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1. Abstract 

The imminent shortage of fossil resources coupled with their associated environmental hazards stresses 

the need for the development of alternative, more sustainable chemicals. In this study an enzymatic 

cascade was developed for the valorisation of 5-(hydroxymethyl)furfural (HMF) into 5-(aminomethyl)-

2-furfuraldehyde (AMFA). The cascade involves the transamination of HMF into 5-

(hydroxymethyl)furfurylamine (HMFA) followed by the oxidation of HMFA into AMFA. 

Transaminases from Silicibacter pomeroyi (SpATA) was immobilised via his6-tags onto EziG-protein 

carriers from EnginZyme AB. The protein carriers were placed in spin-columns during the 

transamination which allowed for salvaging of the SpATA after the transamination of HMF. For the 

oxidation, alcohol dehydrogenases from Thermoanaerobacter brockii and horse liver as well as 

galactose oxidase from Dactylium dendroides (GOase) were evaluated. The conversion and product 

formation were analysed by HPLC. The results indicate that the SpATA efficiently catalyses the 

transamination of HMF, that the alcohol dehydrogenases are not able to catalyse the oxidation of HMF 

nor HMFA and that the GOase can oxidize HMFA with high conversion which leads us to believe that 

the proposed cascade for the valorisation of HMF to AMFA is feasible. 

2. Keywords 

Biocatalysis, One-pot cascade, 5-(Hydroxymethyl)furfural, 5-(Aminomethyl)-2-furfuraldehyde, 

Sustainability, Enzyme immobilisation, HPLC, Transaminase, Galactose oxidase 
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3. Sammanfattning 

Den nära förestående bristen på fossila resurser i kombination med deras associerade miljöfarlighet 

betonar behovet av utveckling av alternativa, mer hållbara kemikalier. I denna studie utvecklades en 

enzymatisk kaskad för förädling av 5-(hydroxymetyl)furfural (HMF) till 5-(aminometyl)-2-

furfuraldehyd (AMFA). Kaskaden omfattar transaminering av HMF till 5-(hydroxymetyl)furfurylamin 

(HMFA) följt av oxidation av HMFA till AMFA. Transaminas från Silicibacter pomeroyi (SpATA) 

immobiliserades via his6-taggar på EziG-proteinbärare från EnginZyme AB. Proteinbärarna placerades 

i spin-kolumner under transamineringen vilket möjliggjorde omhändertagande av SpATA efter 

transamineringen av HMF. För oxidationen utvärderades alkohol dyhydrogenas från 

Thermoanaerobacter brockii och häst lever samt galaktosoxidas från Dactylium dendroides (GOase). 

Omsättning och produktbildning analyserades med HPLC. Resultaten indikerar att SpATA effektivt 

katalyserar transamineringen av HMF, att alkohol dehydrogenasen inte förmår katalysera oxidationen 

av HMF till HMFA och att galaktosoxidaset kan oxidera HMFA med hög omsättning vilket leder oss 

att tro att den föreslagna kaskaden för förädling av HMF till AMFA är möjlig. 
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4. Introduction 

4.1. Background 

As is common knowledge in the 2020s, fossil resources are non-renewable and their use in various 

applications is associated with environmental problems. (Finnerty, 1992) It was estimated that the lion’s 

share of the products and commodities used in our everyday lives is derived from petroleum-based 

feedstocks and natural gas. (Anastas & Eghbali, 2010) As of 2017 an estimated 13 % of the energy and 

10 % of chemicals used was derived from non-fossil sources. (Galkin & Ananikov, 2019) Fossil resource 

depletion puts a large emphasis on rethinking and remodelling our systems for manufacturing chemicals 

(Lancien et al., 2021). 

As an alternative to fossil resources for use in fuels and materials, biomass has garnered increasing 

interest over the years. In fact, it presents the world’s largest reservoir of renewable carbon and 

approximately 1.7 x 1011 tons of biomass are naturally produced annually. (Rinaldi & Schüth, 2009) An 

integral part of introducing more sustainable chemistry is therefore the valorisation of biomass. This 

includes upgrading non-food bioresources such as lignocellulose and algae since these resources are 

abundant and renewable. 

In 2004, the US Department of Energy listed the top ten renewable carbohydrate-based platform 

chemicals, proposing that these would form the foundation for the sustainable chemical industry of the 

2000s. This list was expanded in 2010 to a total of fourteen compounds including acids, alcohols, 

furanics, sugars and others. (Galkin & Ananikov, 2019) 

Green chemistry, first coined by Anastas and Warner, has emerged in the last decades as an opportunity 

to combat the environmental issues often inherent in traditional chemistry. (Anastas & Warner, 2000)  

Under this umbrella-term, scientists have sought to develop more energy- and cost-efficient processes, 

utilizing more economically and environmentally friendly resources and feedstocks. Choosing adequate 

reaction conditions can reduce energy requirements and avoid the use of organic solvents or co-solvents, 

altogether. The latter is important as traditionally the solvents oftentimes is only necessary for the 

production and after the product isolation is discarded as waste not to mention the often-hazardous 

solvents. A considerable part of the waste being produced in traditional methodologies can also be 

attributed to using stoichiometric amounts of reagents needed in chemical reactions. (Anastas & Eghbali, 

2010) 

To address these issues and achieve more efficient chemical processes requiring less energy, adopting 

catalytical approaches is highly desirable. (Anastas & Eghbali, 2010) Catalysis employed in traditional 

chemistry reduces total reagent/feedstock and energy demands for the catalysed reactions however often 

relies on environmentally critical and hazardous systems, for instance metal ion catalysis. Furthermore, 

while multicatalytic systems have been studied, traditional catalytic routes often utilize a single catalyst 

reducing the range of reactions. (Lancien et al., 2021) 

A promising green alternative to traditional chemo-catalytic approaches is biocatalysis, wherein 

engineered microorganisms are used in transformations and enzymes are used as catalysts (Anastas & 

Eghbali, 2010) in one-step or cascade- reactions for cleaving and modifying an array of substrates. 

Employing biocatalysis has several advantages as it is commonly described as providing an 

environmentally friendly alternative to traditional synthetic production routes. These transformations 

can often be conducted using mild conditions such as aqueous solutions, low temperatures, and 

atmospheric pressure. (Anastas & Eghbali, 2010) As such implementing biocatalysis as an alternative 

to production systems already in use can be environmentally beneficial. 
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In addition to developing novel, more sustainable production routes and methodologies there has been 

a drive towards exploiting renewable, “green” materials. (Lancien et al., 2021) These materials can be 

derived from monomers and polymers from the wood industry (Cunha et Gandini, 2010), crops and 

agricultural waste streams. (Anastas & Eghbali, 2010) One such bio-based resource is the compound 5-

hydroxymethylfurfural (HMF), a valuable platform chemical which can be obtained for instance via 

acid-catalysed dehydration of pentoses and hexoses from lignocellulosic biomass. (Saeman, 1945) HMF 

can be readily derivatized into building blocks such as 2,5-diformylfuran (DFF), 2,5-dihydroxymethyl-

furan (DHMF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) and 5-formyl-2-furancarboxylic 

acid (FFCA) (Scheme 1). These compounds often have applicability within biopolymer production. (Hu 

et al., 2018) In addition, biocatalysts have previously been used to derivatize HMF to produce polyesters, 

polyamides and conducting polymers. (Lancien et al., 2021) 

 
Scheme 1. “One furfural to precede them all.” Examples of HMF derivatives. 

HMF has previously been oxidized into DFF, FFCA and FDCA using enzymes (Qin et al., 2015, 

Mckenna et al., 2015, Mckenna et al., 2017, Birmingham et al., 2021, Jia et al., 2017, Jia et al., 2019) in 

addition to precious metal catalysts. (Ferraz et al., 2018) The ability to oxidise HMF is limited to a 

limited number of enzymes such as aryl-alcohol oxidases (AAO), chloroperoxidases, galactose oxidases 

(GOases, EC 1.1.3.9, structure shown in figure 1 (Image of 2JKX)) and HMF oxidases (HMFO). 

Common for the oxidases is the use of oxygen as the electron acceptor, rather than H2O2 for the 

peroxidases or NADP+ (Birmingham et al., 2021) or NAD+ for the dehydrogenases. With regards to 

GOases, Qin and co-workers employed an oxidation system involving a GOase and lipase from Candida 

antarctica (Cal-B) to convert HMF to FDCA with 88 % yield. Interestingly, they used the GOase to 

oxidise the primary alcohol of HMF into an aldehyde yielding DFF before adding Cal-B which reacted 

the DFF into FDCA via FFCA. (Qin et al., 2015) Similarly, Turner et al. used the GOase variant M3-5 to 

oxidise HMF into DFF with catalase present to decompose the harmful co-product H2O2 whereafter they 

used a periplasmic aldehyde oxidase PaoABC to complete the oxidation to FDCA. (Mckenna et al., 
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2015) The same group later elaborated upon their oxidation cascade with the addition of horseradish 

peroxidase (HRP) to further bolster the oxidation of HMF to FDCA. (Mckenna et al., 2017) Very 

recently, Turner and co-workers developed an enhanced GOase variant, GOase M7-2, displaying an 

outstanding efficiency and high total turnover number (TTN) for the oxidation of HMF into DFF. 

(Birmingham et al., 2021) 

 
Figure 1. Galactose oxidase from Dactylium dendroides/Fusarium Graminearum (PDB-ID: 2JKX) 

visualised in YASARA View. 

Oxidation of HMF via dehydrogenases has been achieved with horse liver alcohol dehydrogenase 

(HLADH, EC 1.1.1.1, structure shown in figure 2. (Image of 1HET)). (Jia et al., 2015) HLADH has a 

high pH optimum at pH 9.5 (Quaglia, Irwin, & Paradisi, 2012) and is a NAD+-dependent dehydrogenase 

that is known for having a relaxed substrate specificity. It consists of a dimer with one ethanol-binding 

subunit (designated E) and one steroid-binding subunit. (Hummel, 1997) Zong and co-workers 

experimented upon an interesting cofactor regeneration system where the catalytic promiscuity of 

hemoglobin was utilized to oxidise NADPH into NADP+. They then coupled this system with the 

oxidation of furfural and HMF mediated by HLADH with moderate to good yields. Zong et al. achieved 

close to 100 % yield of furoic acid upon oxidation of furfuryl alcohol with HLADH, demonstrating this 

enzyme’s ability to catalyse the oxidation aldehydes as well as primary alcohols. Interestingly though, 

when applying HLADH to oxidise HMF Zong et al. reported 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA) as the major product which subsequently proved a poor substrate for the dehydrogenase. This 

suggests a propensity of the dehydrogenase to oxidise the aldehyde moiety rather than the primary 

alcohol when applied for HMF oxidation. (Jia et al., 2017) In 2019, the Zong group reported a 

GOase/HLADH tandem cascade for oxidising HMF into FDCA with good yields. They concluded that 

the HMF primary hydroxyl-group was oxidised by the GOase while the aldehyde oxidation into 

carboxylic acids was catalysed by the HLADH. In this cascade the authors employed HRP to accomplish 

H2O2 internal recycling. (Jia et al., 2019) 
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Figure 2. Alcohol dehydrogenase from horse liver (PDB-ID: 1HET) visualised in YASARA View. 

Another dehydrogenase besides HLADH which is known for having a broad substrate specificity and, 

so potentially could be used to oxidise HMF is the alcohol dehydrogenase from the thermophile 

Thermoanaerobacter brockii (TbAdh, EC 1.1.1.2, structure shown in figure 3 (Image of 1YKF)). TbAdh 

is a NADP+- dependent enzyme catalysing the reversible interconversion  of secondary alcohols and the 

corresponding ketones. The enzyme comprises a tetrameric structure, constituting of 352 amino acid 

residues per subunit. Although it usually incorporates a Zn2+ ion in the active site, high enzymatic 

activities have been reported for TbAdhs incorporating manganese and cobalt as well. (Bogin, Peretz, 

& Burstein, 1997) Coming from a thermophile, this enzyme is stable up until 85oC, with its activity 

increasing with temperature. 

 
Figure 3: Structure of the alcohol dehydrogenase from Thermoanaerobacter brockii (PDB-ID: 1YKF) 

visualized in YASARA View. 
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Other HMF derivatives of interest are furfurylamines such as 5-aminomethyl-2-furancarboxaldehyde 

(AMFA), 2,5-Bis(aminomethyl)furan (BAMF), 5-(hydroxymethyl)furfurylamine (HMFA) and 5-

aminomethyl-2-furancarboxylic acid (Lancien et al., 2021, scheme 1). These compounds have been 

reported as intermediaries and building blocks of interest for producing polymers such as for example 

polyamides and polyimides. Polyamines are not abundant in nature with two main examples in 

existence, namely poly(lysine) produced by Streptomyces and chitosan, which is obtained via 

deacetylation of chitin from crustacean- and insect shells. (Froidevaux, Negrell, Caillol, Pascault, & 

Boutevin, 2016) Furfurylamines have often been procured via reductive amination of carbonyl-groups. 

This process uses mild conditions and requires inexpensive but toxic and hard-to-dispose-of reagents, 

and numerous reaction steps. To get to grips with these issues, novel chemo-catalytic approaches have 

been tried out (Chieffi, Braun, & Esposito, 2015, Chatterjee, Ishizaka, & Kawanami, 2016) but shown 

to be problematic due to the furan ring being sensitive to reductive conditions and a tendency of 

formation of secondary and tertiary amines. (Dunbabin et al., 2017, Hu et al., 2018) Due to the increasing 

interest, there is a growing need to develop new synthetic routes for amine-containing polymers. 

(Froidevaux, Negrell, Caillol, Pascault, & Boutevin, 2016) 

In recent years, transaminases (TAs) have been investigated for their ability to modify HMF. (Dunbabin 

et al., 2017, Petri, Masia, & Piccolo, 2018, Lancien et al., 2021) These pyridoxyl-5-phospate (PLP)-

dependent enzymes catalyse the transfer of an amino group from an amine donor to an amine acceptor, 

often a primary amine and a carbonyl compound (Steffen-Munsberg et al., 2015, Shin & Kim, 2002). 

The TAs reaction mechanism, a ping-pong, bi-bi mechanism, is initiated by the amine transfer from 

donor to PLP, which is linked to the enzyme via an aldimine linkage. The pyridoxal phosphate forms a 

pyridoxamine and the amine donor is released. This is followed by the amine acceptor entering the active 

site and accepting the amine group from the PLP, regenerating the cofactor after which the acceptor 

exits the enzyme. (Shin & Kim, 2002) TAs have generally been classified as either α-transaminases (α-

TAs) or ꞷ-transaminases (ꞷ-TAs) with further subdivisions. α-TAs specifically transfers the amino 

group linked to the α-carbon of amino acids as opposed to ꞷ-TAs which don’t require the substrate to 

possess a carboxyl group. While exceptions such as the TA from Arthrobacter simplex KNK168 exist, 

the majority of ꞷ-TAs are stereoselective towards the S-enantiomer of the chiral amine donor. (Malik, 

Park, & Shin, 2012) 

While TAs have been highlighted for providing a sustainable and selective route for transforming 

aldehydes and ketones into the corresponding amines under mild aqueous conditions, the literature 

detailing attempts of modifying furfurals such as HMF with TAs remain scarce. (Lancien et al., 2021) 

Among the studies, Dunbabin et al. described the successful amination of a range of furfurals and a 

furan-based ketone into the corresponding amines. (Dunbabin et al., 2017) In their work, they compared 

the conversion of the amination of furfurals using (S)-ꞷ-TA from Chromobacterium violaceum (Cv-

TA) and (R)-selective TAs from Arthrobacter simplex variant ArRmut11 and Mycobacterium 

vanbaalenii (Mv-TA) with the amine donors isopropylamine (IPA) and methylbenzylamine (MBA). 

Cv-TA and ArRmut11 had previously shown acceptance towards the amine donor IPA , which is a low-

cost amine donor. Its low cost allows for applying IPA in excess which, while wasteful, is an effective 

way to increase yield. In addition, transaminases have been used to aminate HMF into HMFA. (Lancien 

et al., 2021, Petri, Masia, & Piccolo, 2018) In our lab HMFA has been produced through transamination 

of HMF catalysed by Cv-TAs, transaminases from Vibrio fluvialis and transaminases from Silicibacter 

pomeroyi (SpATA, structure shown in figure 4 (Image of 3HMU)). SpATA, first described in 2013, 

catalyses a broad range of substrates and has a pH-optimum of approximately 9.5. (Steffen-Munsberg 

et al., 2013a) SpATA’s broad substrate scope has been attributed to the lack of a conserved Arg residue 

in the active site. Rather, the SpATA has a relaxed, “flipping” Arg417 residue that can create a flexible 

cavity in the active site of the enzyme which allows for the catalysis even of larger substrates. (Steffen-

Munsberg et al., 2013b) 
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Figure 4. Structure of the aminotransaminase from Silicibacter pomeroyi (PDB-ID: 3HMU) visualized 

in YASARA View. 

SpATA displays promising activity towards HMF and has been used in our lab to convert 5 mM HMF 

into HMFA in 4 hours (data not published). However, a fully biocatalytical route for the conversion of 

HMF into AMFA (the oxidized form of HMFA) has not yet been presented. Such a biocatalytic approach 

could foreseeably combine an oxidation step mediated by a dehydrogenase or an oxidase as well as a 

transamination step mediated by a transaminase. one-pot oxidation/transamination has been tried out 

before (Lancien et al., 2021). However, if the oxidation precedes the transamination an immediate issue 

is the over-oxidation of the then-intermediate DFF which causes the formation of BAMF. This issue 

could be solved by letting the transamination step precede the oxidation step, inactivating the 

transaminase between reaction steps via e.g. heat. However, since enzymes tend to be expensive this 

approach could lead to an unfavourable process economy. 

In addition to performing catalysis with transaminases in solution, transaminases have recently been 

immobilized onto solid supports. (Lancien et al., 2021) In immobilisation, enzymes are bound to solid 

supports and carriers such as EziGTM (EnginZyme AB, Sweden) via coupling chemistries. EziGTM was 

first described by Casimjee et al. and is constituted by controlled porosity glass (CPG) with the ability 

to covalently bind to proteins via affinity tags. EziGTM is available in 3 different varieties, the hydrophilic 

EziGTM Opal, the moderately hydrophilic EziGTM Amber and the hydrophobic EziGTM Coral. (Casimjee 

et al., 2014) The versatility of applying affinity tags has recently been used to broaden the scope of 

enzymes that can be immobilized on EziGTM-carriers in addition to transaminases. (Thompson et al., 

2019) Via a two-step, hybrid-catalysis procedure involving a metal ion catalyst as well as an 

immobilised transaminase, Lancien et al. (2021) introduced a carboxylic acid and an amine moiety to 

HMF yielding 5-aminomethyl-2-furancarboxylic acid (AMFCA). In their study, Lancien et al. 

investigated the properties of Cv-TAs immobilized onto the 3 EziGTM-variants. Immobilisation of the 

transaminases could be an alternative way to remove the transaminases as the enzymes, once 

immobilised, can be filtered-off from the mixture. This can for instance be realised by placing the 

immobilisation carriers with SPATA in a filtered compartment such as a spin-column positioned like a 

“tea-bag” in an Eppendorf tube. As such, this approach allows for enzyme recycling. 

4.2. Aim 

In this work a one-pot two-steps cascade from HMF to AMFA is developed. The cascade is initiated by 

HMF transamination into HMFA with SpATA as the catalyst and IPA as amine donor. For the 

transamination step the EziGTM carriers with SpATA are positioned “tea-bag”-mode in a filtered spin-
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column in an Eppendorf tube to allow for easy removal of the transaminases. After the transamination, 

an alcohol dehydrogenase from Thermoanaerobacter brockii (Tb-Adh), NADP+ and acetone are added. 

The hydroxyl-moiety of HMFA is oxidized by the TB-Adh, while the cofactor NADP+ is regenerated 

by reducing the acetone into isopropanol, as illustrated in scheme 2. 

 
Scheme 2. Initially planned one-pot two-step cascade involving alcohol dehydrogenase and converting 

5-Hydroxymethylfurfural (HMF, 1a) via 5-Hydroxymethyl-2-furfurylamine (HMFA, 2a) into 5-amino-

methyl-2-furancarbaldehyde (AMFA, 3a). Isopropylamine is used as amine donor for the initial 

transamination step, yielding acetone which is used to regenerate the cofactor NAD+/NADP+ required 

for the final oxidation yielding AMFA. 

5. Materials and methods 

5.1. Materials 

Aqueous solutions were made using Milli-Q water. The SpATA was purified in our lab prior to this 

study. The dehydrogenases, GOase, catalase and HRP were purchased from Sigma-Aldrich/Merck. 

Protein Assay Dye Reagent Concentrate (protein assay dye) was bought from Bio-Rad (California 

USA). EziGTM Spin-columns were purchased from Thermo Fisher Scientific (Massachusetts USA). 

HPLC measurements was conducted using a Waters 2695 separations module from Conquer scientific 

(California USA). All other chemicals were of analytical grade and purchased from Sigma-

Aldrich/Merck. 

5.2. Methods 

5.2.1. Bradford assay 

To verify the initial transaminase concentration and to assess the protein concentration after 

immobilization, the Bradford assay was used. For the assay a Bradford reagent was prepared by adding 

1 part of protein assay dye to 4 parts of deionized water. The mixture was filtered through a Whatman 

filter (Catalog no. 1001 047, Whatman, England) to remove particulates. A standard curve based on 

Bovine Serum Albumin (BSA) was constructed by the addition of 20 µL of diluted BSA (0.2-1 mg/mL, 

0.2 mg/mL increments) and 1 ml of Bradford working reagent to a UV-cuvette which was inverted left 

to stand for 5 minutes and analysed in a spectrophotometer at 595 nm. The calibration curve was then 

used as a standard reference for the determination of the sample protein concentration. The sample 
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protein concentration was likewise analysed in the spectrophotometer by the addition of 20 µL of sample 

to 1 ml of Bradford working reagent after which the cuvette was inverted, left to stand for 5 minutes, 

and then analysed in the spectrophotometer. 

5.2.2. Acetophenone assay 

For measuring the activity of the transaminases, an acetophenone assay was used. This method is based 

on acetophenone, the side product from transamination with MBA as amine donor, absorbing strongly 

at 245 nm, thus enabling detection of acetophenone being consumed or produced and quantification of 

the enzyme activity. (Schätzle, Höhne, Redestad, Robins, & Bornscheuer, 2009) If not stated otherwise, 

the reaction conditions for the acetophenone assay were 2.5 mM (S)-MBA and 2.5 mM sodium pyruvate 

in 100 mM CHES buffer (total volume: 1 mL). The reaction was initiated by adding 1 mg/mL of an 

enzyme solution. The absorbance was measured at 245 nm every 5 seconds for 3 minutes. 

5.2.3. ADH activity assay 

The activities of the alcohol dehydrogenase Tb-ADH and HLADH were verified via spectrophotometric 

assays whereby acetone is reduced to isopropanol. 250 mM acetone reacted in the presence of 0.1 mM 

NADPH and 5 µM Tb-Adh in 100 mM CHES buffer pH 9. The consumption of NADPH was followed 

spectrophotometrically at 340 nm for 3 minutes in a UV-spectrophotometer. Similarly, the activity of 

HLADH was tested but with NADH as cofactor. 

5.2.4. ABTS assay 

The GOase activity was assayed using the ABTS assay first utilized by Baron et al. (1994) with 

modifications. 900 µL of a 50 mM HEPES solution (pH 8) containing 1 mg/ml of ABTS, 0.4 mg/ml of 

D-Galactose and 0.165 mg/ml of horseradish peroxidase along with 100 µL of a 1 mg/ml GOase solution 

was added to a UV-cuvette. The UV-cuvette was inverted and after 5 minutes the absorbance was 

measured at 420 nm every 5 seconds for 3 minutes in a UV-spectrophotometer. The activity was 

calculated based on the slope yielded by the absorbances and the extinction coefficient for the ABTS 

oxidation product of 36000 M-1 cm-1. (Shin & Lee, 2000) The assay was performed in duplicate, and the 

calculated activity corresponds to the mean. 

5.2.5. HPLC 

To monitor conversions and detect the products after transamination and oxidation, reaction mixtures 

were analysed using High Performance Liquid Chromatography (HPLC) on a Supelco Discovery® C18 

column (Sigma-Aldrich, Germany). The method used, unless stated otherwise, was 2 % acetonitrile and 

98 % water with 0.1 % trifluoroacetic acid for 6 min (flow rate: 1 ml/min) with isocratic elution. The 

absorbance was measured continuously at 210 nm. For identifying reactants and products, commercial 

HMF and HMFA was used as references (section 11, figure 30-32) and for the construction of standard 

curves and (section 11, tables 8 and 9 and figures 33-34). 

5.2.6. SpATA immobilisation on EziG 

EziGTM Opal, EziGTM Amber and EziGTM Coral (EnginZyme AB, Sweden) were used as carriers to 

immobilize the SpATA. 9 mg of the respective carrier were added to 1 ml of 100 mM CHES buffer (pH 

9) containing 1 mg/ml SpATA and 0.1 mM PLP. The samples were incubated for 30 min at 25o C with 

shaking (1000 RPM) on a rotative shaker. After 2 h of immobilization an aliquot of 20 µl of supernatant 

was analysed using the Bradford assay as outlined in section 5.2.1. Based on the measured protein 

concentration in solution, the amount of immobilized enzyme was calculated. Based on the results of 

the immobilization onto the EziGTM Opal, EziGTM Amber and EziGTM Coral, for carrier of choice going 

forward, EziGTM Opal was selected.  
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5.2.7. Spin-column SpATA immobilisation to EziG-Opal and transaminations 

In preparation of the transaminations, 1 mg of SpATA was immobilised (if nothing else is stated) over 

2 hours in the presence of 0.1 mM PLP onto 9 mg/ml EziG Opal in 1 ml of 100 mM CHES buffer (pH 

9) placed in a spin-columns positioned in Eppendorf tubes. Prior to transamination, the spin-columns 

were removed from the incubation solution and washed with 1 ml of buffer before being applied in a 

second Eppendorf tube. To this setup, 250 mM isopropylamine in 100 mM CHES buffer pH 9 was 

typically added. The reaction was initiated by adding 5 mM HMF (total reaction volume 1 ml) and then 

incubated on a rotative shaker for 4 h at 37oC and 1000 RPM. Afterwards, the spin-column was removed 

from the reaction vessel and the solution was transferred to an HPLC vial. The conversion and product 

formation were analysed as described in section 5.2.5.. The carrier was washed with 1 mL of CHES 

buffer and then stored in CHES buffer at 4o C overnight. A recyclability study consisting of 3 cycles 

was performed to investigate enzyme leaching. After each cycle, the enzyme concentration in the 

supernatant was measured while product formation was assessed by HPLC. 

5.2.8. HMFA oxidation via GOase, Catalase and horseradish peroxidase tri-

enzyme cascade 

Samples containing 5 mM HMFA obtained from overnight transamination with SpATA was reacted 

with 0, 0.2 or 1 g/L of GOase together with 12 µM HRP and either 1 (for 0 or 0.2 g/L GOase) or 10 (for 

1 g/L GOase) µM of catalase. To allow for oxygen to enter the reaction solution the samples were kept 

in Eppendorf tubes but with open lid on a shaker board at 150 RPM and 25oC. Aliquots were withdrawn 

at 24, 48, 72, 96 (in one case) and 144 h for HPLC analysis. Losses in volume due to evaporation 

(estimated in advance by measuring the weight difference for correspondingly times 0 and 24h) was 

compensated for an hour before each aliquot was scheduled to be removed. 

6. Results and discussion 

The concentration of the SpATA master stock was determined using a Bradford assay as outlined in 

section 5.2.1.. The immobilisation using the 3 carriers EziGTM Opal, Amber, and Coral was assessed by 

measuring the amount of protein present in solution after 30 min of immobilisation. The results can be 

seen in table 1 and indicate that SpATA is immobilised more efficiently to EziG Opal compared to with 

Coral and Amber.  

Table 1. Immobilization yield of EziGTM 

Opal, Coral, and Amber after 30  

minutes of immobilization. 

  Opal   Coral   Amber   

  %   %   %   

  66   59   56   

 

Based on these results, we continued with EziGTM Opal. These results contradict a previous study 

employing immobilized transaminases from Arthrobacter sp. and Chromobacterium violaceum 

reporting faster immobilization using EziGTM Amber. (Casimjee et al., 2014) However, Casimjee and 

co-workers reported close to 100 % immobilization yield after 2 hours with all 3 carriers, although 

performing immobilisation with other transaminases. Based on this to achieve complete immobilization, 

a minimum immobilization time of 2 h was chosen. As was previously reported by Lancien et al. (2021) 

and as can be seen in figures 5 and 6 the carriers took on a distinctly yellow hue during immobilisation 

due to the PLP fixation by the transaminases and/or onto the EziG carriers. 
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Figures 5 and 6. Transamination setup with immobilised transaminases applied in “tea-bag”-mode in a 

spin-column positioned in an Eppendorf tube. 

The activity of the SpATA was assayed via an acetophenone assay as outlined in section 5.2.2.. The 

transaminase activity was found to be 0.006 U/mg while the SpATA concentration was verified via a 

Bradford assay. After performing transamination of HMF with immobilised SpATA, the conversion and 

HMFA formation was measured by HPLC. In the initial transamination attempt, a peak with retention 

time of 5.6 minutes (figure 7) could be seen. 

 

 
Figure 7. HPLC chromatogram obtained after transamination of 5 mM HMF with 1 g/L of SpATA and 

250 mM IPA for 4 h at 30oC and 500 RPM on a shaker board. The 4.92 minutes peak corresponds to 

HMF. 2.48 and 5.6 unknown. 

This is unexpected since this peak differs from both the HMF peak with retention time between 4.5 and 

5 minutes and the HMFA peak with retention time of approximately 2.8 minutes (section 11, figure 30), 

the 2 expected outcomes. It was observed that the solution in fact had a pH above 12 due to the pH of 

the isopropylamine stock solution not being set properly. We suspected that this caused the HMF to 

form a Schiff base with the isopropylamine present in solution. The unexpected peak by extension would 

be the result of the basic conditions used in this experiment. This was investigated by running a sample 

containing only HMF and IPA using the same stock solutions but omitting the enzymes through the 

HPLC the result of which can be seen in figure 8. As can be seen the peak with retention time of 5.5 
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minutes appears regardless of the presence of the enzyme which indicates that the peak with retention 

time 5.5 minutes is not caused by an enzymatic reaction taking place. In conclusion, the appearance of 

the peak with retention time of about 5.5 minutes is the result of Schiff-base formation between the 

HMF and the IPA. 

 
Figures 8 (left) and 9 (right). Left: HPLC chromatogram for negative control with 5 mM HMF and 250 

mM IPA without transaminase. The small peak right of the valley has a retention time of about 2.5 

minutes while the large peak has a retention time of 5.47 minutes. Right: HPLC results of 400 mM and 

1.22 M isopropylamine. 

While the UV-spectrophotometer used as detector in the HPLC mainly captures aromatic compounds 

and compounds with conjugated bonds, the peak with retention time 2.52 was hypothesised to be an 

artifact of the comparatively large concentration of isopropylamine present in solution. This was 

investigated and confirmed by running samples containing varying amounts of isopropylamine through 

the HPLC (example chromatograms in figure 9).  

The transamination of 5 mM HMF was catalysed by SpATA immobilized on EziG carriers. After 

immobilisation of 1 mg/ml of SpATA onto 9 mg/ml EziGTM Opal carriers in a spin-column performed 

over 2 hours in pH 9 100 mM CHES buffer with a confirmed immobilisation rate of 85 % (verified by 

measuring the residual protein concentration via the outlined Bradford assay), the transamination of 5 

mM HMF into HMFA in the presence of 250 mM IPA was attempted in 4 h with 1000 RPM shaking. 

The resulting chromatogram (figure 10) displays a prominent peak with retention time 2.78 min that 

corresponds to HMFA while no peak corresponding to HMF is visible. This indicates that the 

transamination of HMF in 4 h was successful. 

 
Figure 10. Chromatogram obtained after transamination of 5 mM HMF into HMFA with SpATA in 100 

mM CHES buffer pH 9 at 37oC and 150 RPM over 4 hours. Observe that no peak corresponding to HMF 

(retention time 4.5 – 5 minutes) is visible.  
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To evaluate if the system with immobilised transaminases could be used for enzyme recycling the 

immobilised enzymes was used in two additional transamination reactions under equivalent conditions 

once 24 and 48 hours had passed, the latter of who’s results can be seen in figure 11. 

 
Figure 11. Chromatogram obtained after transamination of 5 mM HMF with immobilised SpATA 48 

hours post-immobilisation. 

As can be observed there are several distinctly visible peaks. The peak with retention time 2.72 minutes 

corresponds to HMFA (peak integration yields 2.3 mM of HMFA) while the peak with retention time 

4.6 minutes corresponds to the reactant, HMF (peak integration yields 1.40 mM of HMF). These results 

would indicate a reduced enzyme activity upon reusing the enzymes which could mean that a fraction 

of the enzymes is released from the carriers either during reaction, storage, or both. Interestingly, the 

peak with retention time 5.5 minutes thought to result from Schiff-base formation is present. Provided 

that what causes this peak is indeed Schiff-base formation these results would indicate that Schiff-base 

formation can occur even at moderately basic conditions in the absence of transamination. The 

absorbance spectrums for the peaks with rt 1.73 and 2.27 minutes does not visibly differ from what is 

observed for the background noise (data not shown). These peaks are therefore thought to be 

experimental artifacts. In addition to transamination at pH 9, transamination at pH 8.5 and 8, using 100 

mM tris and 50 mM HEPES buffers respectively, were attempted with comparable results (figures 12 

and 13). 

 
Figure 12. Chromatogram obtained after transamination in 100 mM tris-buffer pH 8.5. 
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Figure 13. Chromatogram obtained after transamination in 50 mM HEPES buffer pH 8. 

Transamination of 10 mM of HMF at pH 8 in 50 mM HEPES buffer was also assessed with high yield, 

although this time residual HMF was still detectable (figure 14). 

 
Figure 14. Chromatogram obtained after transamination of 10 mM HMF at pH 8 over 4 hours.  

Once the successful protocol for transamination of HMF into HMFA had been established, our focus 

shifted to experiments on the oxidation of HMFA into AMFA, the target molecule of this study. The 

first enzyme candidate evaluated for HMFA oxidation activity was alcohol dehydrogenase from 

Thermoanaerobacter brockii (Tb-Adh). This was evaluated in an experiment whereby 1.5 mM HMFA, 

obtained via transamination, was reacted for 72 h in the presence of 1 g/l of Tb-Adh with 0.1 mM NADP+ 

as cofactor and 250 mM acetone added for cofactor regeneration. The resulting chromatogram (figure 

15) shows several peaks, notably a peak with retention time 2.8 minutes which corresponds to HMFA. 

Integration of this peak yields an HMFA concentration of 1.47 mM which would indicate that little to 

no oxidation had occurred. The presence of the other peaks makes the chromatogram difficult to analyse 

and therefore inconclusive without additional experiments.  
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Figure 15. Chromatogram obtained after oxidation of 1.5 mM HMFA with 1 g/l Tb-Adh in 100 mM 

CHES buffer pH 9 on a shaker board set to 120 RPM and 37oC for 72 h. 

In parallel to the HMFA oxidation, oxidation of HMF with Tb-Adh was conducted to investigate if the 

Tb-Adh has activity towards HMF. 5 mM HMF were reacted under similar conditions to the oxidation 

of HMFA bar the presence of leftover SpATA, PLP and isopropylamine for 72 h and checked against 

negative controls omitting the Tb-Adh. Peak integration of the resulting chromatogram (figure 16) gave 

a final HMF concentration of 4.2 mM HMF. This can be compared to the chromatogram of the control 

(Section 11, figure 35) with a calculated HMF concentration of 4.8 mM, closer to 5 mM.  

 
Figure 16. Chromatogram obtained after oxidation of 5 mM HMF with 1 g/l Tb-Adh in 100 mM 

CHES buffer pH 9 on a shaker board set to 120 RPM and 37oC for 72 h. 

This could indicate that Tb-Adh has activity towards HMF. However, as there is no distinctive peak that 

could be attributed to a product it is not clear whether the differing peak areas and calculated HMF 

concentrations are the result of a reaction having taken place or is an experimental artefact. Interestingly, 

common for all chromatograms obtained after oxidation is a small peak with retention time 3.15 ± 0.03 

minutes. This peak could originate from the excess of acetone used in the cofactor regeneration. This 

was investigated by separately analysing samples containing acetone in CHES buffer (figure 17) and 

comparing to a negative control.  



 
19 

 

 
Figure 17. Chromatogram obtained for 250 mM acetone in 100 mM CHES buffer pH 9. 

The presence of the peak with retention time 3.18 in the Adh oxidation chromatograms and figure 17 

but not in the negative control (data not shown) implies that the 3.18 peak is an artifact of the acetone 

in the solution. The absence of a clearly visible product peak in the HMF oxidation chromatogram as 

well as the apparent lack of HMFA oxidation could imply that the Tb-Adh enzyme does not have activity 

towards these substrates. At the very least, Tb-Adh oxidation activity towards HMF and HMFA remains 

disputed. However, the enzyme activity of the Tb-Adhs had not been assayed since before this project 

and so could have lost all activity. The Tb-Adh activity was therefore assessed by 

spectrophotometrically following the reduction of acetone with NADPH. The activity of the Tb-Adh for 

reducing acetone was found to be 0.03 U/mg protein. Due to the Tb-Adh still seems to have activity and 

the apparent absence of HMF and HMFA oxidation when using Tb-Adh it was concluded that these 

substrates are poor substrates for Tb-Adh. This could be due to Tb-Adh showing higher specificity for 

secondary alcohols and ketones as opposed to primary alcohols. In addition, HMF and HMFA are large 

and bulky substrates compared for instance to acetone and isopropanol. Therefore, oxidation of HMF 

and HMFA could be difficult due to steric hindrance. Coupled with the scarcity of references in literature 

which describes oxidation of HMF, not to mention of HMFA, with Tb-ADH this prompted the decision 

to try out other enzymes for the oxidation of HMFA. 

 

Our sights turned immediately to alcohol dehydrogenase from horse liver which, as previously 

mentioned, is also recognised as having a broad substrate specificity and has been used in HMF 

oxidation reactions. This enzyme differs with regards to Tb-Adh in that it is strictly NAD+/NADH- 

dependent. Thus, the activity of HLADH was tested spectrophotometrically by reducing acetone with 

NADH and found to be 0.14 U/mg. Oxidation of HMFA with HLADH was investigated in a series of 

experiments with different conditions applied. Initially, 1.5 mM of HMFA from transamination, in 

accordance with when the HMF oxidation was attempted with TbAdh, was reacted in the presence of 1 

g/l catalyst, along with 0.1 mM NAD+ and 250 mM acetone for cofactor regeneration (figure 18). 
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Figure 18. Chromatogram obtained after oxidation of 1.5 mM HMFA with 1 g/l HLAdh in 100 mM 

CHES buffer pH 9 on a shaker board set to 120 RPM and 37oC for 24 h.  

As can the seen in figure 18, the HMFA peak is present. Peak integration gives an HMFA concentration 

of approximately 1.5 mm which suggest that little to no reaction has occurred. As is expected, peaks 

which corresponds to acetone (rt 3.17 min) and isopropylamine (rt 2.50 min) can be observed. The 1.73-

, 2.00- and 2.25-minute peaks all display indifferent absorbance spectrums to the background, which 

makes us believe that they are experimental artifacts. In addition, an experiment was conducted where 

≤ 5 mM HMFA derived from transamination with recycled SpATA was oxidized overnight 

(approximately 16 hours reaction time) at 40oC on a heat block. The temperature was then increased to 

70oC for 1 hour to evaporate the remaining isopropylamine and acetone. The results are shown in figure 

19. The acetone peak is now considerably smaller than previously. However, the peak corresponding to 

isopropylamine is still very pronounced, which is unexpected. Finally, a mixture of HMF and HMFA 

obtained through incomplete transamination was oxidised with HLADH (figure 20). In addition to the 

peaks observed previously there is a peak with retention time of just over 4 minutes and absorbance 

maximum at 224 nm (data not shown). While this peak could correspond to an oxidation product the 

fact that there were unreacted HMF still present in solution makes this result inconclusive. 

 
Figure 19. Chromatogram obtained after overnight oxidation of up to 5 mM HMFA. 
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Figure 20. Chromatogram obtained after oxidation with 1 g/l HLADH of incomplete transamination 

product in 100 mM CHES buffer pH 9 on a shaker board set to 120 RPM and 37oC for 24 h. 

Overall, these results either implies that there were little to no reaction or are inconclusive. Like the case 

with Tb-Adh, literature detailing attempts to oxidise the primary alcohol of HMFA is very scarce. 

However, there has been successful attempts to oxidise HMF with Horse liver alcohol dehydrogenase. 

( Jia et al., 2017, Jia et al., 2019) Interestingly these reports concludes that HLADH does not oxidise the 

primary alcohol of HMF into an aldehyde but rather the already existing aldehyde into a carboxylic acid. 

As mentioned in the introduction the authors of one of these reports (Jia et al., 2019) employed a coupled 

GOase/HLADH system relying upon internal H2O2 recycling. The authors concluded that it was in fact 

the GOase that catalysed the oxidation of the primary alcohol. This report is only one of several reports 

recently having been published where GOases were used to oxidise the primary alcohol of HMF. 

Therefore, we hypothesised that GOases perhaps could catalyse the HMFA oxidation, as well. 

 
Scheme 3. Final one-pot 2-step cascade  involving Galactose oxidase (GOase) and converting 5-

Hydroxymethylfurfural (HMF, 1a) via 5-Hydroxymethyl-2-furfurylamine (HMFA, 2a) into 5-

aminomethyl-2-furancarbaldehyde (AMFA, 3a). Isopropylamine is used as amine donor for the initial 

transamination step which yields acetone while the H2O2 produced in the GOase-mediated oxidation is 

consumed by catalase and/or horse radish peroxidase (HRP). 
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This was evaluated in experiments where HMFA obtained in SpATA-catalysed transamination at pH 8 

was reacted in the presence of varying amounts of GOase from Dactylium dendroides, catalase and HRP 

(Hypothesised reaction pathway as in scheme 3). Oxidation with GOases yields H2O2 as co-product 

(scheme 3) which potentially can inactivate the GOases. Therefore, consumption of H2O2 is required, 

commonly achieved using catalases or through recycling systems such as the one used by Jia et al.. 

When preparing HMFA in advance of GOase oxidation experiments 20 mM of HMF were typically 

transaminated overnight (reaction time > 15 hours). Initially, 5 mM HMFA was left to react in the 

presence of 0.1 mg/ml GOase, 0.1 µM catalase and 3 µM HRP for 6 h at 37oC and 500 RPM on a shaker 

board (figure 21).  

 
Figure 21. Chromatogram obtained after the initial HMFA oxidation with galactose oxidase from 

Dactylium dendroides. 

When examining the chromatogram, at first glance no reaction seemed to have occurred as the 2.25 

minutes peak’s UV spectrum was close to identical to the background noise. However, upon closer 

inspection of the UV spectrums near the HMFA peak a UV absorbance peak of 276 nm could be seen 

in addition to the 222-peak characteristic of HMFA (figure 22). As the 276 nm peak previously has not 

been observed we hypothesised that this peak could result from the oxidation of HMFA to AMFA indeed 

taking place. 
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Figure 22. Absorbance spectra for t=2.8 minutes in the initial oxidation reaction with GOase. Notice 

the small 276 nm absorbance in addition to the 222 nm peak which corresponds to HMFA.  

If the 276 nm absorbance peak indeed results from the formation of AMFA, then HMFA and AMFA 

have similar retention times. This implies that it could be difficult to separate the peaks if a moderate 

AMFA yield is achieved, thus making it an impossibility to calculate the HMFA conversion accurately 

if measuring absorbances across the range of 190 to 600 nm, as has been the default setting during the 

HPLC analyses. Therefore, the decision was made for future analyses to split the UV absorbance interval 

in 2, specifically to analyse the UV absorbance below 242 nm (HMFA absorbs the most at 222 nm) 

separately from above 242 nm. To investigate if HMFA oxidation really occurred we decided to repeat 

the experiment with increased enzyme concentration and reaction time. This time samples containing 5 

mM of HMFA and 5 mM HMF, respectively, was reacted in the presence of 3 µM (0.2 g/l) GOase, 1 

µM catalase and 12 µM HRP in 100 mM CHES buffer pH 8 at 25oC and 150 RPM along with a GOase 

negative control with 5 mM HMFA. The reactions were allowed to react over 6 days with aliquots of 

100 µl periodically withdrawn every 24 hours. Since reactions catalysed by oxidases require oxygen as 

electron acceptor, oxygen depletion could have become an issue. That catalase breaks down H2O2 to O2 

and H2O in part alleviates this issue. However, to maximise the oxygen supply for the reaction it was 

decided that the reactions would proceed under open air, with the lids of the Eppendorf tubes opened. 

In due turn this would lead to evaporation, reducing the total reaction volume over time which 

compromises any attempt to accurately calculate conversions. To solve this issue the amount of liquid 

that evaporates over 24 hours under experimental conditions was estimated by weighing the Eppendorf 

tube containing HMFA and GOase at times 0 and 24 hours during the reaction. The evaporated liquid 

was then compensated for in advance of taking aliquots for HPLC analysis. The result HPLC 

chromatogram for HMF oxidation after 72 h can be seen in figure 23. Peak integration gives a reduced 

HMF concentration of 1.3 mM which indicates that HMF is being consumed, presumably because of 

the enzyme oxidation system. Interestingly 2 peaks with retention times in the region of 5.5 and 6 
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minutes are formed. While they could correspond to the Schiff-base, the corresponding absorbance 

spectrums (section 11, figure 36) are more akin to that of HMF. Hypothetically, these peaks could 

correspond to DFF. 

 
Figure 23. Chromatograms obtained after oxidation of 5 mM HMF with 0.2 g/l GOase after 72 hours. 

The results of the HMFA oxidation are summarised in table 2 (Source chromatograms in figure 24 and 

section 11, figures 38-41). The upper curves display absorbance responses above 242 nm (where the 

HMF absorbs strongly) while absorbance responses between 190 and 242 nm (where the HMFA absorbs 

strongly, is displayed as the lower curve. The HMFA reaction was stopped after 144 hours, at which 

point the peak area of the HMFA had been reduced which implies that HMFA had been consumed. 

Table 2. Result retention times/peak areas for 0.2 g/l GOase HMFA oxidation without pre-heating.  

  Below 242 nm   Above 242 nm  

Time  Retention time  Peak area  Time Retention time  Peak areac  

h  min  Area units  h min  Area units  

24  2.75  1053122  24 -  -  

48  2.78  969508  48 0.65  56493  

72  2.77  924014   2.83  96418  

96  2.77  977479   4.85  10308  

144  2.77  752953  72 0.58  120098  

       2.85  156168  

       4.85  11269  

      96 0.45  151766  

       2.83  179923  

      144 0.5  590349  

       2.83  128549  
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Figure 24. Response chromatogram for HMFA oxidation with 0.2 g/l GOase after 144 hours. 

Interestingly, in the absorbance range of 242-600 nm there are 2 distinct peaks with retention times 0.5 

minutes and 2.83 minutes, respectively. The absorbance maximum for the 0.5 minutes peak was 266 nm 

while the absorbance maximum for the 2.83 minutes peak was 278 nm (data not shown). The appearance 

of two potential reaction product peaks is unexpected however that HMFA has been consumed seems 

likely. When examining the chromatograms for the aliquots taken at t=48, 72, 96 and 144 hours (figures 

24 and 38-41) and comparing with the negative control (section 11, figure 42-44) displaying no major 

peaks with absorbance maximum above 242 nm (figure 43) the peak with retention time 2.83 minutes 

were present before the 0.5 minutes peak became visible. However, as the reaction proceeded the 0.5 

minutes peak eclipsed the 2.83 peak. This could indicate that whatever compound for which the 2.83 

minutes peak corresponds was produced early during the reaction while the compound which caused 

the 0.5 minutes peak was produced later. Another possibility would be that the 2.83 minutes peak 

corresponds to AMFA. Provided that some transaminase activity still is present in the solution, despite 

removing the spin-column with immobilised transaminases, AMFA would then be further transaminated 

into BAMF of which the 0.5 minutes peak could correspond to. If so, then presumably a solitary product 

peak would appear if remaining transaminase activity were killed-off before oxidation. To assess this, 2 

Eppendorf tubes with 1 ml of 50 mM HEPES buffer pH 8 containing 5 mM HMFA from transamination 

was heated on a 95oC heat-block for 5 minutes. The tubes were then incubated under open air at 25oC 

and 150RPM for 6 days with 0.2 mg/ml GOase, 1 µM catalase and 12 µM HRP or 1 mg/ml GOase, 10 

µM catalase and 12 µM HRP, respectively. Like the immediate previous experiment, aliquots were 

withdrawn at 24-hour intervals while evaporation losses were compensated for. The results are 

summarised in table 3 (source chromatograms in figure 25 and section 11, figures 46-48) and 4 (source 

chromatograms in figure 26 and section 11, figures 49-51), respectively. 

Table 3. Result retention times/peak areas for 0.2 g/l GOase HMFA oxidation with pre-heating.  

  Below 242 nm   Above 242 nm  

Time  Retention time  Peak area  Time Retention time  Peak areac  

h  min  Area units  h min  Area units  

24  2.78  1054623  24 2.85  109622  

48  2.80  1141182  48 2.87  248387  

72  2.73  984335  72 2.78  244123  

144  2.78  691261  144 -  -  
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Figure 25. Response chromatogram for pre-heated HMFA oxidation with 0.2 g/l GOase after 72 hours. 

Notably, after oxidation of the pre-heated samples only one product peak with absorbance maximum 

above 242 nm, namely the one with a retention time of approximately 2.85 minutes, could be observed 

during the first 72 hours of oxidation as seen in figure 25. This indicates that the previously observed 

peak with retention time 0.5 minutes was caused by leftover transaminase activity and not by oxidation, 

i.e could correspond to BAMF. Since GOase mainly catalyses the oxidation of alcohols and does not 

seem to cause over-oxidation (Birmingham et al., 2021) this product peak (absorbance maximum at 278 

nm) is assumed to correspond to the 5-(aminomethyl)furfuraldehyde which this study aimed to produce.  

Table 4. Result retention times/peak areas for 1 g/l GOase HMFA oxidation with pre-heating. 

  Below 242 nm   Above 242 nm  

Time  Retention time  Peak area  Time Retention time  Peak areac  

h  min  area units  h min  area units  

24  2.78  991688  24 2.85  489761  

48  2.73  693773  48 2.80  536426  

72  2.77  470624  72 2.85  351831  

144  2.83  348434   5.32  27393  

       5.87  60310  

      144 0.60  134740  

       2.83  396553  

       5.63  57934  

       5.83  267591  
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Figure 26. Response chromatogram for pre-heated HMFA oxidation with 1 g/l GOase after 144 hours.  

When the 1 g/l GOase reactions were stopped, the reaction running with higher enzyme loading were 

analysed by HPLC. The main product of the reaction constituted the 2.83 minutes peak which is assumed 

to correspond to AMFA. Moreover, inspection of results for the reaction with the higher enzyme loading 

(table 4 and figure 26) clearly displays quicker reduction in HMFA peak area while the AMFA peak 

became visibly larger over time, yielding further evidence that HMFA is indeed being converted into 

AMFA by the GOase, catalase, and HRP- system. After 144 hours of oxidation 2 peaks can be observed 

in addition to the peak with rt = 2.83. The peak with rt 0.6 seems to correspond to the peak encounterd 

when not pre-heating the sample i.e could correspond to BAMF. If so, this would either imply that the 

leftover SpATA were not completely denatured or that over-oxidation still can occur even after killing 

off the enzymes, possibly due to spontaneous reaction with the PLP. In addition there is a peak at rt 

5.83. As this peak has a similar retention time assumed to be product peaks of HMF oxidation (figure 

23) it could be that this peak corrsponds to DFF and that HMFA and/or AMFA is in equilibrium with 

HMF/DFF in the absence of transaminase. When the reaction was stoped precipitation was observed in 

the 1 g/l GOase reaction vessel (figure 27). The precipitation is possibly caused by spontaneous 

polymerisation between AMFA molecules, provided that AMFA is indeed present.  

 
Figure 27. Precipitation as seen after 144 hours of  

oxidation with 1 g/l GOase. A red-hued Eppendorf  

tube was used. 
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The overall results from the oxidation with GOase is summarised in tables 5 and 6 and plotted in figure 

28. 

Table 5. Breakdown of HMFA chromatogram peak areas at time = t h of oxidation with GOase. 

  Neg. control a  0.2 g/l b  0.2 g/l pre-heated b  1 g/l pre-heatedc  

Time (h)  area  area  area  area  

24  1129786  1053122  1054623  991688  

48  1084266  969508  1141182  693773  

72  1084782  924014  984335  470624  

96  -  977479  -  -  

120  -  -  -  -  

144  -  752953  691261  348434  
a Based on 4.76 mM HMFA, No GOase, 1 µM catalase and 12 µM HRP. b 0.2 g/l GOase, 1 µM 

catalase and 12 µM HRP. c 1 g/l GOase, 10 µM catalase and 12 µM HRP. 

Table 6. Breakdown of calculated HMFA concentration at time Time = t h of oxidation with GOase. 

  Neg. control a  0.2 g/l b  0.2 g/l pre-heated b  1 g/l pre-heatedc  

Time (h)  mM  mM  mM  mM  

0  4.76d  4.75d  5.00  5.00  

24  4.71  4.39  4.40  4.14  

48  4.52  4.04  4.76  2.89  

72  4.53  3.85  4.11  1.96  

96  -  4.08  -  -  

120  -  -  -  -  

144  -  3.14  2.88  1.45  
a No GOase, 1 µM catalase and 12 µM HRP. b 0.2 g/l GOase, 1 µM catalase and 12 µM HRP. c 1 g/l 

GOase, 10 µM catalase and 12 µM HRP. d Obtained by 1:4 dilution of 19 mM HMFA preparation 

(section 11, figure 45). 

 
Figure 28. Residual HMFA concentration at time h for different enzyme concentrations.  

The measurement series which denotes the oxidation with 1 g/l GOase at first shows a consistent drop 

in HMFA concentration (trendline for the t=0 - 72 hours displaying a least square fit in excess of 0.99). 

Interestingly, less HMFA oxidation seems to have occurred in between t=72 and t=144 as demonstrated 

by approximately 1.5 mM of residual HMFA being observed even after 144 hours. The slow-down in 
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consumption possibly could be caused to oxygen depletion. Also, the higher-than-expected peak area 

could be caused by an experimental artifact, as the HMFA and AMFA likely still absorbs to some extent 

above or below the 242 nm range boundary, respectively. The measurement series which corresponds 

to oxidation with 0.2 g/l GOase displays an irregular pattern which could be caused by difficulties in 

maintaining a homogenous reaction environment due to e.g., evaporation. Their trendlines seem to 

mildly differ which could indicate a similar average consumption of HMFA over time. Compared to 

these measurement series the series using 1 g/l displays a markedly sharper reduction in HMFA 

concentration. Thus, HMFA consumption seems to increase because of increased enzyme loading. This 

further strengthens that the GOase does have activity towards the HMFA. From this follows that the 

GOase from Dactylium dendroides can be used to produce AMFA at the given conditions Based on the 

initial and residual HMFA concentrations the corresponding conversions was calculated and plotted in 

table 7 and figure 29, respectively. 

Table 7. Breakdown of HMFA conversions at time Time = t h of oxidation with GOase. 

  Neg. control a  0.2 g/l b  0.2 g/l pre-heated b  1 g/l pre-heatedc  

Time (h)  %  %  %  %  

0  0  0  0  0  

24  0.9  7.6  12.0  17.3  

48  4.8  14.9  4.8  42.1  

72  4.8  18.9  17.9  60.7  

96  -  14.2  -  -  

120  -  -  -  -  

144  -  33.9  42.3  70.9  
a No GOase, 1 µM catalase and 12 µM HRP. b 0.2 g/l GOase, 1 µM catalase and 12 µM HRP. c 1 g/l 

GOase, 10 µM catalase and 12 µM HRP. 

 
Figure 29. HMFA conversions at time t=h for different GOase concentrations.  

The final HMFA conversion at 1 g/l GOase after 144 hours of oxidation, calculated based on the 

assumed initial HMFA concentration of 5 mM, seems to be in the region of 70 %. Assuming that the 

vast majority was converted into AMFA i.e. GOase oxidation produced an AMFA yield of up to 70 %, 
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and given that the transamination proceeded to completion, this signifies that the proposed one-pot 2-

step cascade for the conversion of HMF to AMFA is successful. 

7. Conclusions 

In this study, the biocatalytic valorisation of 5-hydroxymethyl furfural into 5-

(aminomethyl)furfuraldehyde via the intermediate 5-hydroxymethyl furfurylamine was investigated. 

Immobilised transaminases were employed in “tea-bag” mode to set up a process that allows for 

transamination succeeded by oxidation and thereby avoid the formation of diamine 2,5-

bis(aminomethyl)furan. This can have the added benefit of recycling of the immobilised transaminases, 

thus enables enhanced atom economy and reduces production costs, however, requires further 

investigation. HMF up to 10 mM could be successfully converted to HMFA in 4 hours with the 

employed transamination setup. Reactions involving HMF and IPA at elevated pH leads to Schiff-base 

formation. Oxidation of HMF and HMFA via alcohol dehydrogenases from Thermoanaerobacter 

brockii and Horse Liver was unconfirmed or unsuccessful. However, HMFA oxidation with galactose 

oxidases from Dactylium dendroides aided by catalases and peroxidases from horse radish was proven 

feasible with approximately 60 % HMFA conversion achieved in 144 hours. As the SpATA activity far 

surpassed the oxidase activity, denaturation of the transaminase prior to the oxidation was required to 

avoid over-oxidation into BAMF. In this study the enzymatic valorisation of HMF to AMFA was 

achieved by consecutive action of transaminases from Silicibacter pomeroyi and galactose oxidases 

from Dactylium dendroides. 

8. Future perspectives 

In terms of immediate improvements, several experiments attempted in this study could be expanded or 

improved upon. While the SpATA seems to exhibit a good activity towards the HMF the recycling of 

these enzymes via immobilisation should be further investigated as enzyme recycling could contribute 

to a better process economy.  

 

As can be observed from this study, the oxidation of HMFA with GOase, while feasible, is more time-

consuming than the preceding transamination step. Thus, to optimise the cascade in terms of reaction 

running time it makes sense from a process viewpoint to focus on finding the optimal conditions for the 

oxidation rection. Indeed, once the oxidation of HMFA had been achieved scant optimisation of the 

reaction was performed in this study. As such, protocol optimisation with regards to the ratio between 

the 3 enzymes which participates in the oxidation system, enzyme:substrate ratio, reaction temperature 

and pH as well as oxygen demands are all viable target parameters for improving the reaction and should 

be performed. Reaction parameter optimisation needs to be coupled with the specification of process 

criteria such as desired yield vs process time, as well.  

 

Since the oxidation of HMFA with GOase is still in an early stage taking inspiration from developments 

of the GOase-catalysed oxidation of the similar HMF seems like another clever way for discussing future 

outlooks. Lately, notable advances in the enzymatic oxidation of HMF to DFF has been developed. 

(Mckenna et al., 2015, Birmingham et al., 2021) As laid out in the induction, Turner and co-workers 

found a GOase variant, the GO M3-5, which displayed enhanced HMF oxidation activity. In a similar 

fashion, another step to develop the cascade reported on in this report would be to screen for GOase 

variants exhibiting enhanced activity. In addition, enzyme engineering strategies could be employed, 

like what the Turner group did (Birmingham et al., 2021), to further enhance the activity and product 

titres. The latter can also be investigated for the transaminase. This could perhaps be accomplished via 

directed evolution, In a similar manner as was employed by Savile et al. (2010). 

As was acknowledged by Turner and co-workers (Birmingham et al., 2021) in reference to HMF 

oxidation, increasing product titres and substrate loadings pose major steppingstones to take the cascade 

into an industrial setting due to issues with enzyme stability and substrate tolerance at elevated substrate 
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loadings. As such, enzyme half-life and substrate tolerance enhancement, possibly achieved through 

enzyme engineering, should further be investigated as well. 

If this method were to form the basis for future production of AMFA from HMF there are additional 

issues with regards to the actual scale-up that need exploration: how to implement the successive 

transamination and oxidation reaction step in an expedient manner. One possibility could be to design a 

continuous process by flowing the solubilised HMF in tubes through EziG carriers with immobilised 

transaminases positioned in filters stacked perpendicular to the direction of the flow. This could be 

combined with the compartmentalisation of the chemical reactions, running the reactions in tandem, 

with a recirculation stream. The possibility of using immobilised enzymes in this way could pave the 

way for the construction of continuous processes which produces AMFA from HMF. 

 

Tying into the general narrative, the applications of introducing amine groups to bio-based raw materials 

can have further applications as a basis for further synthesis and/or “click”-chemistry, potentially paving 

the way for novel synthetic methodologies for producing high value chemicals. The high efficiency 

coupled with the specificity of enzymatic catalysis could be harnessed in these new synthetic production 

methodologies, yielding production systems able to produce comparatively massive quantities of high-

value compounds using lesser amounts of resources while resulting in lesser amounts of by-products. 

This would increase profit-margins and/or allowing for selling the products at lower prices bestowing a 

competitional advantage. With regards to this project, the prospect of employing synthesis of amino-

furfurals via one-pot cascades, as is being attempted here, could provide an economically very promising 

way of producing high value chemicals. Therefore, a clear economic incentive to invest in novel 

chemical production routes employing this methodology exists. As such, there are incentives for 

establishing industries involving or centred around these methodologies. The development of “greener” 

biocatalytic alternatives could potentially create new opportunities for employment and contributing to 

a a more healthy and wealthy society. In extends indirectly to other industries as well, as there is a 

possibility to use by-products for instance from the paper and pulp industries as raw material for when 

running these catalytical processes. The paper and pulp industry being reliant on the forest industry. 

Therefore, the project outcome could potentially have a knock-on effect on the livelihood of countless 

peoples, not just the ones directly involved in businesses employing this chemistry. In addition, countries 

(like Sweden) with large forest areas and a well-developed forest industry could benefit from developing 

similar biochemical processes, potentially leading to national specialization and bestowing 

competitional advantages for Swedish corporations on a global market. As mentioned previously the 

effect of employing new resource-efficient processes and methods could potentially lower the cost of 

production but also, more importantly from the customer’s perspective, the price for purchasing the 

products. On a global scale, foreseeably this could have positive effects in low-income countries where 

lower prices would increase accessibility to products and applications produced via biocatalysis. 
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11. Tables and figures 

 
Figure 30. Upper: HPLC chromatogram of 10 mM  

HMFA, retention time of 2.77 minutes. Lower:  

Chromatogram of 10 mM HMF, Retention time of  

4.85 minuts. 

 
Figure 31. Typical absorbance spectrum of HMF  

obtained from running 10 mM pure HMF through  

the HPLC. Absorbance maximum at 285 nm. 
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Figure 32. Typical absorbance spectrum of HMFA 

obtained from running 10 mM pure HMFA through  

the HPLC. Absorbance maximum at 222 nm. 

Table 8. HMF Concentrations corresponding HPLC peak areas used to 

generate the HMF standard curve (figure 40). 

 HMF Concentration  Area  RT   

 mM  area units     

 10  5788136   4.85   

 8  4618132      

 6  3435478      

 4  2314778      

 2  1166151      

 1  624661      

 

 
Figure 33. HPLC standard curve used in the determination of HMF concentration. 

Table 9. HMFA Concentrations corresponding HPLC peak areas used to 

generate the HMFA standard curve (figure 42). 

 HMFA Concentration  Area  RT  

 mM  area units    

 10  2378975   2.73  

 8  1968899     

 6  1402522     

 4  947922     

 2  487101     

 1  252729     

 

y = 577626x
R² = 1

0

1000000

2000000

3000000

4000000

5000000

6000000

7000000

0 2 4 6 8 10 12

HMF



 
37 

 

 
Figure 34. HPLC standard curve used in the determination of HMFA concentration. 

 
Figure 35. 5 mM HMF and 250 mM acetone without Tb-Adh in 100 mM CHES buffer pH 9 on a shaker 

board set to 120 RPM and 37oC for 72 h. 

y = 239704x
R² = 0.9996

0

500000

1000000

1500000

2000000

2500000

3000000

0 2 4 6 8 10 12

HMFA



 
38 

 

 
Figure 36. Absorbance spectrum for the rt 5.5 to 6 minutes peaks. 

 

 
Figure 37. Preparation of 20 mM HMFA used in GOase oxidations without pre-heating. [HMFA] was 

calculated to 19 mM. 
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Figure 38. Response chromatogram for HMFA oxidation with 0.2 g/l GOase after 24 hours. 

 
Figure 39. Response chromatogram for HMFA oxidation with 0.2 g/l GOase after 48 hours. Bottom 

chromatogram: Absorbance over time measured over 190 nm to 242 nm with integrated 2.78 minutes 

peak. Upper chromatogram: Absorbance over time measured over 242 nm to 600 nm. 
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Figure 40. Response chromatogram for HMFA oxidation with 0.2 g/l GOase after 72 hours. 

 
Figure 41. Response chromatogram for HMFA oxidation with 0.2 g/l GOase after 96 hours. 
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Figure 42. 24-hour HMFA oxidation GOase negative control. 1 g/l catalase and 12 g/l GOase present. 

 
Figure 43. 48-hour HMFA oxidation GOase negative control. 1 g/l catalase and 12 g/l GOase present. 

 
Figure 44. 72-hour HMFA oxidation GOase negative control. 1 g/l catalase and 12 g/l GOase present. 

 
Figure 45. Preparation of 20 mM HMFA used in GOase oxidations with pre-heating. [HMFA] was 

calculated with 1:4 dilution to 7 mM, 2 mM higher than the expected 5 mM. This discrepancy could be 

caused by HPLC-peak interference, inaccurate pipetting, minor evaporation during transamination or a 

combination of these. The HMFA stock was diluted to a final concentration of 5 mM used in the 

oxidations.  
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Figure 46. Response chromatogram for pre-heated HMFA oxidation with 0.2 g/l GOase after 24 hours. 

 
Figure 47. Response chromatogram for pre-heated HMFA oxidation with 0.2 g/l GOase after 48 hours. 
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Figure 48. Response chromatogram pre-heated HMFA oxidation with 0.2 g/l GOase after 144 hours. 

 
Figure 49. Response chromatogram for pre-heated HMFA oxidation with 1 g/l GOase after 24 hours. 
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Figure 50. Response chromatogram for pre-heated HMFA oxidation with 0.2 g/l GOase after 48 hours. 

 
Figure 51. Response chromatogram for pre-heated HMFA oxidation with 0.2 g/l GOase after 72 hours. 


