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Popular Summary  

Enzymes are nature’s most versatile biocatalysts. These biomolecules act like tiny, specialized 

machines, each designed to perform a specific task with incredible precision and speed. In 

industrial processes, enzymes are important because they make chemical reactions happen 

faster and under milder conditions, saving energy and reducing the need for harsh chemicals. 

This makes the process like making medicines, cleaning products or even biofuels more 

effective, environmentally friendly and cost-effective. In drug development, the high specificity 

of the enzymes is used to produce the right structure of molecules that delivers the desired 

effect, as the mirror-image of that molecule can be harmful. One such enzyme important in the 

pharmaceutical industry is transaminase. Transaminases facilitate the transfer of amino groups 

between molecules. This simple reaction is particularly valuable to produce chiral amines, that 

can be found in more than 40% of pharmaceuticals.  

 

However, like all machines, enzymes can sometimes be finicky, struggling with efficiency and 

durability, which has been the main obstacle so far to ditching harmful chemical processes. 

Particularly, transaminases struggle with stability and solubility. In simple terms, an enzyme 

needs to dissolve well in a solution (solubility) and maintain its structure and activity over time 

(stability) to be effective. If an enzyme precipitates out of solution or loses its function quickly, 

it becomes less useful, driving up costs and reducing efficiency in industrial processes. For that 

reason, a lot of research is devoted in improving the enzymes produced in model 

microorganisms.  

 

Here, we tried to improve the stability of a transaminase isolated from the bacterium 

Burkholderia multivorans CDG1. This transaminase is particularly interesting for industrial use 

as it can maintain activity at very high temperatures and can be applied for a wide range of 

molecules. Firstly, we tried to improve stability by the addition of cofactor during the 

production of transaminase in the cell. Cofactors are small molecules that help enzymes in their 

tasks. We observed that adding the cofactor from the beginning of the enzyme production 

helped the enzyme to maintain their activity in a concentration-dependent manner. Another way 

to improve stability of enzymes is through immobilization. Essentially, the enzyme is attached 

to a surface or confined in a matrix in such a way that maintains its function and structure for a 

long time. This idea was applied to improve the stability and was successfully executed. 

However, more work needed to be done for the immobilization to be efficient enough, as many 

different parameters need to be optimized.  

 

This work shows that different methods to improve stability are applicable but require further 

research to obtain efficient transaminase for chiral amine production.  
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Preface 

The master’s degree project was carried out from 2024-01-22 to 2024-06-10 at Lunds Tekniska 

Högskola, Lund University, Faculty of Engineering, Department of Chemistry at the division 

of Biotechnology within the group of Bioorganic Chemistry.  

 

Hypothesis of the project: The hypothesis of the project is that supplementing PLP during 

cultivation can increase the yield of soluble protein fraction for heterologous expressed amine 

transaminase.  

 

Aim of the project: To evaluate concentration and supplementation time of PLP that improves 

the yield of the recombinant ATA-10 in the soluble protein fraction. An additional stabilization 

method of site-specific immobilizing the ATA-10 was explored on beads based on nickel 

affinity.  

 

The main objectives were: 1. Evaluation of PLP toxicity towards cell growth. 2. Optimizing  

PLP supplementation conditions to increase the yield of the target protein in the soluble yield 

3. Obtain the recombinant ATA-10 in pure solution. 4. Immobilization of the recombinant ATA-

10 to improve stability for production processes.  
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Abstract 

Amine transaminases are valuable biocatalysts in the pharmaceutical industry for the 

production of chiral amines. Their high regioselectivity and inherent regeneration of cofactor 

pose them as a greener alternative to the chemical synthesis. However, their application is 

hampered by their limited stability and narrow substrate scope and product inhibition. Recently, 

a stable tetrameric amine transaminase from Burkholderia multivorans CGD1, ATA-10, was 

identified and characterised. ATA-10 bears many characteristics attractive for industrial 

application. However, expression of ATA-10 by our group initially showed only poor 

recombinant expression in Escherichia coli.  

 

In this work, the improvement of stability of the ATA-10 is examined. Firstly, supplementation 

of the co-factor, pyridoxal 5’–phosphate, was employed. Cultures with PLP supplementation at 

the beginning of the growth phase and before the induction phase at concentrations 0.01-1 mM 

were tested. Supplementation of the cofactor during cultivation didn’t alter the target protein 

yield in the soluble protein fraction, which remained around 60% across all conditions. The 

effect of the cofactor was evident for the folding stability of the enzyme, as the activity was 

elevated when PLP was supplemented in the growth medium. This activity was linearly 

increased to the increase of PLP concentration, and the effect was more pronounced when PLP 

was added in the beginning of the culture. A potential inhibitory effect of high PLP 

concentrations was observed only during the induction phase, where 10 mM PLP resulted to 

halved growth. Highest activity was observed for ATA-10 produced in the presence of 1 mM 

PLP supplemented from the beginning of cultivation.  

 

Purification of ATA-10 was achieved but complicated because of interference of PLP with the 

UV signal. To improve the stability of the ATA-10 for production processes, immobilization on 

hydrophilic carriers was carried out. Among the carriers, polyacrylic beads demonstrated higher 

immobilization yield and activity of the immobilized enzyme. Further optimization is required 

in order to apply the immobilization ATA-10 for chiral amines production.  
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List of Abbreviations 

 

1-PEA 1-phenylethylamine 

ACP Acetophenone 

ATA Amine transaminases 

ATA-10 Burkholderia multivorans amine transaminase 

BA Benzyl acetone 

BSA Bovine serum albumin 

HCl Hydrochloric acid 

HPLC High pressure liquid chromatography 

IDA Iminodiacetic acid 

IMAC Immobilised metal affinity chromatography 

IPA Isopropylamine 

IPTG isopropyl β-D-1-thiogalactopyranoside 

LB-Lennox Lysogeny broth Lennox  

MPPA  1-methyl-3-phenylpropylamine 

MW Molecular Weight 

OD600 Optical density measured at 600 nm 

PLP  Pyridoxal 5’-Phosphate 

PMP Pyridoxamine 5’-phosphate 

RT Room temperature 

SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SF Soluble protein fraction 

TAs Transaminases 

Tris tris(hydroxymethyl)aminomethane 
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1.  Introduction 

1.1. Pyridoxal 5’ – phosphate dependent enzymes  

Pyridoxal 5’–phosphate dependent enzymes are a diverse group of enzymes primarily involved 

in the biosynthetic pathways of amino acids and their derived metabolites and other amine-

containing compounds (Eliot and Kirsch, 2004). These enzymes use pyridoxal 5’–phosphate 

(PLP), one of the active forms of vitamin B6, as a cofactor. PLP activates the enzymes through 

a transaldimation step. Firstly, PLP covalently binds to a highly conserved lysine residue in the 

active center forming the internal aldimine, which is the catalytically active state of the enzyme 

(Oliveira et al., 2011). When the substrate is present it reacts with the PLP-enzyme complex 

and then the bond with the Lys is displaced and a new aldimine is created between the PLP and 

the substrate (external aldimine). The following reaction depends on the enzyme and the type 

of substrate (John, 1995).  

 

For that reason, PLP-dependent enzymes have a vast catalytic variety including racemization, 

decarboxylation, transamination, beta elimination among others. That renders them as attractive 

biocatalysts for industrial purposes, owing to their high regio and stereo-selectivity (Rocha et 

al., 2019). Structurally, PLP-dependent enzymes are categorized in 7 different fold types 

(Grishin et al., 1995, Percudani and Peracchi, 2009). These fold types are composed of enzymes 

catalyzing diverse kinds of reactions.  

 

1.2. Transaminases  

Transaminases (EC 2.6.1), also known as aminotransferases, are PLP-dependent enzymes 

responsible for the transference of an amino group from an amino acid to a-keto acids. In that 

way, their role in nitrogen metabolism and biosynthetic pathways of amino acids is crucial.  

 

The reaction mechanism of TAs can be considered as two half-reactions, where PLP acts as a 

shuttle of the amine group (Figure 1). With the amine donor present, the external aldimine is 

formed replacing the bond with the lysine in the active site. The aldimine is deprotonated at the 

Cα of the substrate, which leads to a quinonoid intermediate. Reprotonation and hydrolysis 

yields the keto-acid byproduct and the non-covalently bound aminated cofactor pyridoxamine-

5’-phosphate (PMP). The proton transfer is promoted by the conserved Lys (Toney and Kirsch, 

1993) and the quinonoid state is stabilized by uncharged aromatic amino acids (Toney, 2005). 

Essentially, the reverse mechanism is followed for the second half reaction, where the amine 

group is transferred from PMP to the amine acceptor, a ketone, yielding the corresponding 

amine and the regenerated internal aldimine (Liang et al., 2019).  

 

1.2.1.  Classification 

As PLP-dependent enzymes, transaminases belong to the fold-type I and fold-type IV. Fold-

type I, also referred to as the aspartame aminotransferase family, contains the majority of the 
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transaminases which are also classified by their sequence similarity in 5 classes. Fold-type IV 

contains the D-alanine aminotransferases and branch-chain aminotransferases and are 

considered the 6th class of transaminases (Grishin et al., 1995). Another common classification 

of transaminases is done based on the substrate and can be divided into two groups: α-

transaminases (α-Tams) and ω-transaminases (ω-Tams). α-Tams require the presence of a 

carboxylic group in the α-position with respect to carbonyl functionality and hence forming 

only α-amino acids (Höhne and Bornscheuer, 2009). ω-Tams include all the other transaminases 

and can accept aliphatic ketones and amines, which has increased their appeal for industrial 

purposes. All ω-Tams belong to Class III (Fold-type I) and can be further distinguished into two 

subgroups, β-transaminases (β-Tams) and amine transaminases (ATA) (Kelly et al., 2017).  

 

 
Figure 1 Transamination reaction mechanism. A: The reaction can be considered as two half reactions. B: The 

different states of cofactor pyridoxal 5’–phosphate (PLP) during transamination (Mathew and Yun, 2012) 

 

1.2.2. Challenges of transaminases as biocatalysts 

As a biocatalyst, TAs offer a greener alternative for the stereoselective amination of prochiral 

ketones. Their high regioselectivity and inherent regeneration of the cofactor and their mild 

operating conditions render them promising biocatalysts for chiral amine production. The chiral 

amines are valuable building blocks in the pharmaceutical industry. It is estimated that 40% of 

all pharmaceuticals contain a chiral amine component (Ghislieri and Turner, 2013). Production 

of chiral amines can be achieved in two ways with ω-TAs, kinetic resolution of a racemate and 

asymmetric synthesis, the latter of which has a theoretical yield of 100% (Koszelewski et al., 

2010b).  

 

However, the wide application of ω-TAs as biocatalysts is impeded by product/substrate 

inhibition, narrow substrate scope and poor stability. Several strategies have been employed to 

counteract these drawbacks. The physical removal of the product and the use of isopropylamine 
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(IPA), a low molecular weight amine donor have led to significant improvements in the product 

inhibition (Savile et al., 2010). Protein engineering of ω-TAs has proved to be an invaluable 

tool to not only broaden the substrate scope but also overcome the substrate inhibition (Cho et 

al., 2008). The most successful example of pharmaceutical compound industrially produced by 

engineered ω-TAs is the antidiabetic drug sitagliptin. An engineered (R)-selective ω-TAm ATA-

117 from Arthrobacter sp. was developed that led to a drastic increase in yield (10–13%) and 

productivity (53%, measured in kg L−1 per day), while reducing the total waste by 19% and 

eliminating the need for heavy metals at the same time (Savile et al., 2010).   

 

1.2.3. Immobilization of TAs to enhance stability  

Stability of biocatalysts is crucial for industrial applications. TAs are characterized by limited 

stability that occurs when PLP is dissociated from the enzyme (apoenzyme). The apoenzyme is 

the least stable form of the TAs and prone to aggregation (Börner et al., 2017). Different 

stabilization methods have been explored, such as protein engineering, reaction medium 

engineering and biocatalyst formulation. Immobilization is a practical and economical strategy 

for industrial biocatalysts as it allows the recycling of the catalyst even though it usually leads 

to lower enzyme activity (Mallin et al., 2014). Chitosan is the most common carrier used for 

immobilization of TAs. The commercial ω-TA from Vibrio fluvialis, VfTA was covalently 

immobilized on chitosan beads and resulted in high operational (retention up to 77% of activity 

after 5 repetitive uses) and storage stability (70% of initial activity after 3.5 weeks storage at 4 
oC) (Yi et al., 2007). (R) and (S)- selective ω-TAs were also successfully immobilized on 

chitosan with glutaraldehyde linker that resulted in higher thermostability of the bound enzymes 

and higher conversions compared to the free enzyme (Mallin et al., 2014). Whole cell 

immobilization of E.coli cells containing ω-TA has also been studied before (Rehn et al., 2012). 

Other preparations on as sol-gel (Koszelewski et al., 2010a), glass beads (Engelmark Cassimjee 

et al., 2014) or cellulose (de Souza et al., 2016) have yielded more ω-TAs with improved 

stability.  

 

1.2.4. ATA-10, a highly stable transaminase from Burkholderia multivorans 

Recently, a very stable transaminase was identified and characterized by Kollipara et al., 2022. 

ATA-10 from Burkholderia multivorans CGD1 (B9AZ94) belongs to the new functional 

subfamily of β-alanine:pyruvate TA, with parent enzyme TA-3N5M characterized by the same 

group. TA-3N5M belongs to the class III Fold I transaminases but differs from other amine 

transaminases (ATA). Members of the TA-3N5M subfamily lack the conserved “flipping” 

arginine residue, but instead carries an alternative dual substrate recognition characterized by 

R162. Although it has a relatively narrow amine substrate range, it accepts β-alanine, γ-amino 

butaric acid and other ω-amino acids, 1-phenylethylamine (1-PEA) and isopropylamine as 

amino donors and pyruvate as amino acceptor (Steffen-Munsberg et al., 2016). Both TA-3N5M 

and other members of the family form tetramers which have been previously associated with 

higher protein stability (Börner et al., 2017).  
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AΤΑ-10 was indeed found to bear the ATA-typical “flipping” arginine (R346) but also forming 

tetramers owing to the high global sequence identity to TA-3N5M. Its sequence also bears 

residues (W47 and A185) associated with highly active ATAs. ATA-10 accepts a variety of 

aliphatic small and larger ketones but prefers 1-PEA and pyruvate as ideal amino donor and 

acceptor respectively. TA-10 shows high thermostability up to 70 oC for both resting (75% 

residual activity) and operating conditions (50% residual activity). In addition, ATA-10 is highly 

resistant to commonly used organic solvents such as DMSO, methanol and isopropanol even at 

elevated concentrations (up to 50% at 30 oC and up to 25% at 60 oC) (Kollipara et al., 2022). 

All these characteristics pose ATA-10 as an interesting highly active and stable candidate for 

chiral amine synthesis.  

 

1.3. Recombinant protein expression  

Recombinant DNA technology had been a catalyst for the expansion of biotechnology 

applications. The most common recombinant cell factory employed is Eschericia coli owing to 

its relative simplicity, its inexpensive and fast high-density cultivation, the well-known genetics 

and the large number of compatible molecular tools available. Despite all this merits, 

recombinant protein expression is usually complicated by insoluble or nonfunctional proteins. 

Strategies to improve solubility include optimizing cultivation conditions, reducing 

temperature, using chaperones, and co-expressing proteins with specific tags (“solubility tags”) 

(Sørensen and Mortensen, 2005).  

 

Another approach is the supplementation of cofactor to the growth medium. Many cofactors 

have stabilization effects on the respective enzyme, promoting the correct conformation. 

Adding 1 µM of riboflavin 2 h before induction during the expression of FAD-containing 

protoporphyrinogen oxidase increased the amount of the recovered enzyme by approximately 

4-fold. This effect is realised by the presence of riboflavin transmembrane import system E. 

coli (Atroshenko et al., 2024). The soluble protein expression of the PLP-dependent O-

acetylserine sulphdrylase (OASS) of H.contortus was increased when PLP was added during 

cultivation. More specifically, PLP concentrations of 0.01 to 0.1 mM led to linear increase in 

the soluble protein expression yield. Moreover, this study demonstrated the potential uptake of 

PLP from E.coli by tryptophan quenching assay, and that uptake was correlated with the 

increase soluble expression (Saxena et al., 2022). 

 

So far, supplementation of PLP has been mainly associated with increasing the specific 

enzymatic activity. The addition of 0.02 mM of pyridoxal phosphate (pyridoxine-5-phosphate) 

increased the yield of active glutamate decarboxylase by 2–2.5 times and simultaneously double 

increased in glutamate decarboxylase specific activity (Plokhov et al., 2000). At the same time, 

the non-phosphorylated form, pyridoxine allows for increase in yield and stability of the active 

glutamate decarboxylase, while increased 1.5-fold the specific activity when supplemented at 

concentrations above 0.05 mM (Huang, Su and Wu, 2016).  
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2. Material and Methods 

2.1.  Strains, vectors, media, and chemicals 

Escherichia coli BL21 (DE3) strain (F¯ ompT gal dcm lon hsdSB(rB
- mB

-) λ(DE3 [lacI lacUV5-

T7 gene 1 ind1 sam7 nin5]) (Merck) was used for heterologous production. The ATA-10 amine 

transaminase gene from Burkholderia multivorans CGD1 (UniProtKB UB9AZ94) with a C-

terminal hexa-his-tag was cloned via NdeI and XhoI restriction into pET-22b(+) (Merk) vector 

ordering de novo synthesis of codon non-optimized gene sequence (BioCat). Lysogeny broth 

(LB)-Lennox medium (Difco BD) was used for cultivation supplemented with 100 μg/mL 

ampicillin if necessary solidifying media with 2% (w/v) bacteriological agar-agar (Saveen 

Werner). The pET-22b(+) vector without any insert was used as a positive control for the 

transformation. Pyridoxal 5′-phosphate (PLP) monohydrate was purchased from Sigma-

Aldrich (Merck) and isopropyl β-D-1-thiogalactopyranoside (IPTG) was supplied by PanReac 

AppliChem (ITW Reagents). 

 

2.1.1. Heat-shock transformation 

The expression construct or empty vector were transformed applying the heat-shock method. 

After thawing the 25 μL competent cells and DNA samples on ice, 1 μL with approximately 6 

ng of DNA samples was transferred and gently mixed with competent cell suspension. The 

contents were further mixed gently by flicking the bottom of the tube a few times and then 

incubated on ice for 30 min. Heat-shock at 42 oC for 60 s was applied, before transferring the 

tubes back on ice for another 15 min. 100 μL of room temperature SOC were added into the 

mixture that was then mixed gently by pipetting. Approximately 50 μL of the transformed 

suspension was plated in LB-Lennox agar plates containing 100 μg/mL ampicillin and the cells 

were incubated for at 37 oC at 16 h. After cultivation plates were inspected evaluating size as 

well as morphology of colonies. 

 

2.2.  Production of recombinant ATA-10 transaminase 

2.2.1. Cultivation and heterologous expression 

The cultivation protocol of the recombinant ATA-10 transaminase was based on the study of 

Kollipara et al., 2022. The cultivation can be distinguished in two phases: the growth and the 

production phase. Fresh inoculum was prepared the day before from single colonies spread on 

LB-Lennox agar plates containing ampicillin and incubated at 37 oC overnight until fully 

seeded. The preculture was collected in a conical tube with 58 mL fresh LB-Lennox, when the 

optical density at 600 nm (OD600) was measured. 250 mL cultures with a starting OD600 of 0.06 

were carried out in 1 L baffled shake flasks by inoculating up to 1 % (v/v). The growth phase 

continued at 37 oC at 140 rpm until the culture reached OD600 ~ 0.6. Then the production of the 

recombinant ATA-10 was induced at preequilibrated 20 oC by supplementing culture with1 mM 

of freshly prepared IPTG for 20 h. OD600 measurements were taken throughout the growth 

phase and before harvesting to monitor cell growth. Upon completion of the induction phase, 
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the cells were harvested by centrifugation at 8000×g at 4 oC for 20 min. The supernatant was 

discarded, and the cells were kept in -20 oC. 

 

To examine the effect of PLP on the expression and the activity of the recombinant ATA-10, 3 

different concentrations and two different supplementation schemes were examined. PLP 

concentrations of 0.01, 0.1, and 1 mM were supplemented at the beginning of the cultivation 

(t(0)) or 20 min before induction (t(i)). Moreover, 10 mM PLP supplemented at t0 was also tested 

to examine limitations of PLP toxicity. A control culture without PLP was run in all cases, to 

detect any possible effects of the PLP toxicity on the bacterial growth or protein solubility. 

 

2.2.2. Protein extraction for analysis 

Frozen cell pellets were thawed on ice and resuspended in the lysis buffer (50 mM HEPES-

NaOH pH 7.4, 500 mM NaCl, 50 mM imidazole and 10 % (v/v) glycerol) were sonicated using 

the Ultrasonic Liquid Processor (Fisherbrand). 8-12 mL of bacterial suspension was sonicated 

for 15 minutes at 40% amplitude and 0.5 cycle (30 s pulse: 30 s pause). Samples were kept on 

ice while sonicated to prevent heating and protease degradation. To collect the soluble protein 

fraction where ATA-10 is expected to be present, the lysate was centrifuged using the same 

centrifuge at 17000×g for 20 min at 4 oC and the supernatant was collected. The soluble protein 

fraction was kept for further analysis. Samples from both total and soluble protein fraction were 

collected to evaluate the soluble content with SDS-PAGE analysis (see 2.2.5). 

 

2.2.3. Protein purification with immobilized metal affinity Chromatography (IMAC) 

Nickel affinity chromatography was used to purify the ATA-10 transaminase using HisTrap HP 

1 mL column (Cytiva) with ÄKTA start FPLC purification system (GE Healthcare Life 

Sciences). The binding to resin of target protein was performed in the lysis buffer conditions 

and elution buffer contained 50 mM HEPES-NaOH, 500 mM NaCl, 500 mM imidazole and 

10 % (v/v) glycerol. The samples were filtered using a 0.2 μm regenerated cellulose filter (GE 

Healthcare Life Sciences) prior to loading onto column. Target proteins were eluted by single 

step elution after extensive column washing with 8 column volumes (CV) with lysis buffer. It 

should be noted that the selected PLP concentration surrounding the target protein remained 

constant throughout the lysis and well as purification. For that reason, both lysis and elution 

buffer were supplemented with the same concentration of PLP as of the culture of the pellet 

analysed. 

 

2.2.4. Protein concentration measurement with Bradford method 

The protein concentration in soluble protein fraction and after purification was measured 

applying the Bradford protein assay (Compton and Jones, 1985). The Bradford assay solution 

(ready-to-use) (TCI Chemicals) was used for this purpose. The reagent contains Coomassie 

Brilliant Blue G-250 dye in an acid environment in its cationic state, absorbing at 620 nm. Upon 
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binding to protein, Commassie Brilliant Blue G-250 enters its anionic state, absorbing at 595 

nm. The absorbance at 595 nm is thus proportional to the protein concentration. 

 

The assay was carried out by mixing 1 mL of the Bradford reagent with 25 μL of the sample or 

the standard in a cuvette. The mixture was incubated at room temperature for 5 min, after which 

the absorbance was measured spectrophotometrically at 595 nm. A calibration curve was 

created with bovine serum albumin (BSA) (Pierce Bovine Serum Albumin Standard Ampules, 

2 mg/mL, Thermo Fisher Scientific) as standard. Using the lysis buffer, BSA dilutions of 0, 

0.05, 0.1, 0.25, 0.5, 0.75, 1.0, and 1.2 were prepared. As blank 25 μL of binding buffer were 

used. In the case of PLP-containing samples, the respective PLP-containing binding buffer was 

used. 

 

Absorbance at 280 nm was also tested aiming to measure protein concentration but proved to 

be non-linear for samples containing PLP since the latter compound absorption range is also 

including 280 nm (see Figure 13, Appendix). 

 

2.2.5. Sodium dodecyl sulphate polyacrylamide gel electrophoresis and protein 
densitometry 

7.5 % glycine-SDS-PAGE was performed using a Mini-PROTEAN Thetra Cell electrophoresis 

system (Bio-Rad). Samples were prepared by adding 4x Laemmli Sample buffer (Bio-Rad) 

supplemented with β mercaptoethanol obtaining final dye:sample ration of 1:3. The tubes were 

mixed by vortexing and stored at 4 oC until analysis. The samples were heated at 100 oC for 10 

min and then spin-down before loading on the gel. Mini-PROTEAN TGX Stain-Free precast 

gels (Bio-Rad) were used for electrophoresis, loading gel) with 6-10 μL of sample loaded in 

each lane along with 7 μL of Precision Plus Protein Standards protein ladder (Bio-Rad). The 

electrophoresis was performed at 15 V/cm. Electrophoretic profiles were visualized with 

GelDoc GO Imaging System (Bio-Rad). The target enzyme relative presence in elelctrophoretic 

profile of the soluble protein fractions was estimated with densitometry using Image Lab Touch 

v3.0 Software (Bio-Rad). 

 

2.2.6. Enzyme activity assay  

The enzyme activity of the recombinant ATA-10 was evaluated by the acetophenone assay. The 

substrate used for the assay contains 40 mM 1-phenylethylamine (1-PEA) pH 8, 40 mM 

pyruvate, 2 mM PLP, 150 mM Tris and 10% (v/v) glycerol. In the presence of transaminase, 

the 1-phenylethylamine acts as the amine donor and pyruvate as the amine acceptor catalysing 

the reaction shown in Figure 2. The formation of acetophenone over time can be monitored by 

measuring the absorbance at 250 nm. For the assay, in a UV-suitable cuvette 50 μL of the 

substrate is mixed with 10-100 μL sample and ultrapure (Milli-Q grade) water until final 

volume reaches 1 mL. After the components are well mixed by pipetting, the absorbance at 

245 nm is monitored over 5 min. The slope of the graph AU=f(t) equals the rate of activity. 

Using known samples of ACP a standard curve was created. In that way the rate is converted to 
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the rate of mM ACP produced/min. The specific activity is calculated by dividing the rate of 

mM ACP produced/min with the ug of total protein in the sample. 

 

 
Figure 2 Reaction mechanism of the acetophenone detection assay. 1-Phenylethylamine (1-PEA) acts as the 

amine donor and pyruvate as the amine acceptor. In the presence of a transaminase pyruvate gets aminated 

forming alanine and the acetophenone (ACP). The conversion of ACP is monitored by absorbance at 250 nm.  

 

2.3. Immobilization of ATA-10 

To be able to explore the applicability of the recombinant transaminase in reaction systems, an 

immobilization method based on nickel affinity was employed. Two different beads, IB-HIS-2 

and IB-HIS-22, that both have nickel attached by iminodiacetic acid (IDA) were supplied by 

ChiralVision. The specifications of the two carriers are presented in Table 1. 

 

Table 1 Immobilization carriers characteristics. 

Carrier Type Matrix 
Functional 

group 

Water content 

(%) 

Bead 

size (μm) 

Ni loading 

(dry) mol/g 

IB-HIS-2 hydrophilic 
Polyacrylic 

acid 

IDA-Ni, 

low butyl 
75 150-710 30 

IB-HIS-22 
Extremely 

hydrophilic 
Cellulose IDA-Ni 50 20-40 97 

 

For screening purposes, the immobilisation was carried out in micro-scale, for which 100 mg 

beads should be mixed with 400 μL of enzyme solution of 10-100 mg protein/mL under 

supplier’s guidelines. 50 mg beads were mixed with adequate volume of clarified lysate to 

ensure a ratio of ~ 20 ug enzyme/mg beads estimating target enzyme concentration in the 

soluble protein fraction by combining concentration and densitometry measurements. The tubes 

were shortly vortexed and then incubated at room temperature (RT) on a nutator plate for 2 

minutes. Following that the immobilization took place either at 4 oC or RT, statically or stirred 

on a nutator plate, for 3 or 40 h. 

 

After the immobilization, the immobilization mix was separated into beads and non-

immobilized fraction by 2 min spin-down centrifugation (Centrifuge 5424 R, Eppendorf). non-

immobilized fraction, the fraction containing the non-immobilized protein, was kept for 

analysis. Both total protein concentration and enzyme activity assays were performed using the 

non-immobilized fraction following the calculations explained in section 2.3.1. The collected 

beads were washed 5 times with 1 mL ultrapure Milli-Q water by centrifugation at max speed 

for 2 min. The supernatant was collected carefully by pipetting to avoid loss of beads.  
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2.3.1. Degree of ATA-10 binding calculations  

To determine the degree of ATA-10 binding the immobilization yield and activity yield after 

immobilization were calculated. Using the Bradford assay, the collected non-immobilized 

fraction was used to estimate the total protein concentration after immobilization ( 𝐶𝑡𝑜𝑡𝑎𝑙,𝑎𝑓𝑡𝑒𝑟).  

The total amount of protein bound on the carrier can be calculated by the differences in the total 

protein concentration before and after the immobilization: 

𝑃𝑏𝑜𝑢𝑛𝑑 = (𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑓𝑜𝑟𝑒 −  𝐶𝑡𝑜𝑡𝑎𝑙,𝑎𝑓𝑡𝑒𝑟) ∗  𝑉𝑙𝑦𝑠𝑎𝑡𝑒  

The initial free enzyme amount (𝐴𝑇𝐴10𝑓𝑟𝑒𝑒,   𝑖𝑛𝑖𝑡𝑖𝑎𝑙) is calculated by combining the Bradford 

method and densitometry (see sections 2.2.4 and 2.2.5). The lysates used contain recombinant 

ATA-10 and 50 mM imidazole, that both have affinity to the bound nickel on the beads’ surface. 

Although the imidazole binding on Ni2+ residues cannot be quantified, the concentration is quite 

low that allows proper interaction between the his-tag protein and the nickel on the 

chromatography resins. Thus, the imidazole binding is considered negligible, and it is assumed 

that all bound protein on the carrier corresponds to recombinant ATA-10, i.e.: 

𝑃𝑏𝑜𝑢𝑛𝑑 =  𝐴𝑇𝐴10𝑏𝑜𝑢𝑛𝑑  

 

Thus, the immobilization yield can be calculated as the ratio of the bound enzyme to the initial 

free enzyme amount, expressed as a percentage. 

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =  
 𝐴𝑇𝐴10𝑏𝑜𝑢𝑛𝑑 

𝐴𝑇𝐴10𝑓𝑟𝑒𝑒,   𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 100% 

 

In the same manner, the activity yield was also estimated. The specific activity of the enzyme 

before immobilization 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒  (𝑚𝑀 𝐴𝐶𝑃/ 𝑚𝑖𝑛 𝑢𝑔 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)⁄  is 

calculated as explained in section 2.2.6. Using the ACP assay the enzyme activity of the non-

immobilized fraction was estimated. The specific activity of the non-immobilized fraction 

(𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑛𝑜𝑛−𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑) was calculated using the measured 𝐶𝑡𝑜𝑡𝑎𝑙,𝑎𝑓𝑡𝑒𝑟. The 

specific activity of the bound protein (i.e. bound ATA-10) can be calculated as the difference 

between the specific activity of the free enzyme and the non-immobilized fraction: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑏𝑜𝑢𝑛𝑑 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒 −  𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑛𝑜𝑛−𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑   

 

Following the same assumption that all bound protein responds to the bound ATA-10, the 

activity yield can be calculated as the ratio of the specific activity of the bound enzyme to the 

specific activity of the initial free enzyme, expressed as a percentage. 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑏𝑜𝑢𝑛𝑑

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒
∗ 100% 

 

 



18 

 

2.3.2. Estimating immobilized ATA-10 activity in two-phase reaction system 

To test the activity of the immobilized ATA-10 a two-phase reaction system was used. This 

reaction includes the transamination of isopropylamine (Sigma Aldrich) to 1-methyl-3-

phenylpropylamine with benzyl acetone (TCI Chemicals) as the amine acceptor. The reaction 

is presented in Figure 3.  

 

The substrate buffer used for the reaction contains 500 mM IPA pH 8, 2 mM PLP, 150 mM Tris-

NaOH and 10% v/v glycerol. The washed beads were resuspended in 3 mL of the substrate 

buffer and transferred to 5 mL glass vials. Then, 50 μL of BA was added to start the reaction. 

The vials were continuously stirred at 700 rpm at 30 oC on a thermoshaker (Hettich). 100 μL 

samples were taken before (time 0 of reaction) and 1, 4, 19 and 91 h after the addition of BA 

transferred to HPLC vials containing 400 μL of HCl 0.1 mM to stop the reaction. The samples 

were stored at 4 oC until analysis with HPLC. 

 

 
Figure 3 Reaction mechanism of conversion of isopropylamine (IPA) to 1-methyl-3-phenylpropylamine 

(MPPA) with benzyl acetone (BA) as the amine donor in a two-phase system. 

The chromatographic detection of the MPPA formation was conducted using high-performance 

liquid chromatography (HPLC) as described by Börner et al., 2016. HPLC system details are 

presented in Table 2. All relevant reaction components were analysed (1 μL injection sample) 

by reverse phase chromatography using a Kinetex 2.6 μm EVO C18 100 Å column 

(Phenomenex). The reaction components were separated in isocratic mode with mobile phase 

containing 35% acetonitrile and 65% ultrapure Milli-Q H2O at pH 11.5 with a flowrate of 

0.45 mL/min. MPPA eluting at 1.7 min and BA eluting at 2.2 min were detected with UV/Vis 

detection at 260 nm at 30 oC. Quantification was made from a calibration curve with standard 

solutions of BA and MPPA described in Table 3. 

 

Table 2 HPLC equipment specifications. 

Equipment Model 

Autosampler Dionex UltiMate 3000 Autosampler 

UV/ Visible Detector Dionex UltiMate 3000 Diode Array 

Detector 

Column  Dionex UltiMate 3000 Column 

compartment 

Pump Dionex UltiMate 3000 RS Pump 
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Table 3 Standard solutions used for quantification through a calibration curve. 

Standards Concentration (mM) 

BA  0.25 0.50 1.00 2.00 4.00 8.00 9.00 10.00 

MPPA 0.39 0.78 1.56 3.12 6.12 12.5 25.00 50.00 
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3. Results and Discussion 

3.1. Initial test of recombinant protein expression without PLP 

To assess the baseline expression, the recombinant transaminase was produced without the 

addition of PLP cofactor, following the expression protocol described by Kollipara et al., 2022. 

The enzyme was successfully expressed in E. coli BL21(DE3) cells with a final OD600 ~ 3. 

Highlighted in the Figure 4A is the recombinant ATA-10 with theoretical MW 48.8 kDa. 

Although the ATA-10 is overexpressed in the host cells, it appears that only a small amount of 

it remained in the soluble protein fraction (approximately 20% of total fraction). Analysis of 

the band intensity of protein electrophoresis gel gave a yield of the target protein in the soluble 

protein fraction of 23.7%. Purification of the enzyme from the rest of the soluble proteins 

proved successful with a final concentration of the enzyme at 1,26 mg/mL. Following the 

analysis, the purified ATA-10 was stored at 4 oC where aggregation was observed after 3 days 

(Figure 4B). These initial results showed that ATA-10 can be successfully expressed in 

Escherichia coli following the current protocol, but the stability of the enzyme needs to be 

further improved. 

 

 
Figure 4 Screening test of baseline ATA-10 production in E. coli BL21(DE3) cells. A: SDS-PAGE of samples 

after extraction and purification. 1 lane: As a protein molecular mass standard the Precision Plus Protein (Biorad) 

was used, 2 lane: sample from total fraction after cell lysis. 3 lane: sample from soluble protein fraction collected 

and 4 lane: sample after purification of the sample. It can be seen here that the expression yield of the recombinant 

protein is quite high, with the soluble protein fraction representing about 20% of the total one. ATA-10 represents 

23.7% of the soluble protein fractions. A first round of purification was also successful yielding 1.26 mg/mL pure 

enzyme. B: Pure enzyme after 3 days storage at 4oC. Severe aggregation can be observed directly. 

 

3.2. Expression of ATA-10 at a variable concentration of pyridoxal-5′ -phosphate 

Based on the findings of Saxena et al., 2022, supplementation of PLP can aid the expression of 

recombinant PLP-dependent enzymes. For that reason, cultures of E. coli BL21 (DE3) 
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containing the ATA-10 construct with supplementation of PLP at two different time points were 

carried out. The cultures were carried out in duplicates (Figure 5). 

 

Only small changes in cell growth were observed when the growth media was supplemented 

with PLP concentrations of 0.01 to 1 mM (Figure 5). Until induction the OD of the cultures is 

quite similar, but differences only occur after the induction of protein expression. In both 

replicates, the final OD at time of harvest ranges between 4.0 and 5. An exception to this is the 

culture with 1 mM PLP supplemented at t(0) with a final OD of 3.5. This is likely to errors during 

inoculation that led to slower starting OD. However, in both replicates the supplementation of 

PLP at 1 mM at the start of the cultivation leads to slower growth until induction than the no 

PLP one. Combined with the fact that these cultures have the lowest OD at time of harvest, it 

could indicate that PLP at higher concentrations could have an inhibitory effect to the cell 

growth. On the other hand, cultures with 0.01 mM PLP independently to the time of addition 

demonstrate higher or similar cell growth during growth and induction phase than no PLP. 

These observations imply that PLP at low concentrations has no inhibitory or even stimulating 

effect on the cell growth, in contrast to 1 mM PLP.  

 

 
Figure 5 Growth curves of cultures with PLP supplementation until induction with 1 mM IPTG. A: Results from 

the first replicate. The OD600 of induction varies in this case from 0.6 to 1.1. However, the final OD600 nm is around 

3.5 to 5.7. Here it should be noted that the culture where 1 mM PLP was supplemented from the beginning has 

smaller growth than the control probably due to smaller inoculum. 0.01 mM PLP shows higher cell growth than 

the control independently of the time of addition. B: Results from the second replicate. An additional control 

without induction was carried out too. Here the growth until induction seems to be more in unison. Again, 1 mM 

PLP t(0) has slightly smaller growth than no PLP, while 0.01 and 0.1 mM PLP show a slightly higher growth. At 

harvesting the cultures can be distinguished in two different groups. The one with higher final OD600 of 5 that 

includes the 0 mM PLP and 0.01 mM PLP at either time of addition and 0.1 mM PLP at time of induction. The 

other group had a slightly lower growth (final OD 4.0-4.2) and contains both 1 mM cultures, the control and 

0.1 mM PLP added at the start of cultivation. In both cases 0.01 mM PLP results in higher growths while 1 mM 

PLP when added from the beginning seems to affect slightly the cell growth. 

 



22 

 

However, no such findings have been found so far. Still, the mechanism that PLP is transported 

intracellularly is unknown. Initially PLP was thought to be membrane-impermeable and only 

the uptake of non-phosphorylated forms of vitamin B6 was recorded (Dempsey and Pachler, 

1966). However, in their work Saxena et al., 2022 suggested that PLP is internalised, and this 

internalisation achieves the stabilization of the PLP-dependent enzyme. That is why the later 

supplementation point was examined, as it allows some time for the PLP to diffuse to the inside 

of the cells, while the incubator cools down. Although these observations, the differences 

between the conditions tested are quite small and more replicates are needed to draw 

conclusions.  

 

 
Figure 6 SDS-PAGE of samples after extraction. For each culture, a sample of total fraction (TF, left) and soluble 

protein fraction (SF, right) is run. Only the second replicate is presented here. Same sample volumes have been 

loaded. The expression of recombinant protein is pronounced across all conditions. Yet, in all cases the soluble 

ATA-10 roughly represents about 20% of the total fraction. Interestingly, in the control samples a band of 50 kDa 

can be observed. 

The solubility of the recombinant ATA-10 was assessed with densitometry (Figure 6). The data 

show no difference in the target protein yield in the soluble protein fraction for all the different 

PLP supplementation conditions. In all cases, the soluble ATA-10 represents approximately 

60% of the soluble protein fraction and 20% of the total protein fraction. This is further observed 

by the total protein concentration and enzyme concentration of the different conditions 

presented in Figure 7A. The total protein concentration of the soluble protein fraction is rather 

randomised under different PLP concentrations. However, the supplementation time of PLP 

affects the target protein yield in the soluble protein fraction. In both replicates, soluble protein 

fractions where PLP was added from the beginning of the culture result in lower overall total 

soluble concentration than cultures with PLP added before induction. These findings support 

our hypothesis that supplementation of PLP during growth has a beneficial role in protein 

solubility. However, they are not consistent with the findings of Saxena et al., 2022. In this 

study, PLP supplementation of 0.01-0.1 mM led to a 4.2-18% increase in target protein yield in 

the soluble protein fractions, respectively. Also, statistically non-significant differences were 
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observed in the cases where the induction was carried out at 16 oC overnight, an induction that 

is more similar to the one carried out in this report. The specific productivity for the tested 

conditions was also calculated (Figure 14, Appendix). The values varied between 0.7-2.0 mg 

ATA-10/g cells/L/h and followed the same trend as the total soluble protein concentration. 

 

 
Figure 7 Protein and activity analysis of the soluble protein fractions (SF). Top: Total protein and ATA-10 

concentrations in the soluble protein fractions. The results represent the average of two replicates. The total protein 

concentration seems to be stochastic, rather than affected by the PLP concentrations. PLP seems to affect though 

the total solubility yields negatively when added from the beginning of cultivation. However, the ATA-10 

concentrations remain stable across all conditions in respect to the total protein concentrations of the SF. Bottom: 

Specific activity (blue) and total activity (orange) yield measured in the soluble protein fractions. The results 

represent the average of two replicates. Here, the activity is increasing linearly with regards to the PLP 

concentration. PLP added from the beginning of the cultivation leads to higher specific activity although lower 

protein concentration, implying assistance in enzyme folding. Total activity is comparable for samples with 1 mM 

PLP at both times of addition and 0.1 mM PLP supplemented at t(i).   

The activity of the recombinant ATA-10 in the soluble protein fraction was also assessed, and 

the results are presented in Figure 7B. It is evident that the addition of PLP leads to increased 

specific activity. Particularly, by increasing the PLP concentration in the growth medium the 

specific activity increases linearly. It should be noted that for both replicates, the soluble protein 

fractions where PLP was supplemented at the beginning of the cultivation, yield higher activity. 

ATA-10 in soluble protein fraction with 0.1 mM PLP t(0) and 1 mM PLP t(0) result in 3-fold and 

4-fold increase in activity, respectively. This is an interesting observation given that the target 

protein yield in the soluble protein fractions with PLP supplemented at t(0) is overall lower than 

the soluble protein fractions without PLP. More specifically, the trend of increased activity is 

opposite to the trend of decreasing protein concentration in these soluble protein fractions (t(0) 

set). That can be attributed to a better folding of the enzyme when PLP is added from the 

beginning of the cultivation. PLP has been previously reported to facilitate the protein folding 
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of PLP-dependent enzymes, however the mechanism largely varies (Livanova et al., 2002, Cai 

et al., 1995). Interestingly, the total activity of the soluble protein fractions containing 1 mM 

PLP at both t(0) and t(i) and 0.1 mM PLP at t(i) is comparable. Yet, 1 mM PLP t(0) has the highest 

total activity as well.  

 

Surprisingly, an intense band corresponding to the target ATA-10 band was also observed in the 

case of no induction. For that soluble protein fraction the total protein concentration is on the 

lower range of what was recorded, and the calculated ATA-10 concentration results from the 

densitometry performed based on that band (Figure 7A). The specific activity of that sample was 

also at low levels, comparable to samples with induced expression (Figure 7B). To investigate if 

this protein is the recombinant ATA-10 the sample was purified and the activity of the eluate 

was measured (Figure 15, Appendix). The eluate has a faint band to where the ATA-10 is 

expected, but the intensity of this band is approximately the same as a band of similar MW in 

the flowthrough. The specific activity of the eluate shows very low activity, which, however, is 

20 times higher than the native E. coli activity on the same culturing conditions (Specific 

activity measured on soluble protein fractions of E. coli (pET22b) = 0.00009 mM ACP/min /ug 

total protein). Combining the results from electrophoresis and activity test, we preliminary 

conclude that this protein is a native E.coli protein of 50 kDa that shows affinity towards the 

resin. Further investigation should be made to clarify if there is leaking expression or a native 

protein. MS-protein fingerprinting is a valuable tool that could allow such analysis. 

 

3.2.1.  Purification of ATA-10 from soluble protein fraction 

Several samples of recombinant ATA-10 were purified with nickel-affinity chromatography to 

examine the stability of the pure enzyme. The complete chromatogram from the purification of 

one soluble protein fraction containing 1 mM PLP at t(0) is presented in Figure 8A and the 

samples from that purification process were electrophoresed as shown in Figure 8B. 

Recombinant enzyme demonstrated comparatively high affinity to chromatography resin even 

with single-step affinity chromatography. However, one main limitation observed during the 

purification of soluble protein fractions containing PLP was the interference of PLP with the 

protein UV absorbance. During affinity chromatography the binding and elution phase are 

indicated through rise in the UV absorbance values. As PLP naturally absorbs in the UV 

spectrum, the protein detection is masked.  

 

In the example of soluble protein fraction with 1 mM PLP t(0), the two elution fractions 

accounted for 0,577 mg/mL and 1,389 mg/mL, respectively. The second eluate showed 

aggregation even after one day of storage at 4 oC. To concentrate the pure enzyme solution, the 

two samples were first filtered and then combined, with a final concentration of 0,77 mg/mL. 

Due to technical factors concerning the concentration process, the concentration was performed 

twice with final concentration of pure enzyme 0,41 mg/mL with a specific activity of 0,009 mM 

ACP/min/µg total protein. This activity is only 18,1% of the activity measured for the respective 
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soluble protein fraction. It is likely that the aggregation tempered with the activity of the 

enzyme. 

 
Figure 8 Purification of recombinant ATA-10 from soluble protein fraction. In this case soluble protein fraction 

containing 1 mM PLP t0 is presented as an example. A: Purification chromatogram. The 1 mM PLP affects the 

UV absorbance, leading to lower values than expected. B: Electrophoresis of samples before and after purification. 

On the left the total and soluble protein fraction are presented. The purification procedure yields fairly pure enzyme 

even after one step of purification. The concentrated sample of pure ATA-10 after filtration of the aggregated 

solution is run on the right side, with a final concentration of 0,41 mg/mL.   

 

3.2.2 Testing limits of PLP supplementation 

To test the threshold of PLP supplementation at which a negative effect on transaminase might 

occur, cultures supplemented with 10 mM PLP at the beginning were carried out as described 

in section 2.2. It was assumed that if the PLP bears any toxicity on the cell growth that would 

be more pronounced in the case of longer presence of it in the cell growth environment. Figure 

9A shows the growth curves of the cultures without and with 10 mM PLP. Both duplicates had 

similar growth to the control culture until induction, whereas after that the cell growth was 

almost half of the 0 mM PLP. The results suggest that PLP do not bear any burden on cell 

growth during growth, but only during induction. The slower growth during induction was also 

observed for cultures with 1 mM PLP supplemented at t(0). The total soluble protein 

concentration was similar between the two PLP conditions (Figure 9B). The soluble ATA-10 

concentration was slightly lower in the case of 10 mM PLP, while the specific activity increased 

5-fold. This small difference in ATA-10 concentration in the soluble protein fraction could be 

attributed to limits of protein quantification applying densitometry. This high PLP concentration 

interferes with the dye resulting in very thick bands, that could lead to inaccurate results (Figure 

17, Appendix). 

 

Compared to the rest of the soluble protein fractions where the PLP was supplemented at the 

beginning of cultivation, although the soluble protein concentration was higher in the presence 
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of 10 mM PLP, the activity was not much improved. Indeed, the specific activity of the 10 mM 

PLP soluble protein fraction was almost half of the 1 mM PLP soluble protein fraction and 

slightly less than the 0.1 mM PLP soluble protein fraction (Figure 7B). ATA-10 was also purified 

from soluble protein fractions of 10 mM PLP. However, that high PLP concentration prevailed 

over the UV absorbance of proteins, making the process very complicated (Figure 16, Appendix). 

The pure enzyme was of low concentration (0.28 mg/mL and 0.19 mg/mL after filtration, Figure 

17, Appendix), and it demonstrated aggregation after 1 day storage at 4 oC as well. 

 
Figure 9 Growth and soluble protein fraction analysis with 10 mM PLP supplemented from the beginning of 

the culture. A: The growth curves of cultures with 10 mM PLP with 1 mM (performed in duplicates) and a control 

a culture with 0 mM PLP and 1 mM IPTG is used here from the same inoculum. The cell growth in the presence 

of 10 mM PLP is almost 2-fold lower than without PLP during induction phase but is the same during growth 

phase. B: Total protein concentration, ATA-10 concentration and activity measured in the collected soluble protein 

fractions. The solubility yield seems to not be influenced by the addition of 10 mM PLP, but the activity 5-fold 

increased. 

Overall, the results imply the active help of PLP in the ATA-10 folding process rather than the 

native state stabilization. This is highlighted by differences in activity with varying PLP 

concentrations and supplementation points, whereas the yield of the target protein remains 

around 60% in the soluble protein fraction. Yet, aggregation at concentrations above 1.5 mg/mL 

were observed across all PLP concentrations. Other techniques of improving solubility should 

be examined. In their work, Kollipara et al., 2022 mention the coexpression of chaperones to 

optimize the expression of the studied transaminases. Although, these results are not published, 

it is a strategy commonly employed to improve the solubility yield of heterologous proteins 

(Gopal and Kumar, 2013). Compiling all observations together, cultivating the recombinant 

ATA-10 in the presence of 1 mM PLP from the beginning of the culture yielded the best results. 

The specific productivity of cultivation at 1 mM PLP t(0) was 0.67 mg ATA-10/g cells/h, which 
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is approximately half of the cultivation without PLP. The highest productivity values were 

reported for cultures without PLP and with 0.01 and 1 mM PLP supplemented before induction. 

The trend of the specific productivity follows the same trend as the total soluble protein 

concentration, which highlights the importance of improving the yield. For downstream 

applications and upscale of the process, different practices could be tested to increase the yield 

and productivity of the recombinant ATA-10. To that direction, high cell density cultivation, 

reducing the concentration of IPTG and rich media can be tested. Reducing the inducer 

concentration can facilitate decrease in the protein synthesis rate and a reduction in the number 

of inclusion bodies (Larentis et al., 2014). Additionally, given that the mechanism of PLP uptake 

is unknown the supplementation of the non-phosphorylated form, pyridoxine, can be examine 

as an alternative of cofactor supplementation. For the PLP-dependent glutamate decarboxylase 

pyridoxine supplementation allowed improvements in stability, yield of active protein and 

specific enzyme activity (Huang, Su and Wu, 2016). 

 

Previous reports on amine transaminase showed that external supply of PLP can have a positive 

impact on the transaminase catalysing reactions. Kaulmann et al., 2007 reported addition of 

0.25 mM PLP led to 2-fold increase in product formation ω-TA from C. violaceum and highest 

conversion efficiency with the commercial V. fluvialis ω-TA. On the other hand, the tetrameric 

Pseudomonas sp. ATA showed increased stability when PLP was externally supplemented up 

to 10 mM, but the transamination activity was reduced (Börner et al., 2017). One could argue 

that the reported increase in activity of recombinant ATA-10 could be a result of increased 

concentration of PLP in the soluble protein fraction, rather than a direct effect on the folding of 

the enzyme in the host cell. The substrate of the enzyme activity assay contains 2 mM PLP, thus 

the effect of 10-100 μL of 0.01 to 1.0 mM PLP containing samples in 1 mL reaction volume 

should be negligible. However, this concept could explain the lower activity recorded for 10 

mM PLP containing soluble protein fractions (Figure 9B). It would be interesting to explore the 

effect of PLP on activity, by having soluble protein fractions of varying PLP supplementation 

lysed in buffers both containing PLP and without PLP. In that direction, an assay that could 

monitor the PLP diffusion inside the cells would help elucidate the degree of PLP presence 

during ATA-10 expression. 

 

3.3. Immobilization – Stability of enzyme 

3.3.1. Initial screening of beads 

The stability of the enzyme has proven to be quite challenging so far. A way to try to tackle that 

problem was decided to be through immobilization on carrier support. For that reason, two 

different beads were investigated: beads of polyacrylic acid and beads of cellulose. Initially, a 

screening to examine the degree of binding and activity of the immobilized enzyme on the 

different beads was carried out. Using the soluble protein fraction collected where PLP was 

added at the start of cultivation, the samples were mixed with beads with a loading of 19 μg of 

ATA-10/mg beads for soluble protein fraction with 0.01 mM PLP, 21.9 μg of ATA-10/mg beads 

for SF with 0.1 mM PLP and 35.7 μg of ATA-10/mg beads for SF with 1 mM PLP. Two different 



28 

 

conditions of immobilization were first tested. One immobilization, following the guidelines of 

the supplier, was carried out statically at 4 oC for 3 h. The second immobilization was aimed to 

provide better mixing and was carried out on a nutator plate at RT for 40 h. The results are 

presented in Figure 10 and Figure 11, respectively. 

 

As can be seen in Figure 10A, the shorter immobilization had overall a small protein 

immobilization yield. The polyacrylic beads resulted in a 2-fold higher degree of 

immobilization compared to the cellulose beads. Since the activity of the non-immobilized 

fraction after the immobilization for this screening test is not available, the activity of the 

immobilized enzyme can only be assessed through the two-phase reactions where MPPA was 

measured (Figure 10B). The activity of the immobilized ATA-10 follows the same trend as the 

free enzyme, that is having increased activity with increasing concentrations of PLP. Moreover, 

the immobilized ATA-10 on polyacrylic beads leads to a higher specific activity compared to 

the ATA-10 immobilized on the cellulose beads. This difference was more pronounced for the 

1 mM PLP sample.   

 

 
Figure 10 Screening immobilization for 3 hours at 4 oC. A: Immobilization yield calculated for cellulose (C-

beads; orange) and polyacrylic acid (P-beads; blue) beads. Overall, the yield is low, but the polyacrylic acid beads 

show a higher degree of protein binding, almost 2-fold higher than cellulose beads. B: Activity of immobilized 

ATA-10 on cellulose and polyacrylic acid beads. Since the specific activity of the non-immobilized fraction is not 

available and the activation yield cannot be calculated, the specific activity of the respective free enzyme is also 

apposed (light blue). The increasing activity with increasing PLP concentration is also observed here, with the 

immobilized ATA-10 on polyacrylic acid beads yielding higher activity.  

 

Similar results were obtained for the screening test of longer incubation at room temperature 

on a nutator plate. The 40-h immobilization led to higher immobilization yield compared to 3 

h immobilization, with the cellulose beads having a smaller immobilization yield compared to 

the polyacrylic ones (Figure 11A). However, the obtained immobilisation yields exhibit some 

anomalous values, including negative yields and yields exceeding 100%. Firstly, the 

immobilization yield of SF 1 mM PLP on cellulose beads has a negative value of -6.07%. A 

reasoning that could explain this negative value is that there could have been some aggregation 

in the SF 1 mM PLP before the immobilization and the prolonged mixing helped break down 

these aggregates. In that way, the total protein concentration could have been higher as more 

protein molecules are available for the Commassie Brilliant Blue G-250 to bind to. This can be 

further supported by the activity of the bound ATA-10 from that sample shares the same activity 
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with the rest of the bound enzyme on cellulose beads (Figure 11C) and the activity yield is also 

close to 100% (Figure 11B). The reason why this was not observed at the first screening test 

(Figure 10) can be credited to the longer immobilization time or the better mixing that allows 

more interactions between proteins without HIS-tag and carriers. 

 

Moreover, the immobilization yield of the polyacrylic acid beads, although much higher than 

the cellulose ones, exceeded 100% (Figure 11A). That would mean that the bound protein on the 

carrier was higher than the available free transaminase. Again, that could be a result of 

entrapment of protein aggregates that were broken down due to the prolonged incubation on 

nutator plate. Interestingly, considerable amount of bound protein (1710,2 μg) on the 

polyacrylic acid beads was also observed for the control soluble protein fraction. The control 

soluble protein fraction has no transaminase expression, which has been previously validated 

by both activity assay and imaging with SDS-PAGE. To add to that, the activity of the 

immobilized protein for the control sample is marginal, 50 to 100 times lower than the rest of 

the immobilized ATA-10 on polyacrylic acid beads (Figure 11C). These observations suggest 

that the bound proteins aren’t the target enzyme, and probably stems from a non-specific 

binding or hydrophilic interactions between hydrophilic beads and proteins in the lysate. The 

soluble protein fractions contain a wide variety of intracellular soluble proteins and 50 mM 

imidazole that could potentially interact and bind to the polyacrylic acid beads. Given the 

diversity of the solution it cannot be specified what binds to them. Based on Table 1, the 

polyacrylic acid beads have lower Ni loading than the cellulose beads, which one would expect 

to result in more competitive binding. Also, the high activity yield obtained for the control 

soluble protein fraction on cellulose beads should not be considered, as the activity of both the 

soluble protein fraction and the non-immobilized fraction are almost null. 

 

By subtracting the bound protein value of the control from the rest of the samples, the 

immobilization yield for the polyacrylic acid beads is normalized, which further supports the 

idea of non-specific binding (Figure 11A). Even in that case, the immobilization yield of the 

polyacrylic acid beads is higher than the cellulose beads, with an exception for the soluble 

protein fraction with 0.01 mM PLP. This subtraction also entails assumptions; thus, it cannot 

be trusted either. For instance, the samples with expressed ATA-10 have more competition for 

correct binding to the carrier than the control sample. Thus, it cannot be certain if the degree of 

non-specific binding is the same across all samples and if the above subtraction leads to accurate 

values. The general trend suggests that polyacrylic acid beads result in higher immobilization 

yield than the cellulose ones. 

 

For the polyacrylic acid beads the longer immobilization also resulted in halved activity of the 

immobilized protein (Figure 11C). Although the immobilization yield after 40 h was much 

higher than after 3, the activity of the immobilized enzyme seemed to decrease. The nonspecific 

binding could potentially temper with the activity of the bound enzyme, as less active sites are 

available per bead or interactions between the bound proteins occurred. Furthermore, the 

prolonged immobilization in room temperature could also have played a role in the activity of 
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the bound enzyme. The activity yield, however, shows that the bound enzyme kept its activity, 

apart from the 0.01 mM PLP SF. Comparing the activity yields between the two beads the 

differences here are not that pronounced. The overall trend of higher activity with higher PLP 

concentrations remains. Yet, this trend does not match the activity of the bound ATA-10. Here, 

the bound ATA-10 on cellulose beads is similar across all PLP concentrations, independently of 

the differences on the immobilization and activity yields. 

 

 
Figure 11 Screening immobilization for 40 h at room temperature on a nutator plate. A: Immobilization yield of 

cellulose (C-beads; orange) and polyacrylic acid (P-beads; blue) beads. Given the yield for P-beads was above 

100%, a normalization of the immobilization yield of the P-beads was attempted by subtracting the amount of 

bound protein recorded for the control sample (purple). B: Activity yield of C-beads and P-beads. The activity 

yield was lower for the 0.01 mM PLP sample and higher for the 1 mM PLP sample. C: Specific activity of 

immobilized ATA-10. The immobilized enzyme on P-beads have higher activity than the C-beads. However, the 

0.1- and 1-mM samples showed reduced activity compared to the shorter immobilization. 

 

Lastly, the immobilized ATA-10 with 1 mM PLP on polyacrylic beads (3P in Figure 11) was 

examined for its storage stability after 4-week at 4 oC. The immobilized ATA-10 retained only 

1.64% of its activity (Figure 18). However, the immobilized enzyme was stored in the reaction 

medium of the two-phase reaction system (2.3.2). This storage condition was not ideal. Product 

or substrate inhibition maybe have resulted in loss of activity. Immobilized enzymes should be 

separated from the reaction medium and stored in an appropriate buffer.  
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3.3.2. Testing different immobilization conditions 

To investigate whether the temperature and the mixing impacts the activity of the immobilized 

ATA-10, two different conditions of temperature and mixing were tested. Polyacrylic acid beads 

showed overall better results in previous experiments, thus they were chosen for this 

experiment. 40 h long immobilization was carried out i) statically at 4 oC, ii) rotating at RT and 

iii) rotating at 4 oC. The samples were mixed with beads with a loading ranging between 12,3 

and 32,0 μg of ATA-10/mg beads (Table 4). 

 

Table 4 Loading of enzyme on polyacrylic beads for the different samples used. 

Soluble protein 

fraction samples 

0.01 mM 

PLP t_i 

0.1 mM 

PLP t_i 

1 mM 

PLP t_i 

0.01 mM 

PLP t_0 

0.1 mM 

PLP t_0 

0 mM 

PLP 

Loading (ug ATA-

10/mg beads) 

32.0 12.6 12.3 24.6 12.3 24.9 

 

This immobilization resulted again in immobilization yields above 100% (Figure 12A). The 

yield between the soluble protein fractions is only slightly different. In agreement with the 

results of 3.3.1, it appears that even prolonged static immobilization leads to lower 

immobilization yield, whereas immobilization carried out in room temperature on a nutator 

plate results in the highest observed yields. This further strengthen the theory that mixing 

ensures better interactions between the beads and the proteins and potentially low temperatures 

(4 oC) confine the non-specific interactions to a small degree. Moreover, the activity yield of 

the different conditions is poorly assessed in this case (Figure 12B). That is because the soluble 

protein fractions had aggregated by the time that the specific activity was measured, therefore 

the recorded values are expected to be lower than the initial. Negative activity yield would 

imply that the calculated activity bound to the carrier is greater than the initial total enzyme 

activity measured before immobilization. That could be true in the case of aggregates in the 

soluble protein fraction used that broke down during the long immobilization, given that 

aggregated enzyme has lower activity than the free tetramer. Despite that, what can be observed 

is that in most cases the activity of the non-immobilized fraction of immobilizations performed 

at 4 oC give lower values, indicating that the lower temperature prevents loss of activity in such 

long incubation times. 

 

A more accurate comparison of the effect of the different immobilization conditions could be 

made by the specific activity of the bound ATA-10 on polyacrylic carriers (Figure 12C). In most 

cases, except for 0.01 mM PLP t(i), stirred immobilization leads to even higher values compared 

to RT. Moreover, in samples with lower loading immobilization at 4 oC with stirring yields 

elevated activity. Notably, 0.1 mM PLP t(i) demonstrates a 2-fold increase in activity when 

immobilized at 4 oC with stirring. All samples but one (0.01 mM PLP t(i)) have a slightly smaller 

activity after static immobilization. These results could highlight a trend of better activity after 

immobilization at 4 oC with stirring, however more replicates need to draw conclusions.  
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The lower activity observed in 3.3.1 for 40 h immobilization at RT (Figure 11C) was initially 

thought to be an affected by the immobilization temperature. Immobilization with stirring at 

4 oC for 40 h (Figure 12C) do not show major increase on the activity of the bound ATA-10. In 

addition, the activity after static immobilisation after 40 h being half than the ones after 3 h.   

These results imply that eventually the temperature was not the main factor that decreased the 

activity, but the immobilization time. It should be noted that the activity of the bound enzyme 

from different samples is heavily influenced by the loading. Samples 0.01 mM PLP t_i, 0.01 

mM PLP t_0 and 0 mM PLP that had higher loading (Table 4) lead to higher overall specific 

activities. 

 

 
Figure 12 Immobilization on polyacrylic acid beads under different temperature and mixing conditions. 

Immobilization carried out statically at 4 oC; blue, on a nutator plate at RT; orange and on a nutator plate at 4 
oC; purple. A: Immobilization yield. The yield exceeded 100%. The statical immobilization and the immobilization 

at room temperature recorded the lowest and the highest values, respectively, across all samples. B: Activity yield 

of immobilization. Negative values and fluctuations are observed, most likely due to the soluble protein fractions 

having aggregated by the time their specific activity was assessed.  C: Specific activity of immobilized ATA-10 on 

polyacrylic acid beads under different immobilization conditions.  
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Immobilization is a common strategy to improve the stability of transaminases. The obtained 

results show that immobilization on the polyacrylic carriers is successful with high yields. 

However, more batches need to be carried out to achieve optimization. Temperature, protein 

loading, immobilization time all play a role in improving the immobilization of ATA-10. 

Simultaneously, immobilization can serve purification purposes. Lastly, different carriers could 

be explored for the immobilization of ATA-10. Site-specific immobilization enables targeted 

immobilization and can avoid detrimental binding. Thus, utilizing the HIS-tag of the ATA-10 

on other carriers could lead to advantageous results. Recently, a recombinant of CvTA was 

simultaneously isolated and immobilized by binding on silica nanoparticles (SNPs) with Ni 

affinity linkers where a two-fold decrease in enzymatic activity was observed when the 

immobilization was done with the purified CvTA instead of the crude cell extract (Gábor 

Koplányi et al., 2023).    

 

4. Conclusions 

In this report, the ATA-10 from Burkholderia multivorans CGD1 (B9AZ94) was successfully 

cloned and expressed in E.coli under varying PLP concentrations. Immobilization was 

employed to stabilize the transaminase for downstream production processes.  

1. PLP concentrations varying from 0.01 to 1 mM PLP do not show burden towards cell 

growth independently of the time of addition to the growth medium. Small differences 

are only observed in the growth for samples where PLP was supplemented from the start 

(t(0)). Cultures with 0.01 mM PLP demonstrated cell growth higher than without PLP 

and 1 mM PLP slowed down the growth. On the other hand, cultures with 10 mM PLP 

supplemented at t(0) had similar to the control growth, but after induction the final OD 

was halved. This could potentially highlight a burden on the cell growth at elevated PLP 

concentrations that is more pronounced at non-ideal growth conditions (induction 

performed at 20 oC).  

 

2. The yield of the target protein in the soluble protein fraction remained the same across 

all different PLP conditions, accounting for 60% of the soluble protein fraction. On the 

other hand, the total protein was decreased for samples supplemented with PLP at the 

beginning of the cultivation. A positive impact of PLP was observed for the specific 

activity measured on the soluble protein fractions. Increasing PLP concentrations led to 

respective increase of specific activity, in both supplementation times. In addition, 

soluble protein fractions that had PLP added at t(0) had overall higher activity than the 

t(i) soluble protein fractions. Specifically, 0.1 and 1 mM PLP t(0) demonstrated 3-fold 

and 4-fold increase in activity, respectively. The conclusion was made of a possibility 

that PLP, when supplemented from the beginning of the culture, has a greater effect on 

the stability of the ATA-10 possibly aiding in proper protein folding. In this context, 1 

mM PLP added from the start of the culture is found to be the best condition for 

heterologous expression of ATA-10 in E.coli BL21 (DE3).  
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3. The stability of the enzyme in soluble protein fraction and after purification proved to 

be quite challenging. It was observed that the enzyme tends to aggregate in 

concentration above approximately 1–1.5 mg/mL. Purification of the recombinant ATA-

10 on nickel-affinity chromatography was successful even after one step of purification. 

However, the purification process was largely limited by the PLP presence in the 

samples. PLP absorbs in the UV spectrum thus impacting the UV signal during the 

process. The higher the PLP concentration, the weaker the sensitivity of the UV detector 

for fluctuations in protein concentrations.  

  

4. Immobilization of ATA-10 on hydrophilic carriers utilizing the HIS-tag affinity towards 

Ni+ was successfully realised. Immobilization on polyacrylic acid beads proved to result 

in higher immobilization yields and higher activity of the immobilized ATA-10. 

However, the polyacrylic acid beads showed non-specific interactions with contents in 

the soluble protein fraction when the immobilization was carried out for 40 h leading to 

abnormal yields. These interactions were slightly confined when the immobilization 

was carried out at 4 oC. The prolonged immobilization showed halved activity values 

compared to the 3h immobilization. Whether the prolonged immobilization promotes 

non-specific interaction remains to be elucidated. The above results indicate that 

immobilization at low temperature for more than 3 h could provide better 

immobilization results.  
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6. Appendix 

 

 
Figure 13 PLP absorbance wavelength. 1 mM PLP absorbs in the UV spectra which complicated protein 

concentration measurements and the IMAC procedure. 

 

 

 
Figure 14 Specific productivity measured for culture with PLP supplementation. Specific productivity was 

calculated as the g of ATA-10 produced per g of cells per the hours of the induction phase. The trend of the 

productivity follows the same trend as the total protein concentration, highlighting the importance of optimizing 

the yield of the recombinant ATA-10 in the soluble protein fraction. The biomass was calculated on the assumption 

that 1 OD600 unit equals to 0.5 g cell dry weight/L.  
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Figure 15 Investigating the expression of recombinant ATA-10 in samples without induction. A: Purification of 

the control sample (no IPTG) with IMAC. The UV signal was significantly low during elution, perhaps hinting at 

low protein concentration. B: Electrophoresis of purification samples. Flowthrough samples have a faint band of 

MW similar to the ATA-10, which could be a native E.coli protein. However, the eluates have a faint band of the 

same MW as the ATA-10. The eluate sample had a concentration of 0.177 mg/mL and specific activity of 0.002 

mM ACP/min/ug total protein. This activity is 20 times higher than the native activity of E.coli (Specific activity 

of the transformation positive control E.coli (pET22b) =0.00009 mM ACP/min/ug total protein under same culture 

conditions).   

 

 
Figure 16 Ni- affinity purification of ATA-10 from 10 mM PLP soluble protein fraction. The UV signal remains 

high throughout the process and the elution is characterized only by a small dip in the UV lasting a mere minute.  



42 

 

 
Figure 17 Electrophoresis of ATA-10 with 10 mM PLP before and after purification. In the total and soluble 

protein fraction the band intensity is interfered by the high PLP concentration, rendering the densitometry difficult. 

The elution fractions of the target ATA-10 in 10 mM PLP elution buffer showed aggregation after 1 day storage at 

4 oC, with concentrations of 0.28 mg/mL and 0.19 mg/mL after filtration. 

 

 
Figure 18 Storage stability of immobilized ATA-10. The immobilized ATA-10 that showed the highest activity was 

tested again after 4-weeks storage at 4 oC. The residual activity is only 1.64%. However, the immobilized enzyme 

was stored in the reaction medium, that could have impaired the activity of the enzyme based on substrate/product 

inhibition.  


