for 1 L, add 12 g tryptone, 24 g yeast extract, 5 g glycerol and 

after autoclaving 100 mL sterile 10x TB salts). For 1 L of 10x TB salts dissolve 23.1 g 
KH2PO4 and 125.4 g K2HPO4.
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• Lysis buffer (50 mM Tris HCl pH 8.0, 500 mM NaCl, 30 µM FAD, 1 mM PMSF, 10 mM 
MgCl2, 0.5 mg mL-1 DNAse I and 1 mg mL-1 lysozyme).

• Buffer A (50 mM Tris HCl pH 8.0, 500 mM NaCl and 5 mM imidazole).
• Buffer B (50 mM Tris HCl pH 8.0, 500 mM NaCl and 400 mM imidazole).
• Buffer C (50 mM Tris HCl pH 8.0 and 150 mM NaCl).
• Nickel-Sepharose resin (GE Healthcare).
• Ampicillin stock at 50 mg mL-1.

Procedure
1. E. coli NEB 10-β glycerol stocks containing the plasmids with the cloned genes were 

taken from -80 °C freezer and kept on a cooling tube rack. In parallel, prepare sterile 
culture tubes with 5 mL LB supplemented with 50 µg mL-1 ampicillin (see note 1).

2. Inoculate and grow the pre-cultures in a shaker at 37 °C with constant agitation (135 
r.p.m.) over night.

3. The next morning, in a 250 mL flask inoculate at 1:100 in 50 mL TB medium 
supplemented with 50 µg mL-1 ampicillin. 

4. Incubate the flasks at 37 °C until desired OD600nm and induce at optimal expressions 
conditions (see note 2).

5. Centrifuge for 15 min at 3,000 g at 4 °C and discard the supernatants.
6. Gently suspend the pellet in 10 mL lysis buffer. Optionally, to facilitate the resuspension 

of the pellet in the lysis buffer, can be used syringe with a sharp needle.
7. Transfer the suspension into a cooled sonication vessel or into a plastic or glass container 

that is placed inside a beaker with water and ice to effectively cool the suspension while 
it is subjected to sonication.

8. Sonicate for 10 min at 70 % amplitude, 5 sec on and sec off.
9. To remove the insoluble fraction (cell debris, insoluble proteins) centrifuge the 

obtained cell extracts (CE) for 60 min at 15,000 g at 4 °C.
10. Filter the cell free extracts (CFE) using 0.45 µm filter(s).
11. Wash 3 mL of the nickel sepharose resin in a gravity flow column with 3-5 column 

volumes of milli-Q grade water.
12. Equilibrate the resin with at least 5 column volumes of buffer A.
13. Transfer the filtered CFEs and the 3 mL pre-equilibrated resin in suitable tubes and 

incubate them for 60 min in an orbital rotator at 4 °C.
14. Transfer each sample into a gravity flow column and discard the flow-through (eluate).
15. Wash with 10-15 column volumes of buffer A (see note 3).
16. Elute with 5 mL of buffer B (see note 4).
17. To remove the imidazole of the protein mixture, use a commercial size exclusion 

chromatography column, such as Econo-Pac® 10DG desalting prepacked gravity flow 
columns. Another suitable desalting column can also be used (if you will use another 
desalting column, follow the manufacturer instructions and skip until step 20). First, 
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wash the column with 20 mL of buffer C.
18. Subsequently, after buffer C reaches the top frit, load up to 3.3 mL of the eluted sample 

obtained in step 16 and discard the first 3.3 mL.
19. Add 4 mL of buffer C and collect the eluted 4 mL.
20. Determine the amount of protein using a Nano drop spectrophotometer.
21. To determine the level of purity, analyze the desalted samples through SDS-PAGE. 

Load 1-2 µg of purified protein per well (Figure 3). 
22. Finally, flash freeze the protein samples with liquid nitrogen and store them at -80 °C 

until use. Try to prepare small volumes aliquots (equal to or less than 500 µL).

Figure 3. SDS-PAGE of linker variants and single enzymes. After purification, 1 µg of protein 
was loaded per well in an SDS-PAGE. Each well was named according to the size of the amino acid 
linker. (1) Protein ladder, (2) 1 amino acid (aa), (3) 2 aa, (4) 3 aa, (5) 6 aa, (6) 7 aa, (7) 8 aa, (8) 9 
aa, (9) 10 aa, (10) protein ladder, (11) 11 aa, (12) 12 aa, (13) 13 aa, (14) 13 aa, (15) 14 aa, (16) 15 aa, 
(17) TmCHMO and (18) TbADH. The expected size of the fusions is ~102 KDa.

Notes
1. During the inoculation and induction, the media (LB and TB), glasses, pipette tips and 

flasks must be autoclaved. During the protein purification process, keep the samples 
on ice the whole time.

2. For the pBAD expression system, first test small culture volumes in different expression 
conditions. We preferred to test 5 mL culture at 0.002-0.2 % w/v L-arabinose and 
incubate at 17, 24, 30 or 37 °C for 16, 24, 48 or 72 h. For this method, cells were 
induced at OD600nm 0.8 with 0.02 % L-arabinose for 48 h at 17 °C at 135 r.p.m. For more 
information about high level expression and purification of histidine tagged proteins 
see the handbook The QIAexpressionist 53.
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3. Optionally, follow the absorbance at 280nm and continue the washing with the binding 
buffer until the absorbance reach a steady baseline. 

4. Flavin-dependent proteins, such as TmCHMO due to their bound prosthetic cofactor, 
have a characteristic UV-visible spectrum with high absorbance about 440nm. 
Consequently, these enzymes display a distinctive yellow color. Therefore, during 
purification, if there are relatively high amounts of protein, it is possible to easily see 
the protein mobility within the resin.

UV-VISIBLE SPECTRAL ANALYSIS OF TMCHMO

As described above, TmCHMO contains FAD as prosthetic group. The bound flavin 
cofactor provides a useful probe to study and characterize the enzyme based on the 
UV-visible absorbance features of FAD55. FAD can exist in three different redox states: 
1) the two-electrons reduced flavin hydroquinone, 2) the one-electron reduced flavin 
semiquinone and 3) the fully oxidized flavin56. Each redox state has a specific UV-visible 
absorbance spectrum, hence the redox state of the protein can be easily determined by 
spectrophotometric analysis57. Moreover, FAD has various protonation states, which alters 
the spectrophotometric properties. For example, the flavin semiquinone state absorbs 
at relatively long wavelengths (>550nm), while the anionic flavin semiquinone displays a 
strong absorbance at 380nm

55,56. Particularly, oxidized TmCHMO exhibits two absorbance 
maxima, at 376nm and 440nm

58. TmCHMO in the oxidized state has a molar extinction 
coefficient of 14.0 mM-1 cm-1 at 440nm, similar to other described flavoproteins. Another 
useful spectral feature for flavin-containing proteins is the A280:A440 absorbance ratio. 
The absorbance at 280nm can be used to determine the amount of total protein, due to 
absorbance of aromatic amino acids. By measuring the A280:A440 it is possible to estimate 
the amount of holo protein (= FAD-containing enzyme) in a sample.

For this section, the absorbance spectra of the purified enzyme variants were recorded 
and the UV-visible spectra were analyzed. For all the fused enzymes, the typical spectral 
characteristics of oxidized FAD were observed (Figure 4). Furthermore, all tested linkers 
allowed binding of the FAD cofactor because the A280:A440nm values ranged between 11.4-
12.5 (Table 1).
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Figure 4. Spectrophotometric determination of fused variants. For each variant, the UV-Visible 
spectrum (300-600nm) was recorded. For all purified FAD-containing proteins, the fully oxidized 
redox state and the distinctive peaks at 376 and 440nm were observed. The full spectra of (a) 
TmCHMO, TbADH and one linker variant is shown, and (b) for all the evaluated enzymes.

Table 1. Spectrophotometric UV-Visible evaluation of fused variants. The concentration of 
each variants was spectrophotometrically determined using the molar extinction coefficient of 
TmCHMO (ε440nm = 14.0 mM-1 cm-1). Additionally, the A280:A440 ratios were calculated for all the 
constructs. 

Variant Yield [mg L-1] A280:A440

TmCHMO 500 11.7
TbADH 400 -
1 Aa 300 12.5
2 Aa 330 12.0
3 Aa 360 12.4
6 Aa 300 11.4
7 Aa 330 12.1
8 Aa 280 12.2
9 Aa 260 12.6
10 Aa 290 11.4
11 Aa 350 10.9
12 Aa 270 13.0
13 Aa 350 11.7
13 Aa* 350 11.9
14 Aa 350 12.2
15 Aa 250 12.3

Equipment
• UV-visible spectrophotometer (see note 1) (Synergy H1 Microplate Reader, BioTek).

Buffer
• Buffer A (50 mM Tris HCl pH 8.0 and 150 mM NaCl).

a b
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Procedure
1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or 

holder on ice). Keep the samples on cold until completely thawed, depending on the 
volume of the aliquot it should thaw in about 15 min.

2. Turn on the spectrophotometer. Leave it for at least 20 min which will allow the lamp 
to heat up and to measure more reliably. Depending on the spectrophotometer this 
time can vary. For optimal instrument performance follow the instructions of the 
manufacturer.

3. Measure buffer A as a blank (see note 2).
4. Prepare a first measurement and verify that the absorbance at 440nm is equal to or less 

than 0.5 [A.U.]. Dilute with buffer A if necessary.
5. When the UV-visible spectrum has the requested absorbance, record the absorbance at 

600nm, this value is later subtracted as protein background.

Notes
1. For this section, a microplate reader with absorbance correction and 96-well plates 

were used. For each measurement, 300 µL protein samples were analyzed.
2. If a spectrophotometer and reusable cuvettes are used, cuvettes must be properly 

washed after each measurement. Optionally, wash the cuvette with a 20 % ethanol 
solution, then wash with milli-Q grade water and finally dry it. 

APPARENT MELTING TEMPERATURE DETERMINATION

Assessing the manner in which enzymes respond to temperature variation can give 
useful biophysical information. In general, thermostability analysis can be approached 
thermodynamically or kinetically59–61. Various methods have been extensively described 
to determine the temperature effect on purified protein samples, mainly by monitoring 
the perturbations on the secondary or tertiary structure by circular dichroism, 
differential scanning calorimetry, absorbance or fluorescence62–67. A faster, cheaper and 
easier alternative, is to evaluate the apparent melting temperature (TM

app) by measuring 
fluorescence changes within a temperature gradient. The TM

app parameter is defined as 
the midpoint of the protein unfolding transition68. The ThermoFluor technique is a well-
described method which requires a small amount of sample69. This technique permits to 
determine the protein TM

app by measuring the fluorescence intensity of a solvatochromic 
dye, such as ANS (1-anilino-8-naphthanlenesulfonate) or SYPRO orange70,71. The 
fundament of the method lies in the difference of the quantum yield of the dye when it is 
in water compared with its fluorescence in a nonpolar environment, such as when bound 
to hydrophobic moieties of unfolded proteins. During a temperature ramp, the sample is 
excited at a specific wavelength and the emission is recorded. At increasing temperatures, 
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the protein begins to unfold exposing its hydrophobic patches. The dye binds to the 
unfolded protein, increasing its fluorescence intensity. A similar technique, denominated 
ThermoFAD, is based on the same concept72. Yet, in ThermoFAD a solvatochromic dye is 
not required as it takes advantage of the intrinsic fluorescence of the flavin cofactor. The 
fluorescence of flavin cofactors is typically quenched when bound in a protein, resulting 
in a fluorescence increase when the protein unfolds. During the temperature ramp, the 
sample is excited at a wavelength range between 450 and 490nm and the fluorescence is 
measured using an emission filter of 515-530nm. The data obtained is a sigmoidal curve 
of the fluorescence intensity over time. The apparent melting temperature is taken at the 
temperature at which the highest slope of the curve is observed. For this section, both 
techniques (ThermoFluor and ThermoFAD) were used and the results were summarized 
in table 2.

Table 2. Apparent melting temperature determination. Using a temperature ramp, thermostability 
for all constructs was measured using both ThermoFADa and ThermoFluora, b techniques. Duplicates 
results are shown. Each experiment was performed in duplicate.

Variant TmCHMO [°C]a, b TbADH [°C]b

TmCHMO 53.0 -
TbADH - 93.5
1 Aa 51.5 90.5
2 Aa 52.0 90.0
3 Aa 52.0 93.0
6 Aa 52.0 91.5
7 Aa 52.0 91.0
8 Aa 52.0 91.0
9 Aa 52.0 91.0
10 Aa 52.0 91.0
11 Aa 52.0 90.5
12 Aa 51.5 91.5

13 Aa 52.0 91.5

13 Aa* 52.0 91.0
14 Aa 52.0 91.0
15 Aa 52.0 91.0

Equipment
• Real-time PCR detection system (CFX96 C1000 Touch Thermal Cycler, Bio-Rad). 
• 96-Well qPCR Plates (Bio-Rad).
• Adhesive qPCR Plate Sealing Film (Bio-Rad).
• Bench centrifuge with plate adaptor (Centrifuge X-4001, Salmenkipp).
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Buffer
• Buffer A (50 mM Tris HCl pH 8.0 and 150 mM NaCl).
• Fluorescent dye as convenient, SYPRO orange was used for this section (see note 2).

Procedure
1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or 

holder on ice). Keep the samples on cold until completely thawed, depending on the 
volume of the aliquot it should thaw in about 15 min.

2. The concentration of the protein sample must be at least 1 mg mL-1. Dilute with buffer 
A if is necessary. Perform the experiments in triplicate.

3. On the real-time PCR detection system (qPCR instrument), configure the temperature 
ramp program. The program has a gradient from 20 to 99 °C that measures the 
fluorescence intensity every 0.5 °C after a 10 sec delay for signal. Depending on the 
technique and dye, configure a suitable excitation and emission filter (see note 2).

4. Pipette 20 µL of protein sample into a well of the specified qPCR plate. Seal the plate 
with a sealing film (note 3 and 4).

5. Transfer the plate to the instrument and start the program.
6. Depending on the instrument in use, after the temperature gradient the slope of the 

sigmoidal curve can be plotted to determine the apparent melting temperature.

Notes
1. Although there are some spectral changes among flavin-containing proteins, in general 

members of this class of enzymes show a fluorescence excitation maximum at 370-
380nm and 440-450nm. While for the fluorescence emission, the maximum intensity is 
at 535nm.

2. For the ThermoFluor technique, SYPRO orange dye was used. The real-time PCR 
detection system was configured to excite between 450-490nm and detect fluorescence 
intensity using an emission filter in the 560-580nm range. If another solvatochromic 
dye is used, follow the instruction of the manufacturer. 

3. Discard the bubbles of the plate by centrifugation. Use a delicate task wiper to clean 
fingerprints and impurities from the seal and to fix the plate on the instrument.

4. Both ThermoFAD and ThermoFluor techniques are extremely convenient: using 96-
well qPCR plates it is possible to analyze up to 96 samples at the same time in less than 
1 hour. Furthermore, depending on the objective of the study, the effect of the pH, 
miscible cosolvents, storage conditions, cosubstrates or presence of different additives 
can be easily analyzed. 
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EVALUATION OF THE LINKER SIZE ON THE ENZYME ACTIVITY

For biocatalytic purposes, it is highly valuable to determine the effect of the linker length 
on enzyme activity. The activity of TmCHMO and TbADH can be readily measured by 
spectrophotometrically following the absorbance of NADPH at 340nm (ε340nm = 6.22 mM-1 
cm-1). For ADHs, the reaction is monitored by the measuring the formation of the reduced 
nicotinamide cosubstrate73. While for TmCHMO, the oxidation rate is followed58. However, 
determining the activity for fused enzymes that share their coenzyme is not trivial. In this 
case, one enzyme can disrupt the measurement for the other. Specifically, the reversible 
reaction of TbADH could affect the kinetic analysis for TmCHMO by NADPH-mediated 
reduction of the ketone. Nevertheless, for this scenario, the broad substrate acceptance of 
TmCHMO can be exploited and activity can be analyzed using an alternative substrate. 
TmCHMO can oxidize S-containing substrates, such as thioanisole (phenyl methyl sulfide). 
The use of this thioether as BVMO test substrate prevents interfering ADH activity. For 
this section, the oxidation of thioanisole (TmCHMO activity) or cyclohexanol (TbADH 
activity) was spectrophotometrically monitored. 

Equipment
• UV-visible spectrophotometer with orbital rotor (see note 1) (Synergy H1 Microplate 

Reader, BioTek).
• Multi pipette suitable for volumes of 300 µL.
• 96-well plates.

Buffer and reagents
• Buffer A (50 mM Tris HCl pH 8.0 and 150 mM NaCl).
• NADP+ stock solution at 300 µM prepared in buffer A.
• NADPH stock solution at 300 µM prepared in buffer A.
• Cyclohexanol stock solution at 40 mM prepared in buffer A.
• Protein sample at 2.0 µM prepared in buffer A (note 2).
• Thioanisole (phenyl methyl sulfide) stock solution at 4.0 mM prepared in buffer A and 

10 % v/v 1,4-dioxane as cosolvent.

Procedure
1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or 

holder on ice). Keep the samples on cold until completely thawed, depending on the 
volume of the aliquot it should thaw in about 15 min.

2. Turn on the spectrophotometer, this allows the lamps to heat up and measure in a 
more reliably way. Leave the spectrophotometer on for at least 20 min, depending 
on the equipment this time can vary, for a better instrument performance follow the 
instructions of the manufacturer.
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3. In the spectrophotometer, configure a kinetic program measuring absorbance at 340nm 
for 120 sec with constant orbital shaking, include a pathlength correction. Due the 
sensor delays between measurements, prepare two rows for each kinetic analysis. 

4. For the kinetic analysis:
 A.  For dehydrogenase activity, pipette 75 µL of cyclohexanol solution and 75 µL of 

protein sample into each well. 
 B.  For sulfide oxidation measurement, pipette 75 µL of thioanisole solution and 75 

µL of protein sample into each well.
5. Gently suspend the solution by pipetting, avoid the formation of bubbles.
6. Using a multi pipette, transfer 150 µL of the NADP+ solution for the TbADH kinetic 

analysis. While for TmCHMO, transfer 150 µL of the NADPH solution (note 3). 
Quickly transfer the plate into the microplate reader and start the measurement.

7. After the kinetic measurement, continue with the next two rows.
8. To perform the analyze, plot the corrected absorbance values over time in seconds. 

First, determine the slope of the initial linear range on [A.U.] s-1 units.
9. Then, translate the obtained slope to the rate of NADPH per seconds using the molar 

extinction coefficient of NADPH (ε340nm = 0.00622 µM-1 cm-1). The obtained units are in 
[µM s-1].

10. Finally, correct the obtained data for the enzyme concentration in order to calculate 
the kobs [s

-1] (Figure 5).

Notes
1. A microplate reader (with absorbance correction) and 96-well plates were used for this 

section. For each reaction, the final volume was 300 µL. If a spectrophotometer and 
reusable cuvettes are used, the cuvettes must be properly washed at each measurement. 
Optionally, wash the cuvette with 20 % ethanol solution, then wash with milli-Q grade 
water and finally dry it. 

2. For the 2.0 µM protein solution in buffer A, keep all the tubes on ice until the reaction 
starts. Perform the experiments in triplicate.

3. For kinetic analysis, measurements must be rapid to avoid loss of the absorbance change 
of the first few seconds. Thereby, prepare all the reactions near to the instrument. 
After transferring NADPH or NADP+ solution to the wells, quickly mix using the 
multi pipette avoiding the formation of bubbles. Subsequently, transfer the plate in the 
spectrophotometer and start the measurement.
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EVALUATION OF FUSED VARIANTS IN SMALL-SCALE 
BIOCONVERSIONS

As a final biocatalytic evaluation, the linker-variants can be tested in small-scale 
conversions and the dimensionless turnover number (TON) can be determined. The 
TON is defined as the ratio of the obtained moles of product divided by the moles of used 
enzyme. For this calculation, the cyclohexanol conversion and the produced ketone and 
lactone are monitored. By varying the experimental conditions, such as the temperature 
or pH, optimal parameters for biocatalytic performance of the fusion enzymes can be 
determined (see note 1). Due the chemical nature of the substrate and products, the 
conversions were monitored using gas chromatography (GC). This technique resolves 
analytes based on their volatility and polarity74. For this section, compounds were 
analyzed and quantified using a GC coupled to a mass spectrometer (MS) with electron 
ionization and quadruple separation. GC is nowadays often coupled to MS as it results 
in a powerful analytical tool75,76. The general principle of coupled GC-MS is the same for 
all other coupled MS techniques. Broadly, the GC instrument separates the components 
into fractions which are transferred to the MS module. Then, the ions are detected, 
resulting in a MS spectrum for each analyte. Finally, a total ion current of the continuous 
mass scanning is obtained77. GC-MS is a mature and sensitive technique, which is often 
equipped with powerful data analysis software for the identification of molecular ions or 
distinctive fragmented ion patterns. Finally, the identification is automatically performed 

Figure 5. Effect of linker length on enzyme activity. For each variant, alcohol dehydrogenase and 
sulfoxidation activity was evaluated. (A) For sulfoxidation activity, NADPH oxidation rates were 
studied using 1.0 mM thioanisole and 150 µM NADPH. (B) For alcohol dehydrogenase activity, the 
NADP+ reduction rates were measured at 10 mM cyclohexanol and 150 µM NADP+. . As a control, 
the single non-fused enzymes were also evaluated. Each experiment was performed in triplicate.

a b
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by comparing with spectral MS libraries, such as databases from the National Institute of 
Standards and Technology (NIST), Golm Metabolome Database (GMD), or the Human 
Metabolome Database (HMDB)74,77.

Equipment
• Shaker (Innova 44, New Brunswick Scientific).
• Vortex.
• Bench centrifuge (Heraeus Fresco 17 Centrifuge, Thermo Scientific).
• GC-MS (GC-MS QP2010 ultra with electron ionization and quadrupole separation, 

Shimadzu) (note 2).
• HP-5MS column (Agilent, 30 m x 0.25 mm x 0.25 μm).

Buffer and reagent
• Buffer A (50 mM Tris HCl pH 8.0 and 150 mM NaCl).
• Buffer B (50 mM Tris HCl pH 8.0, 40 µM FAD and 150 mM NaCl).
• Protein mixtures at 2.0 µM in buffer B.
• NADP+ stock solution at 300 µM prepared in buffer A.
• NADPH stock solution at 300 µM prepared in buffer A.
• Cyclohexanol stock solution at 60 mM prepared in buffer A.
• Cyclohexanone stock solution at 60 mM prepared in buffer A.
• ε-caprolactone standard solutions (1.0-15 mM).
• FAD stock solution at 1.0 mM in buffer A.
• Ethyl acetate with 0.025 % v/v mesitylene (external standard).
• MgSO4 anhydrous.

Procedure
1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or 

holder on ice). Keep the samples on cold until completely thawed, depending on the 
volume of the aliquot it should thaw in about 15 min.

2. Transfer 125 µL of cyclohexanol solution in a 10 mL vial (see note 3) (for a TmCHMO 
control reaction, transfer 125 µL of cyclohexanone solution). Subsequently, transfer 
125 µL of enzyme mixture.

3. Subsequently, transfer 250 µL of NADP+ solution to the 10 mL vial and incubate them 
in a shaker at 25 or 37 °C for 24 h (for the TmCHMO control reaction, add 250 µL of 
NADPH solution).

4. After incubation, transfer the solution in a 2 mL tube and add 500 µL of ethyl acetate 
(1 volume reaction).

5. Vortex the tubes for 30 sec, subsequently centrifuge at 16,000 g and transfer the organic 
layer to another tube.

6. Repeat step 4 and 5 two more times collecting the organic layer in a same tube.
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7. Add a spatula of MgSO4 (roughly 5 mg) in the organic solution and vortex it for 30 sec 
to remove the residual water for further GC analysis. 

8. Centrifuge the tubes at 16,000 g and transfer the organic supernatants in GC-vials (use 
suitable inserts if necessary).

9. Perform the same extraction procedure for ε-caprolactone standard solutions to 
prepare a calibration curve.

10. For the GC analysis, configure the temperature program as:
 o Hold 5 min at 50 °C.
 o Increase 5 °C min-1 for 2 min.
 o Increase 2 °C min-1 for 10 min.
 o Hold for 10 min.
11. To calculate the substrate conversions, integrate the peaks of the substrate, mesitylene 

and product(s) from the chromatogram. Then, normalize the integrated values with 
the area of the external standard. Compare the results with a control reaction carried 
out without enzyme and quantify the percentage of conversion.

12. Finally, if cyclohexanone is observed in the chromatogram, calculate the production 
of ε-caprolactone using the calibration curve and determine the TON values (note 5) 
(Table 3).

Notes
1. To find optimal conditions for conversion, two enzyme concentrations (0.5 and 5 µM), 

two substrate concentrations (10-20 mM) and two different temperatures (24 and 37 
°C) were tested. The condition of 0.5 µM enzyme and 15 mM cyclohexanol at 37 °C 
for 24 h allowed to observe differences between the TON values when comparing 
the performance of the different fusion enzymes, avoiding full or very low substrate 
conversions.

2. If the mass spectrometer is not available for the identification, bioconversions can 
also be determined by regular GC analysis. In that case, the analytical standards of 
cyclohexanol, cyclohexanone and ε-caprolactone must be previously tested.

3. For bioconversions using monooxygenases as biocatalysts, the liquid: gas volume ratio 
must allow enough dioxygen for the reaction. For this methodology, 500 µL reaction 
volumes were prepared in 10 mL vial.

4. For the analysis and identification of the molecules, LabSolutions GC-MS software 
from Shimadzu with a MS-spectral library from NIST was used. Another suitable GC-
MS and library may be used as preferred.

5. If the presence of cyclohexanone in the chromatogram is not observed, the conversion 
of the substrate can be used for the TON determination. Standards with cyclohexanol, 
cyclohexanone and ε-caprolactone must be evaluated in advance.
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Table 3. Bioconversions analysis of self-sufficient bifunctional fusions. Conversion levels 
and TONs for linker variants and the single enzymes are shown. For each bioconversion 15 mM 
cyclohexanol and 0.5 µM of enzyme were used. Reactions were performed in buffer A at 37 °C and 
135 r.p.m. for 24 h. Conversions were calculated based on the substrate depletion from the GC-MS 
analysis. The turnover number was calculated as the ratio of moles of product obtained divided by 
the moles of enzyme used in the reaction. Each experiment was performed in duplicate.

Variant Conversion [%] TON±SEM
TbADH + TmCHMO 39 11,700+600
1 Aa 57 17,100±150
2 Aa 65 19,500±600
3 Aa 66 19,800±900
6 Aa 62 18,600±900
7 Aa 69 20,700±1800
8 Aa 55 16,500±600
9 Aa 49 14,700±1200
10 Aa 58 17,400±900
11 Aa 56 16,800±300
12 Aa 46 13,800±300
13 Aa 69 20,700±1200
13 Aa* 70 21,000±300
14 Aa 85 25,550±900
15 Aa 48 14,400±900

SUMMARY AND CONCLUSIONS

This chapter explores the effect of the linker size on the biocatalytic properties of a self-
sufficient multifunctional TbADH-TmCHMO fusion biocatalyst. 14 different linker 
variants of the previously reported glycine-rich sequence were obtained and evaluated. 
A variation of the 13-amino acid-linker was also obtained (G13D). All the obtained 
variants exhibited a high expression level (250 and 360 mg L-1) and were obtained as FAD-
containing proteins. The latter is suggested by the obtained A280:A440 ratios. The protocol for 
enzyme purification includes an excess of FAD during cell lysis which may promote holo 
enzyme formation. It was previously reported that E. coli cells may not be able to support 
biosynthesis of sufficient amounts of the FAD cofactor22,78. Regarding the thermostability, 
for TmCHMO —using the ThermoFAD method— it was observed that the length of the 
linker did not show a noticeable effect on its unfolding profile. On the other hand, using 
the ThermoFluor method —where the TM

app of ADH is also monitored— the linker size 
had only a small effect compared with the not-fused TbADH. For all the constructs, the 
ADH fusion partner exhibited a somewhat lower TM

app. For 3 variants the differences were 
up to 3 °C. Nevertheless, for TbADH this effect is not operationally significant due its 
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relatively high thermostability (TM
app = 93.5 °C). Regarding the effect on enzyme activity, 

the alcohol oxidation and sulfoxidation activities were similar for the 9 shortest variants. 
The fusions with the length of 10,12 and 15 amino acids, showed for both activities a 
slightly increased kobs. Interestingly, the G13D variant exhibited a minor increase in the 
ADH activity, yet the same sulfoxidation activity when compared with the other 13 amino 
acids linker. 

The small-scale bioconversions resulted in highest turnover numbers of the fusions with 
2, 3, 6, 7, 13 and 14 amino acid linkers (TONs between 20,000-25,000). While for the 
reaction with the single enzymes, the obtained TON was around 12,000. Clearly, the use 
of optimal linkers results in superior performance. Where the fusion with the 14 amino 
acids linker displayed the highest TON and seems to be the best candidate for biocatalytic 
purposes. For the conversions, both 13 amino acids length variants showed the same 
TON. Intriguingly, the conversion level for the 15 amino acids linker was rather low 
(TON=14,400). This variant exhibited the highest activity for the alcohol oxidation and 
sulfoxidation. There is not a clear explanation for this observation. Perhaps it is related to a 
product inhibition issue. The drop in the conversion level is unlikely to stem from a lower 
protein stability. There were no significant differences in the TM

app values. Observed effects 
of different linkers may be correlated to a change in the orientation and/or interaction 
between the fusion partners, that may affect the TON. Measurements of biocatalyst 
lifetime robustness would be valuable to establish the best-performing linker.

This contribution provides an easy and efficient protocol to generate a collection of fusion 
enzymes with different linkers. This allowed to determine the effect of the linker size 
on the properties of the self-sufficient TbADH-TmCHMO fusions for the synthesis of 
ε-caprolactone. The employed procedure can be easily adapted for generating a similar 
library of fusion enzymes from other enzymes. Also, the other protocols, such as the 
protocol to determine apparent melting temperatures of a collection of (flavo)proteins, 
can be of value in other enzyme engineering or biocatalytic studies. Such easy-to-use 
protocols will help to improve procedures for generating optimized biocatalysts.
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SUPPORTING INFORMATION CHAPTER II

Tables

Table S1. List of primers for the linker variant design.

PTO region (12)1 Linker region Gene-overlapping region
RV1 GGCCAGAATAACAAC – TGGTTTGATCAGATC
Tm

2 47 °C – 45 °C
FW1 GTTGTTATTCTGGCC TCG ATGAGCACCACCCAGACCCCG
FW2 GTTGTTATTCTGGCC TCGAGT ATGAGCACCACCCAGACCCCG
FW3 GTTGTTATTCTGGCC TCGAGTGGT ATGAGCACCACCCAGACCCCG
FW4 GTTGTTATTCTGGCC TCGAGTGGTGGC ATGAGCACCACCCAGACCCCG
FW5 GTTGTTATTCTGGCC TCGAGTGGTGGCTCT ATGAGCACCACCCAGACCCCG
Tm

2 47 °C 10-56 °C 69 °C
RV2 AGAGCCACCACT3 – CGAGGCCAGAATAACAACTGGTTTG
Tm 53 °C – 68 °C
FW6 AGTGGTGGCTCT GGT ATGAGCACCACCCAGACCCCGGACC
FW7 AGTGGTGGCTCT GGTGGG ATGAGCACCACCCAGACCCCGGACC
FW8 AGTGGTGGCTCT GGTGGGAGC ATGAGCACCACCCAGACCCCGGACC
FW9 AGTGGTGGCTCT GGTGGGAGCGGT ATGAGCACCACCCAGACCCCGGACC
FW10 AGTGGTGGCTCT GGTGGGAGCGGTGGC ATGAGCACCACCCAGACCCCGGACC
FW11 AGTGGTGGCTCT GGTGGGAGCGGTGGCTCA ATGAGCACCACCCAGACCCCGGACC
Tm 53 °C 10-74 °C 80 °C

RV3 TGAGCCACCGCT1 – CCCACCAGAGCCACCACTCGAGGCC 
AGAATAACAACTGGTTTG

Tm 59 °C – 82 °C
FW12 AGCGGTGGCTCA GCT ATGAGCACCACCCAGACCCCGGACC
FW13 AGCGGTGGCTCA GCTGGT ATGAGCACCACCCAGACCCCGGACC
FW14 AGCGGTGGCTCA GCTGGTACC ATGAGCACCACCCAGACCCCGGACC
FW15 AGCGGTGGCTCA GCTGGTACCGCG ATGAGCACCACCCAGACCCCGGACC
FW16 AGCGGTGGCTCA GCTGGTACCGCGGGC ATGAGCACCACCCAGACCCCGGACC
Tm 59 °C 10-71 °C 82 °C

1The PTO region of the FW primers and RV primer are always the reverse complement of one another. Ensure that 
this hybridization area has a melting temperature higher than 42 °C to be stable during heat shock.
2Melting temperature of region of primer as calculated by NEB Tm calculator (https://tmcalculator.neb.com/). 
The linker region shows here codes for: SSGGS; the first part of our glycine-rich linker (SSGGSGGSGGSAGTAG).
3The PTO region for both RV6-11 and RV12-16 are actually in the linker region, hence the name in the middle 
column is now ‘linker extension region’. Note that the Gene-overlapping region is slightly extended in this set of 
primers (underlined part is the same as in the 1-5 primers).
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Table S2. Polymerase chain reaction setup.

Volume Components Final concentration
5 µL 10x HF Polymerase buffer 1x
1 µL 50x dNTP mixture 0.2 mM1

1 µL FW primer 0.4 µM
1 µL RV primer 0.4 µM
0.5 µL Polymerase (e.g. Phusion) 5.0 U
1 µL Template DNA 0.4 ng µL-1

x µL Sterile MilliQ / dH2O up to 50 µL
50 µL Final volume

10.2 mM of each dATP, dCTP, dGTP, and dTTP

Table S3. Thermocycling conditions.

Step Time Temperature
1 2 min 98 °C
2 30 sec 98 °C
3 30 sec 68 °C (-1 °C/cycle)
4 7 min 72 °C

Repeat step 2-4 for 12 cycles
5 30 sec 98 °C
6 30 sec 57 °C
7 7 min 72 °C

Repeat steps 5-7 for 15 cycles
8 11 min 72 °C

Table S4. Iodine solution reaction setup.

Volume Component Notes

5 μl TrisHCl buffer (500 mM; pH 9) Since only a small volume is needed, prepare a low amount and 
store at 4 °C.

3 μl Iodine-EtOH solution (100 mM)
Keep the solution protected from light (in a non-transparent 
tube, or wrapped in aluminum foil), and keep on ice or at 4 °C. 
It is best to prepare this solution fresh. In our case, we mixed 
0.254 g of iodine with 10 mL of 99 % ethanol.

2 μl dH2O

10 μl Total volume This solution is kept on ice or at 4 °C. This volume can be used 
for 5 PLIC reactions.
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Table S5. Alternative thermoscycling conditions

Step Time Temperature
1 2 min 98 °C
2 30 sec 98 °C
3 30 sec 70 °C (-0.5 °C/cycle)
4 7 min 72 °C

Repeat step 2-4 for 24 cycles
5 30 sec 98 °C
6 30 sec 58 °C
7 7 min 72 °C

Repeat steps 5-7 for 15 cycles
8 11 min 72 °C
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