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ABSTRACT 
 

 

 

 This project aimed to establish an automated high-throughput technique that allows 

quick and thorough characterizations of the effects on the activity of immobilized 6xHis-tag 

enzymes using magnetic beads as a support in different reaction conditions. The enzyme 

used here was his-tagged E. coli transketolase (pQR412) and the immobilization support 

chosen were Ni-NTA magnetic agarose beads. 

 Initially the biocatalyst chosen was characterized regarding the effect of the cofactor 

incubation period and the effect of two different buffers. Its stability at room temperature was 

also tested with good results. The production of the biocatalyst results are also presented and 

discussed. 

 Afterwards the adopted immobilization technique was tested and characterized 

regarding the amount of TK immobilized after incubation with the beads as well the 

biocatalyst distribution during the various immobilization steps. 

 Subsequently, the immobilization technique was used in manually conducted 

experiments aimed at determining the most appropriate buffer and the optimal biocatalyst 

amount, as well as their effects. Tris-HCl proved to be the optimal buffer tested while a 1:5 

(v/v) ratio of Bead/TK solutions was considered enough. 

 Lastly, a very similar technique was implemented and optimized in an automated 

robotic platform. After succeeding obtaining activity in automated runs, a few experiments 

were attempted to compare automatically and manually immobilized TK activity. A 

considerable difference between both results was verified and thoroughly discussed. A 

competitive/inhibitory effect of Imidazole was the most coherent hypothesis raised to explain 

these discrepancies. 

 

 

 

Keywords: Automation, immobilized enzymes, transketolase, high-throughput, his-tag. 
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RESUMO 
 

 

 

 Este projecto pretendia estabelecer uma técnica automatizada de alto débito que 

permita caracterizar de forma célere e exaustiva o efeito na actividade de enzimas 

imobilizados em partículas magnéticas através da cauda de histidinas quando sujeitas a 

diversas condições reaccionais. O enzima utilizado foi uma transcetolase (TK) (pQR412) e o 

suporte de imobilização escolhido foram partículas magnéticas de agarose derivadas com 

grupos Ni-NTA. 

 Inicialmente o biocatalisador escolhido foi caracterizado no que toca ao efeito do 

tempo de incubação dos cofactores e da escolha de dois tampões diferentes. A sua 

estabilidade à temperatura ambiente foi também testada com resultados positivos. Os 

resultados da produção do biocatalisador são apresentados e discutidos. 

 Posteriormente a técnica de imobilização adoptada foi testada e caracterizada 

relativamente à quantidade de TK imobilizado nas partículas magnéticas após incubação, 

bem como a distribuição do biocatalisador pelos vários passos da técnica. 

 Seguidamente, a técnica de imobilização foi utilizada manualmente com o objectivo 

de encontrar o tampão mais adequado e a quantidade óptima de biocatalisador, bem como 

os efeitos destas variáveis. O melhor tampão testado foi de Tris-HCl e a razão solução 

biocatalisador/partículas 1:5 (v/v) foi considerada suficiente. 

 Por fim, a técnica de imobilização foi implementada e optimizada numa plataforma 

robótica automatizada. Depois de conseguir actividade em ensaios automatizados, 

efectuaram-se comparações entre a actividade de TK imobilizada automaticamente e 

manualmente. Uma diferença considerável entre os dois conjuntos de resultados foi 

verificada e extensamente discutida. A hipótese mais coerente levantada foi a existência de 

efeitos competitivos/inibitórios por parte do Imidazole presente. 

 

 

 

Palavras-chave: Automação, enzimas imobilizados, transcetolase, alto débito, cauda de 

histidinas. 
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INTRODUCTION 
 

 

 

 The interest in the application of biocatalysts to industrial organic chemical synthesis 

derives from their high selectivity and mild reaction conditions. The high selectivity is 

especially important when the key objective of the synthetic route is the production of optically 

pure fine chemicals and pharmaceuticals (Schmid, A. et al., 2001). Due to the high stereo- 

and regio-selectivity of most enzyme biocatalysts, they represent an excellent choice, 

especially when one also considers their high atom selectivity, which avoids inefficient steps 

of protection/deprotection (Lye, G., 2003). 

 The development of drugs with the incorporation of biocatalytic steps in its production 

now ranges from HIV and cancer fighting drugs, to diabetes and numerous bacterial and viral 

infections (McCoy, M., 1999). Furthermore, Liese A. et al. (2000) estimated that the number 

of industrial processes using, or that have used, bioconversion was in excess of 150, with 

product quantities of kilograms. This number is now likely to be considerably larger given the 

recent switch to single isomer drugs. 

 The metabolic pathways in a cell consist of multistep enzyme catalysed reactions, 

which are under strong regulation by complex regulatory networks. Nevertheless, the 

application of genetic engineering techniques has allowed manipulation of interesting 

pathways to enable or improve the production of key metabolites. Furthermore, the already 

routine techniques to overexpress a protein to enhance activity levels have brought the cost 

of biocatalysts down. These are now at a level comparable, and in some cases lower, than 

the cost of comparable chiral chemical catalysts counterparts (Rozzell, J.D., 1999). Therefore 

it is strongly foreseeable that biocatalysts importance on industrial production will continue to 

grow in the near future, supporting conventional organic chemistry synthesis (Lye, G. et al., 

2003). 

 

 

 Microscale techniques in bioprocess design  

 

 

 Flowsheets for bioconversions processes involving whole cell biocatalyst typically 

start with biocatalyst production by fermentation, followed by its application on a bioreactor 

and downstream product purification steps afterwards. Alternatively, one-step bioconversions 

can also be carried out with isolated enzymes, usually immobilised on solid particles for 

enhanced stability. 

 When considering implementing a new bioconversion process, careful evaluation of 

different process options and available biocatalysts is crucial. A structured approach to design 
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such bioconversion processes has already been established (Lilly, M., et al., 1996). This 

allows rapid and efficient selection among available options, but historically the data collected 

for this decision making process has been at the 1.5 – 2.0 l scale. This often requires 

considerable amounts of expensive substrates and materials and can be time consuming 

(Lye, G. et al., 2003). 

 The increased cost and time often associated with bioprocess design also comes 

from the need to find the best biocatalyst prior to collection of data for process establishment 

and optimization. On the contrary, chemical routes, even when more expensive and less 

selective, can be developed more quickly and are chosen for this reason. 

 If biocatalysis is to compete with chemical routes, new strategies that are able to 

cope with the large and growing numbers of biocatalysts in shorter periods of time are 

required (Lye, G. et al., 2003). The collection of key process design data at a microlitre scale 

with automated experimentation has the needed potential to address this problem, and has 

been extensively adopted by the pharmaceutical industry in the past decade for screening 

purposes. Lye, G. et al. (2002) have highlighted the advantages of this approach: the 

evaluation of larger biocatalyst libraries in shorter periods of time; reduction in the required 

substrate amounts; rapid generation of process design and economical data; the potential to 

operate whole processes in the same format (microwells) and faster scale-up from discovery 

to pilot plant. 

 

 

 Microplate technologies 

 

 

 High-throughput screening (HTS) techniques have been intensively developed in the 

last years. Microwell formats and the application of laboratory automation have been core 

elements of this approach. In the pharmaceutical sector, typical HTS programmes can screen 

compounds at rates of 103 per day (Major, J., 1998), with some ultra high-throughput 

screening (UHTS) programmes able to exceed 105 compounds a day. The microwell plates 

serving as a multiple reactor platform are based on a standardized footprint of 86 × 128 mm2 

and have a common height of 14 mm. This standardization allows integration with several 

equipments, namely autosamplers from analytical equipment (e. g. HPLC) and robotic 

platforms. 

 There are several configurations available for microplates, from different well 

geometries, volume and number of wells per microplate (Figure 1), which span from 6 to 3456 

(UHTS applications). Microplates are also available in diverse materials, such as glass 

(quartz, borosilicate), metal (stainless steel, aluminium) and more commonly, plastic 

(polycarbonate, polypropylene, polystyrene, polytetrafluoroethylene).  
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In addition, microplates can be fitted with 

membranes in the base of each well and 

they allow surface modifications, like 

special coatings to promote or demote 

protein interaction for example.  

 Concerning the mixing of these 

wells, there are a few possibilities: 

microplate orbital shaking, adding 

micromagnetic stirring bars or pipette 

mixing through aspiration/dispense cycles. 

 

 A very important issue concerning 

the use of microwells is scale-up 

consistency, i.e., the ability to correctly 

represent larger scale behaviours. 

Several scale up and scale down studies 

have been realized addressing this 

concern. In particular, Matosevic et al. 

(2008) have recently demonstrated that 

laboratory scale systems (10 ml) are only comparable to microwell systems (300 µl) regarding 

the reaction rate in well-mixed conditions. 

 This means that microwells represent a powerful potential high-throughput system for 

kinetic studies predictive of large-scale behavior, provided there are good mixing conditions in 

these systems. Adding this valuable indication to all the mentioned advantages and features 

of the microwells, they will be adopted as bioreactors for this work. Among the geometry 

configurations available to chose from, the 96-SRW (96 standard round wells) is perhaps the 

most widely used and characterized and thus an adequate choice. The engineering problems 

often associated to achieve good mixing in larger scales will not be approached in this work. 

 

 

 Laboratory automation 

 

 

 After the microwell procedure has been established, it is often possible to automate it. 

There are several commercially available liquid-handling robots. The typical commercial 

system features 4 or 8 pipetting heads mounted in one robotic arm and is able to move in all 

XYZ directions over the entire worktable. Equipment racks usually carry the microwell 

footprint, but in many cases are customizable and can be mapped with the appropriate 

software (Lye et al., 2003). Some systems, like the Tecan Genesis Workstation used in this 

work, can have both fixed or disposable pipette tips. Using fixed tips naturally requires 

Figure 1: Examples of different well geometries 
available for microwell plates. 

 (a) – 96-well Deep Square Well (DSW) format 
 (b) – 24-well Standard Round Well (SRW) format. 
 (c) – 96-well SRW format. Vw represent total well 

volume and SA represents surface area. 
 Adapted from Lye, G. et al. (2003). 
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washing between different reagents. Regarding the operating volumes available, there are 

many possibilities, going from 25 ml in a large system down to nanolitre scale volumes (10 nl) 

using special piezoelectric heads.  

 Another interesting feature of some automated systems, like the Tecan Genesis, is 

the ability to sense the liquid level based on the electrical resistance. Tracking the liquid level 

during an aspiration allows preventing the uptake of air and even the separation of biphasic 

liquid systems (Lye et al., 2003). To take account of different viscosities, surface tensions, 

densities and other properties that may affect the precision of the pipetting, it is usually 

possible to fill different performance ‘sheets’ for different liquids. The desired automated 

protocols to be followed are typically programmed with accompanying software. 

 More specific information regarding the operation and features of the Tecan Genesis 

robotic workstation used as automation platform in this work can be find in the ‘automation of 

enzyme immobilization and reaction’ subsection of the ‘materials and methods’ section. 

 

 

 Production of pure chiral pharmaceutical intermediates 

 

 

 Pure chiral pharmaceutical intermediates are in high demand for the preparation of bulk 

drug substances industrially. This is mostly driven by the fact that 80% of the compounds that 

were being developed recently in the pharmaceutical industry were single isomer compounds 

(Breuer, M., et al., 2004). Since 1992, FDA and other regulatory bodies require the full 

characterisation of the single optical isomers of a chiral drug compound before licensing it for 

the marketplace. This was the response to the recognition that two enantiomers of the same 

compound can have dramatically different pharmacological activities. Single isomers usually 

have different selectivity (Kelley, M. et al., 1992), therefore a single enantiomer formulation 

would have higher potency and thus required lower dosages, subsequently reducing potential 

side effects of the drug (Stinson, S., 1994) and allowing increasing the price per mg sold. 

 Current methods used to produce enantiomerically chiral amines are significantly 

dependent on the downstream resolution of the synthesized racemates, using operations like 

recrystallisation, production of diastereomeric salts (Kostyanovsky, R. et al., 2000), or using 

biocatalysed kinetic resolution by acylases and lipases (Rouhi, A., 2004), which are 

expensive and inefficient. An example is the harsh reaction conditions required by chemical 

deacylation to liberate free chiral amines, which is incompatible with sensitive functional 

groups. Neutral pH and ambient temperature are required for the deacylation step. 

 Asymmetric approaches, such as the hydrogenation of imines or the conversion of 

ketones to amines, have drawn attention in face of the need to improve the efficiency of these 

synthetic methods. In contrast, there are several enzymatic resolutions and syntheses to 

access enantiopure amino acids, such as lyases, transaminases and dehydrogenases 

(Stewart, J., 2001). The use of biocatalysts has significant potential to generate amino 
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alcohols with multiple chiral centres from achiral starting materials (Ingram C. et al., 2007). 

Besides this direct advantage, biocatalysis add the already mentioned favourable mild 

reaction conditions that avoid isomerisation, epimerization or rearrangement problems. 

Moreover, these biocatalysts can be derived to allow practical immobilizations, such as using 

a polyhistidine tail. The advantages of this heterogeneous biocatalysis are the reuse of the 

biocatalyst for many cycles and the easy downstream separation of the biocatalyst from the 

products. This approach is followed here and the his-tag immobilization is detailed ahead in 

this introduction. 

 

 

 De novo pathways for chiral amines 

 

 

 The fast development of genomics and the dramatically growing number of 

sequenced and annotated genomes has presented science with new powerful possibilities 

(Salzberg, S., 2007). A notable one is the de-novo design of non-native pathways, introducing 

new enzymes in the host, whose catalytic activity can be coupled to produce new complex 

and chiral molecules to be carried out in a single biocatalytic reactor (Ingram et al., 2007). 

 If the modification of organisms to synthesize useful products has already been 

widely investigated in the form of pathway engineering (Chotani et al., 2000; Ikeda & 

Katsumata, 1999; Maeir & Winterhalter, 2000; Barkovich & Liao, 2001; Albrecht et al., 1999, 

2000; Kim and Keasling, 2001; Martin et al., 2003; Misawa et al., 1990; Wang et al., 1999; 

Schmidt-Dannert et al. 2000), the creation of completely artificial pathways has received less 

attention. A good example of such application is the construction of a novel pathway for the 

production of L-2-aminobutyric acid by Fotheringham et al. (1999), which involved the 

overexpression of the key enzyme and two auxiliary enzymes and resulted in a conversion 

above 90%. 

 Another interesting and more recent example of the application above was the work of 

Ingram, C. et al. (2007) where they tackled the need to obtain pure chiral amino-alchols from 

achiral substrates using a transaminase (TAm) enzyme from Chromobacterium violaceum 

coupled with an E. coli transketolase (TK) in a single whole cell biocatalyst. While 

transketolase catalyses the formation of asymmetric carbon-carbon bonds, transaminase 

conducts amination of an appropriate substrate, such as the product of the TK catalysed 

reaction, L-erythrulose (see reaction in Figure 2). Details on these biocatalysts will be 

provided further ahead in this introduction. 

  By employing the two enzymes in series, Ingram, C. et al. (2007) were able to 

synthesize chiral amino-alcohols from achiral substrates in an E. coli host. This was achieved 

by overexpressing the native TK (plasmid PQR412) and by introducing a cloned β-alanine: 

pyruvate aminotransferase from Pseudomonas aeruginosa (plasmid pQR428). The feasibility 
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of this de-novo designed, dual-step biocatalyst was demonstrated by the formation of a 

unique diastereoisomer of 2-amino-1,3,4-butanetriol (ABT) with a modest yield (21% 

mol/mol), using the achiral substrates glycolaldehyde (GA) and β-hydroxypyruvate (β-HPA). 

This enantiomeric specificity is only due to the enzyme used. 

 

 
Figure 2: Coupled reaction between transketolase and transaminase.  

β-HPA and GA are converted to CO2 and L-erythrulose by TK in the presence of TPP and Mg2+.  
An amine group from S-(α)-Methylbenzylamine (MBA) can than be transferred to L-erythrulose 

 by TAm, in the presence of the coenzyme PLP, resulting in ABT. Adapted from Chen et al. (2007). 
 

 

 It is interesting to note that the ABT product is of excellent value for several 

pharmaceutical syntheses, which is attested by the number of previous articles proposing 

optically pure ABT chemical synthesis pathways. (Dequeker et al., 1995; Fadnavis et al., 

2001; Kwon & Ko, 2001, 2002; Merino et al., 2002) and the number of current patents 

involving transaminases. 

 

 

 Biocatalyst choice and characterization 

 

 

 Given their important ability to synthesize chiral amino-alcohols from achiral starting 

substrates and the extensive ‘in house’ knowledge of these two key enzymes, transketolase 

and transaminase, they are excellent candidates as biocatalysts in the establishment of an 

automated high-throughput technique on microplate reactors. Any of the two could have been 

chosen but transketolase is significantly more stable and produces more reproducible results. 

As the initial choice for a new technique, transketolase represents the best option. 
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 Transketolase is an enzyme that catalyses the reversible transfer of a ketol group 

between a ketose to an aldose, with a range of accepted donors and acceptors substrates. It 

has an important role in the Calvin cycle and in the non-oxidative phase of the pentose 

phosphate cycle, requiring thiamine pyrophosphate (TPP) and divalent cations such as Mg2+ 

as cofactors (Datta, A. & Racker, E., 1961; Sprenger, G. et al., 1995). The choice of cations 

affects the interaction between the apo- and holoenzyme forms of the enzyme but not its 

catalytic activity. 

 TPP is a core element in the catalytic process. It binds at the active sites between the 

two subunits that compose transketolase. The amino group of the aminopyrimidine moiety is 

close to the dissociable proton and serves as the acceptor of the proton in a transfer 

promoted by a glutamate residue adjacent to the pyrimidine ring. The resulting thiazolium 

carbanion reacts with the carbonyl substrate to form the intermediate active site. The 

positively charged nitrogen in the thiazole ring is electron deficient, drawing in electrons and 

promoting the cleavage of the carbon-carbon bond. This in turn releases an aldehyde, leaving 

a two-carbon fragment attached to the TPP. The reaction finishes when this carbon fragment 

joins an aldose to form the final ketose product. 

 

 

 
Figure 3: Carbon-carbon bond formation reactions in the pentose phosphate pathway catalyzed by TK. 
(a) – Sedoheptulose-7-P and glyceraldehyde-3-P synthesis from a 2-carbon fragment transfer between 
xylulose-5-P and ribose-5-P. (b) – Fructose-6-P and glyceraldehyde-3-P synthesis from carbon transfer 

between xylulose-5-P and erythrose-4-P. 
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 Figure 3 shows two reactions where TK is involved. From the various anabolic and 

catabolic processes where it participates, specifically it catalyses the synthesis of 

sedoheptulose-7-P and glyceraldehyde-3-P by transferring a 2-carbon fragment from D-

xylulose-5-P to D-ribose 5-phosphate and in the synthesis of fructose-6-P/glyceraldehyde-3-P 

in a similar carbon transfer between D-erythrose-4-P and xylulose-5-P. These components 

are precursors of several others, like pyridoxine and vitamins and also amino acids (Zhao & 

Winkler, 1994; Sprenger et al., 1995). 

 Apart from the naturally occurring reactions shown in Figure 3, transketolase from E. 

coli is able to catalyze the formation of carbon-carbon bonds between a broad range of 

substrates including hydroxylated and unphosphorylated substrates, which attributes great 

industrial applicability and interest to this biocatalyst (Schenk, G. et al., 1998; Turner, N., 

2000; Shaeri, J. et al., 2006; Ingram, C. et al., 2007). 

 

 

 
Figure 4: Target reaction: TK catalyzed carbon transfer between β-HPA and GA,  

producing L-erythrulose and releasing CO2, making the reaction irreversible. 
 

 

 Figure 4 shows a particularly interesting reaction catalyzed by transketolase. It 

consists in the use of hydroxypyruvic acid (β-HPA) as a ketol donor, because this substrate 

makes the reaction irreversible due to the release of carbon dioxide in the formation of L-

erythrulose (Ery). Erythrulose is a natural based keto-sugar used in the cosmetic industry and 

is reactive with amino acids. It is also an accepted substrate of transaminase. In addition to 

the irreversibility of this reaction, higher yields are obtained more easily (Schenk et al., 1998). 

This makes it the ideal reaction to study. However, one problem of using β-HPA is the 

complex procedures for its production, verifiable in the description on the methods section, 

and consequently the high price of the product. 

 

 Although transketolases have been obtained and purified from a number of sources, 

such as the yeasts Saccharomyces cerevisiae (de la Haba, G. et al., 1955) and Candida utilis 

(Kiely, M. et al., 1969), mammal cells like human erythrocytes and leukocytes (Heinrich, P. & 

Wiss; O., 1971; Himmo et al., 1988; Mocali, A. & Paoletti, F., 1989), mouse brain (Blass et al., 

1982), rat and rabbit liver (Paoletti, F. & Aldinucci, D., 1986; Masri, S. et al., 1998) and also 

from bacteria, namely E. coli (Sprenger, G. et al., 1995) and Rhodobacter capsulatus (de 

Sury d’ Aspremont, R. et al., 1996); the most interesting source is undoubtedly E. coli. Using 
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β-HPA as a substrate, the specific activity of this transketolase has been found to be 6 and 30 

times higher than the yeast or spinach TK (Sprenger & Pohl, 1999). This makes it an 

especially attractive industrial target. 

 The feasibility of the production of the enzyme at large scale has been demonstrated 

up to 1000 liters by Hobbs et al. (1996). The clarified cell extract obtained contained about 

230 U/ml of enzyme, around 40% of the total protein content.  

 

 

 Transketolase properties 

 

 

 Having chosen this enzyme as the 

biocatalyst for this reaction, it is interesting 

to obtain additional information regarding 

its properties. 

 Transketolase is classified as 

transferase (E.C. 2.2.1.1). It is a 

homodimer with a total molecular weight of 

148.4 kDa (Pace et al., 1995). Each 

homodimer has an active site with equal 

catalytic activity. 

 The optimal pH found for E. coli TK 

is 8.5 for the pentose phosphate pathway 

reactions shown in Figure 3, at 30 ºC 

(Sprenger et al., 1995). These authors 

concluded that the best donor substrate was xylulose-5-P with a Km of 90 µM while the best 

acceptor was erythrose-4-P with a Km of 160 µM. At this pH value, the Km values obtained for 

unphosphorylated acceptor substrates were 18 mM, 31 mM and 14 mM for hydroxypyruvate, 

formaldehyde and glycolaldehyde, respectively (Sprenger et al., 1995). 

 As for the reaction between hydroxypyruvate and glycolaldehyde, the optimal pH found 

was 7.0 (Gyamerah & Willetts, 1996; Chen et al., 2007), with a probable ping pong bi bi 

reaction mechanism. Gyamerah and Willetts also proposed a vmax of 5.3 mM/min and a Km of 

13.2 mM for hydroxypyruvate in these conditions. They represent a 27% decrease over the 

registered values at pH 8.5, confirming the preference for a neutral pH for this reaction. 

 

 Regarding substrate inhibition, the same authors observed that this occurs at 100 mM 

for HPA and 40 mM for GA. The effect of R-erythrulose was found to be competitively 

inhibitory. The reagents inhibition order has recently been proposed by Chen et al. (2007) as 

hydroxypyruvate < glycolaldehyde < erythrulose. 

Figure 5: Structure of E .coli transketolase. 
 Adapted from Martinez-Torres, R. et al. (2007) 
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 Concerning storage stability, Sprenger et al. (1995) verified that purified E. coli 

transketolase can be stored in glycylglycine buffer with DTT and 20% glycerol at -20 ºC and 

pH 8.5 for three months with an activity retention over 80%. Mitra et al. (1998) also noted that 

this enzyme in the form of clarified lysate can also be stored for one month at -20 ºC and pH 

7.0 without recordable loss of activity. 

 

 

 His-tag enzyme immobilisation 

 

 

 Immobilizing a biocatalyst is an extremely important and common operation. It allows 

the biocatalyst, either whole cell or the enzyme, to be trapped inside the bioreactor where the 

reaction takes place. Thus there is no need to separate the final products from the biocatalyst 

and reuse of the enzyme is allowed. Moreover, immobilization allows continuous operation, 

e.g. microfluidic channels, where otherwise the biocatalyst would be flushed. Immobilised or 

encapsulated enzymes are commonly used in medical diagnostics and therapy, biosensors, 

enzyme-based electrodes, organic synthesis, metabolites removal, peptide mapping, etc. 

 A very useful and common immobilization method for enzymes is through polyhistidine-

tag, commonly known as His-tag. It is a specific aminoacid sequence in proteins that is 

normally consisted of six histidine residues, usually located at either terminal (N- or C-) of the 

protein. It is often used for affinity purification of recombinant proteins expressed in 

prokaryotic system like E. coli, typically using ion exchange columns. The his-tag shows 

strong affinity for Ni-NTA (Nickel–Nitriloacetic acid) resins (Figure 6), therefore providing the 

ground for a highly specific purification procedure. 

 

 
 

Figure 6: Interaction between two neighbour residues of histidine and the Ni-NTA matrix.  
Reproduced from Qiagen, Ltd. Ni-NTA magnetic agarose beads handbook, 2001. 
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 Another application of the his-tag is the direct analysis of the protein by Western blot or 

immunofluorescence techniques, hence eliminating the need for a protein-specific antibody. 

As opposed to more complex and aggressive chemical derivations for attachment, his-tag 

affinity interactions are considerable simpler while highly specific. However, they require 

genetic engineering of the biocatalyst to express the polyhistidine tag, but this procedure is 

already established and is relatively simple. Thus they are widely used and have been 

selected as the immobilization principle in this work. 

 

 

 One-pot vs. two-pot strategies 

 

 

 Chen et al. (2007) have developed a reaction model for the transketolase-transaminase 

(TK-TAm) two-step one-pot synthesis, integrating kinetic models with process 

characterization (pH and concentration effects on component degradations, side-reactions, 

toxicity of the aldehyde).  

 For the two-pot reaction strategy, i.e., sequential TK and TAm reactions, the authors 

recommend a stirred tank for the TK reaction with strict pH control at 7.0 to avoid erythrulose 

degradation. A batch reactor is an acceptable alternative and the initial excess GA would be 

favourable due to strong HPA inhibition. However, the necessary subsequent separation of 

GA from Ery poses a problem. Choosing the two-pot strategy also leads to a total reaction 

time composed of the sum of the two unitary reactions. This not only leads to reduced 

production efficiency but also to higher product degradation, thus lower yields. Chen et al. 

(2007) found that L-erythrulose degrades over time as a function of pH and concentration 

levels. 

 On the contrary, the one-pot strategy avoids the downstream separation of Ery and GA. 

It also reduces the total time and simultaneously the Ery concentration on the reactor, 

therefore minimizing Ery degradation. The problem arisen from this strategy is that GA is 

accepted both by TK and TAm, which can lead to the formation of secondary products. Thus 

it is critical to match the activities of both enzymes to minimize secondary reactions and 

component degradation to maximize yields and purities (Chen et al., 2007). 
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MATERIALS AND METHODS 
 

 

 

Materials 

 

 

 Molecular biology enzymes were obtained from New England Bio-Laboratories (NEB, 

Hitchin, UK). Molecular biology markers were obtained from Novex (Invitrogen brand, Paisley, 

UK) and BioRad (Hertfordshire, UK). Commercially competent E. coli cells (BL21gold (DE3)) 

were obtained from Stratagene (Amsterdam, NL). Growth culture media were obtained from 

Sigma-Aldrich (Gillingham, UK). Ni-NTA Magnetic Agarose beads were obtained from Qiagen 

(West Sussex, UK). Acrylamide/Bis-acrylamide solution, TEMED and electrophoresis buffers 

were obtained from National Diagnostics (Yorkshire, UK). β-HPA was synthesized from the 

reaction between lithium hydroxide with 3-bromopyruvic acid as described in the methods. All 

other reagents were obtained from Sigma-Aldrich (Gillingham, UK) unless otherwise stated. 

Water was purified through a Millipore reverse osmosis unit to 15 MΩ.cm resistance. 

 

 

Methods 

 

 

 E. coli BL21 (DE3) cell culture 

 

 

 E. coli BL21gold (DE3) containing the plasmid pQR412, coding for His-tagged TK, 

was stored in glycerol stocks (50% v/v broth, 25% v/v water, 25% v/v glycerol) at -80 ºC. After 

room temperature thawing, the stocks were used to streak LB-agar plates containing 150 

mg.l-1 of ampicilin for growth selection. Overnight growth was conducted at 37 ºC in a static 

incubator. 

 After inoculating a single colony from the plate in 20 ml of sterile LB-glycerol 

(ampicilin supplemented) media using a 250 ml flask, the overnight seed fermentation was 

carried out at 37 ºC with orbital shaking at 200 rpm and 50 mm (SI 50 orbital shaker, Stuart 

Scientific, Redhill, UK) for approximately 14 hours. 

 Full culture scale was performed by inoculating 100 ml of sterile LB-glycerol in a 1 l 

shake flask with 10% v/v of seed culture. Growth was carried in the same conditions (37 ºC, 

200 rpm, 50 mm) until the cells reached the growth stationary phase, i.e., approximately 8 
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hours. This was determined by measuring the optical density (OD) of the cultures at 600 nm 

in a Unicam UV2 spectrophotometer (Cambridge, UK). The broth was stored at -20 ºC for 

short periods of time prior to use. 

 

 

 TK (pQR412) Purification 

 

 

 After thawing at room temperature, cells were separated from the broth by 10 

minutes of centrifugation at 5000 rpm. Following resuspension in binding buffer (500 mM 

NaCl, 20 mM Tris-HCl, 5 mM Imidazole; pH 7.3), cell lysates were obtained from the broth 

through sonication, using 7 cycles of 20 seconds 9 µm pulses and 20 seconds intervals in a 

Soniprep 150 sonicator (MSE, Sanyo, Japan). A 40 µl sample is taken for SDS-PAGE 

analysis. The cell fragments were separated by another 10 minutes of centrifugation at 5000 

rpm. The supernatant was then filtered with a 0.2 µm syringe filter (Whatman, Maidstone, 

UK). 

 The purification of transketolase was achieved via an affinity chromatography 

method, using His•bind® quick 900 cartridges (EMD Biosciences, Darmstadt Germany). 

These cartridges are packed with a pre-charged large-diameter cellulose matrix with tethered 

Ni2+ complex immobilized in NTA. 

In the first step, 6 ml of binding buffer were passed down the cartridges using a 

syringe to equilibrate the chromatographic adsorbent. In the second step, the filtrated lysate 

(~10 ml) was slowly passed through the column, followed by one step of total recirculation. 

The third step consisted in the injection of 20 ml of binding buffer, followed by a 10 ml wash 

with wash buffer (500 mM NaCl, 20 mM Tris-HCl, 20 mM Imidazole; pH 7.0). The enzyme of 

interest is then eluted and recovered from the column with 4 to 6 ml of strip buffer (1M 

Imidazole, 500 mM NaCl, 20 mM Tris-HCl, pH 7.0). This buffer was exchanged overnight to a 

more appropriate storage buffer (50 mM Tris-HCl, pH 7.0) using a dialysis membrane. 

 Storage of the enzyme solution and all intermediates in the purification process was 

done at 4 ºC. Handling and transport was done in ice. 

 

 

 Protein quantification 

 

 

 The concentration of the protein after dialysis was determined by measuring UV 

absorbance at 280 nm against a blank of 50 mM Tris-HCl buffer, assuming a molecular 

weight of 72260.82 g.mol-1 and an extinction coefficient of 93905 M-1cm-1 for transketolase 

(Pace et al., 1995). 
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 SDS-PAGE analysis of protein expression 

 

 

 To confirm the presence of the purified enzyme and the protein expression profile of 

the lysates obtained after sonication, the SDS-PAGE technique was used. The gels were 

manually prepared with a 7.5% / 4% (running/stacking) acrylamide concentration in a Mini-

protean II system (BioRad Laboratories, Inc., Hemel Hempstead, United Kingdom).  

 Running samples were prepared by mixing 50/50 % (v/v) of sample and 2x Laemmli 

buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, 0.125 M 

Tris-HCl). 20 µl were usually loaded into the casted gel, except when there wasn’t enough 

sample volume. Gel staining was performed with 0.05% coomassie brilliant blue solutions. 

After thorough destaining, the gels were visualized and analysed on a Gel-Doc-it bioimaging 

system with labworks software (4.5 edition), (Bioimaging systems, Cambridge, UK). 

 

 

 Enzyme immobilization 

 

 

 The immobilization protocol for pQR412 His-tagged TK in the QIAGEN® beads was 

adapted during experimental work from the protocol proposed by the QIAGEN® handbook, 

protocol 4 (assay using 96-well microplates). The original protocol used included nine steps: 

 

1. Resuspend the Ni-NTA Magnetic Agarose Beads by vortexing for 2 s and then 

immediately add 10 µl of the 5% Ni-NTA Magnetic Agarose Beads suspension to as 

many wells desired of a 96-well microplate. 

2.  Add the desired volume of the 6xHis-tagged protein solution to each well (e.g. 200 µl) 

3.  Mix from 45 min to 1 h in a microplate shaker at 600 rpm. 

4.  Add 20 µl 1% Tween 20 to each well and shake for 15 minutes. 

5.  Place the 96-well microplate on the 96-well magnet for 1 min and remove supernatant 

with a pipette. 

6.   Add 200 µl of Interaction Buffer or the buffer present in the TK solution to each well, 

mix (on a microplate shaker), place for 1 min on the 96-well magnet, and remove 

buffer. The use of interaction buffer promotes interaction with the magnetic beads. 

7.  Add up to 200 µl solution containing potentially interacting biomolecules (such as 

cofactors, substrates, etc.) in Interaction Buffer and incubate on shaker for the 

desired time at room temperature. 

8.  If the enzyme is to be eluted, start by washing using 200 µl of Interaction Buffer to 

each well, mix (on the microplate shaker), place for 1 min on the 96-well magnet, and 

remove the buffer. 

9.  Add 50 µl of Elution Buffer (300 mM NaCl, 50 mM NaH2PO4, 250 mM Imidazole, 



 30 

0.005% Tween 20, pH 8.0) to each well, mix (on the microplate shaker), incubate for 

1 min, place for 1 min on the 96-well magnet and collect the eluate. 

 

 This initially adapted protocol was tested and further developed in the course of this 

work, and that will be detailed and discussed in the manual immobilization characterization 

subsection. The most important adaptations were the initial amount of biocatalyst solution 

used to incubate with the beads and the buffers used during immobilization. Except when an 

SDS-PAGE gel was the desired output, no elution of TK was done after immobilization (steps 

8 and 9). In these experiments, step 7 was skipped since no reaction was to take place. 

 

 

 β-hydroxypyruvic acid (β-HPA) synthesis 

 

 

 β-HPA, while commercially available (Sigma-Aldrich), is expensive and so was 

synthesised in-house. The synthesis of β-hydroxypyruvate followed the protocol devised at 

the Department of Chemistry of the University College of London that is summarised below: 

 

1. Bromopyruvic acid (10g, 0.06 mol) is dissolved in water (100 ml) and very carefully a 

1M LiOH solution is added at such a rate that the pH does not exceed 9. For that 

purpose a Metrohm® (Herisau, Switzerland) autotitrator was used. 

2. The titrator was programmed to define the length of the reaction by limiting the total 

addition of LiOH to 110 ml. Reaction must be continuously mixed. In the first reaction 

step, the pH is quickly dropped to 7.00, consuming about 70 ml of LiOH. In the 

second step, the reaction is maintained at pH 9.00, consuming the remaining LiOH. 

High dynamics and reaction speed meant that the observed pH equilibrated at ~8.7. 

3. At the end of the reaction the pH of the solution is immediately adjusted to 5.0 using 

glacial acetic acid and frozen at -20 ºC unless concentrated in the same day. 

4. The mixture is then concentrated under reduced pressure using a high vacuum 

pump, below 50 ºC, to approximately 20 ml final volume and stored at 4ºC overnight. 

5. The crude product is filtered while washing with room temperature ethanol (note that 

the Li-HPA is practically insoluble in ethanol, so the volume used is not critical). 

6. The crude product is then suspended in 50 ml of ethanol at 40 ºC for 30 min with 

rotation (but no vacuum) in a rotary evaporator. 

7. The white solid obtained is filtered again and re-washed with ethanol. 

8. The final solid is achieved by drying under vacuum or in a 37 ºC incubator. The final 

result is approximately 2-3 g of a white or slightly yellow solid, stable at -5 – 0 ºC 

(storage). 
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 Transketolase activity assay 

 

 

 To test the activity of the purified TK enzyme, a standard reaction between GA and β-

HPA was performed in a 96-SRW (standard round well) plate with a working volume of 300 

µl. The conditions used were 10% v/v free catalyst solution, 33% v/v substrate solution (final 

concentrations of 50 mM HPA and 100 mM GA; pH 7,0) and 57% v/v cofactors solution (final 

concentrations of 9 mM TPP and 2,4 mM MgCl2; pH 7,0). 

 Prior to the addition of the substrates, the enzyme solution is left incubating with the 

cofactors for at least 20 minutes to reconstitute the holoenzyme (Sprenger, G.A. et al., 1995). 

After starting the reaction, sampling was performed by removing 20 µl of the reaction 

microwell and diluting it in 180 µl (1:10) of 0,1% Trifluoracetic acid (TFA). Between samples 

the microwell plate was kept covered to avoid evaporation of TFA. Samples were analysed by 

high performance liquid chromatography (HPLC) for erythrulose formation and β-HPA 

depletion as described in the ‘HPLC analysis’ subsection of this section. The standard 

reaction was performed at room temperature (22 – 26 ºC) without shaking. 

 

 

 HPLC analysis 

 

 

 HPLC analysis of L-Erythrulose and β-HPA concentration in TK catalysed reaction 

samples was performed on either of two Dionex (Camberley, UK) HPLC units. The main 

equipment used (unless otherwise stated) comprises a GP40 gradient pump, an LC30 

column oven, a PC10 pneumatic controller post column NaOH addition unit and a AD20 UV 

detector module. This system was fitted with a multiwell plate autosampler (Spark, Emmen, 

NL) and used PeakNet 5.0 software. The alternative equipment used comprises of a P680 

HPLC pump, a UV detector UVD170U, an oven STH 585 and an autosampler ASI-100, all 

from Dionex, a UCL-100 Universal Chromatography interface with Chromaleon software 

version vs. 6.40. 

 A 15-minute isocratic elution assay for the TK reaction components was adapted from 

the literature (Mitra, R.K. & Woodley, J. M., 1996). HPLC analysis of β-HPA and L-erythrulose 

was carried out using an Aminex 87H column (Bio-rad, Hemel Hempstead, United Kingdom) 

at 60 ºC, isocratic mobile phases of 0.1% v/v trifluoroacetic acid (TFA) in the first equipment 

and 5 mM H2SO4 in the second equipment, both at a 0.6 ml.min-1 rate. Detection was via a 

UV detector at 210 nm. Samples were quenched and diluted with 0.2% v/v TFA. Approximate 

retention times were 11.4 min for L-erythrulose and 8.4 min for β-HPA. Concentrations were 

calculated from peak area integration using a calibration factor. This was determined using a 

set of standards with known concentration (vide Appendix III). 
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 Automation of enzyme immobilization and reaction 
 

 

 The establishment of an automation procedure to immobilize enzymes in a solid 

support in microwells was one of the main objectives of this work. After the establishment of 

control data using manual laboratory techniques for immobilization and reaction, an automatic 

routine that mimicked the manual procedure was developed. 

 

 The Genesis robotic platform is a standalone automated liquid handling instrument. It is 

equipped with a liquid handling arm with eight tips and a second arm (denominated RoMa) 

with a 5-point rotational robotic gripper to move microplates between positions, devices, and 

storage (Figure 7).  

 

 

 
Figure 7: Aspect of a similar Tecan Genesis robotic platform to the one used in this work. 

 

 

 Designed to incorporate a few processes into one automated workstation, it allows 

performing a wide range of different assays including pipetting, washing, incubation, plate 

reading, analysis and storage. Compound distribution into microplates and preparation of 

multiple daughter plates, including pipetting from vials into plates, serial dilution, and plate 

storage, among others. 

 The working area (Worktable) in the Tecan Genesis robotic platform was set up for this 

work like it is illustrated in Figure 8. The layout contains several relevant positions to this 

procedure. Before its description, it is the necessary to identify the axis used. The x-axis is 

the one numbered and horizontal in Figure 8, the y-axis is the other axis in this image, 
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whereas the z axis corresponds to the height (not visible in Figure 8). 

 

 

 
Figure 8: Working table layout used in the Tecan Genesis robotic platform. In the respective positions 
on the horizontal axis: 1 - Liquid waste, 2 - Liquid holders; 5 - Eppendorfs rack; 15 – 200 & 1000 µl tips 

racks and tip waste well; 21 – two microwell plate positions; 38 – Thermomixer® equipment. 
 

 

 Following the horizontal axis of the working area, there are 3 liquid waste wells in 

position 1. These are used to dispense liquid waste in the “wash tips” operation. Between 

positions 2 and 5 there are nine possible liquid holders positions, of which only the one in the 

lower-left corner was used. Between positions 5 and 10 is located an Eppendorf tube rack. 

This rack was used to hold most of the necessary liquid reagents, i.e. beads, TK solution, 1% 

v/v Tween 20 solution, wash buffer, cofactors and substrates solutions, in 2 ml Eppendorf® 

tubes. These tubes are laid out vertically in the beginning of the last column, following the 

order of reagents above. In position 15 there is a platform holding two disposable pipette tip 

containers (200 and 1000 µl) and a tip waste well from top to bottom, respectively. From 

positions 21 to 27 there is another platform that is able to hold up to three microwell plates, 

but only the bottom two were used, the bottom one as a “starting” position and the middle one 

as an “immobilization position”. Finally in position 38 there is a Thermomixer® shaking 

equipment, whose shaking platform is approximately in position 41. 

 All these x-y positions were first mapped in the Tecan Genesis® software, based on 

previous work, along with the z-axis positions. The less obvious points, not based in previous 

work, was the definition of the height of the 2 ml Eppendorf® tubes, the height of the middle 

(second from bottom) microwell plate and the height of the microwell plate in the 

Thermomixer® shaking platform. The necessity to define the z coordinate in the Eppendorf® 

rack according to the tube size is fairly evident. As for both exceptions, they will be discussed 

in this section. 

 

 The various necessary steps for the automated immobilization are summarized in 

Figure 9. 
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Figure 9: Schematic diagram flow resuming the nine steps needed to immobilize TK, 

whether manually or automatically, and run a reaction while sampling. 

 

 

 The first step to be performed is the addition of bead suspension and enzyme solution 

in a microwell plate. Since the beads settle easily, resuspension of the beads is required prior 

to aspiration. In the manual protocol, this was done using vortex mixing, which is not available 

in the robotic platform. Therefore, the resuspension was performed using pipette mixing, i.e. 

by aspirating and dispensing the suspension repeatedly. This change in the procedure was 

immediately noted as potentially problematic in its capability of delivering the same level of 

mixing as the vortex operation. Therefore, different levels of repetition of the pipette mixing 

operation were tried, with visual observation of the resuspension afterwards. This was only 

possible due to the good contrast provided by the dark beads in a clear solution. After each 

step the bead suspension was centrifuged for a few minutes to ensure sedimentation. The 

visual observation determined that after two steps of pipette mixing there was good 

suspension, and three steps provided an apparently homogenous suspension. As a safety 

measure, the number of pipette mixing steps was subsequently set at five. 

 The resuspension is then followed by aspiration and dispensing of resuspended beads 

and TK solution from the respective Eppendorf tube in the microwell plate located at the 

bottom (starting) position. The volumes used were varied in certain experiments but the 

reference volumes followed the previous manual procedure and results: 10 µl of beads and 

50 µl of enzyme solution per well. After all pipetting steps, there is the obvious dispensing of 

tips and washing to avoid contaminations and to restore the appropriate pressure in each line. 

 

 The second step consists of a period of one hour of incubation between the beads and 

enzyme solution with mixing. This requires the plate to be moved from its starting position to 

the Thermomixer position. The robot performs such an operation thanks to a mechanical arm 
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called “RoMa” with a “hand” capable of grabbing objects like a microwell plate. Defining two 

vectors programs the operation: one between the starting position and a “safe” position and 

another between the latter and the desired end position. The “safe” position corresponds to a 

high y-z position (maximum or high y-axis and z-axis coordinates) and roughly the same x 

coordinate. This is done to ensure that during the movement from the start position to the end 

position there are no collisions with other objects. The final result is a move from the RoMa to 

ascend the arm, followed by a move up in the y-axis, and finally a single move to the final 

destination. After this step a one-hour timer is started. 

 In the limited time available for this work, it was not possible to integrate the 

Thermomixer® unit operation with the Tecan Genesis® software. Although it is feasible to 

connect this equipment to a computer, write an executable file with external commands to this 

shaking equipment and run this file in the Tecan Genesis® software. Consequently the 

programmed routine requires at this point manual operator intervention to set up (1 h, 600 

rpm, room temperature) and start the Thermomixer® after the RoMa movement.  

 

 The third step consists in the addition of Tween 20 and another 15 minutes of shaking. 

After one hour, there is aspiration of 10 µl of the 1% v/v Tween 20 solution per well from 

position 3 in the rack and dispensing in the chosen microwells. A 15-minute timer is then 

started. At this point the operator presence is dispensable since one can set up the 

Thermomixer® to perform two contiguous different operations, thus it can start a 15 min/600 

rpm shaking operation straight after the previous one stopped, or simply set the original time 

to 75 minutes. This is possible because the robot is able to correctly dispense in the 

microwells during shaking at the shaking diameter used by this equipment. Nevertheless, 

there is a small difference in the shaking times with/without Tween 20 when compared to a 

manual procedure, associated with the time required to perform the aspiration/dispensing 

operations. Consequently, it was considered appropriate to have an operator present at this 

point and manually start the second shaking operation. 

 

 The fourth step is the removal of the excess TK solution while magnetically trapping the 

beads. For this purpose the same magnet used in the manual procedure was placed in the 

second microplate position (immobilization position) in order to be underneath the incubating 

microwells when the RoMa places the microplate. Since the incubating microwells used were 

in first row of the microplates, the magnet was placed vertically on the left side. To 

compensate for the uneven surface created by the magnet presence, an improvised object 

with roughly the same dimensions was used on the other side. The resulting increase in 

height required the z-axis coordinate of this position to be updated in the software. This step 

consists simply on the pair of vectors to transport the microplate from the Thermomixer® to 

the immobilization position, followed by a one-minute wait and slow aspiration of 60 µl of each 

active well. Another difference to the manual protocol emerges here, since in the latter 

procedure the supernatant is fully removed by the operator, and its volume is bigger than 60 
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µl. This value was chosen to avoid removing beads in the automated operation. The 

supernatant could be discarded, but to allow its visual observation in order to confirm the 

absence of beads, it was chosen to dispense it in the adjacent well on the next column. 

 

 The fifth step is a simple wash step. A 1 ml tip is used to aspirate 200 µl per active well 

of wash buffer (Tris-HCl 50 mM, 20 mM Imidazole, pH=7.0). After dispensing there is another 

pair of RoMa vectors to transport the microplate from this position to the Thermomixer® where 

a one-minute shaking period occurs. Once more this requires an operator to be present 

during this period to start the shaking operation. Following this operation, the microplate is 

transported back to the immobilization position. At this point another one-minute wait 

operation could have been added. Instead the programmed routine proceeds straight to the 

acquisition of the necessary tips and aspirates a total 180 µl of the wash buffer, which is 

dispensed in the same row, two columns to the right for visual inspection. Note that together 

with the remaining supernatant from the incubation operation, there is a total remaining 

volume of 30 µl of liquid phase in each active microwell, which contrasts with the manual 

procedure where total removal was used. The implications will be discussed later in the 

automation immobilization discussion subsection. 

 

 The sixth step is the addition of the enzyme cofactors to the active microwells. Although 

this incubation step was not performed under shaking condition, the established routine starts 

by moving the microplate from the immobilization position to the shaking platform, making it 

ready for assays with shaking conditions if desired. Leaving the microplate in the same 

position is not favourable due to the difficulty for the interaction between cofactors and TK to 

occur above the magnet (compact solid phase). The previously prepared cofactors solution is 

stored in a 2.0 ml eppendorf in the fifth position of the eppendorf rack, from which a total 170 

µl per well is aspirated and dispensed. The cofactors incubation time for immobilized 

transketolase is 40 minutes. 

 While the system waits for the completion of this incubation step, it can add the TFA 

0,1% solution to the sample microwells, which is in step number 7. Depending on the number 

of active microwells and the desired number of samples for each, this operation can take a 

variable amount of time to be completed. Consequently, adding the TFA after the reaction 

was started may prevent early samples to be taken, if desired. On the other hand, TFA 

exposure should be minimized due to its volatile properties. This was achieved by using 

another timer, 30 minutes, after the incubation is started. The step itself is basically pipetting 

and dispensing 180 µl of 0,1% aqueous TFA solution from the liquid holder in the first position 

to the sample wells. This is performed through a loop, adding TFA to 4 wells at a time, but it 

could also be performed at 8 wells at a time. The chosen solution cuts tips usage by half. 

Other options considerably increase the required time for this operation so the option was 

four wells per loop. Since the default number of samples was set at eight (full column) and the 

default number of assays was only one performed in duplicate (2 active microwells), then the 
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TFA is added to 16 wells (columns 4 and 5). 

 

 After forty minutes of incubation the reaction is started by the addition of the substrates. 

This consists in step number eight and is simply done by pipetting 100 µl of substrate solution 

per well from the respective eppendorf and dispensing in the active microwells. A timer is 

started at this point so that the bioconversion kinetics can be monitored. 

 

 The final step of this routine is the sampling of the bioconversion plate. Originally, the 

sampling was set up to perform a total of eight samples at regular time intervals. This is easy 

to do by programming a loop that combines the necessary instructions (acquire tips, aspirate 

from active microwells, dispense in the sample microwells and increase this wells row after 

every loop, dispense tips and wash), starting a new timer and wait typically twenty or thirty 

minutes. Although its simplicity is welcome, it does not allow more frequent samples to be 

taken in the beginning, for example, where initial rates are calculated, or to take a late sample 

to observe almost completion of the reaction. This required the ability to sample at irregular 

intervals. 

 For this purpose, a more elaborate sampling scheme was developed to allow a 

different number of samples to be taken within the range 0-8 and to allow the user to choose 

at which time points a sample is acquired. A hypothetical way to achieve this would be to 

create a variable with a user query that would set up the number of samples to be taken. This 

variable was called “Nosamples” and would then be used by a loop, defining the number of 

cycles. Every cycle of the loop would define a new variable containing the time of the 

respective sample. 

 Unfortunately, the Genesis software does not allow variables to be defined within loops. 

Consequently, it was necessary to expand the loop’s steps and performed them individually. 

The “Nosamples” variable is required in the same way. The setting up of 8 variables (sample1 

– sample8) by the user containing the time of each sample follows. 

 To avoid unnecessary user queries with eight sample times when it had already 

introduced a smaller number in the variable “Nosamples”, an auxiliary variable called 

“Countaux” was created. This variable is initialized at zero and after every user set sample 

time it is increased by a unit. Before the routine asks the user for the next sample time it tests 

the condition “Countaux = Nosamples”. If false it proceeds to the next query, if true it jumps to 

the next step, skipping pointless queries for the user. Since the automation objective is 

eventually to be able to run independently of an operator after it is started, this step of the 

routine was placed in the very beginning of the programme, allowing the user to fully set up 

each run before it starts. It was numbered as step zero to maintain numbering. 

 To use all the variables defined so far to perform the various sampling steps, one can’t 

use a loop for the same reason stated above. Hence each sample operations were repeated 

eight times in the routine. Before this, a new variable called “Count” is created and initialized 

at zero. This variable is the only internal variable, i.e., the user does not define it. After every 



 38 

sample this variable is increased by a unit, thus it simply counts the number of samples 

already performed. Like the “Countaux” variable, before each sample is taken the condition 

“Count = Nosamples” is tested. If false it proceeds and takes the next sample. If true it 

terminates the routine. Within each sample, the required operations are simple. After the 

previous test returns false it waits for a timer defined as “timer 2 = sample*”, where * is the 

sample number. Afterwards it pipettes a 20 µl sample from the active microwells to the 

respective sample microwell, dispenses, washes and acquires new tips. 

 

 The routine created finishes here. The robotic platform used during this project includes 

an integrated HPLC unit, although this is not standard on most platforms. It is thus possible to 

use the RoMa arm and move the microplate from the shaking position in the Thermomixer to 

a microplate receiving platform connected to the HPLC by a small conveyor belt. The HPLC 

can then analyse all samples in a fully automated procedure. Unfortunately this HPLC unit 

was fully configured to analyse different samples types, using another type of column, mobile 

phases, method, etc. Consequently the analysis of all automated bioconversion runs was 

performed offline as described in the ‘HPLC analysis’ subsection of the ‘material and 

methods’ section. 
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BIOCATALYST 
 

 

 

Production – Fermentation 

 

 

 The first production of biocatalyst by fermentation of E. coli BL21 (DE3) transformed 

with pQR412 was carefully followed by hourly optical density (OD) measures at 600 nm. 

Apart from controlling the process, the purpose was to obtain a growth curve, allowing 

determining the end of the log phase, i.e., the best moment to interrupt the fermentation. 

 The spectrophotometer used was zeroed using RO water, before the first sample but 

from then another zeroing with LB media as a blank was used. Samples were diluted with RO 

water, although using LB could be considered more adequate. Dilution factors used changed 

between samples to ensure the measured OD is below 0.5, to avoid significant deviations to 

the linear relationship between OD and cell concentration. These factors, allow correction of 

the OD measurements made to obtain the actual OD. All values are shown in Table 15 and 

corrected ODs in Figure 10. 

 

 

 
Figure 10: OD variation over time for four parallel fermentations:  

() – F1, () – F2, () – F3, () – F4. 
 

 

 All fermentations progressed in a very similar way, as expected, reaching an O.D. of 

about 3, a reasonable value based on previous experience at the laboratory. Note that the 

observed lag phase varies between 1 to 3 hours from inoculation. If one hour is acceptable 

for overnight seed cultures still in the exponential phase when transferred, three hours is a 
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relatively long period, which may indicate that the overnight cultures in some cases may have 

grown for to long and could be already in the stationary or death phases. This difference 

could be due to excess inoculum in some cases. However it is more likely to be due to the 

fact that some of the 250 ml flasks used had baffles whereas other had not. The better 

oxygen transfer experienced by the cultures in baffled reactors led to higher growth rates, 

consequently exhausting the available nutrients quicker and entering a new death phase 

sooner. 

 The moment where the log phase ends can be seen more easily by the end of the 

linearity of Ln (OD) over time. The growth curve is a simple exponential. Applying logarithms 

to equation 1, one has a linear relationship (eq. 2) that can be retrieved using a linear 

interpolation. 

 

     

€ 

OD = OD0e
µt  (Eq. 1) 

     

€ 

lnOD = lnOD0 + µ t  (Eq. 2) 

 

where OD and OD0 are the optical density and the optical density at the beginning 

(adimensional), µ is the growth rate in d-1 and t is the time in days. 

 The fermentations with the poorest performance are F2 and F4. Although they reached 

values of maximum O.D. similar to their odd counterparts, F4 looks like if a hypothetical death 

phase started in the end of the observed period, whereas F2 has oscillations in the values 

measured, leading to some uncertainty on the quality of the broth. For this reason, only F1 

and F3 broth were kept and purified, as seen in the purification subsection. Therefore the 

determination of the growth rate, µ, and the doubling time, td will only be made for these two 

fermentations, and only for demonstration purposes. From eq. 2 it is trivial to demonstrate 

that the time taken to double the existing population, i.e., OD1 = 2 OD0, is calculated by eq. 3: 

 

 
    

€ 

td =
ln2 
µ

 (Eq. 3) 

 

where each variable has the same meaning has before. Plotting the natural logarithm of OD 

against time for F1 and F3, and fitting a linear regression for the identified log phase, results 

in Figure 11: 
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Figure 11: Ln (OD) variation over time for fermentations F1 () and F3 (). Linear regressions fitted 

for both cases: F1 log phase (), F3 log phase (- -). 
 

 

 The equations obtained for each case are shown below. The respective correlation 

coefficients along with the growth rates, initial ODs and doubling times are shown in Table 1: 

 

     

€ 

lnODF1 = 0.68t −3.2  (Eq. 4) 

     

€ 

lnODF1 = 0.87t −4.9  (Eq. 5) 

 

Table 1: Calculated parameters from the linear interpolations shown in eq. 4 and 5  
and respective correlation coefficients for fermentations F1 and F3. 

Fermentation µ / h-1 OD0 td / h R2 

F1 0.68 4.2 x 10-2 1.0 0.964 
F3 0.87 7.5 x 10-3 0.8 0.941 

 

 

 After these first batches, three more fermentations were needed during the course of 

this work, roughly once per month with one exception. It would have been interesting to have 

growth curves for these fermentations as well. The ideal way to improve consistency between 

different fermentation would be to stop them all at the same OD, since this depends on the 

volume and quality of the original inoculum. However, it was reckoned to be more important 

to use the fermentation time to proceed with other experimental work, which often did not 

allow to sample thus it was established a total 7 hours for fermentation time. Of these 

following fermentations, only an analysis in an SDS-PAGE gel was done to check the 

outcome, coupled with a standard activity test in some cases. Thus it isn’t possible to 

compare other batches with the two presented here. 
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Production – Purification 

 

 

 This entire project involved working with purified biocatalyst. Using whole cell as a 

biocatalyst is obviously impracticable due to the immobilization type used. Nevertheless, it 

would be possible to work with lysates, without further purification. The main advantage of 

this option is the cost reduction of the production process. In a large-scale version, ion 

exchange columns often consist of a heavy expense, not only in investment, but also in 

consumables (resins), and can affect the economical viability of a biotech process. Another 

interesting bonus is the increased stability of the biocatalyst when used and stored as a 

lysate. This is commonly observed, explained by the usual presence of stabilizing factors, like 

other proteins, as long as the proteolytic activity of the proteases present in the lysate is low 

on transketolase. This added stability has been confirmed for the TK used (unpublished data). 

 One downside of the usage of lysates is the introduction of various biocatalysts, often 

unknown, that can contaminate the product or perform parallel secondary reactions, 

degrading the product quality and/or yield. Another important consequence is the added 

variability to the process, increasing the number of variables to control and decreasing the 

quality of the data obtained by monitoring. Together with the reduced efficiency and increased 

difficulty of the immobilization process that results of non-specific binding to the supports 

used, these are the two capital reasons for always using purified TK here. 

 Further considerations regarding the protocol followed and its efficiency in the purities 

and yields obtained will not be made, since the application of this protocol to E. coli TK has 

been developed, discussed and followed extensively before (Hobbs, G.R., 1994; Hobbs, G.R. 

et al., 1996; Brocklebank et al., 1996, 1999). 

 After following the purification protocol described in the methods, a SDS-PAGE gel of 

F1 and F3 lysates and purified transketolase solutions was run. The gel obtained was 

photographed and artificially increased in brightness to remove some of the background. It is 

shown in Figure 12. 

 This gel corresponds to the expectations. On one hand, both lysates show a large 

number of bands, with very large and thick bands corresponding to TK (MW of 72 kDa for 

each homodimmer, positioned slightly below the 80 kDa standard band from the Novex® 

protein standard used). On the other hand, in the purified TK lanes no other bands are visible 

apart from TK. It also shows a reasonable yield, if one compares the two bands. The software 

for band analysis could have been used to determine the respective proportions between the 

two bands (lysate vs. purified). However, that wouldn’t be an accurate determination of 

protein yield since other proteins of similar MW could be contributing to the large band 

observed in the lysates, thus leading to underestimates of the yield. A more rigorous test 

would have to be employed for that purpose, but in the time frame available that was not 

considered important for the objectives of this work. 
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Figure 12: SDS-PAGE gel showing from left to right: Novex standard (lane 1), F1 lysate (lane 2), F1 

purified TK (lane 3), F3 lysate (lane 5) and F3 purified TK (lane 6). The molecular weights in kDa of the 
proteins in the visible bands in the standard are, in descending order, 260, 160, 110, 80, and 60. 

 

 

 After gel analysis, a standard TK activity test was conducted for both purified enzymes, 

following the technique described in the methods. The results are shown in Table 16 and 

Figure 13. The erythrulose concentrations were calculated using a previously known 

calibration factor of 85000 (information kindly given by Matosevic, S.), and taking account of a 

10x dilution with 0.2% TFA when the samples are taken. 

 

 

 
Figure 13: HPLC analysis of a standard activity test for transketolase from 

 F1 (in black) and F3 (in white). () – β-HPA; () – Erythrulose. 
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 As expected, β-HPA depletion follows a typical consumption curve. Regrettably there 

wasn’t a calibration curve for β-HPA, only for the product, given the difficulty to obtain a 

reliable linear calibration for β-HPA. Following this substrate consumption through HPLC is 

always considerable approximate and thus often not quantifiable. 

 On one hand, the values shown seem to point that the initial concentration of β-HPA 

was bigger for F3, which may be due to sample preparation errors. On the other hand, 

erythrulose formation varies very similar for both enzymes, with an apparent slight advantage 

for F1 TK but within normal variation. The increase over time follows an initial linear increase, 

after which it slowly progresses towards 50 mM concentration in the time frame analyzed (3 

hours). This indicates an almost 100% conversion, since the limiting reagent (β-HPA) is 

present in a 50 mM concentration and the reaction follows a 1:1 stoichiometric proportion. 

 To determine and compare the activities of an enzyme in a given condition, it is 

common to use the activity in the initial instant of the reaction (t = 0, no product and maximum 

substrate). An approach to determine this value is to manually draw a tangent line to the initial 

data points. Alternatively, one can model the data using an equation that adequately 

describes the data, and then derivate it on the initial time instant. This should return the initial 

activity, or initial reaction rate. The equation chosen to model the activity data is shown below 

(eq. 6): 

 

 
    

€ 

CEry =
c × t
b + t

 (Eq. 6) 

 

where CEry is erythrulose concentration in mM, t is the time in min, c, and b are the model 

parameters, where c is in mM and b is in min. This model was fitted to both reactions using 

the Excel® tool Solver®. By minimizing the square of the difference between the data and the 

model predictions while varying simultaneously c and b, these two parameters can be 

obtained. The results are shown in Table 2. 

 As mentioned above, the tangent that represents the reaction rate is obtained from 

the derivative of the model on that time instant. The calculation of the derivative is shown in 

equation 7, and the initial reaction rates calculated from it are also shown in Table 2. 

 

 

 

    

€ 

dCEry

dt
=

d
dt

c × t
b + t
 

 
 

 

 
 =

c × b + t( ) − c × t ×1

b + t( )
2 =

c ×b

b + t( )
2

dCEry

dt
t=0

=
c ×b
b2 =

c
b

 

 

 
 

 

 
 

 (Eq. 7) 
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Table 2: Model parameters obtained fitting eq. 6 to the data in Table 16 for standard activity tests of TK 
from fermentations F1 and F3. Initial reaction rates calculated from eq. 7. 
TK c / mM b / min ∑ (x-y)2 v0 / mM.min-1 

F1 117 191 141 0.611 
F3 110 200 49.6 0.548 

 

 

 
Figure 14: Fitting of eq. 6 model to the HPLC results of a standard activity test for transketolase from F1 
(in black) and F3 (in white). () – β-HPA, () – Erythrulose, () – F1 model (thick) and tangent (thin); 

 (- -) – F3 model (thick) and tangent (thin).  
 

 

 Looking at the parameters obtained for the model, it seems that they didn’t fit as well as 

initially expected: the sum of the differences between data and model is too big and both c 

and b are larger than the expected, around half the obtained values, at least for c for the 

reasons presented before. One way to overcome this problem would be to impose c at 50 

mM or within a short range of this theoretical value. However, both options lead to bad 

models, misrepresenting the data and eroding the calculated initial reaction rates, possibly 

the most important purpose of the modelling approach. Hence, the fitted models are useful for 

calculating the initial reaction rates and for comparison purposes. To finalize the analysis of 

this purification, a note to say that due to experimental lapse the determination of the 

concentration of the purified enzyme was not done while possible. 

 From this point, another researcher used F1 TK while TK obtained from F3 was used 

for the first experiments in this project until it run out. A month later three new batches of TK 

were produced and purified, called TK 1, 2 and 3. The SDS-PAGE gel result is shown in 

Figure 15. 
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Figure 15: SDS-PAGE gel showing from left to right: a protein marker (lane 1), lysate (lane 2), purified 
TK (lane 3), lysate (lane 4), TK1 lysate (lane 5) and purified (lane 6), TK2 lysate (lane 7) and purified 

(lane 8), TK3 lysate (lane 9) and purified (10). Lanes 2 to 4 are not part of this work. The relevant ones 
are lanes 5 to 10. The molecular weights in kDa of the proteins in the visible bands in the standard are, 

in descending order, 260, 160, 110, 80, 60, 50 and 40. 
 

 

 Note that lanes 2 to 4 do not refer to this work. The three lysates and purified 

enzymes shown are similar to the previous gel obtained (Figure 12). The main difference may 

be the apparent level of contamination: both purified TK2 and TK3, especially TK3, show 

other bands in the gel presented, while also showing apparently thicker bands of TK. 

 This time the determination of the concentration was done shortly after purification. 

Initially a Nanodrop® (Thermo scientific, Wilmington, USA) spectrophotometer (2 µl working 

volume) was tried with disappoint results. The alternative was using a normal 

spectrophotometer with a 1 ml cuvette. The downside is that, to avoid spending a significant 

portion of the low volume of biocatalyst solutions available by irreversibly diluting it, it wasn’t 

prepared a sample with a relatively low concentration. Consequently the values measured are 

above the recommended maximum levels for absorbance (0,4 – 0,5) where the linear 

relationship assumed by the Lambert-Beer law is valid. The data is shown in Table 3. 

 

 

Table 3: Measured absorbance for TK 1, 2 and 3. Calculated concentrations in mM from the 
 extinction coefficient and in mg.ml-1 knowing the molecular weight (Pace et al., 1995). 

TK Abs Concentration / mM Concentration / mg.ml-1 

1 0.541 5.76 x 10-3 0.416 
2 0.597 6.36 x 10-3 0.459 

3 0.733 7.81 x 10-3 0.564 
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 Note the reasonable higher concentration of TK3 compared to the other two batches. A 

particular reason for this is difficult to know, and it could either lie on the fermentation cell 

density/productivity obtained or in the yield of the purification process. The most likely one 

though, is the use of a smaller volume of strip buffer, leading to more concentrated enzyme. 

Haven’t fully sampled each step of the process, it isn’t possible to ascertain or quantify the 

cause. However, this is not important since the purpose is to study the biocatalyst’s 

performance in different immobilized situations. The measured activity in standard conditions 

can then be normalized if concentrations are known. More important is the activity 

demonstrated by these enzymes in a standard reaction assay. Undesirably the analysis of 

TK3 activity failed, leaving only results for TK1 and TK2, shown in Table 17 and Figure 16. 

 

 
Figure 16: HPLC analysis results of a standard activity test for transketolases 

 TK1 (in black) and TK2 (in white). (/) – β-HPA; (/) – Erythrulose. 
 

 

 As happened in the previous purification process, the difference in the activity of both 

biocatalysts isn’t significant. It would have been interesting to have the results for TK3 to see 

if the increased concentration of biocatalyst was reflected in any increase on the reaction 

rate. The initial rates for TK1 and TK2 were than determined by the fitting of eq. 6 model, as 

described before, and are shown in Table 4, where a is the specific activity. 

 

 

Table 4: Model parameters obtained fitting eq. 6 to the data in Table 17 for 
 standard activity assays of TK1 and TK2. Initial reaction rates calculated from eq 7. 

TK c / mM b / min ∑ (x-y)2 v0 / mM.min-1 
a / mmol. 

min-1.mg-1 

TK1 74.6 49.7 318 1.50 3.61 
TK2 68.8 38.6 282 1.78 3.88 
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Figure 17: Fitting of eq. 6 model and tangent calculations (eq. 7) to the calculated erythrulose 
concentrations. The latter were obtained from the HPLC results of a standard activity test for 

transketolase TK1 (in black) and TK2 (in white). () – β-HPA, () – Erythrulose. 
() – F1 model (thick) and tangent (thin); (- -) – F3 model (thick) and tangent (thin).  

 

 

 Comparing TK1 with TK2, one can see a bigger initial rate for F2. Nevertheless, the 

calculated specific activity difference is only half of that, with the remaining difference likely to 

be within normal error. 

 Comparing Table 2 with Table 4 there are notorious differences. Perhaps the most 

remarkable is the difference between the calculated initial rates, with the new batches 

showing faster initial rates. Without knowing the concentrations of purified F1 and F3, it isn’t 

possible to compare specific activities between these two with TK1 and TK2, which would be 

a more appropriate comparison. The difference is also likely associated with the variability of 

the fitted models, that don’t fit as well as desired, together with some expectable variability of 

the enzyme’s purity and concentration, especially in the lack of strict production and 

purification control. In any case, it will be more interesting to use this last set of data as a 

control to compare with other conditions tested for the same biocatalysts in the next section 

(biocatalyst characterization), rather than evaluating this data per se. 

 

 The other fermentations that were carried out showed very similar behaviours to what 

has already been described here, so it is uninteresting to present them all. Exception made 

for the last fermentation, which did behave unexpectedly somewhat differently. An artificially 

brightened picture of the last purified batches in this work is shown in Figure 18. 

 Of the three batches produced by fermentation of E. coli (Figure 18) shown in the 

picture, only the second and third contain the plasmid pQR412, whereas the first has another 

plasmid and is not part of this work. Note that the TK bands are considerably thinner than 
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usual, although the lysates appear perfectly normal. This may reveal that the purification yield 

was less then expected, although the yield wasn’t quantified as mentioned before. No 

apparent reason was found for this, although it may lie in a purification experimental error, 

such as preparing or using a wrong buffer, defective his-bind cartridges or even a leak during 

the dialysis operation. 

 

 
 1 2 3 4 5 6  

 
Figure 18: SDS-PAGE gel showing lysates (first three lanes) and purified TK (remaining three lanes) 

from three different batches. Only lanes 2,3 and 5,6 correspond to pQR412 transketolase. 
 

 

 Nevertheless both batches of purified TK solutions were mixed and used for the final 

experiments until the end of this work. 

 

 

Characterization 

 

 

 Before starting with the immobilization work, a series of experiments were conducted to 

characterize this His-tag version of E. coli produced transketolase. Although this 

characterization had been done before in quite extent (see Brocklebank’s work), the objective 

was to gain experimental experience in the manipulation of different condition in a 96-well 

approach while collecting some additional data. Perhaps the most relevant one is the effect of 

previously untested buffers. The three batches of purified TK named TK1, TK2 and TK3 were 

used for these characterizations. 
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 Cofactor incubation time 

 

 

 The first experiment consisted in a test to the cofactor incubation time impact. This was 

represented by two periods: a typical 20-minute and an overnight. The objective was to see 

how efficient, i.e., what is the yield of the adopted incubation time, considering that the 

reconstitution of the holoenzyme is an equilibrium that will tend to 100% over time. A period of 

about 16 hours was taken as 100%. Note that there is a conflicting factor associated with long 

periods of incubation: denaturation. Therefore this incubation was made at 4 ºC, in contrast 

with a normal room temperature operation. The denaturation issue will be explored 

afterwards. Nonetheless, the long period of time used should make up for slower diffusional 

rates and binding kinetics, which are dependent on the temperature. 

 The results are shown in Table 18 for the three enzymes. To keep the presented 

results simple to read, the β-HPA readings were omitted since they are less important and 

reliable. 

 The comparisons to be made are obviously between fresh (20 min) and overnight 

incubation for each enzyme (Figure 19 and Figure 20). Since the activity test with normal 

(fresh) incubation for TK3 failed before, a comparison of the three enzymes after overnight 

cofactors incubation is also shown (Figure 21). 

 

 

 
Figure 19: Comparison between a standard reaction with fresh cofactors incubation (; – model) and a 

reaction after being left incubating with cofactors overnight at 4 ºC (; - - - model). TK1 enzyme. 
Immobilization, reaction & HPLC analysis performed as described in the ‘material and methods’ section. 
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Figure 20: Comparison between a standard reaction with fresh cofactors incubation (; – model) and a 

reaction after being left incubating with cofactors overnight at 4 ºC (; - - - model). TK2 enzyme. 
Immobilization, reaction & HPLC analysis performed as described in the ‘material and methods’ section. 

 

 

 
Figure 21: Comparison between the three purified transketolases (TK1, TK2 and TK3) 

 with overnight cofactors incubation at 4 ºC. (; –) – TK1, (; - - -) – TK2, (■; ..…) – TK3.  
Immobilization, reaction & HPLC analysis performed as described in the ‘material and methods’ section. 
 

 

 Comparing the two sets of reactions shown in Figure 19 and Figure 20, it is clear that 

the differences are residual, and that a cofactors incubation period of 20 minutes proves to 

achieve almost total holoenzyme reconstitution. The initial reactions times, up to 30 – 40 

minutes is when a small difference can be seen. Note that the two reaction media might be at 

a different temperature when the reaction was started. 

 The difference of the models shown in Figure 19 is more likely to do with troubles in 

fitting the adequate model than to differences in the two reactions. This is because the excess 
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of data in the first instants as opposed to the lack of data after 100 minutes that would force 

the model down, to a more adequate one. The models are therefore biased in representing 

the data. Once again, the alternative of force fitting c at, or close to, 50 mM results in bad 

models. Moreover, in Figure 19 is visible a small sigmoid shape of the data, which is not 

taken account by equation6. A sigmoidal equation would be more appropriate for this 

modelling but for simplification purposes this was not considered. Nevertheless the calculated 

initial rate is exactly the same in this figure, whereas in Figure 20 the models show a high 

agreement but a slight increase (about 7%) in the initial rate for the long incubation (Table 4 

vs. Table 5). 

 

 

Table 5: Model parameters obtained fitting eq. 6 to the data in Table 18 (overnight incubation of 
cofactors at 4 ºC). For TK3 the 20 and 100 min points were discarded (outliers). 

 Initial reaction rates calculated from eq 7. 

TK c / mM b / min ∑ (x-y)2 v0 / mM.min-1 
a / mmol. 

min-1.mg-1 

TK1 96.0 64.2 174 1.50 3.61 
TK2 69.1 36.1 202 1.91 4.16 

TK3 83.7 26.4 43 3.17 5.62 

 

 

 Note that two points were removed from the data for TK3, 20 and 100 min, since they 

diverge from the trend shown by the remaining data. The most notable observation though is 

the significant difference between TK3 and TK1/TK2 seen on Figure 21. The reaction 

proceeds considerably quicker using TK3, and that translates in the low b value of the fitted 

model and consequently a high initial rate. Comparing with the average of the initial rates of 

TK1 and TK2, TK3 overruns it by 86%, but the specific activity difference of the same 

comparison is only about 45%. It is hard to justify the difference between these specific 

activities, even when considering the modelling downsides and expected errors.  

 

 

 Room temperature stability 

 

 

 Another transketolase property tested was its stability at room temperature. It is known 

that, as with most enzymes, purified TK denatures over time, seen with activity decay, and 

that process is naturally accelerated by higher temperature (Arrhenius law).  For this purpose, 

the three TK solutions were left at ~25 ºC for a weekend, approximately 60 hours, and then a 

standard activity test was conducted for all three solutions. The results for erythrulose 

formation are shown in Table 19 and from Figure 22 to Figure 24. The parameters of the 

models fitted are shown in Table 6. 
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Table 6: Model parameters obtained fitting eq. 6 to the data in Table 19 for activity assays of TK1, TK2 
and TK3 after being left at 25 ºC for a weekend. Initial reaction rates calculated from eq 7. 

TK c / mM b / min ∑ (x-y)2 v0 / mM.min-1 a / mmol. 
min-1.mg-1 

TK1 66.4 50.2 184 1.32 3.17 
TK2 69.0 41.1 179 1.68 3.66 
TK3 69.0 21.5 143 3.21 5.69 

 

 

 
Figure 22: Activity comparison between a standard reaction (; – model) and a reaction after leaving 
TK1 at 25 ºC for a weekend (; - - - model). Immobilization, reaction & HPLC analysis performed as 

described in the ‘material and methods’ section. 
 

 

 
Figure 23: Activity comparison between a standard reaction (; – model) and a reaction after leaving 
TK2 at 25 ºC for a weekend (; - - - model). Immobilization, reaction & HPLC analysis performed as 

described in the ‘material and methods’ section. 
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Figure 24: Activity comparison between a reaction with overnight cofactor incubation (; – model) 
 and a standard reaction after leaving TK3 at 25 ºC for a weekend (; - - - model). Immobilization, 

reaction & HPLC analysis performed as described in the ‘material and methods’ section. 
 

 

 Observing the three figures, it is visible a slight drop in activity in all three cases. For 

TK1 this is somewhat more visible than for TK2 and TK3, as data points are consistently 

below the control run (the reaction presented before for fresh cofactor incubation) and the 

fitted model reflects that. The initial rate coherently drops about 12%. For TK2, the difference 

is smaller and only perceived in the region 30 – 60 minutes. There is some lack of control 

data at higher reaction times for a more appropriate comparison. Using the models fitted, the 

drop in the initial rate is only about 6%. For TK3, the initial data points seem to indicate a 

fairly quicker reaction for the control run. Again some lack of data interferes with the quality of 

the model that seems to have an exaggerated c constant. Consequently, the calculated initial 

rates are roughly the same. 

 The conclusion is that TK is relatively stable, as expected. Of the three enzymes the 

calculated initial rate drop average is about 6%. 

 

 

 Buffer effect 

 

 

 After these tests, TK1, TK2 and TK3 solutions, were mixed to form a uniform solution 

for the next experiments. An accurate determination of its concentration wasn’t obtained, due 

to low amount left. Alternatively this could have been estimated if the volume of each solution 

was known, since their concentration was already determined (Table 3). Unfortunately, only 

after having mixed was this realized. Hence no specific activities are available. 

 The following test consisted in evaluating the effect of the recommended buffer for use 
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in the immobilization process, denominated “interaction buffer”. This buffer has been 

designed and optimized by the manufacturer as the most appropriate buffer for assays using 

the Ni-NTA magnetic agarose beads. It is composed of 50 mM NaH2PO4, 300 mM NaCl, 20 

mM Imidazole and 0.05% Tween 20, with pH adjusted to 8. This buffer was prepared and 

solutions of cofactors and substrates with normal concentrations were prepared in this buffer. 

The control, or comparison target, is the standard reaction performed in 50 mM Tris-HCl 

buffer. The results are shown in Table 20, Figure 25 and Table 7. 

 
 

 
Figure 25: Activity comparison between a standard reaction in Tris-HCl buffer (; – model) 

 and a standard reaction in interaction buffer (; - - - model). 
 
 
Table 7: Model parameters obtained fitting eq. 6 to the data in Table 20 for standard activity tests of TK 

in Tris-HCl and Interaction buffers. Initial reaction rates calculated from eq 7. 
Buffer c / mM b / min ∑ (x-y)2 v0 / mM.min-1 

Tris-HCl 69.2 76.7 41 0.90 

Interaction 90.0 180 21 0.50 

 
 

 It is clear from Figure 25 that there is a drop in activity when using interaction buffer. 

Looking at the calculated initial rates, this drop reaches 45%. This is not totally unexpected, 

since it is known that phosphates are inhibitory to TK (information kindly given by Lye, G.). 

Another inhibitory compound for TK is NaCl, at high concentrations (information kindly given 

by Matosevic, S.), which may not be the case, but should be taken in account. Lastly, the pH 

above the optimal range for TK (6.5 – 7.5) is a likely factor contributing to the activity 

reduction. The buffer effect will be further discussed in the following immobilization section. 
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IMMOBILIZATION 
 

 

 

Characterization 

 

 

 The immobilization work conducted in the course of this project refers to the use of the 

Ni-NTA magnetic agarose beads from Qiagen® as the immobilization support for His-tagged 

transketolase. This immobilization is based on the reversible interaction established by the 

histidine ring on the biocatalyst to the Ni-NTA matrix (Figure 6) as detailed in the introduction. 

 

 Before exploring activity assays with immobilized TK, a series of experiments were 

devised to characterize the immobilization itself, and to try to optimize the original protocol for 

this system. The main objective was to determine the amount of bound transketolase. This 

allows finding out how the yield of the immobilization protocol and the efficiency of the beads 

while allowing to normalize to the biocatalyst amount future activity measures. 

 

 

 Immobilized TK amount determination 

 

 

 To determine the amount of bound TK, two approaches can be considered. The first is 

simply eluting the enzyme after immobilization with a known volume and determine protein 

concentration (eq. 8). The second is establishing a mass balance (eq. 9) and determining the 

bound TK amount by difference to the other steps: unbound and removed in the supernatant 

after incubation, and in the removed wash buffer. The difference between their sum and the 

initial amount used should be the bound TK.  

 

     

€ 

mbound ≈ meluted  (Eq. 8) 

     

€ 

mbound = minitial −munbound −mwashed  (Eq. 9) 
 

 The first approach is considerably simpler and more practical but has two 

disadvantages: the assumption that all bound TK is eluted with the elute buffer used and the 

need to elute the enzyme of the beads which is undesirable if a reaction is to take place 

afterwards. 

 Assuming the first approach (eluted TK is approximately equal to bound TK) an 

experiment to determine the effect of bead/enzyme concentration ratio was made. The 

purpose is to optimize the amount of biocatalyst solution necessary to saturate a given bead 



 57 

amount. 

 The experiment planned was to immobilize and elute TK with four different beads to 

enzyme or solid phase/liquid phase ratios and determine the amount of eluted TK by gel 

electrophoresis analysis. Taking account of the expensive price of the beads used, their 

amount was always kept at 10 µl. The amount of used TK solution ranged between 50 to 200 

µl, the suggested value of the manufacturer. The original result is shown in Figure 26 and a 

second analysis of the same samples is shown in Figure 27. 

 

 From these two figures, especially Figure 27, it seems there is an increase in the 

concentration of eluted TK when the amount of TK used is increased. To quantify this 

observation, the contour tool of the gel analysis software was used. This tool analyses the 

area of a selected band, as well as the density of the band. Multiplying both variables results 

in a “band volume”, which can be used to quantitatively compare different gel bands. The 

results obtained are shown in Table 8 and Figure 28. 

 

 

 1 2 3 4 5 6 7 8 9 10 

  
Figure 26: First run of a SDS-PAGE gel showing eluted TK after different immobilizations. 

 1 – Novex® protein standard, 2 to 5 – Other samples, 6 – 50 µl of TK sol., 7 – 100 µl of TK sol., 
 8 – 150 µl of TK sol., 9 – 200 µl of TK sol., 10 – Pure TK reference. The molecular weights in kDa of the 

standard are, in descending order, 260, 160, 110, 80, 60, 50, 40, 30, 20, 15 10 and 3.5. 
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 1 2 3 4 5 6 7 8 9 10 

 
Figure 27: Second run of a SDS-PAGE gel showing eluted TK after different immobilizations.  

1 & 2 – Novex® protein standard, 3 to 5 – Other samples, 6 – 50 µl of TK sol., 7 – 100 µl of TK sol., 
 8 – 150 µl of TK sol., 9 – 200 µl of TK sol., 10 – Pure TK reference. The molecular weights in kDa of the 

standard are, in descending order, 260, 160, 110, 80, 60, 50, 40, 30, 20, 15 10 and 3.5. 
 
 

Table 8: Band area and volume measured using the contour function of the gel analysis software 
(Figure 27) for different volumes of TK solution used in the incubation step with the magnetic beads.  

Band  
lane 

Incubation 
volume / µl 

Area 
 / mm2 

Band volume / 
Int.mm2 

6 50 5.33 3278.61 
7 100 7.32 6920.33 
8 150 8.83 11427.17 
9 200 10.45 15370.45 

10 (Pure) 10.92 32386.37  
 

 

 
Figure 28: Band volume measured using the contour function of the gel analysis software 
 as a function of the volume of TK solution used in the incubation step with 10 µl of beads. 
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 The relationship between incubation volume and band volume is impressively linear, as 

one can see in the previous figure and by looking at the adjusted linear regression (Vband = 

81.56 Vincubation -946.4) correlation coefficient, 0.998. 

 Extrapolating the regression line until the registered band volume of the pure TK band 

used as a reference, one obtains an “equivalent incubation volume” for free solution TK of 

approximately 400 µl. This value is just indicated for reference and should not be taken as the 

incubation volume where the beads are totally saturated. This is because the expected 

relationship between these two variables is an adsorption curve.  

 The simpler and typical example of an adsorption in a solid support is the Langmuir 

monolayer isotherm equation (eq. 10), which is an equation of the same type of equation 6. 

Therefore the expected behaviour of adsorption is an initial rapid increase for low enzyme 

concentration (in this experiment represented by incubation volume) and slowly tending to a 

limit of total saturation of the solid phase. 

 

 
    

€ 

θ =
K C

1+ K C
 (Eq. 10) 

 

 An obvious consequence is that the amounts of TK used for the four incubations 

(measured as concentration x volume used, where the concentration is constant), are quite 

low (in the linear range of the Langmuir equation), and therefore there is still room for 

increasing the amount of TK used in the incubation step. That amount can be increased 

either by using more TK solution, or perhaps more efficiently, by using more concentrated TK 

solution. This can be achieved in the final purification step by using less strip buffer amount, 

with the downside of reducing the purification yield. To assure the validity and reproducibility 

of these results, these experiments should have been repeated, which was not possible due 

to the short time available. 

 An important question arisen by these results is whether or not this decrease in 

biocatalyst amount (when compared to the free solution assay biocatalyst amount) also 

translates to significant differences in activity assays. For instance, it was seen before that the 

activity of the more concentrated TK3 was superior, but that difference wasn’t fully explained 

since the calculated specific activities were not the same between different enzymes. 

 If the activity reduction associated with a lower amount of immobilized TK is small and 

provides good results, than it can be advantageous to use less biocatalyst and save on the 

necessary amount per assay. Generically, this can be important information for the 

immobilization cost and of the overall cost of the technique under development, depending on 

how expensive is the purification of a given enzyme. This will be explored in the ‘biocatalyst 

amount effect’ subsection of the next section (‘manual immobilization’). 
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 TK distribution during immobilization 

 

 

 The other experiment made to characterize the immobilization technique intended to 

evaluate the distribution of TK in the various immobilizations steps. Therefore, a SDS-PAGE 

gel containing a sample of TK in lysate, excess unbound TK removed, TK removed in the 

wash step and TK eluted from the beads was run (Figure 36). Perhaps due to the strong 

background colour, the contour tool wasn’t able to clearly distinguish the bands seen in the 

picture. Thus, no data was collected and the gel was re-destained but it was inadvertently 

destroyed before a new picture could be taken. Thus, it wasn’t possible to quantify each 

band. This procedure was not repeated once again due to lack of the necessary time. 

 However, it is clear from Figure 36 that there is a quite significant amount of protein 

that is unbound in the incubation step. Qualitatively, it appears to be of the same order of 

magnitude of the eluted amount. The portion removed in the wash step is smaller, but 

nevertheless significant. 

 
 

 1 2 3 4 5 6 7 8 

 
Figure 29: SDS-PAGE gel showing eluted TK after different immobilization operations.  

1 – Fermentation lysate, 2 – Unbound excess TK after immobilization,  
3 – Removed TK in the wash step, 4 – Eluted TK, 5 to 8 – Other samples. 

 The remaining lysate after purification wasn’t analyzed. 
 

 

Manual immobilization 

 

 

 After the brief characterization described, the first assays using immobilized biocatalyst 

were performed. Some of the objectives and properties explored are the same as before: the 

effect of the amount of biocatalyst on the activity and the effect of the buffer on the reaction. 
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 Buffer effect when immobilized 

 

 

 To test this effect, a first experiment was conducted to complement the buffer test 

already realized for free solution TK. The objective here is to compare the effect of the 

Interaction buffer versus Tris-HCl buffer and compare them with free solution data. It is 

interesting to check if the Interaction buffer actually promotes the enzyme-bead interaction 

and is able to make up for the activity loss registered before (Figure 25). 

 Two reaction were executed, both using 200 µl of TK solution in the incubation step 

(following previous results). One was prepared with cofactors and substrates solutions in 50 

mM Tris-HCl whereas in the other these solutions were in Interaction buffer (50 mM 

NaH2PO4, 300 mM NaCl, 20 mM Imidazole). The results are shown in Table 21, Table 9 and 

Figure 30. 

 
 

Table 9: Model parameters obtained fitting eq. 6 to the data in Table 21 for immobilized TK 
 reactions in Tris-HCl and Interaction buffers. Initial reaction rates calculated from eq 7. 

 Immobilization was performed manually as described in the ‘Enzyme  
immobilization’ subsection of the ‘materials and methods’ section. 

Buffer c / mM b / min ∑ (x-y)2 v0 / mM.min-1 

Tris-HCl 101 131 206 0.769 

Interaction 76.3 439 79 0.174 

 

 

 
Figure 30: Activity comparison between manually immobilized TK catalyzed reactions in 

 Tris-HCl buffer (; – model) and in Interaction buffer (; - - - model). Immobilization was performed 
manually as described in the ‘Enzyme immobilization’ subsection of the ‘materials and methods’ section. 

Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 
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 The difference between the two runs is very large. The activity recorded for immobilized 

TK in Interaction buffer looks strongly inhibited, and that can be quantified in a 77% drop of 

the initial reaction rate calculated. This is a highly unexpected consequence of the use of this 

buffer. In fact, this buffer should promote and stabilize the bead-TK interaction (Qiagen Ltd., 

2001) and if this positive effect weren’t able to compensate for the loss of TK activity, at least 

it wouldn’t be expected to see a difference bigger than the one already registered in Figure 

25. For easier comparison, this figure and Figure 30 were combined and are shown as Figure 

31. 

 This surprising drop is hard to explain. A hypothetical explanation could lie in a 

partitioning effect of anions (Imidazole, PO4
2-, Cl-) in the vicinity of the Ni-NTA positive matrix, 

creating a solvation shell surrounding TK. That effect may create an inhibitory environment for 

the biocatalyst, hampering its activity. 

 On the other hand it also comes as a surprise that the immobilized TK in Tris-HCl 

buffer seems to progress to a higher conversion when compared to its free solution 

counterpart, despite a slower initial rate. This is clearly visible in Figure 31 and will be 

discussed ahead in the ‘discussion’ subsection after other consistent results are presented. 

 

 

 
Figure 31: Activity comparison between free solution and manually immobilized TK catalyzed reactions 
in Tris-HCl buffer and in Interaction buffer. () – Free in Tris-HCl buffer; () – Free in Interaction buffer; 

() – Immobilized in Tris-HCl buffer; () – Immobilized in Interaction buffer.  
Immobilization was performed manually as described in the ‘Enzyme immobilization’ 

 subsection of the ‘materials and methods’ section. Analysis performed as 
 described in the ‘HPLC analysis’ subsection of the same section. 
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 Biocatalyst amount effect 

 

 

 Another property to be explored is the effect of the biocatalyst amount used for 

incubation with the beads, as mentioned before. Thus, a large experiment was conducted to 

evaluate this effect and also to repeat the buffer test made before for confirmation. Three 

manual immobilizations were conducted using 50, 100 and 200 µl of TK solution for the 

incubation step prepared in Tris-HCl buffer. Another two immobilizations were done using 100 

and 200 µl of TK solution for incubation with the beads but prepared in Interaction buffer. 

Finally, two free solution TK controls were prepared using both Tris-HCl and Interaction buffer 

prepared reagents. The usual protocol was followed but the wash step was missed. 

 The full results are shown in Table 22. Figure 32 shows the comparison for the three 

assays (three different incubation volumes of TK solution) performed in Tris-HCl buffer with 

the respective control. Figure 33 shows the comparison between the two assays done in 

Interaction buffer with the respective control. Figure 34 combines both charts for buffer 

comparison, but showing only one of the three very similar Tris-HCl runs, for simplification. 

 

 

 
 Figure 32: Activity comparison between free solution and manually immobilized TK catalyzed reactions 
in Tris-HCl buffer. (;   model) – Free 30 µl (control); (;– – model) – Immobilized using 50 µl of TK; 

(;– . model) – Immobilized using 100 µl of TK; (; - -) – Immobilized using 200 µl of TK.  
Immobilization was performed manually as described in the ‘Enzyme immobilization’ 

subsection of the ‘materials and methods’ section. Analysis performed as  
described in the ‘HPLC analysis’ subsection of the same section. 
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Figure 33: Activity comparison between free solution and manually immobilized TK catalyzed reactions 
in Interaction buffer. (;   model) – Free 30 µl (control); (;- -model) – Immobilized using 100 µl of TK; 
(;– –) – Immobilized using 200 µl of TK.  Immobilization was performed manually as described in the 

‘Enzyme immobilization’ subsection of the ‘materials and methods’ section. Analysis performed as 
described in the ‘HPLC analysis’ subsection of the same section. 

 

 

  
Figure 34: Activity comparison between free solution and manually immobilized TK catalyzed reactions 
in Tris-HCl & Interaction buffers. (;   model) – Free 30 µl (control); (;– – model) – Immobilized using 

50 µl of TK; (;– . model) – Immobilized using 100 µl of TK; (; - -) – Immobilized using 200 µl of TK. 
Immobilization was performed manually as described in the ‘Enzyme immobilization’ 

subsection of the ‘materials and methods’ section. Analysis performed as  
described in the ‘HPLC analysis’ subsection of the same section. 

 

 

 The model’s parameters fitted to these data sets are shown in Table 10. 
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Table 10: Model parameters obtained fitting equation 6 to the data in Table 22. The data refers to 
erythrulose calculated concentrations from HPLC analysis of a set of reactions using different buffers 
(Tris-HCl and Interaction buffer) and different amounts of TK solution for incubation with beads in the 

initial immobilization step. Immobilization was performed manually as described in the 
 ‘Enzyme immobilization’ subsection of the ‘materials and methods’ section.  

Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 
Buffer Vincub / µl c / mM b / min ∑ (x-y)2 v0 / mM.min-1 

50 77.5 77.0 302 1.01 

100 75.6 77.2 326 0.98 

200 72.9 64.9 397 1.12 
Tris-HCl 

Control 53.2 18.5 197 2.88 

100 52.0 304 43.4 0.171 

200 25.1 133 166 0.188 Interaction 

Control 49.4 88.6 156 0.557 

 

 

 Discussion 

 

 

 In spite of some scattering of the data, observing the fitted models from Figure 32 it is 

clear that there is no difference between the three immobilized runs. Actually their similarity is 

remarkable, considering the average quality of the data. The immediate conclusion of this is 

that the increase in the amount of immobilized biocatalyst seen in Figure 28 is insignificant for 

the reaction rate, indicating that there is no limitation by biocatalyst amount, even when only 

50 µl of TK solution are incubated with 10 µl of bead suspension (5:1 v/v ratio) 

  Nonetheless the same conclusion is not attained when analysing Figure 33. In fact, 

there is an apparent drop in activity when using more biocatalyst, especially when looking at 

the fitted models. At first this seems a non-sense. However, looking more carefully at each 

data point, it is visible that both sets behave very similarly throughout the reaction until the 

last two samples (6 and 7h), where the 200 µl sample erythrulose concentration drops 

unexpectedly. The only theoretical background for a reduction in product amount is product 

degradation since the reaction is irreversible, due to production and release of CO2, although 

it is hard to be expectable in this scale in this time frame. Perhaps more likely is experimental 

or analytical error. To verify this hypothesis, this experiment was later re-analysed and 

repeated, but difficulties with the analysis of experimental samples denied the acquisition of 

more results. 

 A conclusion one can withdraw from Figure 34 is that the use of interaction buffer 

definitely produces worse results than the use of Tris-HCl buffer, confirming the observations 

and conclusions made after Figure 30. The usefulness of this buffer for this system is 

therefore excluded. It would be useful to be able to test a different range of appropriate 
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transketolase buffers to determine which provides the best environment for the immobilized 

reaction. The ideal way would be using a high-throughput technique. This perfectly fits the 

objectives of the automation procedure, the object of the next section (‘automated 

immobilization’). 

 Before proceeding to the implementation and testing of the automation technique, 

some observations on the previous figures, especially Figure 32, are imperative.  

 First, one can observe that all three reactions with immobilized TK achieve higher 

product concentrations than the control reaction, which is reflected in their c constants, more 

than 40% higher. A possible explanation is the concentration differences between the 

reactions with free and with immobilized TK. Since all the liquid phases used in the different 

steps of the immobilization are carefully removed, the result is a final working volume of ~270 

µl (except for residual interstitial liquid phase hydrating the solid phase) as opposed to the 

standard 300 µl of the free solution assay. This represents a 10% decrease in volume. No 

changes were made to the stock solutions of cofactors and substrates, whose concentrations 

were calculated to achieve the desired concentration after the respective dilutions were made 

to a total 300 µl. That in turn represents an increase in the final concentrations of cofactors 

and substrates of 11%, with a temporary concentration of cofactors during incubation 

increased by near 18% (working volume of ~170 µl versus 200 µl). If the latter effect should 

not represent a significant difference, given that the original concentration of cofactors and 

the incubation time used should be more than enough for the holoenzyme reconstitution, the 

increase in the substrates concentration, is likely to accelerate the reaction. The new 

expected c is now 55.5 mM, an 11% increase from 50 mM (for a 100% conversion of β-HPA). 

However, the fitted models show higher c constants (Table 10), and observing the data it is 

clear that the erythrulose concentration is tending towards approximately 60 mM. No further 

explanations to the difference to the theoretical value were found but it is acceptable that this 

difference may lie in experimental error coupled with calibration error. 

 On the other hand, the control reaction is much faster in the beginning than observed 

previously (Table 7), which is reflected in the low b value and the consequent high initial 

reaction rate calculated. It is in fact a very high velocity, especially when compared with the 

initial rate obtained before in the free solution Tris-HCl control shown in Table 7 (v0 = 0.90 

mM.min-1). 

 It is important to note that the data used to build Table 7 was collected until 3 hours of 

reaction, precisely the time observed for the reaction to achieve near completion. This means 

that the two sets of data for the same reaction (free solution standard activity assay in Tris-

HCl buffer) are actually quite different when it comes to modelling. Whereas the first has only 

data from the fast growing phase of eq. 6, the second has several samples after that period. 

The true is that the models always show some bias depending on the data distribution, and 

the fitted parameters reflect this. To fit a model with the expected c of 50 mM, similar to the 

control reaction shown in Table 10, the b would significantly drop, increasing the v0 for the 

first reaction and approaching the two models. 
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 Probably the same rationale is suitable to explain the smaller difference between the 

immobilized in Tris-HCl media models obtained in the last experiment and the one described 

in Table 7. Consistently with this observation, all three models fitted (in Table 9 and Table 10) 

for immobilized data in Interaction buffer return very similar initial reaction rates, despite 

significant variation of both parameters associated. This is a result of the fact that in both 

experiments the data was collected in the same time scale, following similar trends. 

 The issue of the bias of most models already mentioned affecting the interpretation of 

its results, may be aggravated in this case by some deviations to chosen model (eq. 6) in the 

raw data. In particular, the presence of a lag phase in the beginning is not uncommon, 

essentially when there is inhibition, characterized by a slow start before the fast growth 

associated with the early stages of this model. As concluded before, the samples prepared in 

Interaction buffer show signs of inhibition. This could have been overcome by modelling with 

a sigmoidal type equation, for example, as mention before. Nevertheless, this effect is not 

very obvious and the added complexity would be unjustified. 

 A final observation goes to the difference between immobilized and free TK activity. As 

perfectly expected, the reaction is slower when immobilized, with increases in b to more than 

twice. Theoretically, this should represent diffusional limitations from the substrate/products to 

move nearby the solid phase. Another reason is the loss of some structure freedom of the 

biocatalyst when immobilized, and consequently some activity (Cabral, J.M.S, et al. 2003). 

Nonetheless, electrostatic immobilizations like his-tag – Ni-NTA are quite good in retaining 

activity (Cabral, J.M.S, et al. 2003). 

 

 

Automated immobilization 

 

 

 Initial results 

 

 

 The HPLC analysis on the Dionex main equipment of the first run following the 

automated protocol detailed before in the ‘HPLC analysis’ subsection of the ‘materials and 

methods’ section, produced the results shown in Table 23 and Figure 35. 

 The first noticeable aspects are the very low values of the integrated peak areas of 

both components, about two orders of magnitude lower than previous data (Table 16). 

Overall, this data is apparently of little use: order of magnitude well below the expected, no 

clear trend in the set of data, apparent decrease of a product over time. Therefore a first 

approach was to repeat the analysis of these samples. The results are shown in Table 24. 

 Due to an equipment stoppage, only one of the duplicates, and no more than six 
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samples, were analysed. The values registered for β-HPA peak areas were extremely. This is 

rather unexpected in a normal run, thus they are not plotted in Figure 36. Plotting the 

erythrulose peak area variation with time results in Figure 36. 

 

 

 
Figure 35: β-HPA (squares) and Erythrulose (diamonds) peak areas over time from the HPLC analysis 
of both duplicates (A – black; B – white) of the first automated run. Automation performed as described 

in the ‘automation of enzyme immobilization and reaction’ subsection of the ‘material and methods’ 
section. Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

 

 

 
Figure 36: Erythrulose peak area variation over time for the second analysis of the first automated run. 

Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 
subsection of the ‘material and methods’ section. Analysis performed as described in the ‘HPLC 

analysis’ subsection of the same section. 
 

 

 Even if the apparent outlier point at 10 min is removed, the data is seemingly trendless 
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and inconclusive. Even though β-HPA peak area is usually very unstable and a bad metric for 

this reaction, as mentioned previously on manually immobilized TK reactions, further analysis 

was took by observing the graphics individually for each sample. That observation noticed 

considerably higher peaks at a retention time of around 8 minutes when compared to the β-

HPA assigned peaks (RT of around 9 minutes) and also peaks at 11 minutes quite similar to 

the Erythrulose assigned peaks (RT of 12 minutes). This led to the hypothesis that the 

recently fitted column might have slightly different retention times than expected. Thus, in the 

Peak net software optimize function the retention times were changed to: β-HPA = 8±0.5; Ery 

= 11±0.5. This alteration produced the results shown in Table 25. The β-HPA peaks are now 

much higher but still not as high as typically obtained (Table 16). As often happens, they are 

highly scattered (Figure 37). 

 The erythrulose peak area now seems to be steadily increasing until 45 minutes. 

Comparing again to the reference table (Table 16), one can observe that these values are still 

low. The fact that the two sets of data were obtained in different HPLC columns of the same 

model, can hardly explain such discrepancy. Figure 37 illustrates these results. 

 
 

 
Figure 37: Erythrulose and β-HPA peak area variation over time for the first automated run with peak 

retention time alteration. () – Erythrulose original peaks, () – Erythrulose new peaks, 
 () – New β-HPA peaks. Automation performed as described in the ‘automation of enzyme 

immobilization and reaction’ subsection of the ‘material and methods’ section. 
 Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

 

 

 Realizing the importance of the lacking data points from 60 minutes onwards, the 

duplicate of this run was re-analyzed on the following day, but sadly no results whatsoever 

were obtained. 

 Given the low measured levels of activity determined in the first automated 

immobilization experiment, a second run was performed in the robot with the same 

conditions. In parallel, a manual run was performed (in duplicate) with a time lag of 
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approximately 3 minutes. A control run of a free solution TK reaction was also done 

simultaneously. The results obtained for β-HPA peaks for both duplicates were obtained in 

two separate analyses, due to an equipment stoppage in the first analysis, and are presented 

in Table 26 and Figure 38. Without obvious explanation, no erythrulose peaks were detected 

in the analysis of any of the samples for the three immobilizations. 

 

 

 
Figure 38: β-HPA peak areas for the second automated run with manual and control duplicate runs. () 
– Automated 1st duplicate, () – Automated 2nd duplicate, () – Manual 1st duplicate, () – Manual 2nd 
duplicate. () – Control 1st duplicate () – Control 2nd duplicate. Automation performed as described in 

the ‘automation of enzyme immobilization and reaction’ subsection of the ‘material and methods’ 
section. Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

 

 

 Looking carefully at Figure 38, neither automated nor manually immobilized TK 

behave differently to the control. Except for the first duplicate from the automated run (), 

which shows a clear downtrend (ignoring the first point), all the remaining samples seem 

trendless and showing final concentrations of β-HPA similar to the starting concentration, with 

a few outlier points of low areas in each series. This could be an indication that the reaction is 

not occurring, which in turn may justify the complete absence of erythrulose peaks.  

 Possible explanations for the lack of reaction could be either weak enzyme activity, 

given the time elapsed since purification (approximately 2 months), or degraded quality of the 

reagents used or even unidentified experimental error. Other likely non-reaction problems 

considered could be associated to the detection or a change in the retention times in the 

replaced column. The first could be due to a random problem in the UV lamp/detector, which 

would explain why some observed charts had a very abnormal shape (data not shown). 

Moreover, another operator using the HPLC equipment on the same day these results were 

retrieved, managed to observe a total of two erythrulose peaks out of eight samples, with 

extremely different values and varying opposite to what was expected. 
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 To avoid disturbance by the eventual drop of activity of the TK in use, two new 

batches of transketolase were produced from pQR412 and purified, although the SDS-PAGE 

gel shown in Figure 18 includes the analysis to a third batch irrelevant for this work. The 

observation and discussion have already been done before. 

 

 

 Successful results with automation 

 

 

 At this point in time there was a need to change the analytical equipment to the 

secondary HPLC equipment, described in the ‘HPLC analysis’ subsection of the ‘material and 

methods’ section. A calibration using β-HPA and erythrulose standards was performed and is 

shown and discussed in the Appendix III.  

 A short window of time to use this equipment meant that the first usage would be to 

re-analyze only the automated results from the second run in the robotic platform, using the 

procedure described in the methods. The results are shown in Table 27 and in Figure 39: 

 

 

 
Figure 39: HPLC results for the re-analysis of the 2nd automated run in concentration units.  

Erythrulose formation over time: () – 1st duplicate, () – 2nd duplicate.  
β-HPA consumption over time: () – 1st duplicate () – 2nd duplicate. 

Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 
subsection of the ‘material and methods’ section.  Analysis performed as described 

 in the ‘HPLC analysis’ subsection of the same section. 
 

 

 Finally a reaction is observed after an automatically immobilized protocol. Comparing 

to the data in Table 26 and Figure 38, it means that the explanation of the lack of results 

associated to the analytical equipment is more likely than reaction-dependent factors. 
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 The reaction also clearly exhibits the expected trend for both substrate consumption 

and product formation. The first duplicate β-HPA depletion is in agreement with the first 

analysis data (Table 26). The data is also of particularly good quality: highly reproducible, 

seen in the small difference between duplicates, and with quite low scattering. These factors 

make it ideal for modelling. Following the description made for the fitting of the adopted model 

in equations 6 and 7, the results obtained are shown in Table 11. The calculated initial 

reaction rates from the derivative using eq. 7 are also shown. 

 

 
Table 11: Model parameters obtained fitting eq. 6 to the data in Table 27 for two duplicates of the re-

analysis of the second automated run. Automation performed as described in the ‘automation of enzyme 
immobilization and reaction’ subsection of the ‘material and methods’ section. 

 Analysis performed as described in the ‘HPLC analysis’ subsection of the same section.  
Duplicate c / mM b / min-1 ∑ (x-y)2 v0 / mM.min-1 

A 13.9 119 1.38 0.117 
B 19.0 217 3.27 0.087 

 

 

 Figure 40 shows the erythrulose formation data together with the fitted models and 

respective tangents in the origin. 

 

 
Figure 40: HPLC results modelling for the re-analysis of the 2nd automated run. Erythrulose formation 
over time: () – 1st duplicate, () – 2nd duplicate. Models fitted using eq. 6 (thick lines) and respective 

tangents in the origin using eq. 7 (thin lines): () -1st duplicate (− −) – 2nd duplicate.  
Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 

subsection of the ‘material and methods’ section.  Analysis performed as described in the ‘HPLC 
analysis’ subsection of the same section. 
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 Although the two models seem quite similar, the differences in the b constant cause a 

reasonable deviation between the two initial speeds. It is therefore a good approach to take 

the average between the two duplicates and produce a single result. Fitting the same type of 

model to the new set of data and calculating its initial speed, one can obtain the “final” model 

parameters for this experiment (Table 12 and Figure 41): 

 

 

Table 12: Model parameters obtained fitting eq. 6 to the average between duplicates of the second 
automated run. Initial reaction rate obtained from eq. 7. Automation performed as described in the 

‘automation of enzyme immobilization and reaction’ subsection of the ‘material and methods’ section. 
Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

 c / mM b / min-1 ∑ (x-y)2 v0 / mM.min-1 

Average 16.0 158 1.59 0.101 

 

 

 
Figure 41: HPLC results modelling for the average between duplicates of the 2nd automated run. 

 () – Erythrulose formation over time, () – β-HPA consumption over time. 
 () – Model fitted using eq. 6 and respective tangent in the origin (eq. 7) (− −). 

 

 

 Automated vs. manual 

 

 

 After proving that the automatic immobilization was viable and the reaction produced 

reasonable results, a comparison with the manual immobilized reaction was imperative. 

Likewise, another run was performed on the robot while a manual run was performed in 

parallel, this time not on the same microplate used by the robot, for practical reasons. Instead 

of using duplicates in the same conditions, 200 µl of TK solution in the incubation step on the 
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first experiment and 100 µl on the second were used. The results are shown in Table 28 and 

Figure 42. 

 

 

 
Figure 42: HPLC results for the third automated run. Erythrulose concentration over time: 

 () – Automated 1st duplicate, () – Automated 2nd duplicate.  
() – Manual using 200 µl of TK solution, () – Manual using 100 µl of TK solution.  

Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 
subsection of the ‘material and methods’ section. Analysis performed as described in the ‘HPLC 

analysis’ subsection of the same section. 
 

 

 Unexpectedly, the automated run shows significantly lower amounts of erythrulose 

when compared to the manual data, and the difference increases over time. Although in the 

manual run there is a clear progress of conversion of substrates into products over time, the 

automated run seems to show limited conversion, as if a very low amount of biocatalyst was 

present (thus being a strong limitation), or if something was inhibiting it. The latter is perhaps 

more likely given the apparent absence of progress. Even more intriguing is the comparison 

of the values of peak areas from the automated run with the one performed the previous day 

(Figure 41). Having been analyzed in the same equipment, the difference is very large, as 

one can see in Figure 43. In a first approach it is hard to find an explanation for such 

difference. 

 The manual runs also behave differently from what was observed before. One 

difference is the effect on the amount of TK used for incubation. Apparently, the conversion is 

quicker using 200 µl than using only 100 µl. Previous data (Figure 32) showed that between 

amounts of 50 – 200 µl of TK solution, the reaction progressed very similarly and achieved 

the same conversion after roughly the same time. This difference may lie in concentration 

differences of the TK solutions used, as one can see comparing Figure 18 with Figure 15. 
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Figure 43: HPLC results for the third automated run. Erythrulose concentration over time: 

 () – Automated duplicates average, () – Manual using 200 µl of TK solution, 
 () – Manual using 100 µl of TK solution, (− −) – Automated modelled data from Figure 41.  

Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 
subsection of the ‘material and methods’ section. Analysis performed as described  

in the ‘HPLC analysis’ subsection of the same section. 
 

 

 Another interesting feature of the data is that the manual runs show a noteworthy lag 

phase in the beginning. This lag phase can be detected up to the first 60 minutes, significantly 

deviating from the curve of the equation adopted to model this data (equation 6). This could 

be considered reasonable in an immobilized reaction, due to possible mass transfer 

limitations from the bulk solution to the film layer around each bead where TK is located, 

especially in non-shaking conditions, as used here. However that effect wasn’t seen in the 

various manually immobilized reactions, shown in the ‘Manual immobilization’ section. A 

further possible explanation could be an inhibiting effect also present, in a lesser extent, in the 

manual run. It looks obviously biased to make such a speculative statement without 

fundamentals. A coherent explanation for this results isn’t trivial to find and proper discussion 

on this problem will be made after the final results of this work are presented. 

 

 

 At this point in time, the main HPLC equipment had been serviced and was available. 

After a new calibration (data and discussion in Appendix III), it was used to analyze a fourth 

and final automated run in the Tecan Genesis robotic platform. This run was conducted with 

the same objective: analyze and compare the TK reaction after manual and automated 

immobilization against a non-immobilized TK control reaction. The results from the analysis 

on the main HPLC equipment are shown in Table 29 and Figure 44. 
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Figure 44: HPLC results for the fourth automated run: variation of β-HPA peak area over time. () – 
Automated 1st duplicate, () – Automated 2nd duplicate, () – Manual 1st duplicate, () – Manual 2nd 

duplicate. () – Control 1st duplicate, () – Control 2nd duplicate. Automation performed as described in 
the ‘automation of enzyme immobilization and reaction’ subsection of the ‘material and methods’ 
section. Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

 

 

 A first look at the data points that the repairs made in the equipment improved its 

stability and reliability, having run for over 9 hours and detecting erythrulose peaks with 

reasonably consistency. Another quick observation that can be made is that the concentration 

of erythrulose in the control samples increases significantly higher over time compared to the 

remaining samples. Coherently, their β-HPA peak areas are significantly lower (Figure 44). 

Note that a calibration with β-HPA standards wasn’t made, given the less importance of the 

variation of this component and the limited time available.  

 

 Observing Figure 44 carefully, it is possible to observe a downward trend in the 

automated samples and especially in the control samples, as expected but often not 

observed. Two apparent outliers were identified: the first point of the manual first duplicate 

(extremely low value), and the 60-min point of the automated second duplicate, since it 

doesn’t seem to be following the trend visible in the points before and after, especially when 

compared to the reasonably shaped trend of its duplicate. Nevertheless it is a discussible 

decision. If these two points are removed and the data available for each pair of duplicates is 

combined and averaged, Figure 45 is obtained. This figure also presents the fitting of power 

regressions to each series. 
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Figure 45: HPLC results for the fourth automated run: average variation (from duplicates) of β-HPA 

peak area over time and respective power regressions. () – Automated, () – Manual, () – Control. 
(_ _) – Automated trendline, (- - -) – Manual trendline, () – Control trendline. Automation performed as 

described in the ‘automation of enzyme immobilization and reaction’ subsection of the ‘material and 
methods’ section. Analysis performed as described in the ‘HPLC analysis’ subsection of that section. 
 

 

 Although the correlation obtained for the manual data shown in Figure 45 is poor (no 

clear trend, a simple linear regression would be as good statistically) and reasonable but not 

very high for the automated data, it is very good for the control data. Note that other types of 

fitting could also have been attempted. Figure 46 shows the plot of the calculated erythrulose 

concentrations from Table 29 over time. 

 

 The first important observation in Figure 46 is that both the manual and automated 

samples show a significantly lower amount of product than the control samples. This is clearly 

visible by the difference of 20x in the respective scales. Still, this control shows very different 

concentrations values to many controls or free solution reactions shown before. The very 

likely explanation is the difference between calibrations. Bearing in mind the limitations of the 

last calibration obtained, if the old calibration factor was used (85000), similar values for 

concentrations would be obtained. Another relevant aspect is that in all series the product 

concentration seems to increase over time, consistent with the β-HPA decrease. 

 Like before, some outliers in Figure 46 were identified: the sudden drop in the 120-

minute point on the second control and the significantly high points of the second automated 

and manual runs at 60 min and 120 min respectively. 
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Figure 46: HPLC results for the fourth automated run: variation of calculated erythrulose concentration 
over time. () – Automated 1st duplicate, () – Automated 2nd duplicate, () – Manual 1st duplicate, 
() – Manual 2nd duplicate. () – Control 1st duplicate () – Control 2nd duplicate. Left vertical axis 
applies to automated and manual data, right vertical axis to control data. Automation performed as 
described in the ‘automation of enzyme immobilization and reaction’ subsection of the ‘material and 

methods’ section. Analysis performed as described in the ‘HPLC analysis’ subsection of that section. 
 

 

In both cases these points diverge significantly from the trend established by the remaining 

points in their series. Removing these two points and adopting the same procedure as used 

for the β-HPA chart, i.e., combining the data from each pair of duplicates to fill the gaps and 

averaging overlapping points, results in Figure 47. 

 
 

 
Figure 47: HPLC results for the fourth automated run: average variation (from duplicates) of calculated 
erythrulose concentration over time and respective regressions. Left vertical axis applies to automated 

and manual data, right vertical axis to control data. () – Automated, () – Manual, () – Control. 
(_ _) – Automated power regression,  (- - -) – Manual power regression, () – Control logarithmic 
regression. Automation performed as described in the ‘automation of enzyme immobilization and 

reaction’ subsection of the ‘material and methods’ section. Analysis performed as described 
 in the ‘HPLC analysis’ subsection of the same section. 
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 After this treatment, the data now looks more structured and further observations and 

conclusions are viable. An interesting calculation would be to obtain the derivatives from the 

equations of the regression curves and then calculate the tangent line to the fitted curve in the 

origin. This represents the initial reaction rate (rate of product formation over time). 

Regrettably, none of the three equations allows this, since they are not differentiable when 

x=0: logarithmic functions are only defined for x>0 and power functions with a negative power 

coefficient are non differentiable for x=0 (division by zero). Since the Solver tool wasn’t 

available to fit the equation 6 model, new polynomial regressions were made. After some 

attempts, three new regressions were selected.  

 Note that these new regressions are not as good describing the data or its expected 

trend. The truly relevant factor for this purpose is a good description of the initial data, like it 

was when equation 6 was proposed and adopted. Table 13 shows all this in a clear and 

structured way. The aspect of the new regressions can be seen in Figure 48. 

 

 

Table 13: Equations and respective correlation coefficients and derivatives 
 obtained for the regressions made to the data shown in Figure 48.  

Initial reaction rates calculated for t=0 of the derivatives. 
 Sample Automated Manual Control 

Equation 
CEry = 6.4×10-

4 t0.98 

CEry = 3.0×10-

2 t0.29 

CEry = 5.1ln(t) – 

6.6 

Figure 47 

Regression 

curves R2 0.96 0.50 0.98 

Equation 

CEry=–1.3×10-6 t2 

+ 8.0×10-4 t 

 – 2.6×10-3 

CEry=–8.7×10-6 t2 

+ 1.9×10-3 t 

 + 4.5×10-2 

CEry = 4.5×10-6 t3 

– 2.2 ×10-3 t2  

+ 0.34 t + 1.1 

Figure 48 

Regression 

curves 
R2 0.97 0.52 0.98 

Derivative  Equation 
CEry =–2.7×10-6 t 

– 8.0×10-4 

CEry =–1.7×10-5 t 

+ 1.9×10-3 

CEry = 1.3 ×10-5 t2 

– 4.4×10-3 t  

+ 0.34 

Initial rate t = 0 8.0×10-4 1.9×10-3 0.34 
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Figure 48: HPLC results for the fourth automated run: average variation (from duplicates) of calculated 

erythrulose concentration over time and respective polynomial regressions.  
() – Automated, () – Manual, () – Control. (_ _) – Automated polynomial (2nd order) regression, 
 (- - -) – Manual polynomial regression (2nd order), () – Control polynomial regression (3rd order). 

Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 
subsection of the ‘material and methods’ section.  Analysis performed as described 

 in the ‘HPLC analysis’ subsection of the same section. 
 

 

 Discussion 

 

 

 One important observation from Figure 47 is that the increase in erythrulose 

concentration is faster in the manually immobilized samples than in the automated ones. 

Although significant, it isn’t a large difference. This is in agreement with previous data (Figure 

43) but it’s challenging to explain. 

 In fact, the automated procedure is in almost every aspect very similar to the manual 

procedure. It benefits from the fact that almost all steps are mechanically executed, adding a 

great amount of precision, time accuracy and reproducibility. All samples are taken at the 

same time and to the correct wells, all volumes are correctly pipetted (within the liquid 

handling error), all automated runs are subject to the same conditions and to reduced 

variability, since the human variability and error factors are virtually eliminated. All this should 

improve the results of the technique. That can be seen in the considerably less scattering of 

automated versus manual data, with reflexes on the correlation coefficients of the regressions 

fitted. Not to mention the obvious advantage of eliminating manual work in a desired high-

throughput technique. 

 The only significant downside in the automated version of the immobilization 

technique is the inferior ability at collecting both supernatants (TK solution with Tween 20, 

wash buffer). The manual technique allows removing the large majority of the supernatant 
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without dragging beads. However, in the automated technique it is difficult to position the 

magnet in an off-centre position and to point the tip edge to the opposite direction when 

removing supernatants. The first consequence has to do with space restrictions in the 

microplate platform and with the significant problems arisen from an uneven surface for 

reliable z-axis positioning and RoMa grabbing/moving operations. The second is essentially 

due to the inability to move the pipetting arm diagonally like it is done in the manual version. 

To avoid removing beads while pipetting, the solution adopted was to leave some 

supernatant. The consequences arisen are the slight dilution of the reaction “ingredients”: 

substrates, cofactors and ultimately, products, as well as the presence of some 

“contaminants”: a very low amount of TK solution with Tween 20 and some wash buffer, 

containing Imidazole. Knowing the deliberately left volumes of each supernatant, it is possible 

to calculate the concentrations of each known molecule in the final reaction volume, 300 µl of 

liquid phase. 

 In the incubation step, 50 µl of TK solution with approximately 50 mM Tris-HCl are 

used, and later diluted with 10 µl of Tween 20. The determination of soluble unbound TK 

required experimental work to determine the protein distribution in the immobilization 

operation: excess removed after incubation, remaining TK removed in the wash step, eluted 

protein in an elution step and remaining bound protein should close a simple mass balance. 

Two different types of experiments were tried to determine these values, one using UV 

absorbance at 280 nm to determine the different concentrations, and another using SDS-

PAGE. For the latter a set of three TK solutions with different concentrations was prepared as 

calibration standards. The objective was to run a SDS-PAGE gel containing the three 

calibration solutions and the three samples taken from an immobilization step. The density of 

the TK bands of the standards would establish the correlation to the known concentration and 

would allow calculating the concentration of the samples by measuring their band density. 

Sadly, the various experiments executed encountered problems, namely in the execution of 

appropriate gels, so in the time frame available no results were obtained. 

 Nevertheless, it is possible to determine the concentration of Tris-HCl and Tween 20 

after this step and for all the remaining components in the subsequent steps. Following the 

simple rule: 

 
  

€ 

Cf = Ci
Vi

Vf

 (Eq. 11) 

 

The concentration of the remaining Tris-HCl in the liquid phase is 50 × 50/60 = 41.7 mM, 

whereas the Tween 20 concentration is 1 × 10/60 = 0.167% (v/v), assuming of course that 

perfect mixing is achieved. The remaining volume with the above concentrations is 10 µl. 

 In the wash step, 200 µl of wash buffer are used, composed of 50 mM Tris-HCl and 

20 mM Imidazole. The new concentrations in the new volume, 210 µl, are: 41.7 × 10/210 + 50 

× 200/210 = 49.6 mM of Tris-HCl, 0.167 × 10/210 = 7.94 ×10-3 % (v/v) of Tween 20 and 20 × 
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200/210 = 19.0 mM of Imidazole. The remaining volume with the above concentrations is 30 

µl. 

 For the cofactor incubation step, 170 µl of a cofactor solution containing 4.24 mM of 

TPP and 15.9 mM of MgCl2 are used. The total volume is now 200 µl. The concentrations of 

each component after this step are: 49.6 × 30/200 + 50 × 170/200 = 49.9 mM for Tris-HCl, 

7.94 ×10-3 × 30/200 = 1.19×10-3 % (v/v) of Tween 20, 19.0 × 30/200 = 2.86 mM of Imidazole, 

4.24 × 170/200 = 3.60 mM of TPP and 15.9 × 170/200 = 13.5 mM of MgCl2. 

 Finally, the reaction is started by the addition of 100 µl of substrate solution, 

composed of 150 mM GA dimmer and 150 mM β-HPA. The final concentrations in the final 

300 µl reaction volume are: 49.9 × 200/300 + 50.0 × 100/300 = 50.0 mM of Tris-HCl, 1.19×10-

3 × 200/300 = 7.94 ×10-4 % (v/v) of Tween 20, 2.86 × 200/300 = 1.90 mM of Imidazole, 3.60 × 

200/300 = 2.40 mM of TPP, 13.5 × 200/300 = 9.00 mM of MgCl2, 150 × 100/300 = 50 mM of 

both GA dimmer and β-HPA.  

 All these calculations are shown in Table 14 for easier observation and are only valid 

for the automatic immobilization protocol developed. The concentrations for the manual 

immobilization protocol are slightly different: the contaminants from the immobilization steps 

are almost fully removed before the addition of cofactors and substrates. 

 

Table 14: Variation of each component concentration [in mM except Tween 20 - %(v/v)] after 
 each step of the immobilization protocol used. “x” represents excess (unbound) TK concentration.  

Component

\ step 

TK 

Incubation 

Tween 20 

addition 

Wash buffer 

addition 

Cofactor 

incubation 

Substrate 

addition 

TK x (5/6) x (5/126) x x/168 x/252 

Tris-HCl ~50 41.7 49.6 49.9 50.0 

Tween 20  0.167 % 7.94 × 10-3 % 1.19 × 10-3 % 7.94 ×10-4 % 

Imidazole   19.0 2.86 1.90 

TPP    3.60 2.40 

MgCl2    13.5 9.00 

β-HPA     50 

GA dimmer     50 

 

 

 One consequence, as mentioned previously in the manual immobilization discussion 

subsection, is the increased concentration of cofactors and substrates due to the fact that the 

total volume is reduced and the same solutions of cofactors and substrates are used. This 

difference alone translates in an 11% difference in the concentrations of these components in 

the final value (and an almost 18% increase in the cofactors concentration in their incubation 

step) as already mentioned. If the standard concentrations used in the control and automated 

runs represent a condition of strong limitation by one of the substrates, i.e., the early stage of 



 83 

a hypothetical Michaelis-Menten kinetic curve, then an 11% substrate increase in the manual 

runs could represent up to 10% of rate increase (for high values of b), not considering any 

inhibition effects. That is still insufficient to explain the difference observed in Figure 47 and in 

the calculated initial rates. 

 A more important consequence of the pipetting difference between the automated 

and manual protocols may be the manual removal of the Imidazole present, except for the 

amount that remains within the liquid film surrounding the solid phase and the amount that 

binds to the Ni-NTA radicals (present in both cases). That difference translates into reduced 

amounts of Imidazole present during the reaction in the manual procedure, and 1.9 mM on 

the automated case, an estimated difference of at least one order of magnitude, plus the 

presence of 2.6 mM of Imidazole during the cofactors incubation step for the automated 

version. 

 This presence could even be a reasonable explanation for both differences observed: 

between manual and automated runs and between the latter two and the control run as 

shown in Figure 48. Raising the hypothesis that Imidazole could affect the transketolase 

reaction and the binding of the 6x His-tag tail of TK onto the Ni-NTA beads two consequences 

emerge. First, competitive binding of Imidazole during the wash step could significantly 

reduce the amount of bound 6x His-tag transketolase, therefore the amount of biocatalyst 

present in the reaction. Second, any direct inhibitory/blocking effect of Imidazole on TK might 

slow down the speed at which the remaining active transketolase molecules convert 

substrate.  

 Therefore, the first consequence could lead to a condition where the biocatalyst is 

strongly limiting the reaction in both automated and manual experiments, significantly slowing 

it and explaining the big gap between the control samples and the other two. Remember 

Figure 34 where immobilized and control reactions behaved very differently to Figure 47. The 

wash step had been inadvertently skipped, as mentioned before, so no Imidazole whatsoever 

was added to the Tris-HCl reaction media. Another interesting aspect to take account is the 

presence of Imidazole in the interaction buffer tested. Before, the performance difference was 

essentially attributed to the presence of 50 mM phosphate in the buffer, but no experimental 

work was done to test this assumption. Both Imidazole at 20 mM or NaCl at 300 mM could 

also be contributing for the drop in activity. 

 Following this line of thought, the limitation by biocatalyst amount turns the substrates 

concentration difference less relevant. The second effect or consequence, the inhibitory effect 

during the reaction, would then explain why the manual immobilization shows apparently 

superior results, given the considerable difference of expected Imidazole concentrations in 

both cases. This is valid assuming that the equilibrium His-tag vs. Imidazole was reached in 

the short wash step. 

 Another element of this problem also fits into this reasoning. Going back to Figure 41 

and Figure 43 and with this line of thought in mind, it was remembered that at some point in 

one of the experiments, a 50 mM Tris-HCl solution was borrowed and used for washing, in a 
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context of lack of time for buffer preparation. This solution did not contain Imidazole, a detail 

unnoticed at the time and therefore unregistered. Thus, it is not possible to ascertain which 

experiment had this factor in account, but if it was the one shown on Figure 41, than the 

Imidazole absence hypothesis could explain why the production formation was far higher than 

in the following experiments. 

 Nevertheless it is pertinent to note why Imidazole was used in the first place. The 

presence of 20 mM Imidazole in the wash step is recommended from the bead manufacturer. 

In the Qiagen Ni-NTA magnetic agarose beads handbook, protocol 4, it is advised to “Add 20 

mM Imidazole to interaction buffer to prevent nonspecific binding to Ni-NTA” and “The buffer 

should always contain Imidazole. For most 6xHis-tagged proteins, up to 20 mM Imidazole can 

be used without affecting the binding properties. However, if the tagged protein does not bind 

under these conditions, the amount of Imidazole should be reduced to 5–10 mM”. 

 This question and hypothesis didn’t arise during experimental work. Actually, only 

after thorough analysis of the data discussed here did such a hypothesis surged: it seems 

reasonable and coherently explains a few unexpected observations. Unfortunately, a search 

in the literature for the Imidazole effect on transketolase does not provide any interesting 

results. In addition, there was no opportunity to conduct additional experimental work on this 

hypothesis, such as repeating experiments in the absence of Imidazole and trying to quantify 

this effect using different concentrations. Therefore for the time being this hypothesis cannot 

be proven. 

 Nevertheless, after discussion with fellow researchers at UCL, there is unpublished 

data that indeed points to TK inhibition by Imidazole, validating the hypothesis above. The 

Imidazole has higher affinity for metals such as nickel than the histidine so it strips the 

enzyme off a Nickel column. However, chemically Imidazole is highly ionisable (it has a ring 

structure similar to histidine) with a pKa of around 7.0, which may contribute to the 

detrimental effect it has on the enzyme activity, due to variations in pH and its ions. The 

necessary concentrations to observe this effect are uncertain at this point though.  

 Other data also suggests inhibitor effects of high NaCl concentration, helping to 

explain the results obtained while testing the interaction buffer recommended. Future 

experimental work is no doubt the best way to find answers to this problem. 
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CONCLUSIONS 
 

 
 
 The immobilization technique developed proved to be highly successful for his-

tagged E. coli transketolase. It was shown that it possible to consistently and easily 

immobilize enough enzyme in the chosen solid phase support to conduct carbon-carbon bond 

formation reactions. 

 The chosen transketolase was tested regarding its stability at room temperature and 

the cofactor incubation time sufficiency. After 60 hours at room temperature three TK 

solutions showed an average activity drop of 6%, which indicates a relatively good stability. 

The difference between a 20 min cofactor incubation time and overnight is minimal, 

confirming the rapid reconstitution of the holoenzyme. The results observed when 

characterizing manually executed immobilizations showed a linear relationship between the 

immobilized enzyme amount and the amount used for incubation with the Ni-NTA Magnetic 

Agarose Beads, despite the amount of unbound TK appearing to be somewhat similar. 

 After testing two different buffers, Interaction Buffer and Tris-HCl, it was clear that 

Tris-HCl is a more appropriate buffer, both in free solution and immobilized assays, but 

especially when immobilized. The activities registered were always superior to the ones 

verified when Interaction Buffer was used, quantified by the calculated initial reaction rates.  

 Experimentation with different amounts of TK solution used for the incubation step 

with the beads, or different enzyme to bead ratios, showed that 5:1, 10:1, and 20:1 v/v ratios 

all had the same activity, indicating that greater amounts of immobilized biocatalyst do not 

increase the reactions initial rate. Another conclusion achieved is that the biocatalyst is slower 

when immobilized, taking significant more time to achieve 50% conversion. This is an 

expected observation from immobilization theory. Nevertheless, the immobilized biocatalyst 

seemed to progress to higher conversions (more than 50 mM of product), which may be 

explained by increased concentration of the species present in these experiments, since the 

total working volume was reduced. It was also verified that the type of data collected often 

caused some bias of the adopted model, given that they were overweighed with data from the 

initial moments and poor in data from late periods. 

 After successfully demonstrating activity in the automated immobilization and reaction 

procedure developed, the automated and manual versions of the immobilization technique 

were compared. The conclusion attained is that the manual technique shows somewhat 

superior results. Despite several advantages, the automated version isn’t so efficient at 

removing supernatants from the reaction wells. This leads to slightly less concentrated 

species in solution, but is not enough to explain the difference. The most likely hypothetical 

explanation raised is an inhibitory effect of the Imidazole added to the Tris-HCl buffer. Its 

presence would be higher in the automated protocol, leading to slower conversions. This 

hypothesis could also justify the poor performance of the Interaction buffer and the significant 

difference seen between different controls performed in the same conditions. 
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FUTURE WORK 
 

 

 

 The most immediate follow-up work should aim to confirm the observations and 

conclusions expressed here. The discrepancies of the manual and automated immobilizations 

should be confirmed and further explored if so. Conducting experimental work to prove the 

hypotheses raised, namely the Imidazole inhibitory effect, would also be useful in a 

characterization perspective. The accurate determination of the amount of immobilized 

transketolase would be a very useful information, allowing calculating the specific activity of 

the immobilized biocatalyst. 

 The his-tag immobilization technique is only viable with biocatalysts in the form of 

enzymes, thus it would be impossible to adopt the single cell biocatalyst developed by 

Ingram, C. et al. (2007) to use with this automated immobilization technique. Nevertheless, 

future work may use this technique to perform the two steps of the ABT synthesis (Chen et 

al., 2007), with immobilizations of both transketolase and transaminase, following either of the 

two strategies introduced in the ‘Introduction’ section: one-pot or two-pot synthesis. 

 For the two-pot synthesis, the technique to adopt would be simply to immobilize TK and 

TAm in two separate wells. Before the end of the TK reaction, TAm would be immobilized and 

incubated with its cofactor (PLP) following an optimized version of the protocol described in 

the ‘material and methods’ section. At the specified end moment for the TK reaction, the liquid 

phase of the TK reaction well would be transferred onto the TAm well. This obviously requires 

prior confirmation of the ability to successfully immobilize and use TAm automatically. 

 For the one-pot synthesis, two options arise: individual immobilizations conducted 

simultaneously with subsequent mix of both solid phases, and one-pot immobilization. The 

applicability of the latter will require demonstration that it is possible to adequately match the 

activities of both enzymes (Chen et al., 2007) in a single immobilization step. 

 Although Tris-HCl showed good results, another interesting future approach could be 

the application of the developed automated technique to screen for other buffers that might 

further optimize this system. The same could be said of other reaction conditions, such as pH, 

and temperature. The effect of the immobilization on the stability of the biocatalyst while 

reacting or stored, for example, would also be interesting targets for future work. Evaluating 

the duality stability-activity that increasing the reaction temperature represents could also be 

aimed. The effect of shaking could also be studied both during immobilization and during 

reaction.  

 

 Obviously, the application of the automated immobilization and reaction can 

theoretically be extended to any his-tagged enzyme. Future work could also attempt to adapt 

this procedure for other enzymes of interest. 
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APPENDIX I – ERRORS CONSIDERATIONS 
 

 

 

 Usually, experimental readings have associated error. This error can originate from 

various sources: normal reading error from the equipment used, sample preparation error, 

operator error, liquid handling error, among others. To address this variability, experiments 

are normally done in triplicate or duplicate, or even more, depending on the feasibility. This 

allows inferring an interval for these errors. The error intervals are represented as the central 

or average value obtained and its standard deviation with a 95% confidence interval.  
The standard deviation for sampling and linear regressions can be calculated from eq. 12. 
  

 
    

€ 

s =
1

N −1
(xi − x)2

i =1

N

∑  (eq.12) 

 

where s is the standard deviation, N the total number of samples, xi the sample i and  x the 

average value of the population sampled. From here, error propagation cab be applied to 

calculate errors of further calculations. To be statistically valid, the equation above should be 

applied to a significant number of samples. Duplicates are often very poor when it comes to 

apply equation 12. 

 Unfortunately in the course of this work, some experiments were performed isolated. 

Moreover, in many cases where the experiment was performed in duplicate, the gaps on the 

analysis of the data meant that the two duplicates were often combined to produce a single 

more complete result, with no possibility to obtain an error interval except isolated data points. 

Together with the low statistical validity mentioned, the few exceptions where the approach 

above could be applied were the linear regressions made for the calibration of the HPLC 

equipments, where the resulting error interval would be very small. Thus no errors 

calculations and considerations were made throughout this work. 
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APPENDIX II – RAW DATA 
 

 

 

Fermentation data 

 

 

 Table 15: Measured and corrected optical densities for the initial four fermentations 
 run in parallel. Zeroing and dilutions were done using RO water. 

Optical density measurements Time 

 / h 

Dilution 

factor Fermentation 1 Fermentation 2 Fermentation 3 Fermentation 4 

0.17 2 0.085 0.077 0.186 0.289 
1.08 2 0.016 0.006 0.046 0.081 

2.00 2 0.083 0.057 0.039 0.092 

3.00 2 0.165 0.134 0.036 0.088 

4.08 2 0.254 0.246 0.153 0.248 

5.08 3.5 0.360 0.444 0.302 0.447 

6.17 7.5 0.329 0.327 0.218 0.403 

7.17 20 0.151 0.105 0.143 0.144 

7.67 20 0.157 0.152 0.159 0.079 

Corrected optical density 
Time 

Dilution 

factor Fermentation 1 Fermentation 2 Fermentation 3 Fermentation 4 

0.17 2 0.170 0.154 0.372 0.578 
1.08 2 0.032 0.012 0.092 0.162 

2.00 2 0.166 0.114 0.078 0.184 

3.00 2 0.330 0.268 0.072 0.176 

4.08 2 0.508 0.492 0.306 0.496 

5.08 3.5 1.80 1.55 1.06 1.57 

6.17 7.5 2.47 2.45 1.64 3.02 

7.17 20 3.02 2.10 2.86 2.88 

7.67 20 3.14 3.04 3.18 1.58 
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HPLC data 

 
 
Table 16: HPLC analysis results of the activity test conducted to biocatalyst from F1 and F3. Activity test 
performed as described in the ‘Transketolase activity assay’ subsection of the ‘materials and methods’ 

section. Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 
F1 TK F3 TK Sample 

time / 

min 
β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

/ mM 

0.5  1868.5 0.2 814849.8 3306.8 0.4 
1.5 598086 6924.1 0.8 680192.7 7755.74 0.9 

3 623287.8 14552.9 1.7 751849.1 14957.62 1.8 

5 558689 18801.27 2.2 693459.8 22534.63 2.7 

8 557945.2 122875.49 14.5 816276.6 32682.47 3.8 

13 519678.7 55263.8 6.5    

20 357071.3 93304.43 11.0 597852.2 84600.02 10.0 

30 326884.7 97147.7 11.4 490509.7 125370.4 14.7 

45  170523.8 20.1 391450.8 153091 18.0 

60    285754.4 195774.6 23.0 

90  353915 41.6 192220.5 340327.2 40.0 

120  381711.6 44.9 114182.2 335669.1 39.5 

150  423794.9 49.9 90332.4 392198 46.1 

180    67659.4 400854.5 47.2 

 

 

Table 17: HPLC analysis results of the activity test conducted to biocatalysts TK1 and TK2. No results 
were obtained for TK3 therefore they were omitted. Activity test performed as described in the 

‘Transketolase activity assay’ subsection of the ‘materials and methods’ section. 
Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

TK 1 TK 2 Sample 

time / 

min 
β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

/ mM 

1 502351 16980.06 2.00 460431 9584.8 1.13 
3 435251 20906.86 2.46 412522.4 37687.39 4.43 

5 442766.4 31656.76 3.72  42860.07 5.04 

7  44929.74 5.29 438043.4 41238.52 4.85 

10 422466.6 65610.32 7.72 366066.4 92476.31 10.88 

15 391774.4 104494.6 12.3 317624.1 115277.2 13.56 

20  130758.9 15.4 235115.6 164525.2 19.36 

33 156452.7 286215.8 33.7 98443.4 324217.4 38.14 

45 88226.4 345816.1 40.7 54547.83 373837 43.98 

60 48677.85 421767.2 49.6 3309.88 405588.4 47.72 
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TK 1 TK 2 Sample 

time / 

min 
β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

/ mM 

100 11320 452181.8 53.2 4471.6 430113 50.60 
154 3150.6 406388.3 47.8 2047.6 403937 47.52 

 

 
Table 18: HPLC analysis results of a standard reaction with biocatalysts TK1, TK2 and TK3 

 after being left incubating with cofactors overnight. β-HPA peak areas were omitted.  
Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

TK 1 TK 2 TK3 Sample 

time / 

min 
Erythrulose 

peak area 

[Erythrul.] 

 / mM 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

Erythrulose 

peak area 

[Erythrul.] 

/ mM 

1 15598.78 1.84 14338.3 1.69 24260.35 2.85 
3 27940.69 3.29 30232.66 3.56 67759.17 7.97 

5 44781.89 5.27 47184.03 5.55 109552 12.9 

7 57430.87 6.76 73945.96 8.70 149541.7 17.6 

10 85411.42 10.0 104513.6 12.3 175571.1 20.7 

15 129811.8 15.3 136805.8 16.1 252205.6 29.7 

20 139589 16.4 188251.6 22.1 245887.9 28.9 

33 324418.8 38.2 338390.6 39.8 437766.6 51.5 

45 391583.8 46.1 381707 44.9 454717.3 53.5 

60 418236.8 49.2 395078.8 46.5 466501.2 54.9 

100 455064.4 53.5 369642.8 43.5 331779.4 39.0 

 

 

Table 19: HPLC analysis results of a standard reaction with biocatalysts TK1, TK2 and TK3 
 after being left at 25 ~ºC for a weekend. β-HPA peak areas were omitted. Activity test performed as 

described in the ‘Transketolase activity assay’ subsection of the ‘materials and methods’ section. 
Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

TK 1 TK 2 TK3 Sample 

time / 

min 
Erythrulose 

peak area 

[Erythrul.] 

 / mM 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

Erythrulose 

peak area 

[Erythrul.] 

/ mM 

2 18490.92 2.18 21472.08 2.53 61212.18 7.20 
5 38194.24 4.49 47555.89 5.59 109318.7 12.86 

10 52572.9 6.19 83548.05 9.83 135879 15.99 

15 105546.2 12.42 130158 15.31 193757 22.79 

20 112051.5 13.18 143722.2 16.91 299145.4 35.19 

32 239845.4 28.22 266941.1 31.40 377652.2 44.43 

45 281108.8 33.07 341109.4 40.13 444837.8 52.33 

60 363926.9 42.81 410171.2 48.26 458927.8 53.99 

90 384842 45.28 415855.7 48.92 485026.8 57.06 
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120 428539.2 50.42 451542.6 53.12 473564.6 55.71 

152 371114.5 43.66 458436.7 53.93 491092.2 57.78 

180 422723.3 49.73 421972.8 49.64 509797.4 59.98 

 

 
Table 20: HPLC analysis of a comparison between standard TK activity assays in Tris-HCl buffer and in 

interaction buffer. A mixed solution of TK1, TK2 and TK3 was used as the biocatalyst. Activity test 
performed as described in the ‘Transketolase activity assay’ subsection of the ‘materials and methods’ 

section. Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 
Tris-HCl buffer Interaction buffer Sample 

time / 

min 
β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

3 553674.4 16057.89 1.89 819638.2 6361.2 0.75 
5 667737.8 26889.21 3.16 732952.5 14605.43 1.72 

10 494983.6 52794.51 6.21 649772 39272.54 4.62 

15.5 407000.8 91414.9 10.75 518770.3 50536.56 5.95 

20 301076.4 101977.8 12.00 452164.5 78293.59 9.21 

30 220026.6 144554.9 17.01 398251.3 111355.5 13.10 

45 114833.2 246123.6 28.96 290435.2 139582.6 16.42 

60 41803.6 286984.8 33.76 216913.8 180031.4 21.18 

90 2453.5 321113.4 37.78 124633.4 280999.6 33.06 

123 2664.4 356221.2 41.91 59681.8 323512.6 38.06 

150 4246.8 386574.8 45.48 45485 335987.6 39.53 

180 2293 404583.7 47.60 31519 375623.6 44.19 

 

 

Table 21: HPLC analysis of the first manually immobilized TK reaction.  
Immobilization performed as described in the ‘enzyme immobilization’ subsection of the ‘materials and 

methods section’. Analysis performed as described in the ‘HPLC analysis’ subsection of the same 
section. The buffer choice effect was tested with Tris-HCl (50 mM) and Interaction buffer. 

Tris-HCl buffer Interaction buffer Sample 

time / 

min 
β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrulose 

peak area 

[Erythrul.] 

 / mM 

20 544249.1 33803.19 3.98 515394.8 53410.74 6.28 
41 371963.2 185915.3 21.87 491762.3 107814.5 12.68 

62 257723.8 235429.6 27.70 355436.7 98898.02 11.64 

92 135442.1 401269.8 47.21 286694.4 107867.4 12.69 

120 56973.95 467683.6 55.02 267929.5 116629.9 13.72 

180 106129.7 15575.8  198943.1 156960.9 18.47 

240 2656.75 545630.2 64.19 148554.3 237772.2 27.97 

300 8203.8 607510.3 71.47 99504.1 13085.2  

360 9406.8 630107 74.13 89951.67 282592.8 33.25 

420 5840.9 625074 73.54 84315.22 333570.9 39.24 
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Table 22: HPLC analysis of five manually immobilized TK activity assays and two free solution controls 
(in Tris-HCL and Interaction buffers). The immobilizations used 50, 100 and 200 µl of TK solution for the 
incubation step in Tris-HCl buffer and 100 and 200 µl of TK solution in Interaction buffer. Immobilization 

performed as described in the ‘enzyme immobilization’ subsection of the ‘materials and methods 
section’. Analysis performed as described in the ‘HPLC analysis’ subsection of the same section. 

Tris-HCl buffer Interaction buffer 
Vincub 

/ µl 

Time / 

min 
β-HPA 

peak area 

Erythrul. 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrul. 

peak area 

[Erythrul.] 

 / mM 

Immobilized 

15 477088 87444.14 10.29    
32 299034.9 191727.4 22.56    

45 345177.8 190123.2 22.37    

60 209434.3 238633 28.07    

90 144342.8 381394.9 44.87    

120 54359.43 456202.2 53.67    

180 16298.5 519875.2 61.16    

240 7394.6 549532.2 64.65    

300 6042 502296.2 59.09    

360 4293.2 543927.8 63.99    

50 

420 4348.2 479515.8 56.41    

15 482326.7 132224.2 15.56 403535.1

6 

26494.6 3.12 
32 330303.4 198395.8 23.34 374694.1 61557.04 7.24 

45 379250 176521.5

3 

20.77 347898.2

7 

76517.75 9.00 

60 203292.8 274169.4 32.26 319468.4

7 

69802.4 8.21 

90 189874.2 276962.7 32.58 275093 93421.7 10.99 

120 57486.4 475841.7 55.98 247669.2 116801.5 13.74 

180 17973.2 516079.1 60.72 195777.8

1 

152337 17.92 

240 6696.6 488055.9 57.42 149088.1

9 

212299.4 24.98 

300 5440.6 491266.2 57.80 125486.9

4 

186428 21.93 

360 6011.5 542258.6 63.80 108823.9

5 

265356.9 31.22 

100 

420 4852.5 496626.6 58.43 91150.16 254461.8 29.94 

15 459753.2 153154.3

4 

18.02 434852 16604.8 1.95 
32 294046 225535.9 26.53 361474.6 23140.2 2.72 

45 343315.2 158823.2 18.69 333650.8 24786.5 2.92 

60 138867.8 351207.8 41.32 365385.2

6 

73294.25 8.62 

90 176804.5 275557.6 32.42 321466.7

6 

95427.55 11.23 

120 42703.8 462370.8 54.40 760684.2 89275.8 10.50 

180 13563.1 498609.3 58.66 242821.2 114994.9 13.53 

240 6710.4 496151.8 58.37 628726.5

6 

192500.31 22.65 

300 6330.9 506196.3 59.55 168744.6

6 

209233.9 24.62 

360 7090.4 539498.1 63.47 100995.0

4 

114658.4 13.49 

200 

420 5863.8 490798.2 57.74 90461.24 118214.9 13.91 



 98 

Tris-HCl buffer Interaction buffer 
Vincub 

/ µl 

Time / 

min 
β-HPA 

peak area 

Erythrul. 

peak area 

[Erythrul.] 

 / mM 

β-HPA 

peak area 

Erythrul. 

peak area 

[Erythrul.] 

 / mM 

Free (control) 
15 344280.4 141176.6

5 

16.61 205610.8 47501 5.59 
32 132224.6 263246.8 30.97 99344.8 73180.8 8.61 

45 44805.65 362436.2 42.64 62864.8 79573.4 9.36 

60 23169.47 405636.6 47.72 90490.04 206657 24.31 

90 6584.4 388226.2 45.67 60177.52 259637.37 30.55 

120 5237.8 429259 50.50 38381 264041.3 31.06 

180 4533.4 401820.6 47.27 4861.6 297451.11 34.99 

240 4229.8 392665.2 46.20 9720 292118.8 34.37 

300 4861.6 379237.3 44.62 10233.19 293528.4 34.53 

360 3116.4 267626.8 31.49 11267.12 349294.2 41.09 

30  

 

(10% 

v/v) 

420 3993.4 297404 34.99 12856.04 338107 39.78 

 

 
Table 23: HPLC analysis of the first automated TK immobilization experiment. Automation performed as 

described in the ‘automation of enzyme immobilization and reaction’ subsection of the ‘materials and 
methods section’. Analysis performed as described in the ‘HPLC analysis’ subsection of the same 

section. Numbers 4 and 5 in the sample name refer to the two different duplicates. 

Sample 

name 

Sample 

time / min 

HPA peak 

area 

HPA 

retention 

time / min 

Erythrulose 

peak area 

Erythrulose 

retention 

time / min 

Tecan A4 5 5879.78 8.93 21402 12.03 
Tecan B4 10 6048.53 8.93 13740.4 12.02 

Tecan C4 20 5284.21 8.92 11257.38 11.98 

Tecan D4 30 3813.6 8.98 10966.65 12.07 

Tecan E4 45 5786.68 8.88 15906.83 11.98 

Tecan F4 60 5941.15 8.9 17060.21 11.98 

Tecan G4 90 4512.69 8.97 14597.58 12.05 

Tecan H4 120   6050.6 12.03 

Tecan A5 5 12985.96 8.9 20268 11.97 

Tecan B5 10 9365.31 8.93 16512 12 

Tecan C5 20 6655.77 8.9 14493.9 11.98 

Tecan D5 30 6599.28 8.92 15496.59 11.98 

Tecan E5 45 6854.04 8.92 14150.8 12 

Tecan F5 60 6049.82 8.92 17502.79 11.98 

Tecan G5 90 6615.26 8.9 17342.57 11.97 

Tecan H5 120 12985.96 8.9 20268 11.97 
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Table 24: Results from the second HPLC analysis of the first automated run. Automation performed as 
described in the ‘automation of enzyme immobilization and reaction’ subsection of the ‘materials and 
methods section’. Analysis performed as described in the ‘HPLC analysis’ subsection of that section. 

Sample 

name 

Sample 

 time / min 

β-HPA 

 peak 

 area 

β-HPA 

retention 

time / min 

Erythrulose 

peak 

 area 

Erythrulose 

retention 

 time / min 

Tecan A5 5 3533.69 9.03 13703.4 12.07 
Tecan B5 10   200397.8 12.23 

Tecan C5 20 4378.18 9.1 18568.17 12.17 

Tecan D5 30 2934.35 9.1 10382.89 12.13 

Tecan E5 45 4922.33 9.08 51745.66 12.2 

Tecan F5 60   33965.09 12.25 

Tecan G5 90     

Tecan H5 120     

 
 

Table 25: HPLC analysis of the first automated run with peak retention time alteration. Automation 
performed as described in the ‘automation of enzyme immobilization and reaction’ subsection of the 

‘materials and methods section’. Analysis performed as described in the ‘HPLC analysis’ subsection of 
that section. 

Sample 
name 

Sample time 
/ min 

HPA peak 
area 

HPA retent. 
time / min 

Erythrulose 
peak area 

Erythrulose 
retent. time / 

min 
Tecan A5 5     
Tecan B5 10 169313.6 8.3 10306.6 11.28 

Tecan C5 20 451744.21 8.3 35236.33 11.28 

Tecan D5 30 274889.48 8.3 62069.78 11.28 

Tecan E5 45 503092.2 8.28 101383.52 11.27 

Tecan F5 60 155463.8 8.32 40575.82 11.3 

Tecan G5 90     

Tecan H5 120     

 
 
Table 26: HPA peaks from the HPLC analysis of the second automated run. Automation performed as 
described in the ‘automation of enzyme immobilization and reaction’ subsection of the ‘materials and 
methods section’. Analysis performed as described in the ‘HPLC analysis’ subsection of that section. 

Sample 

time / min 

Sample 

name 

β-HPA 

 peak area 

β-HPA 

RT / min 

Sample 

name 

β-HPA 

 peak area 

β-HPA 

RT / min 

5 Tecan A4 891983.8 8.2 Tecan A5 2503618.4 8.18 
15 Tecan B4 2838619.47 8.28 Tecan B5 1847728.51 8.2 

30 Tecan C4 2306210.2 8.22 Tecan C5 2441501.6 8.22 

45 Tecan D4 2427363.36 8.18 Tecan D5 2496267.37 8.27 

60 Tecan E4 2079156.26 8.17 Tecan E5 832892.71 8.23 

90 Tecan F4   Tecan F5 2147342.04 8.25 

120 Tecan G4 529700.4 8.13 Tecan G5 1777529.49 8.23 

180 Tecan H4 166245.64 8.35 Tecan H5 1820849.11 8.25 
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Sample 

time / min 

Sample 

name 

β-HPA 

 peak area 

β-HPA 

RT / min 

Sample 

name 

β-HPA 

 peak area 

β-HPA 

RT / min 

8 Manual A6 2514913.7 8.27 Manual A7 2818813 8.33 
18 Manual B6 2495183.73 8.35 Manual B7   

33 Manual C6   Manual 

C7 

2603154 8.33 

48 Manual D6   Manual 

D7 

641717 8.15 

63 Manual E6   Manual E7 37504.7 7.72 

93 Manual F6 36447.1 7.72 Manual F7   

123 Manual G6 3052767 8.17 Manual 

G7 

  

183 Manual H6 3174895 8.32 Manual 

H7 

1308112 8.3 

8 Control A8 2867941 8.18 Control A9 2725615 8.33 

18 Control B8 706220 8.13 Control B9 2665158 8.22 

33 Control C8 2742725 8.25 Control C9 2951180 8.20 

48 Control D8 2753441 8.25 Control D9 2823692 8.30 

63 Control E8 2813021 8.32 Control E9 2950157 8.27 

93 Control F8 2830703 8.23 Control F9 992326 8.20 

123 Control G8 2323379 8.23 Control 

G9 

2993991 8.28 

183 Control H8 3023393 8.18 Control H9 3294897 8.33 

 

 

Table 27: HPLC results of the re-analysis of the 2nd automated run using the secondary HPLC 
equipment. Automation performed as described in the ‘automation of enzyme immobilization and 

reaction’ subsection of the ‘materials and methods section’. Analysis performed as described in the 
‘HPLC analysis’ subsection of that section. 

Sample 

time / min 

Sample 

name 

β-HPA 

 peak area 

[β-HPA] 

 / mM 

Erythrulose 

peak area 

[Erythrulose] 

/ mM 

15 Auto A 15 44.3663 6.62 4.9207 1.35 
30 Auto A 30 44.8707 6.69 4.7935 2.57 

45 Auto A 45 40.3813 6.02 9.1235 3.68 

60 Auto A 60 35.0508 5.23 13.0818 5.25 

90 Auto A 90 20.4625 3.05 18.652 5.64 

120 Auto A 120 17.708 2.64 20.0414 7.51 

180 Auto A 180 9.653 1.44 26.6738 7.70 

240 Auto A 240 6.5519 0.98 27.3563 9.57 

15 Auto B 15 53.6259 8.00 33.9693 1.55 

30 Auto B 30 47.4993 7.08 5.5177 2.53 

45 Auto B 45 37.2664 5.56 8.9875 3.30 

60 Auto B 60 20.4551 3.05 11.701 3.40 

90 Auto B 90 18.486 2.76 12.057 5.16 

120 Auto B 120 19.5168 2.91 18.317 8.12 

180 Auto B 180 9.6062 1.43 28.8381 7.88 

240 Auto B 240 7.0657 1.05 27.9714 10.2 
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Table 28: HPLC results for the analysis of the third automated run and a parallel manual run, 
using the secondary HPLC equipment. Automation performed as described in the ‘automation of 
enzyme immobilization and reaction’ subsection of the ‘materials and methods section’. Analysis 

performed as described in the ‘HPLC analysis’ subsection of that section. 

Sample 
name 

Sample 
time / min 

β-HPA 
peak area 

[β-HPA] 
 / mM 

Erythrulose 
peak area 

[Erythrulose] 
/ mM 

Auto A 15 15 34.3027 5.12 2.2953 0.646 
Auto A 30 30 40.8825 6.10 3.8214 1.08 

Auto A 45 45 37.9577 5.66 2.6912 0.758 

Auto A 60 60 26.4794 3.95 2.594 0.730 

Auto A 90 90 32.667 4.87 2.6875 0.757 

Auto A 120 120 31.4001 4.68 2.26 0.636 

Auto A 180 180 33.0558 4.93 2.0436 0.575 

Auto B 15 15 33.6439 5.02 4.3644 1.23 

Auto B 30 30 32.5203 4.85 2.7466 0.773 

Auto B 45 45 36.6056 5.46 3.2409 0.913 

Auto B 60 60 37.0484 5.52 3.5841 1.01 

Auto B 90 90 33.302 4.97 5.6228 1.58 

Auto B 120 120 26.5101 3.95 2.1127 0.595 

Auto B 180 180 20.7858 3.10 3.7093 1.04 

Man 200 45 45 22.7955 3.40 3.955 1.11 

Man 200 63 63 29.4053 4.38 6.8571 1.93 

Man 200 92 92 20.7622 3.10 11.1422 3.14 

Man 200 127 127 21.0146 3.13 14.7374 4.15 

Man 200 185 185 15.0568 2.25 20.2028 5.69 

Man 100 18 18 29.2816 4.37 2.3648 0.666 

Man 100 37 37 24.7737 3.69 2.9171 0.821 

Man 100 45 45 27.0991 4.04 4.2116 1.19 

Man 100 63 63 27.2782 4.07 6.1017 1.72 

Man 100 92 92 16.5241 2.46 6.6807 1.88 

Man 100 127 127 18.9588 2.83 11.5463 3.25 

Man 100 185 185 16.6372 2.48 17.1354 4.83 

 
 

Table 29: Fourth automated run analysis: β-HPA and erythrulose peak areas as well as calculated 
erythrulose concentrations from the main HPLC equipment calibration (Appendix III).  

Automation performed as described in the ‘automation of enzyme immobilization and reaction’ 
subsection of the ‘materials and methods section’. Analysis performed as described  

in the ‘HPLC analysis’ subsection of that section. 

Sample name 
Time 

/ min 

β-HPA 

 peak area 

β-HPA 

RT / min 

Erythrulose 

peak area 

Erythrul. 

RT / min 

[Erythrul.] 

/ mM 

Auto A 5m 5 4591839.58 8.18 1259.8 11.13 0.00 
Auto A 15m 15 2480911.4 8.18    

Auto A 30 m 30 1804340.74 8.13 7084.4 11.1 0.02 

Auto A 60 m 60      
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Sample name 
Time 

/ min 

β-HPA 

 peak area 

β-HPA 

RT / min 

Erythrulose 

peak area 

Erythrul. 

RT / min 

[Erythrul.] 

/ mM 

Auto A 90 m 90 1999958.35 8.18 22081 11.13 0.07 
Auto A 120 m 120 1577090.82 8.18 23011.4 11.13 0.07 

Auto A 180 m 180 1790453.85 8.2 38653.2 11.15 0.12 

Auto B 5m 5 3587397.1 8.22    

Auto B 15m 15 1557711.8 8.2 1858 11.15 0.01 

Auto B 30 m 30 1860502.05 8.2 4490.4 11.18 0.01 

Auto B 60 m 60 3449778.09 8.17 66767.24 11.12 0.21 

Auto B 90 m 90      

Auto B 120 m 120 2389538.68 8.18 17535.4 11.13 0.06 

Auto B 180 m 180 2196992.23 8.22 24745.3 11.17 0.08 

Manual A 5m 5 24556.8 8.17 2504.3 11.15 0.01 
Manual A 15m 15 2184940.5 8.18    

Manual A 30 m 30      

Manual A 60 m 60 2198924.54 8.22    

Manual A 90 m 90 2148933.68 8.13    

Manual A 120 m 120 2252353.35 8.22    

Manual A 180 m 180 1981286.83 8.22 31531.4 10.95 0.10 

Manual B 5m 5 2570405.16 8.17 19227.6 11.12 0.06 

Manual B 15m 15 1654895.9 8.13 34817.4 11.08 0.11 

Manual B 30 m 30      

Manual B 60 m 60 2197295.8 8.27 25219.3 11.25 0.08 

Manual B 90 m 90 2344589.08 8.17 56467.8 11.12 0.18 

Manual B 120 m 120 2247137.65 8.17 90307.23 11.12 0.28 

Manual B 180 m 180      

Control A 5m 5 1307721.58 8.2 1020177 11.15 3.21 
Control A 15m 15 1504969.76 8.18 4167997.33 11.15 13.10 

Control A 30 m 30      

Control A 60 m 60 324569.77 8.15 4280539.24 11.12 13.45 

Control A 90 m 90 293709.13 8.2 5687151.19 11.17 17.87 

Control A 120 m 120 257074.11 8.22 5572288.72 11.18 17.51 

Control A 180 m 180      

Control B 5m 5 1296333.8 8.17 171407.3 11.13 0.54 

Control B 15m 15 865177.99 8.15 284173.09 11.1 0.89 

Control B 30 m 30      

Control B 60 m 60      

Control B 90 m 90 330551.6 8.2 5649354.89 11.17 17.75 

Control B 120 m 120 201547.48 8.15 3459669.36 11.13 10.87 

Control B 180 m 180      
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APPENDIX III – CALIBRATIONS 
 

 

 

Secondary HPLC equipment calibration 

 

 

 For maintenance reasons of the main HPLC equipment, the second equipment 

described in the methods section (HPLC analysis subsection) was used. The only difference 

in the method is the use of 5 mM sulphuric acid as the mobile phase as opposed to 0.1% v/v 

TFA. The calibration of the equipment using a set of β–HPA and erythrulose standards (in 

duplicate for the latter) is shown in Table 30 and Figure 49. 

 

 

Table 30: HPLC secondary equipment calibration using a set of β–HPA and erythrulose standards 
 (two duplicates and respective average shown). Analysis performed as described in the ‘HPLC 

analysis’ subsection of the ‘materials and methods’ section. 
 Erythrulose peak area [β–HPA]  

/ mM 

β–HPA 

 peak area  

[Erythrulose] 

/ mM A B Average 

0.00 0.00  0.00 0.00 0.00 0.00 
1.56 13.3293  1.56 0.0416  0.0416 

1.56 11.3623  3.13 13.1579 12.7765 12.9672 

3.13 81.9465  6.25 23.9625 22.0335 22.998 

12.5 110.0311  12.5 60.6073 14.8118 37.70955 

25.0 202.4399  25.0 97.6101 84.8828 91.24645 

50.0 311.3569  50.0 204.6313 204.8163 204.7238 

   100 332.1961 351.3966 341.79635 
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Figure 49: Calibration lines for β-HPA () and erythrulose duplicates average () samples prepared 

from a set of standards. () – Erythrulose linear interpolation, (− −) – β-HPA linear interpolation. 
Analysis performed as described in the ‘HPLC analysis’ subsection of the ‘materials and methods’ 

section. 
 

 

 The linear interpolations fitted to the average between the two duplicates of 

erythrulose and to the β-HPA samples shown in Figure 49, returned the expressions: y = 

3.55x and y = 6.71x, respectively, with correlation coefficients of 0.990 and 0.964, 

respectively.  

 In the erythrulose case, given the nice linear correlation and very low intercept value 

(approximately a unit), the option of force fitting without intercept (x = 0, y = 0) was used. The 

effect on the adjusted line is minimal (slope, correlation coefficient), while making the 

calibration easier to use. 

 As mentioned before, the behaviour of the β-HPA peak area readings in HPLC 

equipments is not very linear with concentration, making the concentration calculations 

unreliable. Together with the high intercept value registered, it is a drastic change to make the 

same approach (eliminate the intercept from the regression). However, if this method isn’t 

used, than all areas below the intercept areas will be converted in negative concentrations, a 

physical impossibility. Removing an outlier evident for this approach (at 3.125 mM for β-HPA), 

the result obtained is the equation described before. It is important to remind that any 

calculations of β-HPA concentrations based on this regression are not very accurate but have 

been used anyway in the absence of a better alternative. 
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Main HPLC equipment calibration 

 

 

 

 After the maintenance operation in the main HPLC equipment was realized, a new 

calibration was made. Thus, a set of erythrulose standards with different concentrations were 

prepared from an existing 100 mM stock solution and diluted with RO water. The results are 

shown in Table 31. 

 

 

Table 31: HPLC main equipment analysis of duplicate erythrulose standards for calibration purposes. 
Analysis performed as described in the ‘HPLC analysis’ subsection of the ‘materials and methods’ 

section. 
[Erythrulose] / 

mM 

β-HPA 

 RT / min 

Erythrulose 

peak area 

Erythrulose 

 RT / min 

0  0  
1  6766.9 11.25 

5  1434038.8 11.23 

15 8.63 4802991.07 11.27 

25 8.27 11442225.21 11.3 

60 8.23 19654484.7 11.25 

75 8.25 23416481.52 11.27 

0  0  

1  109917.3 11.25 

5 8.18 1389849.82 11.18 

15 8.58 4761649.35 11.25 

25 8 8830850.76 11.28 

60 8.23 19320179.35 11.25 

75 8.23 23146708.33 11.27 

 

 

 The calibration obtained for each duplicate is shown in Figure 50. The linear 

interpolation of this data with a forced intercept in y = 0 returns the calibration lines y = 

326777.8x and y = 316252.8x for the two duplicates, with the respective correlation coefficient 

(R2) of 0.979 and 0.998.  

 Discarding the 25 mM point from the first duplicate () and taking the average 

between the two for the remaining samples results in Table 32 and Figure 51. 
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Figure 50: Calibration lines for the duplicates ( & ) prepared from a set of erythrulose samples. 
Analysis performed as described in the ‘HPLC analysis’ subsection of the ‘materials and methods’ 

section. 
 

 

 

Table 32: HPLC main equipment calibration based on 
 the average of two erythrulose standards (duplicates).  

[Erythrul.] 

/ mM 
0 1 5 15 25 60 75 

Erythrul. 

peak area 
0 58342 1411944 4782320 8830851 19487332 23281595 

 

 

 

 
Figure 51: Average calibration line of the main HPLC equipment using a set of erythrulose samples. 

 



 107 

 

 In the latter case the linear interpolation passing in the origin returns the equation: y = 

318283.7 x with a correlation coefficient of 0.997. Removing this constrain only slightly alters 

the slope of the lines, and doesn’t alter the correlation coefficient up to the third significant 

algorism, while making the conversion area/concentration more practical. This observation is 

also true for the two regressions made before. 

 

 Note that preparing the samples with dilutions with 0,1% TFA would have been more 

adequate, since TFA is the mobile phase diluting and carrying the product on the equipment. 

Together with the change in column and some parts of the equipment due to servicing, this 

may explain the significant difference to the conversion factor of 85000 that was used before 

and that had been obtained previously to this work. 

 

 

 


