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Resumo 

A reacção enzimática entre β-hidróxido piruvato de lítio e 

3,4-dimetil-3-ciclohexeno-1-carboxaldeído, catalisada pela enzima transcetolase (TC) foi estudada e 

optimizada, com o objectivo de a acoplar a uma reacção de Diels-Alder, criando um sistema 

químio-enzimático, contínuo e de alta produtividade para metabolitos quirais.  

Testaram-se 3 variantes de TC: estirpe selvagem (ES), D469T, com uma substituição 

aminoacídica, e S385T/D469T/R520Q, com 3 substituições. A optimização focou-se no volume de 

enzima na reacção, e nas concentrações iniciais de reagentes. Foram também testados os modos 

reaccionais descontínuo e de alimentação descontinuada, em microescala, para mimetizar as 

reacções contínuas em microfluídica. D469T foi o melhor mutante (15-25% de rendimento), seguido 

do S385T/D469T/R520Q (5-15%). Com a ES, não se detectou formação de produto.  

Relativamente aos métodos analíticos, descobriu-se que o método de cromatografia líquida 

de alta eficiência usado para estudar outras reacções catalisadas pela TC não pode ser usado para 

seguir a formação de produto. No entanto, um novo método colorimétrico foi desenvolvido, com 

resultados promissores. 

Para contrariar o fluido laminar característico da microfluídica e causar mistura no reactor, 

foi-lhe incorporado um micromisturador, que se provou eficiente na sua capacidade de provocar 

advecção nos fluidos a misturar.  

Os melhores resultados obtiveram-se usando 40% de volume de enzima, e concentrações 

equimolares de reagentes (40mM). No entanto, mais estudos de alimentação descontinuada deverão 

ser realizados. 

Havendo ainda trabalho a desenvolver, o melhor mutante para efectuar a reacção e os 

métodos de análise necessários para seguir o seu progresso foram identificados, tornando mais 

próximo o objectivo final deste projecto.  

 

Palavras-chave: Transcetolase, microfluídica, químio-enzimático, quiral, mistura, alta 

produtividade.  
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Abstract 

A microfluidic enzymatic reaction, catalysed by Transketolase (TK), has been studied and 

characterized, aiming to couple it with a Diels-Alder reaction and thus develop a chemo-enzymatic, 

high-throughput continuous-flow production system for chiral metabolites. 

The enzymatic reaction between lithium β-hydroxypyruvate (HPA) and 

3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA) was studied using different TK enzymes: wild 

type (WT), the single-point mutant D469T and the triple mutant S385T/D469T/R520Q. The 

optimisation focused in the enzyme volume in the reaction and the initial substrate concentration. 

Batch and fed-batch modes were also tested in microscale, to mimic the microfluidic conditions. 

D469T was the best performing mutant (15-25% yield), followed by S385T/D469T/R520Q (5-15%), 

and no product was obtained using WT.  

Regarding the analytical methods, it was found that the extensively used High-Performance 

Liquid Chromatography method for monitoring reaction progress was not applicable to follow product 

formation, and a new colorimetric assay was tested, with promising results.  

To overcome the laminar flow typical in microfluidics and improve mixing in the reactor 

channels, a mixing structure (Staggered Herringbone Mixer) has been machined, and its ability to 

provide mixing was tested and concluded to be good for high and low flowrates. 

The best results were obtained when using 40% enzyme volume in the reaction and equimolar 

amounts of both reagents (40mM), but further fed-batch studies must be conducted.  

Although there is still work to be done, the fact that the best mutant and a method for the 

product analysis were identified is a step forward towards the microfluidic chemo-enzymatic reactor.  

 

Keywords: Transketolase, microfluidics, chemo-enzymatic, chiral, mixing, high-throughput.  
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1. Introduction 

1.1 Microfluidics 

According to Dittrich and Manz [1], microfluidics includes all stages of research of liquid 

streams generated in chips comprising microsized channels, including fabrication, handling and 

practical use of these chips. These stages of research include the study of the behaviour, precise 

control and manipulation of fluids, streams of gases or fluidized solids/particles in microchips, typically 

at the sub-millimetre scale. In these channels, fluid is characterized by laminar flow, instead of the 

turbulent regime associated with normal scale processes [1], [2].  Usually, it is considered that a fluid 

has a laminar flow regime if the Reynolds number associated, the dimensionless ratio between the 

inertial and viscous forces in the fluids, has a value below 2100. However, in microfluidics the number 

is much lower, with values below 100. 

Due to the reduced channel dimensions, very small amounts of fluids (from millilitre to attolitre, 

[2])  are used, so there is a less demand for reagents and catalysts, which is advantageous in case of 

expensive ones, particularly in the regenerative medicine field. Additionally, the lower amount of 

reagents used helps to minimize variations between experiments, since the same solution or the same 

reagent batch can be used for longer periods of time. Since there is less reagent consumption, this 

means that there is less waste produced in the process, and finally less power consumption 

associated with microfluidic processes.  

There are a number of reasons to use microfluidics in science. First, it is the obvious choice if 

one wants to study laminar flow regime, and at the microfluidic scale, properties such as osmotic 

movement, electrophoretic-motility, surface interactions and heat transport become enhanced, 

enabling dramatic increases in throughput [1], [3]. Microfluidics is useful to work with processes that 

cannot be studied in larger scales, for instance explosive reactions or when working with dangerous 

pathogens. But even with relatively safe processes, those in microscale can offer advantages 

compared to their normal scale counterparts, because of the compactability, disposable and safe 

nature and increased utility of the microfluidic processes [3]. Additionally, microfluidic devices offer 

unique advantages in sample handling and reagent mixing [4]. The small size of the chips is an asset 

for portability, which is advantageous in case of devices designed for use “in-the-field”, which was one 

of the main motivations for development of microfluidic devices, supported by agencies such as the 

United States Department of Defense [2].  

Microfluidic platforms can be coupled with common analytical instruments, this way effectively 

handling processes from the upstream to the downstream. These separations and detections are done 

with high resolution and sensitivity [2], however some challenges arise regarding sensitivity of the 

detection when working with such small volumes [5]. Analytical methods used include UV, mass 

spectrometry, gas chromatography, liquid chromatography  [6], electrochemical [7],  fluorescence [8],  

bioluminescence [9] and refractive index [10] and can be used on-line or offline.  

Finally, after the process optimization in the microfluidic scale, one can potentially multiply the 

number of microfluidic chips to get higher productivities, maintaining the optimised (high control and 
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selectivity) laboratory conditions, instead of having to optimize the process again in a larger scale. 

This is called scale out, conversely to the traditional scale up.       

 

1.1.1 Mixing in microfluidics 

One important aspect to consider when studying processes in microfluidic platforms is the 

mixing. Diffusion is the only natural way to provide mixing inside the channels, due to the reduced 

dimensions of those structures [2] and the laminar flow associated, which translates into low Reynolds 

number.  In order to provide advective mixing in the reactor, a number of strategies can be used. They 

can be divided into active or passive, which means that they rely in providing or not, respectively, 

external energy to the system (excluding the energy used to drive the flow). The objective of both 

strategies is to achieve complete mixing of pure fluid components in short times and using short 

channel lengths.   

External energy sources include, to name a few, ultrasounds, electrokinetic instabilities or 

periodic variation of flow rate [11]. For fermentation, the use of a magnetic stir bar by Zhang et al. [8] 

or a peristaltic oxygenating mixer such as the one used by H.L.T. Lee et al. [12] were also reported.  

 In the case of passive strategies, the idea behind them is to either reduce the diffusion 

distances between fluids to be mixed, or induce advection in them, thus increasing contact area 

between fluids. One possibility is to introduce obstacles within channels or its surface, thus inducing 

mixing by chaotic advection. Groove shape in particular can be very effective in mixing fluids [13]. One 

example of a passive mixing structure is the Staggered Herringbone Mixer, SHM, developed by 

Stroock et al. [14]. The SHM provides mixing by rotating the flow clockwise on the left side and 

anticlockwise on the right, causing fluid at the centre to fold in on itself [15]. In this thesis, a modified 

version of the SHM described by Ansari and Kim was used [13].  

 

1.1.2 Overview of microfluidics applications 

Microfluidics is a relatively new technology, but it is very promising, with many applications in 

different areas, such as cell studies, organic and enzymatic reactions and even in the medicinal field. 

Microfluidics is a high throughput screening (HTS) friendly technology, since it allows the study 

of a large number of different process conditions (pH, temperature, use of co-solvents, substrate 

concentration) at once, in order to find the ones that give more productivity or yield, all this in a 

micro-scale system which resembles the large scale process and with a minimum expend of reagents. 

For instance, Zheng et al. developed a microfluidic system for screening many different protein 

crystallization trials, thus using  less protein sample and with less labour needed [16]. Duffy et al. [17] 

applied the HTS principle to enzymatic assays. Using the system they developed, they could screen 

up to 48 enzymatic assays simultaneously, determining the Michaelis constant of the enzymes and the 

dose response to a drug. 

These high throughput characteristics, together with the flexibility in the design, make 

microfluidic systems ideal for process understanding and model validation, since they provide a high 

level of process information from low volume experiments [5]. A step forward would be to use 
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microfluidics to process development by Quality by Design (QbD) early in the design of the process, 

this way reducing the time spent in the development of new products. 

 

When working with chemical or enzymatic reactions, microfluidics can prove useful, since the 

reduced channel dimensions allow more efficient control of the experimental setup and the reaction 

conditions, intensifying the latter and ultimately leading to higher yields and allowing reactions to occur 

faster (especially diffusion limited ones, because of the smaller channels). There is also a larger 

surface area to volume ratio in the channels and chambers, which provides a more effective thermal 

transfer [18]. 

One example of a microfluidic enzymatic reaction can be seen in O’Sullivan et al. [18] in which 

they presented an enzymatic reactor coupled with a inline filtration system. This system was able to 

successfully fully convert the substrate, maintaining the enzyme in the system and extracting the 

product, with an overall yield of 65%.  

Matosevic and co-workers [19], were able to develop an immobilized enzyme microreactor. By 

immobilizing transketolase, they measured the kinetic parameters of erythrulose formation, and 

concluded that those were comparable with the ones in free solution, thus validating the use of the 

microreactor for studying enzyme kinetics and reactions. Then, the same authors demonstrated the 

applicability of the reactor for multi-step bioconversions, by linking the transketolase reaction with the 

transaminase enzyme, this way continuously producing for the first time asymmetric amino alcohols in 

an immobilized microreactor. They also presented a list of multi-step enzyme reactions in microreactor 

systems [20].  

Rios-Solis et al. [21] also developed a “toolbox” approach that allows studying multi-step 

enzymatic synthesis in microscale. They were able to synthetize optically pure amino alcohols using 

transketolase and transaminase, in an E.coli host capable of expressing both enzymes. Using this 

toolbox, it is possible to systematically screen different pairs of the enzymes and substrates (both ketol 

and amino donors). 

 

Microbioreactors have also been developed in microfluidics, thus allowing the performance of 

batch or continuous fermentations in microscale. Schapper’s reactor for instance, is disposable, which 

reduces the workload before and after the cultivation [22]. Another example can be seen in K. Lee et 

al. [23], where the authors developed a chemostat with 1 mL working volume. Needless to say, these 

bioreactors need effective ways to measure optical density, pH and dissolved oxygen, and both 

authors were able to integrate those sensors. Finally, H.L.T. Lee et al. was able to develop an 

integrated array of microbioreactors, capable of supporting up to eight simultaneous E.coli 

fermentations and achieving cell densities comparable to those achievable in a bench scale stirred 

tank reactor (STR) [12].  

Kirk and Szita [24] studied and reviewed the oxygen transfer characteristics of micro and 

minibioreactors, by calculating the oxygen mass transfer volumetric coefficient (kLa). When scaling 

down a bioreactor, ways to relate the kLa to process variables are desirable, in order to match the 

oxygen transfer characteristics across scales. They concluded that the oxygen transfer characteristics 
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in micro and minibioreactors are comparable with bench, pilot and production scale systems, thus 

validating the use of microfluidics for fermentations.  Together with the active mixing strategies 

previously referred, these microbioreactors are further approximated to a CSTR [24].  

 

In the stem cell and regenerative medicine field, microfluidics became an excellent technique 

to study the way cell fate can be influenced by the growth conditions, due to the possibility to precisely 

control microenvironments [25]. 

Hung and co-workers presented, for the first time, a continuous perfusion microfluidic cell 

culture array, able to perform long-term cellular monitoring and cell passaging of human carcinoma 

cells [26]. Devices such as this one demonstrate the applicability of microfluidics for drug screening 

and quantitative cell biology, using human cell lines. 

Kamei et al. also presented an integrated microfluidic platform, able to reproducibly culture 

and quantitatively analyse human embryonic stem cells, by using on-chip immunoassays to address 

their ability to remain pluripotent in culture [27]. 

 Finally, Reichen et al. demonstrated the possibility to cultivate mouse embryonic fibroblasts 

and human embryonic stem cells in an autoclavable microfluidic device, allowing for precisely control 

the flow rate, and thus the shear rate to which the cells were subjected. They also developed an 

image processing algorithm, which allowed quantification of co-cultured colony-forming cells from 

phase contrast microscope images, which demonstrates the possibility to have real-time monitoring of 

stem cell culture growth [28]. 

 

In the pharmaceutical and medicinal field, microfluidics will be useful for the development of 

new strategies to improve productivity and efficiency of techniques applied in drug discovery and 

diagnostics. Some applications include: study therapeutic compounds; perform testing in animal cells, 

thus predicting the performance in clinical trials; or develop bioassays for monitoring patient response 

to therapy and diagnose diseases by detection of biomarkers [2], [3]. 

Microfluidic devices provide the capability to confine, manipulate and study single cells, as 

seen for instance in Werdich et al. [29] and even single molecules, as shown by Wunderlich et al. [30], 

making significant contributions to biomedicine and allowing technologies like flow cytometry, 

electrophoresis or immunoassays to be carried out  on a chip [4]. For instance, Knight reports that 

DNA separation by electrophoresis, a time-consuming process at lab scale, can be done in 30 

seconds in microfluidic systems [15].  

Kentsch and co-workers [31], developed a three dimensional microsystem with the potential to 

precisely separate, accumulate, trap and analyse biological micro and nanoparticles. They hope to 

apply this technology to retrieve biological analytes from serum or blood.   

The biocompatibility of some of the materials used in microfluidics, such as PDMS 

(poly(dimethylsiloxane)), suggest that maybe new devices with the purpose of in vivo diagnosis can be 

developed and introduced in the human body, and the single cell and molecule capabilities make it 

extremely capable to test the fundamental assumptions of cell biology and molecular chemistry [2]. 
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Finally, regarding fluid manipulation, microfluidics can be used to generate and manipulate 

bubbles of a dispersed gas or liquid phase inside a continuous flow of liquid, which allows to control 

droplet volume and chemical concentration and suggest new routes to the production of emulsions 

and foams [2]. 

 

A thorough review in microfluidics is provided in Weigl et al. [4]. Besides providing information 

on many applications of microfluidics, they complete the explanation by referring methods of 

microconstruction and analysis in microfluidic platforms. For a review in microfluidic technology and 

hydrodynamics, and also some examples of microfluidic applications for biocatalysis and downstream 

processing in biotechnology the reader is referred to Marques and Fernandes [32]. For integrated 

microfluidic reactors, an excellent review is presented by Lin et al. [6], and in the specific case of 

current and possible future applications of microfluidics in drug development the review article written 

by Dittrich and Manz is recommended [1]. Finally, a review in microfluidics applied to stem cells is 

provided by Van Noort, et al. [25]. 

 

So microfluidics has the full potential to become an industrially-relevant technology. For now it 

is mainly used in the academic field, but with all its characteristics, it is just a matter of time until it is 

routinely used in industry.  

 

1.1.3 Fabrication methods for microfluidic devices 

In the beginning of microfluidic technologies, most of the devices were made of quartz, glass 

or silicon. However, when microfluidics started to be applied to the biochemical field, new materials 

needed to be developed. When working with enzymes or cells, some characteristics become 

important, such as gas permeability and, when the objective is to use the technology for human use 

(for instance, stem cells for tissue implantation) the devices need to be disposable. Polymers are a 

class of materials that possess characteristics that make them bio-friendly, and so they can be used 

for this purpose [33].  

Examples of polymers used for fabricating devices are PMMA (poly(methyl methacrylate)), 

one of the first ones used for polymer microfabrication [33], PDMS (poly(dimethylsiloxane)), an 

optically transparent, soft elastomer important for its gas permeability ([2], [33]), which allows its use 

for stem cells and microbial cells, as shown, among others, in [8], [26]–[28], [34], or even PEEK 

(Polyether ether ketone), which due to its resistance to most organic and inorganic substances [33] is 

used for tubing. But PDMS remains as one of the key materials for initial research studies in 

microfluidic systems, used for instance to fabricate Quake valves, useful and important components 

that have opened up a number of areas of application [2]. 

One of the fastest methods for device microfabrication is laser ablation. In this technique, a 

high-intensity laser beam is used to ablate the polymeric material, designing the desirable channels 

and structures. This technique is excellent for rapid prototyping. However, the debris generated in the 

process have to be removed, and due to the laser ablation, the channels acquire a characteristic 

surface roughness[33]. PMMA is one example of a polymer that can be effectively laser ablated, as 
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seen in Lawrence et al. [35], in which they successfully designed a multi-input microreactor for 

fed-batch studies of enzymatic reactions.  

Another useful method for device fabrication is micro milling. With this technique, one can 

directly design microstructures in thermoplastic polymers. Since it is possible to directly pass from the 

program in a technical computer to the machine design, this technique allows rapid testing of new 

designs.  

In Becker and Gärtner [33], a complete overview of the current state-of-the-art fabrication 

methods for microfluidic applications is provided, as well as possible future improvements and a 

comparison between the fabrication methods presented here, as well as many others.  

 

1.2 Chirality  

When two compounds have the same exact molecular formula and structure but are mirror 

images of each other, thus differing in their spatial orientation, they are called enantiomers. The 

difference in the 3D orientation is due to at least one stereogenic center, an atom in which the 

chemical groups bonded to it, if changed between each other, originate an enantiomer. When the 

stereogenic center is an asymmetric carbon atom, it is called a chiral carbon. Two enantiomers have 

the same physical properties, except they rotate the polarized light in opposite directions. However, 

when present in some chemical environments, such as the human body, two enantiomers may have 

different properties and cause drastic effects. Chirality is especially important for pharmaceutical 

compounds, since many drugs currently used and in production have multiple chiral centres [36]. 

When using a pharmaceutical compound, one has to be sure that the right enantiomer is being used, 

because sometimes, while one enantiomer has the desired effect in the organism, the other may 

cause serious damage to the body, by interacting in different ways to enzymes, receptors or other 

administered compounds. This way, a deep study in the consequences and ways of action of the two 

enantiomers has to be conducted, not only to assert the  effect of each one in the organism, but also 

to be sure that the safe enantiomer does not convert in the unsafe one while in the organism. It is also 

useful to use enantiomeric pure compounds even if the undesirable enantiomer is inoffensive, 

because this way one can use the pure enantiomer in less quantity instead of the enantiomeric 

mixture in larger quantities, thus reducing the administered dose. Additionally, this also reduces 

intersubject variability [36] and it is an effective way to achieve process cost reduction, since 

purification of racemic mixtures is an expensive process.   

All these factors explain the high quality standards required by the Food and Drug 

Administration (FDA) to release a pharmaceutical product in the market [37]. 

Although chirality is important for pharmaceutical industry (it is estimated that 80% of the 

compounds in development in pharmaceutical industry are enantiomerically pure), chirality is also an 

important issue to other classes of chemical compounds such as dyes, pesticides, flavourings, 

polymers and vitamins [38]. 
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1.3 Transketolase 

1.3.1 Structure 

Transketolase (EC 2.2.1.1) is an enzyme from the transferase family. Each monomer has a 

molecular weight of 73 kDa [39], and contains three domains: a pyrophosphate-binding domain, a 

pyridinium-binding domain and a C-terminal domain [40]. It is a thiamine pyrophosphate (TPP) 

dependent enzyme, requiring this compound and a divalent cation (usually magnesium or calcium) to 

become active. To form the holo-enzyme, transketolase (TK) becomes a dimer, and the co-factors 

bind in the active center formed at the dimer interface [40].  

In Figure 1, the structure of the TK dimer bounded to the co-factors is depicted [40].  

 

Figure 1 – Structure of an active dimer of transketolase. One of the monomers is highlighted in 
dark colours, the other in light ones. The pyrophosphate-binding domain is represented in dark and light 
red; the pyridinium-binding domains are highlighted in a dark and light green and the C-terminal domain 
in blue colour. The co-factors are also represented. Two magnesium ions are represented as cyan 
spheres, in the pyrophosphate-binding domain, and the TPP co-factor is in violet, one co-factor for each 
monomer. This image was obtained from Jahromi et al. [40]. 

 

1.3.2 Sources 

Transketolases have been isolated from yeast [41], E. coli [39], spinach [42], rat liver [43] and 

even a thermostable transketolase isolated from Geobacillus stearothermophilus, a thermophilic 

microorganism [44]. 

 

1.3.3 Substrates 

TK catalysed reactions involves two substrates: a ketol donor and an aldehyde acceptor. TK 

transfers the two carbon group from the ketol donor to the aldehyde acceptor.   

In vivo, transketolase is an enzyme with a role in two important pathways: the pentose 

phosphate and the Calvin cycle. The reactions catalysed by TK in these two metabolic pathways are 
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represented in Figure 2. In the pentose phosphate pathway, TK catalyses the reversible transfer of a 2 

carbon moiety from D-xylulose-5-phosphate to D-ribose-5-phosphate, generating, respectively, 

glyceraldehyde-3-phosphate and sedoheptulose-7-phosphate. Later in the same pathway, TK again 

transfers a 2 carbon unit, from D-xylulose-5-phosphate to erythrose-4-phosphate, affording, 

respectively, glyceraldehyde-3-phosphate and fructose-6-phosphate. In the Calvin cycle, TK catalyses 

the same reactions, but in the reverse order.  

 

Figure 2 – Natural substrates of transketolase. From left to right, the reactions in the 
pentose-phosphate pathway are represented. The reverse reactions are those TK-catalysed in the Calvin 
cycle. These image was adapted from Hibbert et al. [45]. 

 

1.3.4 Reaction Mechanism 

Transketolase follows a mechanism known as the “ping-pong bi-bi” mechanism, because 

besides having two substrates and two products, the enzyme binds initially to one substrate, releases 

the first product and only then is able to bind to the second substrate, releasing, in the end, the second 

product and regenerating itself. Initially, TK is bounded to TPP, in the holo-enzyme form, in which the 

C2 atom in the thiazolium ring of TPP is deprotonated, forming a carbanion. This carbanion attacks, 

through a nucleophilic attack, the carbonyl group of the ketol donor, removing the two-carbon moiety 

from it and cleaving the C-C bond next to the attacked carbon, yielding the first product. The 

two-carbon moiety stays bounded to the enzyme-substrate complex, forming a new carbanion. Then, 

the newly formed C2 carbanion attacks the aldehyde carbon of the aldehyde acceptor and the second 

product is formed and released, thus regenerating the enzyme [38].  

 

1.3.5 TK synthetic ability 

Carbon-carbon bond-forming reactions are of great interest to synthetic chemists, because 

they enable the building of large and complex molecules from simple pre-cursors. Many compounds, 
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such as cyanohydrins, α-hydroxy and β-hydroxyketones and α-hydroxy acids have been efficiently 

synthesised enantioselectively using carbon-carbon bond forming enzymes [46]. 

Transketolase has an enormous potential in the synthesis of new compounds. First, because 

of its ability to form new asymmetric carbon-carbon bonds in a molecule, which is a very useful 

capability in synthetic chemistry. But additionally, TK has a very high stereospecificity, using preferably 

substrates in the R conformation, in the case of E. coli TK [45]. This is due to the fact that when in R 

configuration, the hydroxyl groups of the ketose donor can be easily accessed and hydrogen bonded 

to the aldehyde acceptor [47].  

Stereospecificity is important, but TK is also highly stereoselective for product formation. It has 

been observed that the ketodiol product formed by E. coli TK is in the S conformation [45], [48], with 

high  enantiomeric excess (ee) yields. For instance, TK has a stereoselectivity of 95% for the S 

enantiomer of erythrulose, the product of the glycolaldehyde and HPA reaction [48]. This 

stereoselectivity to the S enantiomer happens because the new bond in the product is created by a 

re-face attack in the acceptor aldehyde [49].   

The natural aldehyde substrates for this enzyme are phosphorylated α-hydroxyaldehydes [47], 

[50], [51], [52], which can be confirmed by observation of Figure 2.  To take fully advantage of the 

synthetic potential of transketolase, many studies of mutations have been made, changing different 

aminoacids in the protein’s primary structure, in order to alter its selectivity, specificity and to accept a 

whole range of substrates. For instance, many authors demonstrated TK ability to accept 

α-non-hydroxylated aldehydes, but with 5-35% lesser yield than hydroxylated substrates([44], [48], 

[52]–[54]). Remarkably, Smith and co-workers could improve TK selectivity to 1,3-dihydroxypentan-2-

one (the product of the TK catalysed reaction between HPA and propionaldehyde) from 3S (58% ee) 

to 3R (88% ee) with only one mutation [48]. Some TK mutants are also capable of accepting aromatic 

compounds [55], further improving TK synthetic ability. 

As for the ketol donor, French and Ward found that the use of lithium β-hydroxypyruvate 

(HPA) renders the reaction irreversible, due to the formation of CO2, which is released from the 

reaction vessel, leading equilibrium to the product side and so increasing product yield [56]. Since 

then, HPA has been the favourite ketol donor for TK-catalysed reactions. 

E. coli TK accepts HPA more readily than its orthologs, obtaining 6 times more specific activity 

than yeast TK, and up to 30 times more than in spinach [49], [52].  

 

 Transketolase has been used in multi enzyme cascade reactions to produce diverse 

products: chiral sugars (aza and deoxy sugars, and also monosaccharides), the pheromone 

(+)-exo-brevicomin, 1,3-dideoxy-1,4-imino-D-arabitinol and N-hydroxypyrrolidine [49], [57]. But TK 

reaction products can also be used as precursors for optically pure and commercially valuable chiral 

aminodiols [20], [57], by using them as substrates for another transferase, transaminase, which can 

use the ketodiol product formed by TK and replace the ketone group by an amine. This possibility was 

demonstrated by various authors [20], [21], [58]. Chiral amine products are important for different 

pharmaceutical applications. For instance, L-tert-leucine is an HIV protease inhibitor, and 

D-phenylalanine can be used in thrombosis therapy [38]. 
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In addition to these characteristics, it is possible to overexpress E.coli TK [59] providing 

enough enzyme to be able to use it in biocatalytic processes.  

In conclusion, transketolase, due to its high stereospecificity and stereoselectivity, the 

carbon-carbon bond synthesis ability and the broad substrate acceptance, it is an useful biocatalyst to 

the production of high value chiral molecules of interest to pharmaceutical, fine chemical, food and 

fragrance industries, from a broad range of readily available and inexpensive starting materials, which 

can be both phosphorylated or non-phosphorylated and hydroxylated or non-hydroxylated [49],[60].  

 

1.4 Chemoenzymatic reactions in microfluidic platforms 

1.4.1 Chemical versus enzymatic synthesis 

There are a number of advantages in both chemical and biochemical processes. Chemical 

processes can be more known and subjected to control, and also can be used to obtain higher yields. 

On the other hand, some chemical processes need extreme conditions, such as high temperatures or 

pressures, and many chemical syntheses involve numerous protection and deprotection steps, using 

complex chemical reactions and with low yields. However, there are enzymes that can perform the 

same transformation, in one step only and without using such harsh conditions. There is a large 

amount of known enzymes, so it is very likely to find one that is able to serve as a catalyst to the 

desired reaction. Additionally, if that is not possible, some enzymes have a broad range of substrates 

(and those who don’t have can be subjected to directed evolution strategies, potentially overcoming 

this limitation) so one can use the enzyme to perform the desired transformation (for instance a group 

transfer) with a substrate other than its natural one [61].  

Another advantage to the use of enzymes is their high enantio, regio or chemical selectivity, 

which is a very important factor when producing biopharmaceuticals, since ideally we want an 

enantiomeric pure final product, instead of the racemic mixtures originated by the chemical reactions. 

Again, by using directed evolution strategies, selectivity for a particular enantiomer can be increased 

or even reversed [48], [61]. Finally, biocatalysis is environmentally friendly, since many enzymatic 

reactions are carried in aqueous media, thus eliminating the need to use dangerous or polluting 

solvents and eliminating the processing costs associated with treating and discarding these 

solvents [38][49]. All these factors help to understand why applications of biocatalysis in industrial 

synthesis are ever-increasing [61]. 

 

1.4.2 Chemoenzymatic synthesis 

It is advantageous to combine both chemical and enzymatic processes, for instance using 

cascade reactions with chemical and biochemical steps or even one-pot chemoenzymatic reactions, 

as seen in Sonoike et al. [62], where the authors reported a one-pot chemoenzymatic synthesis of 

chiral 1,3-diols in aqueous media and room temperature.  

 This way, one can have the productivity of the chemical processes associated with the cost 

effectiveness and environmental friendliness of the enzymatic ones. This is of particular interest in the 

pharmaceutical sector, where large amounts of pharmaceutical compounds are needed for 



11 
 

characterization and clinical trials. However, some biocatalysts may be affected by the chemical 

reagents or solvents used, so sometimes it is better to proceed to some separation before the 

enzymatic step. In addition, some enzymes may become inhibited by the substrates or the reaction 

products, which limits the maximum concentration of these compounds in the media and the 

productivities that can be reached. To overcome this, different fed strategies or in situ product removal 

may have to be performed, in order to solve, respectively, the substrate or product inhibition.   Finally, 

when using biocatalysts to industrial processes, one must have in mind that enzymes may be affected 

by stirring effects, longer reaction times and other industrially relevant factors. This way, solutions 

such as enzyme immobilization are an option to consider. 

In order to successfully couple chemoenzymatic reactions, both reaction rates and conditions 

need to be studied and optimized, to select the optimum conditions and to understand what happens if 

we change those conditions. Although it is not ideal, there is the option to use in the first reaction not 

the best conditions, but working conditions that are good for the following reaction. This allows the 

reaction to occur, but with less yields and productivities. Enzyme genetic modification is also an option 

to improve solvent tolerance, substrate acceptability or reaction rate [21], [52], [57]. 

A complete and recent review of continuous chemo-enzymatic reactions can be seen in 

Yuryev et al. [63].   

 

1.4.3 Microfluidics for chemoenzymatic synthesis  

An additional advantage in chemo-enzymatic reactions can be achieved by choosing 

microfluidics as the strategy to proceed. Microfluidics is ideal if the objective is the continuous 

producing of a compound of interest, since it was proved that it can be used in the continuous mode of 

operation and microfluidic platforms are more advantageous than the conventional macroscopic 

processes [20][26][63], as explained in section 1.1. Chemical and enzymatic reactions were already 

carried out on a microfluidic scale, as seen, to name a few, in O’Sullivan et al. [18] and the review 

articles from Yuryev et al. [63] and Lin et al. [6].  

As for the material for fabricating the reactors, polymers are a good choice, due to the rapid 

design and fabrication. However, there are some polymers that are not compatible with organic 

solvents or extreme conditions, which can be a problem when working with chemical reactions. In the 

case of enzymatic reactions, some materials may promote non-specific protein adhesion, which has 

also to be assorted to prevent enzymatic adhesion to the reactor channels [2], [31], [33], [34]. 

With all the advantages of microfluidics, it becomes clear that it is one good option in the 

search for new methods for the synthesis of pharmaceutical relevant compounds, since it allows high 

throughput screening and testing of different reaction conditions, and it can be used for both chemical 

and enzymatic reactions, thus combining the high productivities of the first with the stereospecificity 

and selectivity of the latter.  
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1.5 Scope of the present work 

1.5.1 Group Overview 

The work presented in this thesis was performed in University College London (UCL), in the 

Biochemical Engineering Department, under the guidance of the microfluidics group. This group works 

in three distinct fields: 1. Enzymatic and chemical conversions and downstream processing, in which 

they study different reaction conditions and reactor configurations in order to obtain better product 

yields, product isolation and improvement of downstream processing in microfluidic platforms; 2.Stem 

cells culture and processing, aiming to optimise stem cell culture in microfluidic devices, as well as to 

developed methods to accurately quantify cell number; 3.Microfluidic reactors on a chip to study 

fermentations and to perform kLa measurements, with the final goal of microbioreactor characterization 

and  matching the oxygen transfer characteristics across scales.  

This thesis is part of the first field, and was done in collaboration with Sigma-Aldrich. 

 

1.5.2 Project Outline  

The ultimate goal of this project is to create a continuous two-step chemo-enzymatic reactor 

on a chip, to generate an industrially significant pharmaceutical product and characterise the reaction 

of transketolase (TK) with a non-natural substrate. The first reaction will be a Diels-Alder reaction, 

whose product is 3,4-dimethyl-3-cyclohexene-1-carboxaldehyde, CCA. This carboxaldehyde will be 

the substrate of the enzymatic reaction, catalysed by the enzyme transketolase, originating the 

dihydroxyketone 1-(3,4-dimethyl-3-cyclohexen-1-yl)-1,3-dihydroxypropan-2-one (DCDHP). 

To accomplish the final objective of the project, there are several steps that need to be 

addressed. 

First, a method for the analysis of the products and reagents must be developed, so that they 

can be quantified, and the conversion of CCA to DCDHP can be determined.  

For the chemical reaction, already achieved in aqueous phase by Sigma-Aldrich in a 

continuous microfluidic reactor, we will try to establish the same reaction rates as Sigma obtained.  

After that, the enzymatic step needs to be optimized to facilitate the integration with the 

chemical reaction step. One approach could be to find the optimum enzyme concentration that offers 

the highest reaction rate. Potentially, also temperature and pH could be considered to increase the 

reaction rate. More important though is to achieve the full conversion of CCA, which will eliminate the 

need for product purification. This optimization can be difficult, because CCA is not the natural 

substrate of the transketolase. Different combinations of experimental conditions, together with reactor 

engineering strategies, need to be tested to discover which one has the best results, increasing both 

enzyme affinity to CCA and the conversion of the reaction. Screening of transketolase mutants may 

also be an option to consider. 

Both the enzymatic and chemical reactions will initially be performed in microwells, in batch 

scale. After the study and optimisation of both reactions in batch mode, we will investigate the 

translation of these reactions to continuous-flow microfluidic reactors. For the enzymatic reaction, the 

data generated from the batch reactions will be used to optimise the operation of an existing prototype 

microfluidic reactor. The same variables studied in batch mode, plus the flowrate, will be tested in 
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order to successfully perform and optimize the enzymatic reaction for various residence times. For the 

chemical reaction, the process achieved by Sigma will be replicated. Depending on the outcome of the 

reaction rates study from the batch reactions, the experimental set-up and the configuration or design 

of the reactors must be adapted to facilitate the in-flow integration of the chemical and enzymatic 

steps.  

Finally, once both reactions have successfully been performed in continuous-flow microfluidic 

reactors, the full setup will be tested, and the final objective of this project will be to demonstrate how 

the chemo-enzymatic reaction can lead to a high-throughput continuous-flow production system for 

chiral metabolites. 

 

1.5.3 Diels-Alder Reaction 

In this project, the chemical reaction chosen was a Diels-Alder reaction [64]. This reaction is 

an associative reaction between a conjugated diene, and an alkene (the dienophile). The reaction 

goes through a transition stage, where the bonds are rearranged: three π bonds are converted in two 

σ bonds and a new π bond, and finally a cyclohexene product is formed. It is one of the most useful 

reactions in organic chemistry, since allows maintaining in the final product all the functionalities 

present in the reactants. Moreover, a cyclohexene group (a very useful group in organic chemistry) is 

formed, at the expense of low energy. The product of the Diels-Alder reaction can then be chemically 

or enzymatically converted into other products.  

 All these factors explain why this reaction granted their discoverers, Kurt Alder and Otto Diels, 

the Nobel Prize in chemistry in 1950.  

In the Diels-Alder reaction of this project, the diene is the 2,3-dimethyl-1,3-butadiene, and the 

dienophile is acrolein. After the reaction occurs, the cyclohexene is formed, in this case the 

3,4-dimethyl-3-cyclohexene-1-carboxaldehyde, CCA. In Figure 3, this specific reaction is depicted.   

 

Figure 3 - Diels-Alder reaction important for this project. The conjugated diene 
2,3-dimethyl-1,3-butadiene reacts with the dienophile acrolein. During the transition state, the bonds are 
rearranged and the cyclohexene product 3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA) is formed. 
The reaction is carried at 40

o
C, using Zn

2+
 as catalyst.  

 

This reaction was successfully characterised by our industrial collaborators, Sigma, in a 

microfluidic glass reactor, and so it was not studied in this thesis. 
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1.5.4 Transketolase catalysed reaction of CCA and HPA 

In the enzymatic reaction, the enzyme transketolase catalyses the conversion of CCA and 

β-hydroxypyruvate (HPA) into the dihydroxyketone 1-(3,4-dimethyl-3-cyclohexen-1-yl)-1,3-

-dihydroxypropan-2-one (DCDHP). This reaction is illustrated in Figure 4. 

 

 

 

Figure 4 – The enzymatic reaction studied in this thesis consists in the transketolase catalysed 
reaction between CCA and β-hydroxypyruvate (HPA), forming 1-(3,4-dimethyl-3-cyclohexen-1-yl)-1,3-
-dihydroxypropan-2-one (DCDHP) and CO2. This enzyme requires Thiamine Pyrophosphate (TPP) and 
Magnesium ions as co-factors in order to be active.  

 

The HPA was chosen as the ketol donor because this way the reaction becomes irreversible, 

due to the formation of CO2 in the reaction and subsequent release of this molecule [56].  

CCA was chosen because it allows to study TK acceptance of bulky and cyclic aldehyde 

substrates. It will be also possible to determine TK stereospecificity to CCA, since it contains a chiral 

carbon.  Another reason to choose this compound is because of the product formed upon the TK 

reaction, DCDHP. 

DCDHP is an important chiral dihydroxyketone. Dihydroxyketone functionalities are present in 

many natural products, and are important synthons for further structural elaboration to a range of 

compounds, including keto sugars [65]. DCDHP has other useful functionalities, such as a double 

bond and the cyclohexene, hydroxyl and methyl groups. Specifically, DCDHP is a non-aromatic 

analogue of the 1,3-dihydroxy-1-arylpropane-2-one motif, which can be converted, using a 

transaminase enzyme, into the 2-amino-1-aryl-1,3-propanediol motif present in several antibiotics 

such as thiamphenicol and fluoramphenicol [66].  

Jahromi et al. [40] studied TK stability to pH and temperature. According to their results, for 

this optimization it was chose to work first in the reported optimum neutral pH and at 25
o
C. 

Previously it was reported [52] that the single point mutant D469T was more active and 

specific towards propionaldehyde than WT. Propionaldehyde is a non-α-hydroxylated compound, 

similarly to CCA. So besides WT, it was decided to test this D469T mutant (in which the aspartic acid 

in position 469 was replaced by a threonine, meaning that a negatively charged polar residue was 

changed to a less polar and uncharged one) and the triple mutant S385T/D469T/R520Q, containing 

the D469T mutation plus two additional ones: the substitution of serine (S) 385 by a threonine, and the 

replacement of the Arginine (R, a positively charged aminoacid) in position 520 by a glutamine (Q, a 

 



15 
 

polar residue). The three mutated residues in this last mutant were chosen due to its proximity (within 

4 Å) to the bound substrates in the active site [45]. 

R520 is a residue that has a role in TK specificity to phosphorylated substrates, and it extends 

into the active-site funnel, which may partially hinder the access of substrates to their binding 

sites [45]. As for D469, forms a pocket which hydrogen bonds with the hydroxyl group at the C2 atom 

of the aldehyde substrate [47], [48], [53] and it was previously reported as having an important role in 

TK stereoselectivity [48], [67]. Mutations in this residue improve the reaction towards non-hydroxylated 

substrates [57]. The distances and interactions of these residues and others with TPP and a ketol 

donor can be observed in Figure 5. 

Although D469T mutant has a histidine-tag in the N-end of the protein structure and has a 

different aminoacid sequence than WT, its optimum pH was reported to be the same as WT [38],  and 

this was the pH used in all reactions.  

 

Figure 5 – Key residues in the transketolase active center. TPP and the ketol donor are 
represented in black, and the aminoacids are coloured according to their role in binding the substrate. 
This image was obtained from Coward, 2012 [38]. 

 

1.5.5 Detection Methods 

Transketolase catalysed reactions have been previously detected by HPLC, which can 

accurately detect HPA consumption. For some reactions, the product can also be detected by this 

method as exemplified in previous work [18], [20], [35], [57], [58], [68]. The HPLC method used in this 

thesis relies in the same column of the cited articles, an Aminex ion-exchange column, which retains 

the reaction components according to their polarity.  

Another option is to use colorimetric methods for following the reaction progress, which are 

very useful when the detectable compounds have a high extinction coefficient. They are faster and 

more convenient to use than chromatographic procedures [54].  
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One example of these methods is based in the fact that CO2 is released from the reaction, 

causing a pH change, when HPA is used as ketol donor. Having that in mind, a pH high-throughput 

assay was developed, in which the authors used a pH indicator to continuously monitor the reaction 

photometrically, measuring the colour change of the indicator [69].  

But for DCDHP detection and reaction progress monitoring, another colorimetric assay was 

used, adapted from Smith et al. [54]. It was originally developed for rapid screening of transketolase 

mutants. In this method, the 2,3,5-triphenyltetrazolium chloride (tetrazolium red), which is colourless, 

reacts with DCDHP, oxidizing on of the hydroxyl groups of DCDHP to a ketone and being reduced to 

formazane in the reaction. Formazane absorbs at 485 nm, and this way one can measure the amount 

of formazane formed, by measuring absorbance at 485 nm, and so monitor the DCDHP formation 

rate.  This is a low cost and rapid method for TK reaction assay, that is able to detect >8% 

bioconversion using non-α-hydroxylated aldehydes as substrates [54].  

This method complements the HPA depletion data obtained by HPLC. 

Since the reasons why the tetrazolium salt reacts with DCDHP is because this compound is a 

dihydroxyketone, and the ketone donor used (HPA) also belongs to this category, the latter one has to 

be removed from the solution before the colorimetric assay can be performed, in order to minimize 

HPA interference with the absorbance readings, and this way improving the method reliability. This is 

especially relevant in the first samples, when HPA is in large concentration and DCDHP has low 

concentration.  

To remove HPA from the reaction samples, a quaternary amine functionalized MP-carbonate 

resin was used [54] prior to the addition of TPTC. These resin beads adsorb HPA, and this way the 

reaction is stopped and HPA does not interfere with colorimetric measurements. 
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2. Materials and Methods 

2.1 General conditions 

Unless otherwise stated, solvents and reagents used were obtained from Sigma-Aldrich and 

used without further purification. Reversed osmosis purified water (RO water) was used in all 

experiments. 

The buffer used was 50mM Tris-HCl (Tris(hydroxymethyl)aminomethane-hydrochloric acid), 

pH 7. To 1L RO water, 6.061 g of Tris (Ultrapure grade, >= 99.9%) were added. After dissolution, pH 

was adjusted to 7 with 1M HCl whilst magnetically stirred.  

Whenever needed, pH measurements were done with a pH meter (Mettler Toledo, Seven 

Easy
TM

, S20). 

Trifluoroacetic acid (TFA) used for quenching the reaction samples and as mobile phase in the 

High-Performance Liquid Chromatography (HPLC) system was Chromasolv grade (for HPLC, ≥99%). 

The software used to control both HPLC systems was Chromeleon client 6.80. 

 

2.2 Escherichia coli transformation and fermentation  

2.2.1 E.coli  transformation 

E. coli XL-10 gold cells (Stratagene, La Jolla, California, USA) where heat shock transformed 

with the ampicillin resistant plasmid pQR791, containing the transketolase (TK) gene, under the 

control of tktA gene promoter. This plasmid contains also a DNA sequence added to the transketolase 

gene, codifying for a N-terminal histidine-tag, consisting in 6 histidine residues (His6-tag). This work 

was done previously in UCL laboratories, and it was not performed by the author of this thesis.  

 

2.2.2 Fermentations 

2.2.2.1 Fermentation medium 

The fermentations were carried using Lysogeny Broth (LB). This was prepared by weighting 

10g NaCl (Fisher Scientific, UK, general purpose grade), 10 g tryptone (Fisher Scientific, UK) and 5 g 

yeast extract (Fisher Scientific, UK) and adding them to 1 L RO water. The pH was adjusted with 

5%(w/v) NaOH (aq) to 7.5, and the medium was sterilized in an autoclave for 15 minutes, at 121
o
C. 

After sterilization, the medium was left to cool down overnight at room temperature.  

 

2.2.2.2 Glycerol stocks preparation 

E.coli cells transformed with the plasmid pQR791, expressing the transketolase of interest 

(Wild type (WT), D469T or S385T/D469T/R520Q) were inoculated into 10mL LB medium, 

supplemented with 150μg.mL
-1 

ampicillin and left overnight (approximately 15 hours) in a shaker 

incubator (Climo-Shaker ISF1-X, Kuhner Shaker) at 250 rpm, 37
o
C. After incubation, medium was 

diluted with an equal volume of 40% glycerol in water, aliquoted and frozen at -80ºC until needed.  

 

2.2.2.3 Shake flask fermentation 

To start the fermentation, 500μL glycerol stocks (thawed at room temperature) were used to 

inoculate a 2L sterile Erlenmeyer flask, containing 200mL of autoclaved LB medium. Ampicillin 
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(D-(−)-α-Aminobenzylpenicillin sodium salt) was added (150μg.mL
-1

) for bacterial selection. 

Fermentation was left for approximately 24 hours in a shaker incubator (Climo-Shaker ISF1-X, Kuhner 

Shaker) at 250 rpm, 37
o
C. Samples were taken into an acrylic cuvette, and OD at 600nm analysed in 

a UV-VIS spectrophotometer (BioMate 3S, Thermo Scientific). The samples were diluted with RO 

water to keep absorbance below 1. When OD was above 2.5, and the cells had reached stationary 

phase, the cells were harvested, removing broth by centrifugation (50 mL of broth were centrifuged in 

50mL Falcon tubes, for 10 minutes, at 5000 rpm, 4
o
C, Hettich Universal 320R centrifuge), and the cell 

paste was stored at -20
o
C until needed. Supernatant was discarded. Sterile conditions work was 

performed in a Class 2 MSC laminar flow hood (Walker safety cabinets). 

 

2.3 Transketolase lysate preparation and purification  

2.3.1 Transketolase lysate preparation 

Whenever TK lysate was needed, a cell paste Falcon tube was thawed at room temperature, 

and 2mL 50mM Tris-HCl pH 7 buffer added. After homogenisation, cells were sonicated on ice, to 

prevent protein denaturation, with a Soniprep 150 sonicator probe (MSE, Sanyo, Japan), during 10 

cycles of 10 seconds on, 10 seconds off. Lysate was clarified by centrifugation (10 minutes, at 5000 

rpm, 4
o
C, Hettich Universal 320R centrifuge), TK concentration determined as described in section 2.4 

and the remaining lysate aliquoted and stored at -80
o
C until needed.  

 

2.3.2 Transketolase purification by affinity chromatography 

Whenever needed, transketolase was purified by affinity chromatography using 

nickel-nitrilotriacetic acid (Ni-NTA) containing beads (Ni-NTA agarose, Invitrogen). 3mL of these beads 

were added to a pierce centrifuge tube, equilibrated with 10mL equilibrium buffer (50mM Tris-HCl pH 

8.0, with 0.3M NaCl and 15mM Imidazole) and re-suspended. The equilibration buffer was removed 

and 3mL clarified lysate, prepared according to section 2.3.1 were added. The beads and clarified 

lysate were left incubating for 1.5 hours, in a tube rotator, at 15 rpm, 4
o
C. After that time, the liquid was 

allowed to flow out, and the column washed 3 times with wash buffer (50mM Tris-HCl pH 8.0, with 0.3 

M NaCl and 20 mM Imidazole). Each time, 10mL wash buffer were added, the tube mixed by hand 

and then the tube opened to let the fluid go out. Then, 2.5 mL elution buffer was added (50mM Tris-

HCl pH 8.0, with 250mM NaCl and 150 mM Imidazole) and the tube incubated in the tube rotator (0.5 

hours, 4
o
C). The tube was opened and the flow through collected in a Falcon tube (fraction I).  

A PD-10 desalting column was loaded with 25mL desalting buffer (50mM Tris-HCl, pH 7), to 

proceed to its desalting, with the bottom opened to allow the flow to go through. Then, Fraction I 

(2.5mL for each time) was added to the desalting column, and after total flow through, 3.5mL desalting 

buffer added and collected as purified enzyme. Purified enzyme was stored in the fridge, for one week 

maximum. 

After the process, the two columns (the pierce centrifuge tube and the desalting column) were 

washed with 25mL water (twice) and 25mL of a 20% ethanol in water (twice). Finally, both columns 

were stored in an aqueous 20% ethanol solution.   
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For performing batch reactions using the purified enzyme, the same protocol as for the 

clarified lysate is used.  

 

2.4 Transketolase quantification 

2.4.1 Bradford Assay 

For determination of the total protein concentration in the clarified lysates obtained, the 

Bradford assay was used [70]. For this assay, 10μL of the sample were added to 1mL Bradford 

reagent (Sigma-Aldrich), with pipette mixing. After waiting 5 minutes to allow the reaction to occur (as 

described by the supplier), absorbance at 595nm was read in a UV-VIS spectrophotometer (BioMate 

3S, Thermo Scientific) using an acrylic cuvette. In order to convert absorbance at 595nm to total 

protein concentration, standards of known concentration of Bovine Serum Albumin, BSA (minimum 

98% grade for electrophoresis) were prepared in RO water, subjected to the same analysis and used 

for calibration. Every sample and standard was measured in triplicate, and the average for each one 

calculated. 

 

2.4.2 SDS-PAGE 

After calculation of total protein by the Bradford assay (section 2.4.1), the amount of sample 

loaded in the gel (RunBlue SDS Precast Gels 12%, 10x10 cm, 12 wells, Expedeon), was calculated, in 

order to load 20μg total protein in each well. This volume was diluted with an equal volume of Laemelli 

Buffer (containing 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue and 

0.125 M Tris HCl, pH approx. 6.8.) and the sample was heat denatured at 85
o
C for 10 minutes, using 

a Thermal Cycler (Techne, Techgene). After denaturation, samples were cooled down using tapped 

water and loaded into the gel. A protein ladder (Page Ruler
TM

 Prestained Protein Ladder, Thermo 

Scientific) was also added to the gel, in order to have protein standards of known concentration and 

identify the molecular weight of the bands. The electrophoresis was carried in Bio-Rad Power Pac 300 

system in a Tris-Tricine buffer, with a constant voltage of 120V for 90 minutes.  

After electrophoresis, the gel was stained with Coomassie solution (0.1% Coomassie brilliant 

blue, 10% acetic acid, 40% methanol), heated in a microwave and then it was destained, boiling it in 

RO water. The gel was left overnight in RO water and visualized on a Gel Doc-It Imaging system 

controlled by LabWorks 4.5 software, which allowed to identify the gel lanes and bands, and quantify 

the TK band expression percentage, comparing its pixel intensity with the total intensity in that lane. 

For every lysate prepared, triplicates were loaded into separate wells in the gel, and the 

overexpression corresponding to the lysate is the average obtained for each of the triplicates. 

 

2.4.3 Transketolase concentration 

The transketolase concentration in the clarified lysate for each transketolase variant was 

obtained using the total protein concentration for that variant (calculated by the Bradford assay) and 

the TK expression percentage relative to the total protein expressed, determined by SDS-PAGE. 
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2.5 Transketolase catalysed reactions 

2.5.1 Co-factor solution preparation 

The co-factor solution was prepared 10 times concentrated, by weighting 110.01mg of 

thiamine pyrophosphate (TPP) and 93.3mg of MgCl2 and dissolving in 10mL 50mM Tris-HCl pH 7 

buffer, to a final concentration of 24 mM TPP and 98mM MgCl2. After total dissolution, pH was 

adjusted to 7 while stirring and the co-factor solution aliquoted and stored at -80
o
C. 

 

2.5.2 Substrate solution preparation  

Substrates solutions were prepared fresh before each reaction by weighting the necessary 

amount of lithium β-hydroxypyruvate, HPA (Santa Cruz Biotechnology) and 

3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA) to prepare a solution 2x concentrated (unless 

otherwise stated), relative to the final concentration in the reaction.  

HPA was added to 50mM Tris-HCl pH 7 buffer and the solution homogenised. CCA was then 

added, keeping the remaining CCA in the flask under N2 to avoid degradation, the solution 

homogenised again and then sonicated on ice (3 cycles of 10 seconds on, 20 seconds off, with a 

Soniprep 150  probe (MSE, Sanyo, Japan)). Substrate solutions were prepared in glass vials. 

For the 3-formylbenzoic acid (3-FBA) substrate solutions prepared, solutions were prepared 

3x concentrated. 112.5 mg (0.75 mmol) of 3-FBA were dissolved in 5mL Tris-HCl buffer, adjusting pH 

to 9 with 5%(w/v) NaOH to ionisate 3-FBA and solubilise it. After complete dissolution, pH was 

adjusted to 7 and HPA added into solution, to a final concentration of 150mM HPA and 150mM 3-FBA. 

 

2.5.3 Transketolase activity tests 

2.5.3.1 Wild Type transketolase 

30μL WT TK clarified lysate were incubated for 20 minutes at room temperature with 30μL 10x 

co-factor solution and 140μL 50mM Tris-HCl pH 7, to reconstitute the holo-enzyme. After incubation, 

150μL substrate solution (100mM glycolaldehyde (GA) and 100mM HPA) were added to 150μL of the 

holo-enzyme solution, starting the reaction (final concentrations: 9.8mM MgCl2; 2.4mM TPP; 50mM 

GA; 50mM HPA; 7.5% enzyme volume). Reactions were carried in glass vials. Samples (30μL) were 

added to 270μL of a 0.1% (v/v) trifluoroacetic acid (TFA) aqueous solution, quenching the reaction. 

Samples were then centrifuged at 13300 rpm for 3 minutes at 4
o
C (Heraeus Fresco 17 centrifuge, 

Thermo Scientific) and analysed by a HPLC system consisting of a Dionex System (Camberley, UK), 

with a Bio-Rad Aminex HPX-87H reverse phase column (300 x 7.8 mm, Bio-Rad Labs., Richmond, 

CA, USA), coupled to an AD20 UV/Vis absorbance detector, a Dionex 500 pump, a LC30 

chromatographic column oven, and a FAMOS autosampler (LC Packing). The mobile phase used 

consisted in an aqueous solution of 0.1% (v/v) TFA at 0.6 mL.min
−1

 and analysis was performed at 

60
o
C. HPA and the product erythrulose (ERY) were quantified from calibration curves of standard 

solutions, and detected by UV absorption at 210 nm. A new calibration was made for every reaction. 

Retention times were approximately 8.33 minutes for HPA and 11.6 minutes for ERY. The HPLC 

method utilised consisted in 16 minutes per sample.  
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2.5.3.2 Mutant transketolase 

30μL TK clarified lysate (D469T or S385T/D469T/R520Q, one separate reaction for each) 

were incubated for 20 minutes at room temperature with 30μL 10x co-factor solution and 140μL 50mM 

Tris-HCl pH 7, to reconstitute the holo-enzyme. After incubation, 100μL substrate solution (150mM 

3-formylbenzoic acid (3-FBA) and 150mM HPA) were added to the holo-enzyme solution, starting the 

reaction (final concentrations: 9.8mM MgCl2; 2.4mM TPP; 50mM 3-FBA; 50mM HPA; 10% enzyme 

volume). Reactions were carried in glass vials. Samples (20μL) were taken every 3 minutes during 15 

minutes, and added to 380μL of a 0.1% (v/v) TFA aqueous solution, quenching the reaction. Samples 

were then centrifuged at 13300 rpm for 3 minutes at 4
o
C (Heraeus Fresco 17 centrifuge, Thermo 

Scientific) and analysed by a Dionex Ultimate 3000 HPLC system (Camberley, UK)  on an ACE5 C18 

reverse phase column (150 × 4.6 mm, 5 µm particle size; Advanced Chromatography Technologies, 

Aberdeen, UK), using 0.1% (v/v) TFA at 1.0 mL.min
−1

 with a gradient of acetonitrile from 15% to 72% 

over 9 minutes. The gradient was followed by a 2 minutes equilibration. The retention times of 3-FBA 

and the product of the TK-catalysed reaction were 5.47 and 2.97 minutes, respectively, and the 

substrate quantified from calibration curves of standard solutions, and detected by UV absorption at 

275 nm. A new substrate calibration was made for every activity test.  

 

2.5.4 Batch reactions catalysed by transketolase 

2.5.4.1 7.5% enzyme batch reaction 

30μL TK clarified lysate (WT, D469T or S385T/D469T/R520Q, one separate reaction for each) 

were incubated at 25
o
C for 20 minutes with 30μL 10x co-factor solution and 140μL 50mM Tris-HCl pH 

7, to reconstitute the holo-enzyme. After incubation, 150μL substrate solution (100mM CCA, 100mM 

HPA) were added to 150μL of the holo-enzyme solution, starting the reaction (final concentrations: 

9.8mM MgCl2; 2.4mM TPP; 50mM CCA; 50mM HPA; 7.5% enzyme volume). Reactions were carried 

in glass vials, in a Thermomixer comfort shaker, which kept the reaction at 25
o
C and 300rpm.  

Samples (30μL) were added to 270μL of a 0.1% TFA aqueous solution, quenching the reaction. 

Sample processing and analysis was as described in section 2.5.3.1, but ERY standards were not 

used. The HPLC method utilised consisted in 24 minutes per sample. 

 

2.5.4.2 40% enzyme batch reaction 

120μL TK clarified lysate (WT, D469T or S385T/D469T/R520Q, one separate reaction for 

each) were incubated at 25
o
C for 20 minutes with 30μL 10x co-factor solution to reconstitute the 

holo-enzyme. After incubation, 150μL substrate solution (100mM CCA, 100mM HPA) were added to 

the holo-enzyme solution, starting the reaction (final concentrations: 9.8mM MgCl2; 2.4mM TPP; 

50mM CCA; 50mM HPA; 40% enzyme volume). Reactions were carried in glass vials, in a 

Thermomixer comfort shaker, which kept the reaction at 25
o
C and 300rpm. Samples (40μL) were 

diluted five times with 0.1% TFA aqueous solution, quenching the reaction. Sample processing and 

analysis was as described in section 2.5.3.1, except that no ERY standards were used. The HPLC 

method utilised consisted in 24 minutes per sample. 
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2.5.5 Preparative scale batch reactions to confirm TK ability to create DCDHP 

2.5.5.1 Batch reaction 

2000μL TK clarified lysate (WT, D469T or S385T/D469T/R520Q, one separate reaction for 

each) were incubated in glass vials, at room temperature for 20 minutes with 500μL 10x co-factor 

solution, to reconstitute the holo-enzyme. After incubation, 2500μL substrate solution (50mM CCA and 

50mM HPA) were added to the holo-enzyme solution, starting the reaction (final concentrations: 

9.8mM MgCl2; 2.4mM TPP; 25mM CCA; 25mM HPA; 40% enzyme volume). A magnetic mixer was 

added to the reaction vessel, and the reaction stirred approximately for 25 hours. A sample was taken 

in the end of the reaction and added to 0.1% TFA aqueous solution (50μL sample to 200μL 0.1% TFA 

aqueous solution), quenching the reaction. Samples were centrifuged and processed for HPLC 

analysis as described in section 2.5.3.1. The HPLC method utilised consisted in 24 minutes per 

sample. 

One sample for each reaction was analysed by Thin Layer Chromatography in silica plate.  

 

2.5.5.2 Thin layer chromatography (TLC) 

After 25 hours, the reaction was stopped, adding approximately 5 mL of dichloromethane to 

the vessels. After phase separation, the dichloromethane phase was transferred to a previous 

weighted round bottom flask, and the solvent was evaporated in a rotavapor (Büchi R-114). The round 

bottom flask was weighted again and samples from each reaction were dissolved in dichloromethane 

and loaded in the aluminium backed silica plate (TLC silica gel 60 F254). Samples were loaded into 

the silica plate using a glass pipette and the plate dipped into the mobile phase, which consisted in a 

1:1 solution of ethyl acetate (GPR grade (minimum assay with GLC: 99%), BDH) and hexane (GPR 

grade (minimum assay with GLC: 95%), BDH). A DCDHP solution was prepared as described in 

section 2.7 and loaded into the silica plate along with the reaction samples.  

After solvent migration through the plate, the latter was visualised using iodine. 

 
2.5.6 Fed-batch reactions 

For the fed-batch reactions, the reaction was started as a 40% enzyme volume batch reaction 

(vide 2.5.4.2), carried in glass vials, in a Thermomixer comfort shaker, keeping the reaction at 25
o
C 

and 300rpm. Additionally, a highly concentrated HPA solution (approximately 900mM) was prepared 

(59.61mg HPA in 500μL 50mM Tris-HCl buffer), and a small volume of this solution was added to the 

reaction vessels at the desired time. The volume to add was calculated as the necessary to dilute the 

concentrated solution to 20mM after addition, having into account the sample volumes taken and the 

fed-batch additions done previously. Samples (40μL) were diluted five times with 0.1% TFA aqueous 

solution (160μL), quenching the reaction. Sample processing and analysis was as described in section 

2.5.3.1. The HPLC method utilised consisted in 24 minutes per sample. 
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2.6 CCA Absorbance spectra 

3,4-dimethyl-3-cyclohexene-1-carboxaldehyde, CCA (SAFC, Sigma-Aldrich) solutions, with 

nominal concentrations ranging from 8 to 225 mM, were prepared in 50 mM Tris-HCl pH 7 buffer, 

using glass vials. For solutions preparation, the vial was loaded with the necessary amount of buffer, 

and weighted. CCA was then added (during the thesis, a density of 0.9 mg/mL was estimated for this 

compound, and this value used to estimate the volume needed for each solution) and the flask 

weighted again and if needed, more volume of CCA was added until the total CCA mass necessary to 

prepare the desired solution had been weighted.  

Absorbance spectra were obtained with a UV-VIS spectrophotometer (BioMate 3S, Thermo 

Scientific), scanning from 190 to 500nm, using a quartz cuvette. Right before spectrum 

measurements, each CCA solution was sonicated on ice (3 cycles of 10 seconds on, 20 seconds off 

with a Soniprep 150 sonicator probe (MSE, Sanyo, Japan)). Dilutions were done using Tris-HCl buffer 

to keep all absorbance values below 1, and then the spectrum obtained were corrected for the dilution. 

Tris-HCl buffer was used as blank.   

 

2.7 DCDHP Absorbance spectra 

A stock solution of 1-(3',4'-dimethyl-3-cyclohexen-1-yl)-1,3-dihydroxypropan-2-one, DCDHP 

(synthesized by Sigma-Aldrich and kindly provided) was prepared, by weighting 1.92 mg DCDHP in a 

glass vial and adding 900μL of a 50mM Tris-HCl pH 7 buffer, thus having a final solution of 10.76mM 

concentration. DCDHP proved very hard to dissolve. Vortex suspension, pipette mixing and 

ultra-sounds were tried, until finally it got dissolved.  

A range of solutions with nominal concentration from 0.03 to 2.75 mM were prepared by 

diluting the stock solution with 50mM Tris-HCl pH 7 buffer. The absorbance spectra for these solutions 

was obtained with a UV-VIS spectrophotometer (BioMate 3S, Thermo Scientific), scanning from 190 to 

500nm. Dilutions were done using Tris-HCl buffer to keep all absorbance values below 1, and then the 

spectrum obtained were corrected for the dilution. Tris-HCl buffer was used as blank, and quartz 

cuvettes used.  

 

2.8 Colorimetric assay 

2.8.1 Solutions used 

A 0.2% 2,3,5-triphenyltetrazolium chloride (TPTC) solution was prepared in methanol (200 mg 

of TPTC in 100 mL methanol (Fisher, Sequencing grade), and stored away from light. A 3M NaOH 

(aq) solution was also prepared, by weighting 12 g of NaOH (Fisher Scientific, Molecular Biology 

grade) and adding it to 100 mL RO water. 

 

2.8.2 DCDHP calibration using the colorimetric assay 

To obtain a calibration curve relating DCDHP concentration with the absorbance measured 

with the colorimetric assay, one DCDHP solution was prepared (as described in section 2.7, final 

concentration 8.15mM) and several dilutions were made using 50mM Tris-HCl buffer, final nominal 

concentrations ranging from 0.08 to 6.52 mM. 100μL of each solution were transferred to individual 
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wells of a 96 well plate, which was placed in a plate reader (FLUOstar Optima, BMG Labtech). 20μL of 

TPTC solution, followed by 10μL NaOH solution were injected to each well, starting the reaction of 

formation of the coloured formazane. After NaOH addition, the plate is shaken for 10 seconds and left 

to stand for one minute, and then the absorbance at 450nm is measured. A calibration curve was 

obtained, and used to convert absorbance measurements obtained for reaction samples to DCDHP 

concentration.  

 

2.8.3 Sample analysis using the colorimetric assay 

The protocol for the sampling and analysis using the colorimetric assay was as follows: 50μL 

50mM Tris-HCl pH 7 buffer were pipetted into each well of a 96-well plate. Using a Titan 96-well resin 

loader (Radleys), 20mg MP-carbonate resin (2.5–3.5 mmol.g
-1

, based on nitrogen elemental analysis, 

Biotage) were also loaded into each well. The batch reactions were started, using the same protocol 

as in 2.5.4.2 but starting with larger initial volumes to provide enough volume for sampling. However 

the final concentrations are the same and the enzyme volume was kept at 40%. At the chosen time 

points, 50μL from the batch reactions were pipetted into the wells, pipette mixed carefully to avoid 

blocking the tip with the resin and left to stand at room temperature for at least 3 hours. During this 

time, any HPA present in the sample is adsorbed by the resin. When 3 hours have passed since the 

last sample, 100μL 50mM Tris-HCl pH 7 buffer were added to each well, mixed, and then 100μL 

solution of each well were transferred to a new plate, carefully enough to avoid transferring resin 

beads. This new plate was placed in a plate reader (FLUOstar Optima plate reader, 

BMGLabtechnologies GmbH), and an automatic method started. This method injected, for each well, 

20μL of TPTC solution, followed by 10μL NaOH solution, which conduces to formation of the coloured 

formazane. After NaOH addition, the plate is shaken for 10 seconds and left to stand for one minute, 

and then the absorbance at 450nm is measured. The same procedure is then applied to the next well. 

The absorbance values measured were converted to DCDHP concentration using the calibration 

obtained with DCDHP solutions. 

 

2.9 Mixing studies 

2.9.1 Microfluidic reactor  

The enzymatic microfluidic reactor used in this work is the same constructed by O’Sullivan et 

al.[18]. It was machined from poly(methyl methacrylate) (PMMA) using a micromilling machine (Folken 

IND, Glendale, USA). Microreactor PMMA components were sealed by thermal bonding (1.5 h, 

105
o
C). To connect the tubing to the reactor, interconnect ports were milled from 5 mm PMMA, with 

two holes tapped with an M3 thread for attachment to the device, and an M6 threaded hole to allow 

standard connection fittings to be used (P-221, Upchurch Scientific, Oak Harbor, WA, USA). The 

dimensions of the microchannels were 0.5 mm (width) x 89.5 mm (length) x 0.25 mm (depth). For a 

more detailed description of the fabrication process, the original article can be consulted [18].  

A staggered herringbone mixer (SHM) adapted from Ansari et al. [13] was also machined in 

the “floor” of the channel, as described by the original article [18]. This work was not performed by the 

author of this thesis.  
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2.9.2 System setup and components 

The fluids were pumped into the reactor using a twin syringe pump (KDS-200, KD Scientific, 

Inc., USA). Syringes used were made from plastic (BD Plastipak), with 10mL volume, and while one 

contained RO water, the other one contained a methylene blue solution, made by dissolving 

methylene blue (Sigma-Aldrich) in RO water.  

Tubing was made from polyether ether ketone (PEEK), with 0.8mm diameter. To connect the 

tubing with the inlet and outlet in the reactor, Nanoport connections made from PEEK (Upchurch 

Scientific) were used.  

 

2.9.3 Camera used for pictures 

Pictures of the microreactor and the system setup were taken using a Canon G12 Camera, 

with F2.8-4.5, 5X optical zoom Canon lens, and a focal range of 6.1 - 30.5 mm. 

 

2.9.4 Mixing studies 

The flowrate was controlled by the twin syringe pump, and flowrates from 5 to 200μL.min
-1

 

were used, meaning that the total flowrate in the reactor (after the T-junction) varied from 10 to 

400μL.min
-1

. After setting the flow rate, a time correspondent to two and a half times the residence 

time for that flowrate was waited, to be sure the flowrates were equilibrated. 

Pictures were taken using a Veho discovery VMS-004 deluxe microcamera, connected to a 

computer and controlled with MicroCapture Veho 20x-400x v1.3 software. 
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3. Results and discussion 

3.1 TK mutants used and general conditions 

With the aim to optimise the transketolase (TK) enzymatic reaction between lithium 

β-hydroxypyruvate (HPA) and 3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA), initial batch 

reaction studies were performed. Because of previously reported results, it was decided to test wild 

type (WT) TK and 2 additional mutants: the single aminoacid substituted mutant D469T and the triple 

mutant S385T/D469T/R520Q, which will now be referred as 3M [52]. Table 1 provides an explanation 

about the original and the substituted aminoacid in each mutant. 

 

Table 1 – Original aminoacid in the WT TK and its position in the enzyme primary structure, and 
the aminoacid substituted, for the TK mutants used.  

Mutation 

Original aminoacid in 

WT TK primary 

structure 

Position in TK 

primary structure 

Aminoacid after the 

substitution mutation 

D469T Aspartic Acid 469 Threonine 

S385T Serine 385 Threonine 

R520Q Arginine 520 Glutamine 

 

The chosen residues are known to be involved in the enzyme-substrate interaction. TK natural 

substrates are phosphorylated and α-hydroxylated and these aminoacids are known to have a role in 

TK affinity for those characteristics. Since CCA is a hydrophobic, non-phosphorylated and 

non-α-hydroxylated substrate, and these mutants have proved useful in similar non-natural substrates, 

they were chosen to test first [45], [47], [52], [53], [57]. A more thorough explanation of the role of 

these residues in substrate binding has been presented in section 1.5.4. 

Regarding reaction conditions, for this optimization it was chosen to work first in the reported 

optimum conditions for WT and D469T, which are neutral pH and 25
o
C [40], [57]. 

Substrate solutions were always prepared fresh and sonicated before starting the reaction, in 

order to form an emulsion of the CCA. This procedure greatly increases the surface area of the phase 

boundary between CCA and the aqueous phase, which helps providing better access of TK to CCA. 

 

3.2 Transketolase quantification 

The biocatalyst used in the experiments was produced in house, by fermentation of E.coli cells 

transformed with a plasmid where the TK gene was inserted. After fermentation and harvesting, a 

sonication was carried on (as described in section 2.3.1). The clarified lysate obtained was used 

immediately, and any excess unused TK lysate was frozen at -80
0
C until needed.   

TK concentrations were determined by using a Bradford assay to measure the total protein 

concentration, and SDS-PAGE to quantify how much of this protein consists of TK. The Bradford 

assay [70] is based in the presence of ionisable groups present in the protein’s structure, which will 

react with the reagent used (Coomassie Brilliant Blue) and absorb at 280nm. Bovine serum albumin 
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(BSA) stock solutions of know concentration were analysed by this method, in order to have a set of 

calibration standards to convert absorbance to total protein concentration. 

After determination of the total protein present in the clarified lysate for each mutant used, the 

SDS-PAGE technique was carried out. This is a technique used for separate different proteins in a 

sample, relying in the protein’s length and the mass-to-charge ratio for separation. Using a set of 

protein standards with a known molecular weight, it is possible to calculate the molecular weight of a 

protein, or, if that is known, to know if that protein is present in the lysate.  

The E.coli bacteria used were transformed with a plasmid containing the relevant TK gene 

with a DNA sequence codifying for a histidine tag added, and a promoter for that gene, in order to 

induce its overexpression. For TK quantification, samples of the clarified lysate for each mutant were 

loaded into a SDS-PAGE gel, and after the electrophoresis and the staining procedure, the gels were 

visualized with a imaging software (LabWorks), which allowed determination of the percentage of TK 

in each lane, related to the total amount of protein in that lane. This was made possible by the 

knowledge of the TK molecular weight, 73 kDa [39] (which allows to identify TK band among all the 

other proteins) and the use of a molecular marker in one of the lanes. In Figure 6 (left) we can see a 

typical SDS-PAGE gel, where it can be observed that the TK band is darker and bigger than the other 

ones, meaning the overexpression was successful (wells 3 to 11). This is further confirmed by 

observation of lane 2, in which a cell lysate from a fermentation using E.coli not transformed with a 

TK-containing plasmid was loaded. On the right, the same gel after analysis with the imaging software 

(LabWorks) is shown. Still in the same figure, a zoomed image of the TK percentage expressed for the 

corresponding wells is also represented. It is interesting to note that TK mutants have a higher 

expression percentage (around 30%) than wild type (24%), as seen in Table 2. 
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TK bands 

Figure 6 - Gel obtained after SDS-PAGE technique and staining with Coomassie blue. On the 
left, the original gel is presented, and in the right the gel after using the LabWorks software. 
Additionally, the percentages for the TK band obtained with the imaging software are also zoomed 
in. Gel lanes: 1 – Protein Ladder; 2 – Clarified lysate with no TK overexpression; 3-5 – Clarified lysate 
from a 3M fermentation (triplicates); 6-8 - Clarified lysate from a D469T fermentation (triplicates); 
9-11-  Clarified lysate from a WT fermentation (triplicates); 12 – Protein Ladder. We can observe that 
there was TK overexpression in the lanes 3-11. The percentage of TK in those lanes is also 

presented, and we can see that that percentage is different for TK mutants and for WT.  



29 
 

After total protein determination by the Bradford assay and quantification of the percentage of 

TK that was expressed, the amount of transketolase in each clarified lysate was calculated by 

multiplication of the two values.  

In principle, for each fermentation the percentage of TK expressed, related to the total protein 

expressed, should be the same, so there should be no need to do the SDS-PAGE and imaging 

quantification each time a clarified lysate (from the same fermentation batch) was prepared. But the 

sonication procedure could interfere with the clarified lysate protein composition, and this way the 

Bradford assay and the SDS-PAGE quantifications were carried in triplicate each time a new clarified 

lysate was prepared, for each mutant. In Table 2, the average values of the total protein concentration, 

TK overexpression and TK concentration are represented for each mutant. These values are the 

average of all clarified lysates prepared during this thesis. Nonetheless, to calculate the TK 

concentration in each experiment, the TK concentration value determined for the lysate used in the 

reaction was used, rather than the value in Table 2.  

Table 2 – Average total protein concentration, TK overexpression and TK concentration in the 
clarified lysate for each mutant. Total protein concentration values were obtained by Bradford assay and 
TK expression levels were estimated by SDS-PAGE and LabWorks software. Every time a lysate was 
prepared, the two techniques were done in triplicate. The values in the table represent the average and 
standard deviation obtained from all clarified lysates prepared. 

  

TK 
enzyme 

Total Protein 
Concentration 

(mg/mL) 

TK 
overexpression 

(%) 

TK 
concentration 

(mg/mL) 

WT 4.3±0.9 24±4 1.0±0.2 

D469T 6±1 33±3 2.0±0.3 

3M 6±1 31±3 1.8±0.2 

 

 

3.3 CCA analysis  

3.3.1 Synthesis and Purification 

Due to problems with the CCA supply from Sigma, it was decided to chemically synthetize 

CCA in house. However, when CCA was needed for the reactions, the supply constraints were solved 

and CCA was provided by Sigma, and this way the synthesised CCA was not used in the experiments. 

A full description of the synthesis, purification and purity analysis of CCA is provided in the appendix, 

sections 7.A and 7.B. 

 

3.3.2 Absorbance Spectra 

The standard method used for monitoring transketolase reaction is a HPLC method, with UV 

absorbance measurement of the sample at 210 nm. Since CCA is a new substrate, never analysed by 

this method, the first thing done was to determine its absorbance spectra. This allowed finding out if 

CCA absorbs at 210 nm, and if not, which wavelength is the maximum wavelength. Additionally, by 

using a range of CCA solutions of different and known concentrations, CCA extinction coefficient could 

be discovered, by plotting the maximum absorbance for each solution against the concentration. 

Solutions were prepared with nominal concentrations in the range from 8 to 225mM, and were 
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analysed with a UV-VIS spectrophotometer, as described in section 2.6. In Figure 7, the absorbance 

spectrum for a CCA solution (approximately 47 mM) is represented, in which we can verify that CCA 

has its maximum absorbance at 210 nm, thus validating using this wavelength in the HPLC for 

monitoring the reaction progress.  50mM Tris-HCl pH 7 was used as blank. 

 

Figure 7 – Absorbance spectra for the CCA solution of 47.42 mM concentration, from 190 to 300 
nm. We can observe that CCA maximum absorbance is 210 nm. 50mM Tris-HCl pH 7 was used as blank. 
The absorbance between 300 and 500 nm was also measured, but the results are not represented 
because CCA does not absorb at those wavelengths. 

 

Then, the maximum absorbance detected for all analysed solutions was plotted against the 

solution concentration. This is depicted in Figure 8. We can observe that there is a linear trend until a 

concentration of approximately 50 mM. Around that value, CCA solubility may reach its maximum, and 

that explains why higher concentrations do not conduce to higher absorbance: the solution becomes 

saturated, and a layer of CCA forms, which stays above the aqueous solution and it is not scanned by 

the beam of light emitted by the spectrophotometer. Due to these results, solutions of CCA higher than 

50 mM were not prepared.  

 

 

Figure 8 - Maximum absorbance, at 210 nm, plotted against the solution concentration, for all the 
CCA solutions analysed. There is a linear trend until a concentration of approximately 50 mM. After that 
value, it appears that a plateau starts to form, which possible indicates that CCA has an aqueous 
solubility limit around 50mM. 

0

0.1

0.2

0.3

0.4

0.5

0.6

180 200 220 240 260 280 300

A
b

so
rb

an
ce

 

Wavelenght (nm) 

0

20

40

60

80

100

120

140

160

0 50 100 150 200 250

A
b

so
rb

an
ce

 

Nominal concentration (mM) 



31 
 

Finally, the extinction coefficient for this substrate was calculated, by plotting the absorbance 

values of CCA solutions against the concentration, for the solutions whose concentration was below 

50 mM. The resulting linear plot is showed in Figure 9, and using Equation 1 the extinction coefficient 

for CCA can be calculated. In Equation 1, A represents absorbance of the sample, l the optical path 

length (the distance light from the spectrophotometer travels through the cuvette used for measuring 

absorbance) and C the molar concentration of the absorbing species.   is the extinction coefficient, 

and the obtained value for CCA is 2.3 ± 0.9 mM
-1

cm
-1

. 

 

                   Equation 1 
 

 

In these experiments, all solutions were diluted until the absorbance spectrum was below one 

unit of absorbance. To plot the values, the data from the spectrophotometer was then multiplied by the 

dilution.  

 

Figure 9 – Linear plot of absorbance at 210 nm against concentration, for the CCA solutions 
prepared. The absorbance values read in the spectrophotometer were always below absorbance 1. The 
values represented are corrected for the dilution of the solution. A linear regression was applied to the 
results, and the equation of the obtained calibration curve is y= (2.3±0.9)x – (10±20), with r

2
=0.9591. 

 

3.3.3 CCA HPLC test 

Solutions of CCA were prepared, with nominal concentrations from 5 to 50 mM, and analysed 

in the HPLC method in order to get a calibration curve. No peaks were detected in any of the solutions 

tested, which means that CCA, similarly to other aldehydes (such as glycolaldehyde for example) is 

not detected in this method, which may be due to irreversible bonding of the aldehydes to the HPLC 

column. This way, the analysis of the reaction progress relied in the monitoring of HPA consumption 

and product formation.  

 

3.4 Transketolase enzyme activity test 

In order to troubleshoot possible problems happening in the reaction, the first experiment done 

was to test WT TK and TK mutants’ activity. If the mutants were active with known substrates, and 

with the CCA reaction no activity was noted, at least we could know that the problem was not related 

to enzyme lack of activity. 
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For the wild type transketolase, the activity was confirmed with the extensively studied 

reaction between glycolaldehyde (GA) and HPA, to form erythrulose [58]. This reaction is depicted in 

Figure 10[58]. 

 

Figure 10 – Transketolase catalysed reaction between β-hydroxypyruvate (HPA) and 
Glycolaldehyde (GA) to produce L-erythrulose and CO2. This enzyme requires Thiamine Pyrophosphate 
(TPP) and Magnesium ions as co-factors in order to be active. This image was adapted from Ingram et al. 
[58]. 

This reaction represents a model assay to measure the specific activity of TK with 

non-phosphorylated compounds [50], and it is known to reach 100% conversion in about 60 

minutes [45],[18]. It is one of the fastest reactions using transketolase reported [20]. WT TK proved to 

be active, and a typical reaction profile is depicted in Figure 11. The reaction was carried as described 

in section 2.5.3.1, and the samples quenched and analysed by HPLC and UV-absorption, after 

calibration with erythrulose and HPA standards with known concentration. 

 

 

Figure 11 – Activity assay for wild type transketolase, depicting the progress of the TK-catalysed 
reaction between glycolaldehyde (GA) and HPA. Initial concentrations: 2.4mM Thiamine Pyrophosphate 
(TPP); 9.8mM MgCl2; 50mM HPA; 50mM GA; 25

o
C, 300 rpm, 50mM Tris-HCl buffer, pH 7. Initial reaction 

volume was 300μL. Clarified lysate used was 7.5 % (v/v), with a total TK concentration in the reaction of 
0.08 mg/mL. Reaction achieved full conversion, as previously reported [18], [45]. Data points represent 
average from triplicate experiments, and error bars the standard deviation associated, with 95% 
confidence interval. 

 

As for D469T and S385/D469T/R520Q transketolase mutants, it was previously shown that 

they were active towards 3-formylbenzoic acid (3-FBA) [57]. The activity for these mutants was tested 

using this compound and HPA, and the reaction progress followed for 15 minutes. In Figure 12 this 

reaction is shown.  
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Figure 12 - Transketolase catalysed reaction between β-hydroxypyruvate (HPA) and 
3-formylbenzoic acid (3-FBA) to produce L-erythrulose and CO2. This enzyme requires Thiamine 
Pyrophosphate (TPP) and Magnesium ions as co-factors in order to be active.  

 

Different time samples were quenched and analysed in HPLC as reported in section 2.5.3.2, 

using 3-FBA standards to HPLC calibration. The results obtained are depicted in Figure 13. 

 

Figure 13 - Activity assay for mutant transketolase enzymes, depicting the progress of the 
TK-catalysed reaction between HPA and 3-FBA. Initial concentrations: 2.4mM Thiamine Pyrophosphate 
(TPP); 9.8mM MgCl2; 50mM HPA; 50mM 3-formylbenzoic acid (3-FBA); room temperature, 50mM Tris-HCl 
buffer, pH 7. Initial reaction volume was 300μL. Clarified lysate used was 10% (v/v) reaction volume, with 
a total TK concentration in the reaction of 0.17 mg/mL for D469T mutant, 0.16mg/mL for triple mutant 3M 
and 0.07mg/mL for WT. Reaction progress is consistent with previous reported results [57], showing no 
activity for wild type TK and activity for the mutants, with D469T being more active than the 3M. Data 
points represent average from triplicate experiments, and error bars the standard deviation associated, 
with 95% confidence interval. 

 

As we can see by analysing Figure 11 and Figure 13, the progress of the reactions indicates 

that the enzymes are active, and also that D469T is more active towards 3-FBA than 3M. WT cannot 

accept this substrate, maybe because of steric hindrance in TK active center, since 3-FBA is a bulky 

and aromatic compound.  

 

3.5 Batch reactions between HPA and CCA 

3.5.1 7.5% (v/v) enzyme lysate 

The first approach to the enzymatic reaction was done in batch mode. Initially, mutants WT, 

D469T and the triple mutant previously mentioned, abbreviated as 3M, were used in the reactions.  
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The initial conditions were the same as the extensive studied reaction between glycolaldehyde 

and HPA [18]. Initial reagent concentration was 50mM, and the clarified TK lysate was 7.5% of total 

reaction volume. The reaction was carried in glass HPLC vials, in a total volume of 300μL. Samples 

were taken at different time points, quenched with 0.1% aqueous solution of trifluoroacetic acid (TFA), 

and analysed by HPLC and UV absorption. TFA is a strong acid, with a pKa of 0.23 [71]. When the 

sample is added to TFA solution, the pH drops and the enzyme denatures, thus stopping the reaction. 

The reaction was monitored for 24 hours. Figure 14 shows the HPA consumption for these reactions. 

Neither DCDHP nor any other product peaks were detected. 

 

Figure 14 - Reaction progress for the TK catalysed reactions between HPA and CCA. Initial 
concentrations: 2.4mM Thiamine Pyrophosphate (TPP); 9.8mM MgCl2; 50mM HPA; 50mM CCA; 25

o
C, 300 

rpm, 50mM Tris-HCl buffer, pH 7. Initial reaction volume was 300μL. WT represents wild type 
transketolase, whilst D469T and 3M represent the mutant enzymes, respectively, the single point mutant 
and the triple mutated TK. Enzyme concentrations in the reaction: 0.06 mg/mL WT TK; 0.13 mg/mL D469T 
TK; 0.12 mg/mL 3M TK. 

 

As observed in Figure 14, neither HPA was consumed nor was DCDHP formation detected 

(DCDHP data points are not represented, since no peaks were detected), for any of the tested 

mutants, which indicates that there was no reaction at all. Three explanations were possible to 

analyse these results: none of the enzymes can accept CCA as a substrate; the enzyme concentration 

is too low for allowing the reaction to occur; or there was any problem with the reagents used. The 

latter one has previously happened, because when preparing the co-factor solution, after adding TPP, 

the pH gets to a very low value. It is important after that to use NaOH to adjust pH back to 7 again, 

since it is the optimum pH for TK and the enzyme has lower activity below that value [40]. After 

making sure the results were not due to any pH problem, it was decided to try higher enzyme 

concentration in next experiments (section 3.5.2). Additionally, every reaction using CCA was carried 

in glass HPLC vials instead of the 96 well plates used for the TK reaction with HPA and 

glycolaldehyde, to prevent any adhesion or reaction of CCA to plastic. 
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3.5.2 40% (v/v) enzyme lysate 

The next step in the batch reaction optimization was to test higher enzyme concentration in 

the reaction. With this in mind, a new set of batch reactions was tested, in which the enzyme lysate 

represented 40% of the reaction volume. The total volume for the batch reaction was 300 μL. Samples 

were taken at regular time intervals, quenched with a 0.1% aqueous TFA solution and the results 

analysed by HPLC.  In Figure 15, HPA consumption for the four reactions studied is shown. Reactions 

starting concentration is 50mM HPA and 50mM CCA. The two mutants were tested, and for each one 

a control reaction was done, in which the reaction started with only HPA.  

 

Figure 15 – Monitoring of the reaction progress by measuring HPA consumption, determined by 
HPLC. 4 reactions were studied, two using D469T mutant and two others using the triple mutant, 3M. For 
each mutant, one reaction was 50mM HPA and 50mM CCA, and the other one acted as a control reaction, 
since only 50mM HPA were present. Initial reaction volume was 300μL. The results show that for all 
reactions there was HPA consumption, indicating that these mutants are able to degrade HPA. TPP 
concentration: 2.4mM; MgCl2 9.8 mM; 50mM Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Data points represent 
average from triplicate experiments, and error bars the standard deviation associated, with 95% 
confidence interval. Enzyme concentrations in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. 

 

In Figure 15, we can observe that for every reaction there was HPA consumption. This means 

that transketolase mutants D469T and S385T/D469T/R520Q are able to use just HPA as reagent, 

proceeding to its degradation. 

As for the product formation, it is important to note that, at this point in the project, we did not 

have any pure sample of DCDHP to run as standard in the HPLC, so the peak area obtained could not 

be converted to concentration. More important, it was not known which peak, if any, corresponded to 

the product. The reaction progress was then followed through HPA depletion and every peak formed 

was analysed, in order to identify if it could be the product. After careful analysis of all the peaks 

formed, it was identified which ones were related to the substrates or other substances present in the 

lysate, and which ones could be the product. Two possible DCDHP peaks were identified, one at 11.2 

minutes and the other one at 21 minutes retention time.  

An example of a chromatogram is presented in Figure 16, and the relevant peaks are 

identified. The images correspond to two samples from the same reaction, the first one half an hour 

after the start of the reaction, and the second one at 4.5 hours reaction time.  
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Figure 16 - Chromatogram obtained after analysing CCA+HPA reaction samples. The upper image 
is a 30 minutes sample from a D469T catalysed reaction. The lower image is a sample from the same 
reaction, 4 hours later. HPA peak and the two only possible DCDHP peaks (one at 11.2 minutes and the 
other at 21 minutes retention time) are marked, and it is possible to see HPA peak becoming smaller and 
the peaks marked as red becoming larger.  

 

After peak identification, the marked peaks in Figure 16  were the ones which the peak area 

was measured in order to follow the reaction progress. These products formation and analysis under 

the different conditions studied is discussed in section 3.10. After careful analysis, it was found that 

both peaks were due to secondary products formation, possibly related to HPA consumption by the 

mutants or because of the presence of other compounds, either proteins from the E.coli lysate or a 

compound present in the co-factor solution.  The next step in the study of this reaction was to try the 

reaction using pure transketolase. 

 

3.5.3 Comparison of the activity of pure TK with clarified lysate 

Transketolase can be used as a clarified lysate, which is advantageous because it is closer to 

the industrially optimum situation, and in this way we can take advantage of any stabilizer proteins that 

exist in the lysate, allowing it to be stored for longer periods of time. Besides, enzyme purification is 

also a time-consuming and expensive process.  On the other hand, using lysate can complicate the 

downstream processing, because of other proteins and impurities that are present. These possible 

impurities may also originate secondary reactions. So with that in mind, enzyme purification has also 

its advantages. So it is up to each one to choose the best option. For instance a lysate may be good 

for studying an enzymatic reaction, whilst to characterize enzyme kinetics the pure enzyme should be 

used, since this way there is no interference due to other enzymes and/or compounds. 

When the genetic mutation to generate the transketolase mutant enzymes was done, a 

polyhistidine tag (his-tag) was also added, consistent in 6 histidine aminoacids in the N-terminal end of 

the protein. This allows purifying enzymes by affinity chromatography, using a chromatography 

                      HPA                      Possible DCDHP peaks 
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column with groups of Ni-NTA (nickel-nitrilotriacetic acid) resin in it, to which histidine has a high 

affinity.  

Purification of both D469T and 3M was carried using affinity his-tag chromatography, as 

described in section 2.3.2. After purification, a SDS-PAGE analysis was carried, in order to confirm if 

the purification was successful.  In Figure 17, it can be seen that the purification was indeed well 

succeeded, by observation of the blue frame in lanes 11 and 12. A light band is present, and no other 

bands in the same lane could be detected. The concentration of the purified mutant enzymes was 

determined by measuring the absorbance at 280nm. Assuming an extinction coefficient of 93905 

L.mol
-1

cm
-1

, [40], [72], the Beer-Lambert law (Equation 1) can be used (the optical path, l, is 1 cm) to 

calculate the enzyme concentration. Then, since TK monomer weight is known (72260.82 g.mol
-1

, 

[40], [72]), the protein concentration in mg/mL can be calculated.  

A value of 0.035 mg/mL was obtained for D469T purified enzyme, and 0.062 mg/mL for 3M, 

which is much more diluted than the lysates used to obtain purified enzyme (1.7 and 1.6 mg/mL, 

respectively, for D469T and 3M). This is partially explained by the fact that when preparing the 

clarified lysate, 2 mL buffer are used. When performing the purification protocol, the enzyme is 

collected in 3.5 mL of buffer, so there is some dilution of the enzyme. The concentrations obtained 

allow concluding that besides that, some enzyme was lost during the purification.  

 

 

Figure 17 - Gel loaded with clarified lysates and his-tag purified enzyme, obtained after 
SDS-PAGE technique and staining with Coomassie blue. Gel lanes: 1 – Protein Ladder; 2-4- Clarified 
lysate from a WT fermentation (triplicates); 5-7 Clarified lysate from a D469T fermentation (triplicates); 
8-10- Clarified lysate from a 3M fermentation (triplicates); 11 – Purified D469T enzyme. 12 –Purified 3M 
enzyme.  

 

After confirming that purification was effective, and quantifying the purified protein present in 

the solution, a batch reaction was carried. Due to the low TK concentration of the purified enzymes, 

and in order to get the same enzyme concentration in the reactions carried using clarified lysate and 

the reaction carried using pure enzyme, dilutions were made in the clarified lysate reactions. 

Unfortunately, after taking time samples and analysing them in the HPLC, by peak analysis we 
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concluded that no reaction took place, since HPA was the only peak detected, and it remained 

constant and correspondent to the initial reagent concentration for all samples.  

A possible explanation to these results can be the fact that enzymes are too diluted to achieve 

any conversion, because as seen before, only at higher enzyme concentrations reactions can take 

place. A problem regarding pH of the co-factor solution can also be in the origin of the lack of reaction, 

since as it was already mentioned, TK is very sensitive to pH, dropping its activity to values below 

80% maximum activity when pH gets lower than 6 [40]. Finally, there could have been any problem 

during the purification protocol, which inactivated the mutants. To test the latter option, the activity test 

with 3-FBA was done again, as described in section 2.5.3.2, and time samples analysed by HPLC and 

UV absorbance. For all samples there was only one peak present, which didn’t change in the samples, 

corresponding to the initial substrate concentration, which indicates that no reaction took place and 

consequently the mutants were not active.  

Due to time constraints and the fact that the clarified lysate at higher concentrations proved to 

be enough for a reaction to occur (although secondary products were still produced) the purification 

process was not done again, and this experiment was not repeated.   

 

3.6 Fed-Batch reactions 

After the results obtained in the batch reactions, a new approach was needed. Since it was 

though that the high initial HPA concentration used was leading mutants towards the synthesis of 

secondary products, it was decided to use a fed-batch strategy to feed HPA into the reaction. 

Additionally, due to the conclusions regarding CCA solubility (section 3.3.2), a lower concentration of 

this reagent was used. The reactions were done as described in section 2.5.6, quenched with 0.1% 

aqueous TFA solution and the same peaks as in the batch reactions were monitored by HPLC. For 

HPA feeding, a highly concentrated solution (approximately 900mM) was prepared, and at the 

required reaction time, a small volume added to the reaction. This volume was calculated having in 

mind the volume variation after sampling, and although it is small, it was also had in account for future 

fed-batch additions. Two fed-batch reactions were tested, with different initial reagent concentration, 

using the D469T and the S385T/D469T/R520Q (3M) mutant. 

 

3.6.1 Fed-Batch reaction 20mM HPA/40mM CCA. 

The first fed-batch experiment was done with the corresponding batch reactions as a control. 

Transketolase mutants D469T and 3M were used and 4 reactions done simultaneously. At 2.5 and 4.5 

hours reaction time, a small volume (5μL and 3.4 μL respectively) of the 900 mM HPA solution were 

added to the reaction vessel, in order to dilute the solution to 20mM once inside the vessel.  

Lysate volume was kept at 40%, since with this volume a reaction occurred in batch mode. 

The rest of the reaction conditions were the same as in batch mode (vide section 3.5.2). Initial volume 

was 300 μL. Figure 18 shows the HPA concentration decrease obtained for the reactions studied.  
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Analysing Figure 18, some conclusions arise. First, in all reactions HPA is consumed until 

depleted, which means reactions occurred. Then, at 2.5 hours reaction time, the first fed-batch HPA is 

added (20mM) to two of the four reactions. The next time points indicate that reaction progressed, but 

at a slower rate than initially. After the second fed-batch, reactions for both mutants have a decrease 

in HPA concentration, but again at a slower rate, this time slower even than the first fed-batch 

addition. This is an indication that there is maybe some enzyme inhibition, by the products formed or 

low stability of the enzyme in the reaction. For the next fed-batch reaction this information was had 

into account, and new addition times chose. Finally, we can see that D469T is more active than 3M. 

Not only consumes more HPA, but also at a higher rate. In this reaction, the same secondary products 

were detected, and no new peak was obtained, which probably meant that DCDHP was not 

synthetized. The secondary product formation can be seen in section 3.10.2. 

Another fed-batch reaction was then carried. 

 

3.6.2 Fed-Batch Reaction 30mM HPA/40mM CCA. 

After the first fed-batch reaction, it was decided to repeat the experiment, changing some of 

the reaction conditions. Having into account the results obtained, it was decided to start with a higher 

HPA concentration (30 mM was chosen), since when the initial concentration was 20mM it was 

consumed in around one hour. Moreover, the first fed-batch addition was done earlier, at 1.5 hours 

reaction time instead of 2.5, to try to prevent enzyme from being in solution without substrate. The 

time between additions was the same, as was the fed-batch concentration in the reaction after 
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Figure 18 – HPA consumption in batch and fed-batch mode, for the two transketolase 
mutants, D469T and 3M. HPA peak area was determined by HPLC. 4 reactions were studied, two 
using D469T mutant and two others using the triple mutant, 3M. For each mutant, one reaction 
was in batch and the other one in fed-batch mode. All reactions initial concentrations were 
20mM HPA and 40mM CCA. For the fed-batch reactions, 5 μL of a 903mM HPA solution were 
added at 2.5 hours, and another 3.4μL at 4.5 hours. Batch reactions acted as a control, since the 
objective was to study the fed-batch reaction.  TPP concentration: 2.4mM; MgCl2 9.8 mM; 
Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Initial reaction volume was 300μL. Enzyme concentrations 
in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. Data points represent average from 
triplicate experiments, and error bars the standard deviation with 95% confidence interval 

associated. 

20mM HPA added 
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addition, 20 mM. This was done because, as analysis of Figure 18 indicates, enzyme HPA 

consumption rate becomes slower as the reaction progresses, which seems to indicate some product 

inhibition, or low enzyme stability in the reaction.  

All other conditions were the same as in the first fed-batch reaction, section 3.6.1. 

In Figure 19 the HPA consumption obtained for the reactions studied can be observed. 

 

 

Figure 19 - HPA consumption in the fed-batch mode reactions, for the two transketolase mutants, 
D469T and 3M. HPA peak area was determined by HPLC. Reactions initial concentrations were 30mM HPA 
and 40mM CCA. 5 μL of an 895mM HPA solution were added at 1.5 hours, and another 2.5μL at 3.5 hours. 
TPP concentration: 2.4mM; MgCl2 9.8 mM; 50mM Tris-HCl buffer, pH 7, 300 rpm, 25ºC. Initial reaction 
volume was 300μL. Enzyme concentrations in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. 
Data points represent average from triplicate experiments, and error bars the standard deviation 
associated, with 95% confidence interval. 

 

Every conclusion obtained for the first fed-batch reaction can be made again for this 

experiment. HPA consumption proceeds until depleted from the reaction. The initial consumption rate 

is fast, but as the reaction progresses the consumption rate becomes slower, which can be seen after 

each HPA addition. Again, we can confirm that D469T is more active than 3M, as it can be seen by 

analysis of samples after 1.5 hours. However, the data in Figure 19 also suggests that 3M has a 

higher initial HPA consumption rate, but maybe it is more inhibited than D469T after 1.5 hours reaction 

time.  

Secondary product formation was detected again, and these can be seen in section 3.10.3. As 

in the first fed-batch reaction, samples were diluted five times instead of ten times before analysing in 

the HPLC, and due to the good peak areas obtained, mainly for product from peak 21 (vide section 

3.10.3), this sampling method was kept in all experiments. No new product peaks were obtained, and 

thus no DCDHP was detected.  

 

At this time in the project, a pure sample of DCDHP was obtained, and so experiments to 

characterize this compound were carried.  

Table 3 provides a summary of the results obtained in all the conditions presented so far.  
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Table 3 – Summary of all the conditions tested when studying the enzymatic reaction between 
HPA and CCA, and the results obtained regarding HPA and secondary products detection.    

Conditions 
Secondary 

Products 

HPA 

consumption 
Comments 

Batch - 7.5% (v/v) 

enzyme volume 
Not detected Not detected 

The enzyme concentration is too low for 

allowing a reaction to occur. 

Batch - 40% (v/v) 

enzyme volume 
Detected Detected 

2 secondary products detected. Neither of 

them was DCDHP, and they are probably 

due to the presence of other enzymes or 

compounds in the reaction. A fed-batch 

approach was tested. 

Fed-Batch – 20mM 

HPA/ 40mM CCA 
Detected Detected 

HPA consumption rate diminishes after each 

addition; Changes to the reaction protocol 

required. Secondary products formation is 

related to HPA consumption. 

Fed-Batch – 30mM 

HPA/ 40mM CCA 
Detected Detected 

Optimization of the reaction protocol; 

secondary products formation is related to 

HPA consumption. 

Batch – Pure 

enzyme 
Not detected Not detected 

Purification successful, but no reactions took 

place due to inactivation of the mutants. 

 

 

3.7 DCDHP analysis 

3.7.1 Synthesis and Purification 

Since the DCDHP is the reaction product, a pure sample of this compound is necessary for 

characterization, and for HPLC calibration. Moreover, the HPLC method was never used with this 

reaction, so besides being useful for establishing a relationship between solution concentration and 

peak area in the HPLC, DCDHP standards would be also useful for discovering DCDHP retention 

time, and identify the peaks corresponding to this product in the reaction samples.  

 Because this is a new compound, no pure samples were available. Our partners in 

Sigma-Aldrich were trying to synthesize and purify it, but whilst we were waiting for Sigma’s supply 

and to proceed to some initial tests, we decided to chemically synthetize and purify DCDHP in house. 

The purification was not successful, and no DCDHP could be isolated from this experiment. However, 

Sigma chemists were able to synthetize and purify it, and in the next experiments DCDHP provided 

from Sigma was used. In the appendix, sections 7.C and 7.D, data related to the synthesis and 

purification carried in house is provided.    

 

3.7.2 DCDHP Absorbance Spectra 

The first experiment done with the HPLC was to measure its absorbance spectra. This way, 

we would find out if it absorbs at 210 nm, the UV monitoring wavelength in the HPLC, and, 
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additionally, we would know the full absorbance spectra, including the maximum absorbance. A stock 

solution of approximately 11 mM nominal concentration was made, and several solutions were 

prepared by diluting the stock.  

Figure 20 represents the spectrum obtained, for a solution of 0.34 mM.  

 

Figure 20 - Absorbance spectra for the DCDHP solution of 0.34 mM concentration, from 190 to 
250 nm. DCDHP maximum absorbance is around 210 nm. 50mM Tris-HCl pH 7 was used as blank. The 
absorbance between 250 and 500 nm was also measured, but the results are not represented because 
DCDHP does not absorb at those wavelengths.   

 

As it can be seen from Figure 20, DCDHP maximum absorbance is around 210 nm, which 

means that samples can be monitored at that wavelength in the HPLC method.  

Again, the maximum absorbance detected for all analysed solutions was plotted against the 

solution concentration. This is depicted in Figure 21. 

 

Figure 21 - Absorbance at 210 nm, plotted against the solution concentration, for all the DCDHP 
solutions analysed. There is a linear trend until a concentration of approximately 0.8 mM. After that value, 
a plateau starts to form as concentration values increase. From the graph, we can see that DCDHP has an 
aqueous solubility limit around 2.5 mM. 

 

Similarly for CCA, there seems to be a solubility limit for DCDHP, around 2.5 mM. Above that 

value, an increase in concentration does not originate a linear increase in absorbance. The linearity 

between absorbance and concentration was kept until a concentration of approximately 0.8 mM. 

Finally, the extinction coefficient for this compound was calculated, by plotting the maximum 

absorbance values of DCDHP against the concentration for solutions below 0.8 mM. The resulting 

linear plot is shown in Figure 22. 
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Figure 22 - Linear plot of absorbance at 210 nm against concentration, for the DCDHP solutions 
prepared. The absorbance values read in the spectrophotometer were always below absorbance 1. The 
values represented are corrected for the dilution of the solution. A linear regression was applied to the 
results, and the equation of the obtained curve is y= (1.7±0.3)x + (0.1±0.1), with r

2
=0.989. 

 

Using Equation 1, the extinction coefficient for DCDHP at 210 nm can be calculated. The 

obtained result is 1.7±0.3 mM
-1

cm
-1

. 

In these experiments, all solutions were diluted until the absorbance spectrum was below one 

unit of absorbance. To plot the values, the data from the spectrophotometer was then multiplied by the 

dilution.  

3.7.3 DCDHP analysis in the HPLC 

Several dilutions of the stock solution prepared for absorbance reading experiments were 

made. These solutions and the stock were run in the HPLC, in order to get a good calibration curve. 

However, no peaks were detected, for any of the solutions tested. 

Longer HPLC runs were tried, in case the DCDHP had a longer retention time than 24 

minutes, the method duration, but still no peaks could be identified.  

With these results, two conclusions can be made: first, the detected peaks at 11.2 minutes 

and 21 minutes retention time are not DCDHP, as suspected. Second, since DCDHP does not 

produce any peak on the HPLC, another way to follow the reaction progress needs to be developed.  

A preparative scale batch reaction was done, to assess if DCDHP is formed by the 

transketolase mutants, and to try to isolate and purify the secondary products.  

 

3.8 Confirmation of the ability to synthetize DCDHP 

A preparative scale (5mL) batch reaction was done, in order to assess transketolase ability to 

synthetize DCDHP. The conditions were the same as the 40% enzyme volume batch reaction, except 

for the initial reagent conditions, which were 25mM each, and the scale, which was 5 mL, instead of 

300μL. Three reactions were studied: one using wild type transketolase and each of the two others 

using one of the mutants, D469T and 3M. Enzyme concentrations were 0.52 mg/mL for WT, 0.97 

mg/mL for D469T and 0.90mg/mL for 3M. 

The reaction was left for 25 hours at room temperature, with a magnetic stirrer to provide 

mixing. In the end, products were isolated (for the methodology, vide section 2.5.5.2) and the obtained 
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mass determined. For the wild type, 22.97 mg were weighted. For the D469T, a mass of 4.99 mg was 

isolated. The purification protocol for 3M was not successful, and no products could be isolated. 

Samples of the product obtained were loaded into a Thin Layer Chromatography (TLC) silica 

plate. To assess the formation of DCDHP, a sample of the stock solution of this compound was also 

loaded into the TLC plate.  

TLC is an analytical technique in which a sample is loaded in a solid phase, in this case a 

silica plate, and then the latter is dipped into a solvent mixture, which then ascends through it.  

Compounds will migrate according to their affinity towards the stationary phase and the solvent phase.  

The TLC plate obtained is presented in Figure 23. 

 

Figure 23 - TLC plate for the samples obtained from the preparative scale batch reaction. A 
DCDHP solution was loaded, together with a sample of the products obtained for the reactions using WT 
and D469T transketolase. A silica plate was used as stationary phase, and a 1:1 mixture of hexane and 
ethyl acetate used as solvent. The plate was visualized using iodine. The spots corresponding to DCDHP 
are framed in red.  

 

 

Upon analysis of Figure 23, it can be seen that many compounds are present in the samples, 

mainly in the WT reaction, which explains the large mass obtained after purification. These 

compounds can be unreacted reagents and secondary products, possibly including the products that 

originate peaks 11.2 and 21 minutes retention time. This was confirmed by running the samples in the 

HPLC and verifying that those peaks were formed. It can also be seen that DCDHP is formed as the 

main compound using D469T, which is a very important proof of the ability of this mutant to form the 

desired compound. Thus, we can conclude that D469T is the required enzyme to produce DCDHP, 

which means a new method to follow the reaction progress must be developed.  

As for the WT TK, previous authors concluded the inability of this enzyme to synthetize 

DCDHP [38]. One possible explanation is that DCDHP could be formed without the aid of the enzyme, 

as described by Smith et al. [65]. They reported TK product formation in control reactions without TK, 

when the reaction was performed using 3-(4-morpholino)propanesulfonic acid (MOPS) as buffer. The 

authors suggested that MOPS was catalysing the formation of the TK product, and proposed a 

mechanism in which the catalyst was a tertiary amine, which is the case of MOPS. It is possible that 

some tertiary amine present in the lysate could act as a catalyst, thus explaining the small amount of 

DCDHP formed.  
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3.9 Colorimetric assay 

When it was found that DCDHP was not detected in the HPLC method used, a different assay 

needed to be developed. The colorimetric assay described by Smith et al. [54] for screening of 

transketolase mutants was chosen for this purpose, due to its advantages: can be used to detect TK 

products from non-α-hydroxylated aldehydes, its faster than the HPLC method and can detect 

concentrations as low as 0.5 mM [38]. 

This method is based in the reaction occurring between DCDHP and 2,3,5-triphenyltetrazolium 

chloride (TPTC), which produces a coloured formazane compound. When TPTC and NaOH are 

added, the formazane producing reaction starts. By measuring the formazane absorbance, the 

amount of DCDHP in the sample can be calculated. Since this method is based in the reaction 

between TPTC and dihydroxyketones present in solution, it is necessary to remove HPA (a 

dihydroxyketone) from the sample before the colorimetric assay can be performed, in order to 

minimize HPA interference with absorbance readings, and this way improving the method sensitivity.  

To remove HPA from the reaction samples, a quaternary amine functionalized MP-carbonate 

resin was used, prior to the addition of TPTC. This resin beads adsorb HPA, and this way the reaction 

is quenched and HPA does not interfere with colorimetric measurements. 

 

3.9.1 Formazane absorbance at 485 nm and 450 nm  

The original assay relies in measuring absorbance at 485 nm, after TPTC addition and 

allowing some time for the reaction to occur. However, due to instrument constraints, the closest 

reading wavelength was 450nm. This way, the DCDHP solutions obtained in section 3.7.2 were 

analysed by the colorimetric assay protocol, as referred in section 2.8.2., but instead of loading the 

solutions in 96-well plates and reading the absorbance in the plate reader, for each solution the 

method was performed in cuvettes and a full wavelength spectra taken in the spectrophotometer. 

Then the absorbance values at 485 and 450 nm were plotted against the solution concentration, in 

order to assess the sensitivity obtained with both wavelengths and the validity of the Beer-Lambert 

law. Results are plotted in Figure 24.  
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Figure 24 – Formazane absorbance values at 485 and 450 nm plotted against solution 
concentration. 50mM Tris-HCl buffer pH 7 was used as blank. Results show that linearity is kept at both 
wavelengths; however, absorbance reading at 485 nm provides greater sensitivity, since the slope is 
higher. Calibration curve equations: 485 nm – y = (1.3±0.1)x + (0.02±0.02); r

2
=0.9919.    450 – (0.86±0.09)x + 

(0.01±0.01); r
2
=0.9892. 

 

As it can be seen from Figure 24, for both wavelengths linearity between absorbance and 

concentration occurs. Readings at 450nm provide lower values of absorbance, as expected since it is 

not the maximum absorbance wavelength for the formazane formed.   However, the linearity obtained 

shows that absorbance at 450 nm can be used to measure formazane formation, and thus indirectly 

DCDHP production, even though with less sensitivity, since the slope of the calibration curve is lower.  

 

3.9.2 Colorimetric assay calibration 

The colorimetric assay used for monitoring DCDHP formation was performed in an automatic 

plate reader, which allowed automatic injection of the necessary reagents, and, after waiting one 

minute for the reaction to occur, automatic absorbance reading at 450 nm.  

TPTC will react with any dihydroxyketone present in solution, forming the coloured compound. 

Is this compound that is measured in the method, which theoretically would allow using any 

dihydroxyketone easily available (erythrulose or even fructose, for instance) for calibration. However, 

different dihydroxyketones will have different reaction rates when reacting with TPTC, and since 

DCDHP was available it was decided to proceed to the calibration using this compound.  

A range of DCDHP solutions was prepared, ranging from 0.08 to 6.52 mM, and the method 

was performed as described in section 2.8.2, using a plate reader for automatic injection of the 

reagent solutions and absorbance readings. 50mM Tris-HCl pH 7 was used as blank, and in Figure 25 

the calibration curve obtained is represented.  
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Figure 25 – Calibration with the colorimetric assay using DCDHP as standard. Absorbance values  
refer to formazane. 50mM Tris-HCl was used as blank.  For each 100μL standard solution, 20μL TPTC 
solution followed by 10μL 3M NaOH solution were added, as described in section 2.8.2. The equation of 
the curve is: y=(0.25±0.02)x ±0.05. r

2
=0.9955. 

 

3.9.3 Batch reactions monitored by the colorimetric assay and HPLC 

After showing that the colorimetric assay can be used to monitor the reaction progress, two 

batch reactions were done. For these experiments, the protocol for the 40% volume of clarified lysate 

was followed (section 2.5.4.2), and two analytical methods used: the colorimetric assay to calculate 

DCDHP formation, and HPLC to monitor HPA consumption and secondary products formation. 

The results obtained from the first reaction where not accurate enough (results not shown). It 

is thought that this was because of the sampling method adopted for the colorimetric assay, since the 

sample consisted of 10μL (pipetting such low quantities can be, by itself, a large source of error) and it 

was diluted 20 times before applying the colorimetric method. This was changed for the second 

experiment, where larger volumes were sampled (50μL), and diluted 4 times only. In order to get 

enough volume for both analytical methods, and at the same time enough samples, the reaction initial 

volume was increased in this second experiment. Total initial volume was 1000μL, and both 

substrates initial concentration was 40mM. The remaining conditions were the same as the 40% (v/v) 

enzyme batch reaction, section 3.5.2. 

The HPA consumption for the 3 TK variants is depicted in Figure 26. 
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Figure 26 - Monitoring of the reaction progress by measuring HPA consumption, determined by 
HPLC. Reactions catalysed by wild type (WT) TK and mutants D469T and 3M are represented. Initial 
reaction volume was 1000μL. Initial conditions: CCA 40mM; HPA 40 mM; TPP 2.4mM; MgCl2 9.8 mM; 
50mM Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Data points represent average from triplicate experiments, and 
error bars the standard deviation associated, with 95% confidence interval. Enzyme concentrations in the 
reaction: 0.45 mg/mL WT TK; 0.78 mg/mL D469T TK; 0.72 mg/mL 3M TK. 

 

Comparing to the previous obtained results, only WT TK had a different behaviour, since it 

seems some HPA was consumed. But, as it was previous referred in the work done by Coward [38], 

WT TK cannot accept CCA as a substrate. This HPA consumption can be due to HPA degradation 

(which was previously seen in other experiments, for reactions longer than 6 hours, but at a much 

slower rate than the observed here) or a possible contamination by some mutant present in WT 

clarified lysate, which is very unlikely. Product formation at 11.2 minutes retention time  is highly 

correlated with HPA consumption in the WT TK (results not shown), which allows to conclude that this 

product is due to HPA degradation.  

The DCDHP concentration profile obtained using the colorimetric assay is presented in Figure 

27. 
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Figure 27 – DCDHP formation for the three reactions studied, using the colorimetric assay to 
calculate DCDHP concentration in the samples. Reactions catalysed by wild type (WT) TK and mutants 
D469T and 3M are represented. Initial conditions: Volume = 1000μL; CCA 40mM; HPA 40 mM; TPP 2.4mM; 
MgCl2 9.8 mM; 50mM Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Data points represent average from triplicate 
experiments, and error bars the standard deviation associated, with 95% confidence interval. Enzyme 
concentrations in the reaction: 0.45 mg/mL WT TK; 0.78 mg/mL D469T TK; 0.72 mg/mL 3M TK. 

 

From Figure 27, we can see clearly there is formation of DCDHP for D469T, with 

approximately 15-25% yield (calculated based on initial HPA and CCA existent) after 3.5 hours. 3M 

also produced the desired compound, though at a lower rate of formation and lower yield (5-15%). It is 

important to note that HPA was removed from the reaction, but as the authors of the original 

colorimetric protocol stated, trace remains of HPA may remain bonded non-specifically to TK, which 

translates into a low level colour formation [54]. This non-specific bonding can happen for WT TK and 

then, as the sample was diluted 4 times, after conversion of absorbance to DCDHP concentration the 

values are multiplied by 4, which explains why DCDHP concentration for WT seems to be constant 

and around the value of 4 mM. So the results obtained with this method for D469T and WT are 

consistent with the ones previously observed in section 3.8, Figure 23. 

 It is also important to note that the maximum absorbance wavelength of the formazane 

produced is 485nm, instead of the 450nm used. This means that if the same samples were analysed 

at 485nm, the method would have higher sensitivity and higher absorbance values would be reached, 

which would allow to better distinguish between the low absorbance generated by residual HPA in the 

sample (probably what happened with WT catalysed reaction) and the low absorbance generated by 

DCDHP in low concentrations (the 3M reaction).  

One possible reason to have such low conversions of CCA to DCDHP can be the fact that 

CCA used as a substrate is racemic. As it was already told, transketolase has a very high 

stereospecificity for the R enantiomer of chiral compounds, which means that, in principle, only R-CCA 

would be used by the enzyme. This means that, in practice, a 50mM CCA solution is indeed a 25mM 

solution, assuming that the CCA solution is constituted by half of each enantiomer, and this translates 

in the fact that the maximum theoretical yield becomes half. Together with the fact that CCA is already 

a bulky, non-natural substrate for transketolase, this further complicates its acceptance by the 

enzyme. Using higher concentrated CCA solutions is not an option because this compound will inhibit 

the enzyme (by forming Schiff bases with the side chains of the protein aminoacids) when present in 
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concentrations higher than 50 mM, as it was found in the work developed by Coward, 2012 [38], so a 

possible solution would be to use pure R-CCA as reaction substrate. 

Additionally, the low solubility of CCA is also an issue, which complicates its use by TK. Every 

substrate solution was prepared fresh and sonicated immediately before the reaction. This was done 

to try to improve enzyme access to CCA, by increasing the surface area between phases and 

consequently mass transfer between buffer solution and the aldehyde, due to rapid formation and 

collapse of gas bubbles caused by the ultrasounds in the sonication procedure [38]. After applying 

sonication, the solution changed from a transparent solution with CCA hydrophobic droplets to a 

homogenised and with a white, milky colour solution. However, it is not clear how much time this 

homogeneity of the substrate solution is maintained, and so it is possible that transketolase does not 

have full access to the CCA sometime after the start of the reaction.  

Solutions to overcome this insoluble characteristic should be developed in the future. 

Another aspect to have in consideration is the release of CO2 as the reaction proceeds. For 

larger scales reactions, automatic monitoring and controlling of pH is needed, but in principle for the 

small scale reactions carried in this work, the use of 50mM Tris-HCl buffer is  enough to keep pH 

constant and at the value 7. However, one must be careful, because when working in continuous 

mode, since CO2 cannot exit the reactor channels there is the risk of pH changes, as seen in the work 

performed by Lawrence et al. [35]. 

Regarding the different reaction rates obtained with the transketolase mutants and the wild 

type, they can be explained by the role of the mutated aminoacid residues: D469, S385 and R520. 

These are involved in enzyme-substrate interaction, mainly interacting with the phosphate and 

α-hydroxyl groups in the natural TK substrates. CCA is neither phosphorylated nor α-hydroxylated, 

and so these mutants were used, to try to change TK affinity towards CCA. It seems that D469T 

mutation provides good acceptability for CCA, which means that changing the aminoacid in position 

469 (involved in interaction with the substrate’s hydroxyl group) from an acidic aspartic acid residue to 

a less polar, uncharged threonine completely reverses specifity of TK from hydroxylated substrates to 

non-hydroxylated substrates, and, as seen with propionaldehyde, also improves TK affinity towards 

lipophilic substrates [45], [52]. As for the mutation in R520, which has a role in TK specificity to 

phosphorylated substrates, changing this residue from arginine to glutamine, improves affinity to CCA, 

which is non-phosphorylated, and additionally removes steric hindrance, allowing bulky substrates to 

be easily accepted by TK. However, it seems other interactions may occur, maybe because of the 

presence of another mutated residue (S385) because D469T appeared to be more active in the 

studied reaction than the triple mutant S385T/D469T/R520Q.  

 The referred interactions between D469, R520 and S385 to the transketolase natural 

substrate ribose-5-phosphate can be observed in Figure 28 (left image). Additionally, the active site of 

a D469T/R520Q transketolase mutant is depicted in the right image [57]. 
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Figure 28 – Computational docking of the active site of transketolase (TK). On the left, the crystal 
structure of cyclic ribose-5-phosphate (R5P) bounded to Wild Type transketolase active site is presented. 
On the right, the active site of the TK mutant D469T/R520Q can be seen.  Black dotted lines represent 
hydrogen bonds, and on the left image the relevant substrate characteristics are marked. This image was 
adapted from Payongsri et al. [57]. 

 
In her PhD thesis, Coward, 2012 studied D469T kinetics towards CCA. An apparent Km of  69 

mM was calculated [38]. This is a much higher value than the reported Km for WT TK to the natural 

substrates, such as xylulose-5-phosphate (Km=0.16 mM) and ribose-5-phosphate (Km=1.4 mM) [39], 

which also helps to explain with such low conversions were obtained.  

 

3.10 Secondary products analysis 

3.10.1 40% (v/v) enzyme lysate 

The marked peaks in Figure 16 (page 36) were the ones correspondent to the secondary 

products detected. Two peaks were analysed, one correspondent to a product at 11.2 minutes 

retention time, and the other one at 21 minutes retention time. Figure 29 shows the formation of the 

product with the retention time of 11.2 minutes. 

 

α-hydroxyl 

group 

Phosphate group 
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Figure 29 - Monitoring of the reaction progress by measuring the peak area increase at 11.2 
minutes, determined by HPLC. 4 reactions were studied, two using D469T mutant and two others using 
the triple mutant, 3M. For each mutant, one reaction was 50mM HPA and 50mM CCA, and the other one 
acted as a control reaction, since only 50mM HPA were present.  Initial reaction volume was 300μL. The 
results show that for all reactions there was a clear product formation, indicating that these mutants are 
able to synthetize products using only HPA. TPP concentration: 2.4mM; MgCl2 9.8 mM; 50mM Tris-HCl 
buffer, pH 7, 25ºC, 300 rpm. Data points represent average from triplicate experiments, and error bars the 
standard deviation associated, with 95% confidence interval. Enzyme concentrations in the reaction: 0.90 
mg/mL D469T TK; 0.77 mg/mL 3M TK. 

 

We can compare these peaks formation with the correspondent HPA depletion, shown in 

Figure 15 (page 35). The peak area keeps growing long after the HPA is completed depicted, as a 

sample taken at 24 hours reaction time indicated (results not shown) which indicates that this peak is 

probably due to degradation of some other compound present in the reaction, or even enzyme 

degradation. 

As for peak 21, it seems that its formation correlates with HPA depletion, more than peak 11.2, 

because a plateau starts to form, as it can be seen in Figure 30.  

 

Figure 30 - Monitoring of the reaction progress by measuring the peak area increase at 21 
minutes, determined by HPLC. 4 reactions were studied, two using D469T mutant and two others using 
the triple mutant, 3M. For each mutant, one reaction was 50mM HPA and 50mM CCA, and the other one 
acted as a control reaction, since only 50mM HPA were present.  Initial reaction volume was 300μL. The 
results show that for all reactions there was product formation. TPP concentration: 2.4mM; MgCl2 9.8 mM; 
50mM Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Data points represent average from triplicate experiments, and 
error bars the standard deviation associated, with 95% confidence interval. Enzyme concentrations in the 
reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. 
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3.10.2 Fed-Batch reaction 20mM HPA/40mM CCA 

The peaks corresponding to the secondary products formation in this experiment are related to 

the HPA consumption in Figure 18 (page 39), which the reader is advised to consult. In Figure 31, the 

peak area increase with time is depicted, for the product at 11.2 minutes retention time. 

 

Figure 31 - Monitoring of the reaction progress by measuring the peak area increase at 11.2 
minutes, determined by HPLC. 4 reactions were studied, two using D469T mutant and two others using 
the triple mutant, 3M. For each mutant, one reaction was in batch and the other one in fed-batch mode. All 
reactions initial concentrations were 20mM HPA and 40mM CCA. For the fed-batch reactions, 5 μL of a 
903mM HPA solution were added at 2.5 hours, and another 3.4μL at 4.5 hours. Batch reactions acted as a 
control, since the objective was to study the fed-batch reaction.  TPP concentration: 2.4mM; MgCl2 9.8 
mM; 50mM Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Initial reaction volume was 300μL. Enzyme 
concentrations in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. Data points represent average 
from triplicate experiments, and error bars the standard deviation associated, with 95% confidence 
interval. 

 

It is clear that product formation follows the rate of HPA consumption. When HPA is depleted 

from the reaction, the formation of this product ceases. Additionally, we can conclude that D469T can 

achieve higher levels of the product correspondent to this peak than the other transketolase mutant, 

3M. The peak increases after fed-batch addition, which means this product is produced because of 

HPA consumption. As for peak 21, its formation is shown in Figure 32. 
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Figure 32 - Monitoring of the reaction progress by measuring the peak area increase at 21 
minutes, determined by HPLC. 4 reactions were studied, two using D469T mutant and two others using 
the triple mutant, 3M. For each mutant, one reaction was in batch and the other one in fed-batch mode. All 
reactions initial concentrations were 20mM HPA and 40mM CCA. For the fed-batch reactions, 5 μL of a 
903mM HPA solution were added at 2.5 hours, and another 3.4μL at 4.5 hours. Batch reactions acted as a 
control, since the objective was to study the fed-batch reaction.  TPP concentration: 2.4mM; MgCl2 9.8 
mM; 50mM Tris-HCl buffer, pH 7, 25ºC, 300 rpm. Initial reaction volume was 300μL. Enzyme 
concentrations in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. Data points represent average 
from triplicate experiments, and error bars the standard deviation associated, with 95% confidence 
interval. 

 

Similarly to peak 11.2, there is product formation, which follows the rate of HPA consumption. 

When HPA is depleted from the reaction, the formation of this product ceases, and then the peak area 

kept increasing after HPA addition. For this peak, both mutants shown similar levels of product 

formed.  So, analysing again Figure 18, Figure 31 and Figure 32, it is possible that the higher HPA 

consumption rate shown by D469T is channelled to peak 11.2 formation, which also explains the 

higher peak areas obtained for this peak with D469T. 

After analysing the figures, it can be concluded that peak formation responds to fed-batch 

addition of HPA, so these peaks are products generated by HPA consumption or degradation. In 

contrast to what was found in the batch reactions, in this experiment both products achieved similar 

values of peak area. This is probably due to the sampling method, since samples in this experiment 

were diluted five times, instead of ten times, which was the case of the batch experiment. Since in 

batch mode such small peaks were obtained, by diluting less the sample, compounds in low 

concentration can be detected more accurately, and maybe this is why in this experiment both peaks 

reached similar area levels. 

 

3.10.3 Fed-Batch reaction 30mM HPA/40mM CCA 

In this section, secondary product formation for the second fed-batch reaction is presented. 

The reader is advised to see Figure 19 (page 40), in which HPA consumption in the same reaction as 

these products is presented. 

In Figure 33 the peak area increase with time is depicted, for the peak correspondent to the 

secondary product at 11.2 minutes retention time. 
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Figure 33 - Monitoring of the reaction progress by measuring the peak area increase at 11.2 
minutes, determined by HPLC. Reactions initial concentrations were 30mM HPA and 40mM CCA. 5 μL of a 
895mM HPA solution were added at 1.5 hours, and another 2.5μL at 3.5 hours.  TPP concentration: 
2.4mM; MgCl2 9.8 mM; 50mM Tris-HCl buffer, pH 7, 300 rpm, 25ºC. Initial reaction volume was 300μL. 
Enzyme concentrations in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. Data points represent 
average from triplicate experiments, and error bars the standard deviation associated, with 95% 
confidence interval.  
 

Similarly to the first fed-batch reaction, once again the peak area increase for this product is 

consistent with HPA depletion, further implying that it is originated from HPA. The two last samples are 

due to some error. Towards the end of the reaction, the volume becomes less, and maybe less 

sample volume was pipetted and the sample becomes more diluted. However, this sudden decrease 

in peak area was not verified in the other peak, whose formation is shown in Figure 34. 

 

Figure 34 - Monitoring of the reaction progress by measuring the peak area increase at 21 
minutes, determined by HPLC. Reactions initial concentrations were 30mM HPA and 40mM CCA. 5 μL of 
an 895mM HPA solution were added at 1.5 hours, and another 2.5μL at 3.5 hours.  TPP concentration: 
2.4mM; MgCl2 9.8 mM; 50mM Tris-HCl buffer, pH 7, 300 rpm, 25ºC. Initial reaction volume was 300μL. 
Enzyme concentrations in the reaction: 0.90 mg/mL D469T TK; 0.77 mg/mL 3M TK. Data points represent 
average from triplicate experiments, and error bars the standard deviation associated, with 95% 
confidence interval. 

 

As observed in the first fed-batch reaction and likewise to the other product, the rate of 

formation follows the rate of HPA consumption. For this peak, both mutants show similar profiles of 

product formation, and reach similar levels of peak area, as analysed by HPLC. However, one should 
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not discard the possibility that peak 11.2 would achieve higher areas, but this could not be confirmed 

due to the problem observed in the two last samples.  

This second fed-batch experience further confirmed the observations already concluded. 

Because the formation of these products follows HPA consumption, it is very likely they are secondary 

products originated by either HPA consumption by the mutants or HPA degradation, instead of being 

the desired DCDHP.  

 

3.10.4 Secondary products identification 

One of the objectives of the preparative scale batch reaction (section 3.8) was to obtain 

enough material for running analytical techniques which would allow isolation and identification of the 

secondary products obtained in the reaction. These analytical methods include NMR and Liquid 

Chromatography–Mass Spectrometry (LC-MS), for instance. Unfortunately, due to time constraints, 

this analysis was not done.  

However, some assumptions may be made. 

When Sigma researchers were able to synthetize DCDHP by an organocatalysis, they also got 

a secondary product. They were able to identify it, and came to the conclusion that it was a double 

addition product, originated from conversion of HPA to glycolaldehyde (GA) in situ and addition of the 

latter to DCDHP by transketolase. The formation of double addition products was previously reported 

for TK [55]. Our Sigma collaborators also suppose that dehydration reactions could occur, caused by 

the hydroxyl groups leaving DCDHP molecule [73]. The possible structures for these compounds are 

shown in Figure 35. 

 

Figure 35 – Possible structures of the secondary products detected on the HPLC. These 
structures are just an assumption, since purification and identification of secondary products was not 
done.  

 

With this in mind, it is possible that some of the spots identified in the TLC plate or in the 

HPLC (peaks 11.2 and 21 minutes retention time) could be the same products described by Sigma. It 

can also be any other product caused by HPA degradation by the mutant enzymes.  

If in fact one of the products is the double addition product, since it is a dihydroxyketone, it will 

also be detected in the colorimetric assay. So further work must be conducted, in order to be sure that 
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the product detected in the colorimetric assay is in fact DCDHP only, and every other compound 

possible detected by this method is removed before analysis.  

 

3.11 Mixing Studies 

In microfluidic channels, due to the reduced dimensions, fluids are characterized by laminar 

flow regime. Diffusion is the only way two streams inside a microchannel become mixed [2]. This is not 

enough if one wants to study a reaction inside the channels. Ideally, complete mixing of fluid 

components should happen in short times and using short channel lengths. This way, many strategies 

to induce advective flow have been described. They can be divided into two categories: active 

strategies, which rely in providing external energy to the system, and passive strategies. 

In the microreactor used in this work, a passive mixing strategy was used, based in 

introducing obstacles inside the channels.  In this case, and because it is known that groove shape is 

one of the most effective shapes to mix fluids [13], a set of grooves was machined into the “floor” of 

the channel[18]. These grooves are a modification, introduced by Ansari et al. [13], of the Staggered 

Herringbone Mixer (SHM) developed by Stroock, et al. [14]. 

A schematic diagram of the modified SHM machined in the channel is illustrated in Figure 36. 

 

 

Figure 36 – Schematic diagram of the Staggered Herringbone Mixer (SHM) introduced in the 
reactor channel to induce advective mixing. This image was obtained from Stroock, et al. [14]. 

 

The reactor used for this project is shown in Figure 37. It consists in two inlets, one for each 

solution. Solutions introduced in these inlets will flow through the channel, until reaching the 

T-junction, where they will start mixing. They continue to flow through the main channel, passing 

through the SHM and in the end the solution exits in the outlet. The reactor is made from poly(methyl 

methacrylate), PMMA, as also are the interconnect ports for connecting the inlet and outlet tubing and 

the reactor. In Figure 37, a real zoomed picture of the SHM structure is also shown.  
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To conduct the experiment, the solutions to be pumped through the reactor need to be loaded 

into plastic syringes. In the case of these mixture studies, the solutions are a methylene blue aqueous 

solution, and reversed osmosis purified (RO) water. In the case of a transketolase reaction, for 

instance, one of the syringes would contain the substrates solution (an aqueous solution of CCA and 

HPA) and the other inlet stream would be the enzyme and co-factor solution.  

Using a twin syringe pump drive, which accurately controls the flow, both solutions are 

pumped, at the same flowrate. Since there are two syringes, the total flowrate after the T-junction is 

twice the set up flow rate. The solutions go from the syringe to the tubing, and to the reactor inlets. 

Connectors were used to connect the syringes with the tubing, and the tubing with the interconnect 

ports in the reactor inputs and output. The solution then exits through the outlet, and goes to the waste 

beaker. A full set up is shown in Figure 38.  

Figure 37 - Microfluidic T-junction reactor used in this project. The reactor and the 
interconnect ports also showed are made of poly(methyl methacrylate), PMMA, and were 
made by a micromilling machine.  The channel dimensions are 0.5 mm (width)   89.5mm 

(length)  0.25 mm (depth). In the channel, a Staggered Herringbone Mixer (SHM) was also 
micromilled (zoomed below the reactor picture). The grooves are 100μm apart, and set at 

45
o
C to the direction of the flow.  
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When the reactor is used to follow a reaction progress, different flowrates need to be tested to 

get different residence times, in order to compare the continuous reaction to the batch one. For 

instance, the 5 minute sample in a batch reaction corresponds to a residence time of 5 minutes in a 

continuous reactor. Since the residence time is calculated dividing the reactor working volume by the 

volumetric flowrate, the reactor working volume needs to be known. In this reactor, the volume where 

reactions (or mixing) take place is the volume from the T-junction to the outlet. So both the reactor 

volume and the cylindrical outlet tubing length, diameter and volume need to be calculated or 

measured.  These values are summarised in Table 4. 

 

Table 4 – Reactor and tubing characteristics. The volume of the reactor and the outlet tubing 
diameter and length are presented, which allows calculating the total working volume of the system. The 
tubing used is cylindrical, so the volume can be easily calculated.  

Characteristics Value Dimensions 

Reactor volume 12 μL 

Tube internal diameter 0.8 mm 

Outlet tubing length 506 mm 

Outlet tubing volume 254 μL 

Total working volume 266 μL 

 

The mixture capacity of the reactor was investigated by loading one plastic syringe with the 

methylene blue solution, and the other one with RO water. Using a twin syringe pump drive, these 

solutions were pumped at a controlled flowrate through separate inlets, and after waiting two and a 

half times the residence time, five pictures were taken using a microcamera.  The first picture is at the 

T-junction, the starting point where the solutions start to mix. Then, three additional photographs were 

taken, at different points of the SHM: one comprising the solution before the SHM and the two first set 

of grooves; and two others to capture the grooves 3-8 and 9-14; finally, the fifth picture includes the 

last two grooves and the final (supposedly) mixed solution. A range of flowrates, from 10 to 400μL/min 

were tested. For each one, the syringe pump flowrate needed to achieve a total flowrate as required 

Syringe Pump   Inlet tubing    Connectors     Reactor   Camera    Outlet tubing                   Waste  

 Figure 38 - Full setup for a continuous microfluidic reaction or mixing study. 
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was calculated, as was the residence time associated to each flowrate and the waiting time (the time it 

took to achieve 2.5 times the residence time, in order words, the time it takes to pump through the 

system 2.5 times the working volume). These calculations are compiled in Table 5.  

 

Table 5 – Flowrates studied and the residence time and waiting time associated. To calculate 
these values the reactor working volume is needed, which was shown in Table 4.  

Syringe Flowrate 
(μL/min) 

Total Flow Rate 
(μL/min) 

Residence time 
(min) 

Waiting time 
(min) 

5 10 26.6 66.6 

10 20 13.3 33.3 

20 40 6.7 16.6 

25 50 5.3 13.3 

40 80 3.3 8.3 

50 100 2.7 6.7 

100 200 1.3 3.3 

150 300 0.9 2.2 

200 400 0.7 1.7 

 

In Figure 39, images that allow comparison of the efficiency of the SHM at low (40 μL/min) and 

high (400 μL/min) flowrates are shown. From that picture, it can be concluded that at low flow rates, 

the SHM is not needed to achieve efficient mixing of inlet solutions in the reactor, since the solutions 

were fully mixed before the SHM (image A). At these flowrates (up to 200 μL/min), the residence times 

are long enough to allow diffusion of molecules of both solutions across the width of the channel. As 

for high flowrates, as it can be seen in images D-F, only after passing through the SHM the solutions 

become fully mixed, which demonstrates that the SHM provides good mixing at high flowrates, thus 

validating its use to mix the enzyme and the substrates solution, which is the purpose of the reactor. 

This was already studied by O’Sullivan et al. [18]. 

 



61 
 

 

 

 

 

 

 

The way the SHM structure improves turbulence in the fluid, thus inducing mixing, is explained 

in the original article [14]. In Figure 40, an image from that article is shown. 

 

 

Figure 40 - Confocal micrographs of vertical cross sections of the channel, where it can be seen 
the fluid distribution. The injected fluids were two streams of a fluorescent solution (coloured as orange), 
near the walls, and a clear solution in the centre of the channel, as it can be seen in the blue square. This 
image was adapted from Stroock et al. [14]. 

 

As it can be seen in Figure 40, the SHM provides mixing by rotating the flow clockwise on the 

left side and anticlockwise on the right, causing the fluid at the centre to fold in on itself [15].  
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Figure 39 - Pictures taken to the reactor channel, using methylene blue solution and RO water. 
On the left, a low flowrate of 40 μL/min  was used. A) T-junction; B) SHM; C) after the SHM. As it can be 
seen in A, solutions were mixed before the SHM, which proves that at low flow rates, the SHM is not 
needed to have efficient mixing of inlet solutions in the reactor. On the right, a high flowrate of 400 
μL/min was used. D) T-junction; E) SHM; F) after the SHM. As it can be seen in the images, only after 
passing through the SHM the solutions become fully mixed, which demonstrates that the SHM 
provides good mixing at high flowrates.  
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 Another experiment was carried in order to estimate the reactor volume and the working 

volume (total volume from the T-junction to the waste beaker, which includes the outlet tubing). In this 

experiment, a timer was used to count the time it took the fluid to go from the T-junction to the end of 

the reactor, and the total time inside the outlet tubing. This was done for every flowrate, and then the 

respective volume can be calculated by simply multiplying the obtained time by the total flowrate. The 

values obtained are presented in Table 6.  

The fluids were timed by starting the clock when the fluid was in the starting point (either the 

T-junction or the reactor outlet) and stopping it when the fluid was in the respective end point (the 

reactor outlet and the outlet tubing end). This is a method subjected to some errors. The exact point 

where the structures start and end is not well defined, and subject to variability between the different 

flowrates tested. To try to minimise the errors, a methylene blue dye solution and RO water were 

used. This way, because of the blue solution, the moment when the fluids reached the meaningful 

points in the system could be known. Additionally, after changing the flow rate, the measurements 

were made only after waiting the time corresponding to 2.5 times the residence time, to be sure the 

flowrates were equilibrated. Moreover, after each experiment the system was purged with RO water in 

both syringes, to clean it from all blue dye which remained in the channel.  

 

Table 6 – Flowrates tested in the reactor and time it took the fluid to go from the T-junction to the 
reactor outlet, and total time inside outlet tubing. With these values, the reactor volume (excluding the 
volume before the T-junction), the outlet tubing volume and finally the total working volume (the sum of 
the two last values) were calculated.  

Flowrate/syringe 

(μL/min) 

Time from T-junction to 
reactor outlet  

(min) 

Total time inside 
outlet tubing 

(min) 

Reactor 
volume 

 (μL) 

Outlet 
tubing 
volume 

(μL) 

Working 
volume 

(μL) 

10 1.02 9.42 20 188 209 

20 0.58 4.47 23 179 202 

30 0.38 3.13 23 188 211 

50 0.22 1.88 22 188 210 

70 0.17 1.35 23 189 212 

100 0.12 0.93 23 187 210 

150 0.10 0.60 30 180 210 

Average  23 185 209 

 

As it can be seen in Table 6, the reactor volume determined is different from the volume 

previous mentioned in Table 4, which was the theoretical volume, having in mind that the channel 

dimensions from the T-junction to the outlet are:  0.5 mm (width)   89.5mm (length)  0.25 mm 

(depth). It is possible that some extra volume is provided by the grooves of the SHM. Additionally, 

systematic errors could have occurred, such as considering the starting and end points of the reactor 

volume different from the correct ones.  

The outlet tubing volume is also different than the value described in Table 4. This is because 

a new, shorter tubing was used, to reduce the waiting time before each time measurement (because a 

shorter outlet means a shorter total working volume, and thus a shorter residence time). The new 

tubing length was 395 mm, which means its volume is 198.5 μL. Having this in mind, one can notice 

that the sum of the theoretical reactor volume (12 μL) with the outlet tubing volume (198 μL) is 210 μL, 
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which is very close to the average obtained for the total working volume, as shown in Table 6. This 

may reinforce the possibility that the boundaries for the end of the reactor channel and the beginning 

of the outlet tubing were not correctly established.  

 

3.11.1 Reynolds number calculation 

The Reynolds number was also calculated for the lowest and the highest flowrates used, to 

confirm the flow was always laminar. To do this, Equation 2 was used. In this equation, Dh is the 

hydraulic diameter (m), v the fluid velocity (m.s
-1

)    the fluid density (kg.m
-3

) and μ the dynamic 

viscosity (Pa.s).  

 

    
      

 
            

Equation 2 
 

 

For Reynolds calculation,   and μ were assumed to be the values for water at 20
o
C, which are 

respectively 998 kg.m
-3 

and 1.002 10
-3

 Pa.s. The hydraulic diameter is defined as “four times the 

cross-sectional area divided by the wetted perimeter” [4]. Assuming the channel is squared, Dh can be 

calculated by Equation 3, in which w is the width of the channel (0.5 mm) and d its depth (0.25 mm). 

 

                    
     

     
 

Equation 3 
 

 

The Reynolds numbers determined are presented in Table 7, along with other variables 

needed for its calculation. 

 

Table 7 - Reynolds number in the reactor channel for the flowrates of 10 and 400 μL/min, along 
with other variables needed for Reynolds calculation. 

Variable Value Dimensions 

A=w   1.25 10
-7

 m
2
 

P=2w+2d 1.50 10
-3

 m 

Dh=4*A/P 3.33 10
-4

 m 

ρ 998 kgm
-3

 

μ 1.002 10
-3

 Pa.s 

Velocity for the minimum 
flowrate 

1.33 10
-3

 ms
-1

 

Velocity for the maximum 
flowrate 

5.33 10
-2

 ms
-1

 

Re for the minimum flowrate 0.44  

Re for the maximum flowrate 17.71  

 

As expected, Reynolds numbers are always much smaller than 2100, the value defined as the 

limit for laminar flow. They lay between the value of 0.44 and 17.71 for the flowrates tested. 
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4. Conclusions 

This was a very challenging project, with many difficulties attached to it and still some distance 

away from its final objective. Nevertheless, we can say that significant progress was made in the 

several steps needed to create the continuous two step chemo-enzymatic reactor. If we look again to 

the objectives stated on section 1.5.2, we can see that this project was divided into four main steps: 

1. develop a method to analyse the enzymatic reaction progress; 2. optimize and characterize the 

enzymatic reaction conditions in microscale, both in batch mode and continuous mode (in a 

microfluidic reactor); 3. reproduce the work done by Sigma, regarding the chemical reaction in a 

microfluidic continuous reactor; 4. couple both reactions together. 

Regarding the method of analysis, it was found that the extensively used HPLC method for 

monitoring transketolase (TK) reaction progress is of no use for this enzymatic reaction, because 

neither the studied reagent 3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA) nor the reaction 

product 1-(3',4'-dimethyl-3-cyclohexen-1-yl)-1,3-dihydroxypropan-2-one (DCDHP) could be detected. 

The reaction progress could be monitored by following the consumption of the other reagent, lithium 

β-hydroxypyruvate (HPA), but this is inefficient due to the fact that the enzymes used have the ability 

to degrade HPA, synthesizing secondary compounds, which means that not all of the HPA consumed 

will be converted to DCDHP. These secondary products are generated by transketolase mutants, and 

it is not clear whether these are only related to HPA degradation by the enzymes, or if they are also 

originated by the degradation of other compound present in the reaction medium (from the co-factor 

solution or the lysate, for example). It is concluded that the HPLC method is not a good analytical 

method to study this reaction, due to the large amounts of peaks formed, none of them being our 

product. Nonetheless, it is still the best method to follow HPA consumption in the reaction, so the best 

thing is to use this method with that purpose, and a complementary method for monitoring DCDHP 

reaction progress. Regarding the secondary products, its preparative scale preparation was done, but 

purification was not carried on, and so no full characterisation was achieved. However, it is thought 

that one of them is a product resulting of the addition of glycolaldehyde (formed by HPA 

decarboxylation) to DCDHP. Another option could be a product originated from the dehydration of 

DCDHP. 

An alternative method to detect DCDHP was then investigated: a colorimetric assay, initially 

developed for screening of transketolase mutants, but adapted for our purposes.  This method proved 

to be useful for DCDHP monitoring, although higher sensitivities need to be achieved for quantitative 

purposes. But the method is good for qualitative analysis, and we were able to find that D469T is the 

mutant that converts more CCA and HPA to DCDHP, followed by 3M. WT does not produce this 

compound. It was found that it is better to take high sample volumes (50μL) and dilute them less (4 

times instead of 20, as initially tried), due to the less sensitivity when reading absorbance at 450nm 

and the low DCDHP concentration present in the sample. 

Additionally, both the CCA and DCDHP were chemically synthetized and characterized, 

regarding their absorbance spectra and solubility in the aqueous buffer used, 50mM Tris-HCl pH 7. 

The extinction coefficient at 210 nm was also calculated for both compounds. Regarding solubility, 

aqueous solutions of CCA up to 50 mM could be prepared, a much larger value than DCDHP, which 
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solubility limit was around 2.5mM. To temporary improve CCA homogeneity in the substrate solution, it 

was found that sonication was helpful. However, this was not the case for DCDHP, since even when 

using ultrasounds to dissolve this compound, total dissolution was hard to achieve. As for the 

extinction coefficient at 210 nm, a value of (2.3 ± 0.9) mM
-1

cm
-1

 was obtained for CCA, whilst for 

DCDHP the value was (1.7±0.3) mM
-1

cm
-1

. A calibration curve for the formazane product obtained 

after the reaction between DCDHP and TPTC has also been done for the colorimetric assay, and 

good linearity observed, although the method has less sensitivity comparing with the original assay, 

involving absorbance readings at 485 nm. Nevertheless, concentrations as low as 0.08mM could be 

detected, as seen in Figure 25.  

For the enzymatic reaction optimization, it was decided to start in batch mode, and only when 

the results in this mode were satisfactory the continuous mode would be tried, in a microfluidic reactor. 

But the optimization in batch mode proved difficult, due to the fact that CCA is not a natural TK 

substrate, and because we did not have a pure DCDHP sample until late in the project. This meant 

that when studying the reaction in the HPLC, it was difficult to formally identify our product peaks.  

Nevertheless, we found some good conditions that should be used when studying this 

reaction: a high enzyme concentration (40% v/v, corresponding to approximately 0.75 mg/mL TK) was 

needed and also initial concentrations of CCA in the reaction not higher than 40mM, due to its low 

aqueous solubility. As for HPA concentration, it is not sure which mode should be adopted for feeding 

it into solution. Batch mode appeared to provide a good DCDHP formation, but this was the only mode 

tried using the colorimetric assay.  To have an accurate comparison, a reaction using fed-batch mode 

has to be performed and monitored with the colorimetric assay. 

 From the mutants, D469T achieved higher yields of DCDHP formation, revealing itself as the 

best performing mutant for this reaction using a bulky, non-phosphorylated and non-hydroxylated 

substrate. But much work has yet to be done in this field, to try to optimize the reaction using this 

mutant and getting as far as possible towards the ideal objective of full conversion of CCA. By analysis 

of the batch reactions monitored by the colorimetric assay, it was estimated that D469T achieved 

15-25% yields, whilst 3M got approximately 5-15%.  

Purified transketolase enzymes were also tested and compared with clarified lysate, but no 

reaction was observed. This may have been due to low enzyme concentrations in the reaction 

(because the enzyme was too diluted in the pure solutions) or the fact that some error occurred during 

the purification procedure, inactivating the enzyme. Nevertheless, in previous reported works and in 

works in progress in UCL Biochemical Engineering laboratories, the use of clarified lysate is common 

and usually good results are obtained.  

It was also found that overexpression of TK variants was different for all enzymes studied. 

This difference was not very significant for both mutants, but the values for wild type were lower, which 

translates in different TK concentrations in the lysate for the different enzyme types tested. This 

should be considered in the future, so that the same enzyme concentration is present in the reactions 

containing WT TK or a TK mutant. A solution would be, for instance, to alter the sonication procedure 

for WT TK: instead of adding 2 mL buffer, less volume can be added, this way concentrating the 

enzyme.   
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Regarding the continuous flow reaction, it was not possible to test this reaction in the 

microfluidic reactor. However, one microfluidic reactor possible capable of performing this reaction 

was presented and characterised. Its mixing capabilities were studied, and it was concluded that the 

reactor was effective in providing good mixing, both at low and high flowrates, due to the machining of 

a mixing structure called Staggered Herringbone Mixer, SHM. This reactor has proved useful for 

studying other TK catalysed reactions, such as the reaction between glycolaldehyde and HPA, as 

seen in the work of O’Sullivan et al. [18] and myself in this thesis (results not shown), so it is a good 

candidate for this reaction as well.  

As for the chemical reaction, this specific Diels-Alder reaction, producing CCA, was performed 

and characterized before by Sigma in a microfluidic glass reactor, in an aqueous phase. The aim for 

this project is to reproduce the reaction they got, and after characterising the enzymatic reaction, and 

make any necessary adjustments to both reactions (such as alter reaction conditions, the flow rate or 

even the reactor configuration/design) couple both reactions together and achieve the final objective of 

producing a high-throughput continuous-flow system for chemo-enzymatic synthesis of chiral 

metabolites.  

In conclusion, although all the initial objectives were not achieved, the project is left with the 

ground laid down, ready to be used by the next researcher, who will achieve easier and faster the 

microfluidic chemo-enzymatic reactor.  
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5. Future Work 

In order to fulfil the final aim of this project, some work has yet to be carried.  

First, the colorimetric assay must be optimized. This method seems promising, but some 

changes to the protocol need to be tested, such as the sampling volume for instance. Additionally, the 

use of absorbance at 485nm instead of 450 would be a surplus, since it is the maximum wavelength 

for the product formed in the assay, which will allow detecting DCDHP with more sensitivity.   

Regarding the enzymatic reaction itself, this is a reaction using a non-natural, bulky, 

hydrophobic transketolase (TK) substrate. Some TK mutants were tested and their performance 

compared to wild type (WT) TK. However, other transketolase mutants are available, and one should 

consider the possibility to use other mutants, to assess if one of them performs better than D469T, the 

best of the mutants tested. With the high throughput screening techniques available, many mutants 

can be tested simultaneously and with relatively low cost, since the reactions will occur in micro scale. 

Further tests comparing TK performance when pure or in the lysate form should also be done. Finally, 

when moving to continuous mode, enzyme immobilization should also be considered, in order to 

promote TK stability during longer times. This immobilization could be similar to the one done by 

Matosevic et al., using the enzyme histidine tag [19], [20]. 

The substrate tested is, as mentioned before, very hydrophobic. Further tests can be 

performed regarding CCA solubility and finding if it is possible to improve this property. In this thesis, 

the technique used was sonication, which temporary improves homogeneity of the CCA and HPA 

solutions used as substrates. However, other techniques can be tested, such as stirring, use of higher 

temperatures and co-solvent addition. Ethyl acetate has been used before, and the reaction yield was 

improved [38]. Dimethyl sulfoxide (DMSO) was also suggested [73]. The use of a co-solvent is an 

option, but the enzyme compatibility with the chosen organic solvent must be tested. Additionally, one 

should not forget that the final objective of this project is to perform the reactions in microfluidic 

reactors, so the reactor compatibility with organic solvents needs to be tested.  The reactor designed 

for this project is made from PMMA, which is a material not resistant to organic solvents. However, the 

Diels-Alder reaction optimised in microfluidic scale by Sigma was done in a glass reactor, which is a 

material with medium-high stability against organic solvents [33], so if the organic solvent pathway is 

chosen, this reactor may be useful for the enzymatic reaction as well. Additionally, the PMMA reactor 

has not been tested with the enzymatic reaction. Although other aldehyde reactions have been 

performed successfully (such as the HPA/glycolaldehyde), it is not known if the CCA would react or 

adhere to the reactor channels, so this has also to be tested. At the same time, experiments to find if 

transketolase is inhibited by CCA should also be done. 

Still in the substrate topic, as it was already stated, CCA is a chiral compound, and TK a highly 

stereospecific enzyme, as shown, among others, in [45], [47], [50]–[52]. This way, an improvement in 

the reaction yield could be obtained if the pure enantiomer of CCA that TK prefers is used. Instead 

using for instance a 40mM racemic CCA solution, from which TK can only consume roughly half 

(corresponding to the preferred enantiomer) and convert  it to DCDHP, a solution of 40mM 

enantiomeric pure CCA could be used, theoretically doubling the DCDHP formation. So first TK 

stereospecificity has to be measured, using for instance a gas-chromatography (GC) method. One can 
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use the racemic CCA in the reaction, and monitor reaction progress using GC. This method allows 

separating different enantiomers of a mixture, and this way the peak obtained for the consumed 

enantiomer would decrease as the reaction progresses. After determining which enantiomer the TK 

mutant used prefers, CCA racemic mixtures would be purified and the pure enantiomer used. A GC 

method for separation of the two CCA enantiomers has been developed by our Sigma collaborators, 

and an example chromatogram is shown in Figure 41. 

 

Figure 41- Gas-chromatography chromatogram depicting CCA enantiomers separation.  

 

Besides substrate inhibition, product inhibition may also be an issue, so studies about this 

matter must also be performed. In case it is found that transketolase is inhibited by DCDHP, then 

solutions such as in situ product removal have to be performed, by using for example filtration 

membranes, a work previously done in the microfluidics group [18]. Phenylboronic acid could also be 

an option, because of its affinity towards compounds containing diol groups. Finally, DCDHP can also 

be removed from the reaction by converting it to another compound of interest. The transaminase 

reaction coupled with transketolase could be an option. This way, DCDHP would be converted directly 

into the corresponding 1,3-aminodiol, and at the same time be removed from the reaction, without the 

need for an intermediary purification. Finally, another possible option could be not to remove DCDHP 

from reaction medium, but to use a fed-batch approach to feed fresh TK, incubated with the co-factors 

previously, into the reaction when activity starts to decrease, this way being able to keep using any 

CCA still present in the reaction.  

As stated in the conclusions section, the fed-batch mode has to be tested too, in order to study 

its impact on DCDHP production. After the fed-batch mode tests, if this mode proves better than 

batch, when one moves to the continuous mode, the multi-input reactor (MIR) develop by Lawrence et 

al. can be tested with this reaction, since it proved successful for fed-batch mode for the erythrulose 

producing TK catalysed reaction [35].  
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As for the final aim of this project, a chemoenzymatic synthesis in the microfluidic reactors, 

some work has still to be done before coupling both reactions together. First, it is very important to test 

TK ability to perform if the Diels-Alder reagents are present in the medium, in case the chemical 

reaction does not achieve total conversion. Another option is to proceed to a separation before the 

enzymatic step, but the ideal situation would be total conversion in the first reactor. Moreover, other 

conditions can be tested: for instance the temperature used for the enzymatic reaction, which can be 

adapted to match the high temperature in which the Diels-Alder reaction is performed. Indeed, 

Jahromi et al. found that TK performance could improve at higher temperatures [40]. 

In this thesis, it was found that TK mutants used are able to degrade HPA, synthetizing 

secondary products. It is also important to isolate and identify these products, using for instance thick 

plate chromatography for isolation and analytical methods such as GC, liquid chromatography coupled 

with mass spectrometry (LC-MS) and NMR for identification. Once identified, methods to counteract 

their formation would be developed.  

Finally, the stereoconformation of the final DCDHP produced by transketolase has to be 

determined by using for instance a chiral HPLC technique, since the aim of the project is to produce 

an enantiomeric pure compound. DCDHP has 2 chiral centers, which can be seen in Figure 42, so a 

maximum of 4 different products could be obtained. If the TK stereospecificity and stereoselectivity is 

the same as observed before, then the product originated would be the one represented in Figure 42. 

 

Figure 42 – Theoretical DCDHP product generated by transketolase, if the mutants used maintain 
their stereospecificity for R enantiomer and stereoselectivity for the S-enantiomer product. 
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7. Appendices 

A. CCA synthesis 

Due to problems with the CCA supply from Sigma, it was decided to chemically synthetize 

CCA in house. Following the method described by Snyder et al [74], approximately 1.2 mL of 

2,3-dimethyl-1,3-butadiene (1.20g, 14.64 mmol) and 1 mL of acrolein (1.06g, 18.9 mmol) were mixed  

in a sealed pressure tube under nitrogen and immersed in an water bath (Grant) at 60
o
C. The reaction 

was left to proceed for 28 hours. Samples were taken at 0, 4.5, 21.5 and 28.5 hours, and prepared for 

1
H NMR analysis. 

To calculate CCA molar percentage, the CCA integrated peak height in the NMR samples is 

divided by the butadiene amount present in the beginning of the reaction. The CCA integrated peak 

height is obtained from the peak at 2.45 ppm. The unreacted butadiene is measured dividing the 

integrated peak height at 5 ppm by two, since it is a doublet. Then, to have the initial butadiene 

present in the reaction, the last value is summed to the CCA integrated peak, since all CCA was 

originated from butadiene. Equation 4 can help to understand these calculations. P represents the 

“integrated peak height”. 

 

         
    

     
          

 

            
Equation 4 

 

 

Figure 43 shows part of a NMR spectrum obtained, depicting the relevant peaks and the 

chemical compounds structures, and it aids to understand the methodology used.  

 

 

Figure 43 – Peaks correspondent to the reagent 2,3-dimethyl-1,3-butadiene and the product 
3,4-dimethyl-3-cyclohexene-1-carboxaldehyde (CCA). As the reaction proceeds, the doublet peak from the 
butadiene (depicted in blue) decreases, whilst the multiplet peak in the CCA (coloured in red) increases. 
This image was adapted from the NMR sample at 4.5 hours, Figure 45. 
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The values for the calculated molar percentage of CCA are presented in Table 8. 

 

Table 8 – Values obtained for the reagent (2,3-dimethyl-1,3-butadiene) and product (CCA) 
integrated peak heights for the different time samples taken, and correspondent CCA molar percentage.   

Time 

(h) 

Butadiene peak height, at 5 ppm 

(mm) 

CCA peak height, at 2.45 ppm 

(mm) 

% mol 

CCA 

0 Only butadiene seen 0 

4.5 23 8.5 43 

21.5 2 10 91 

28.5 1 10 95 

 

 

Figure 44 to Figure 46 show the NMR spectrum obtained for 3 of the 4 samples taken. Figure 

47 shows the spectrum obtained after CCA purification, comprovating that CCA is pure enough to be 

used for experiments.  

 

Figure 44 – NMR spectrum for the Diels-Alder producing reaction of CCA, at 0 hours reaction time 
for NMR analysis. The peak correspondent to butadiene is highlighted with a blue circle. 
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Figure 45 - NMR spectrum for the Diels-Alder producing reaction of CCA, at 4.5 hours reaction 

time. The same conditions of Figure 44 were used for NMR analysis. The peak correspondent to 
butadiene is highlighted with a blue circle, whilst the peak for CCA is highlighted with a red one.  

 

 

Figure 46 - NMR spectrum for the Diels-Alder producing reaction of CCA, at 21.5 hours reaction 
time. The same conditions of Figure 44 were used for NMR analysis. The peak correspondent to 
butadiene is highlighted with a blue circle, whilst the peak for CCA is highlighted with a red one. 

 

B. CCA Purification 

After the reaction time, the pressure tube was emptied to a previously weighted round bottom 

flask. The pressure tube was rinsed with approximately 5mL dichloromethane (Sigma-Aldrich) and this 
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solvent transferred to the round bottom flask. The solvent was evaporated to constant weight using a 

rotavapor (Büchi R-114), the material recovered as a colourless oil and the flask was weighted again. 

A total of 1.474 g of product was obtained. Since acrolein and 2,3-dimethyl-1,3-butadiene were 

evaporated, it was assumed that all that weight is due to reaction product. CCA molecular weight is 

138 g.mol
-1

, which corresponds to 10.68 mmol. The total amount of the limiting reagent, 

2,3-dimethyl-1,3-butadiene, was 14.64 mmol, which means the approximate product yield was 72.9%. 

 

Figure 47 - NMR spectrum for the Diels-Alder producing reaction of CCA, after evaporation of the 
solvents. Only CCA is detected (red circle). The same conditions of Figure 44 were used for NMR 
analysis.  

 

C. DCDHP synthesis 

For DCDHP synthesis, the protocol followed was based on the one described by Coward [38]. 

It uses N-methylmorpholine as a catalyst to the biomimetic reaction between HPA and CCA [65].  

198 mg HPA (1.5 mmol) were dissolved in 30mL RO water, at room temperature in a 100mL 

round bottom flask. Then, 207 mg (3mmol) CCA were added, together with 0.168mL 

N-methylmorpholine (3 mmol). The reaction was stirred at room temperature for 47 hours.  

 

D. DCDHP Purification 

After the reaction time, the solvent was evaporated in vacuum, using a rotavapor (Büchi 

R-114). The product was obtained as a yellow oil, with solid particles.  

A sample was dissolved with dichloromethane, loaded into a TLC plate and analysed as 

described in section 2.5.5.2, to assess the presence of DCDHP in the crude material. This compound 

Rf was known to be 0.49, when using the equivolumetric mixture of ethyl acetate and hexane. Rf is the 

fraction of the distance a certain compound travels through the TLC plate, relative to the total distance 

travelled by the mobile phase. Since spots were detected with similar Rf close to 0.49, purification was 
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carried, using a silica flash chromatography. A chromatographic column was used for this purpose, 

and loaded with different layers of sand and silica gel (silica gel 60, 0.063-0.200mm, Merck), as shown 

in Figure 48. Sand was used to separate the different layers, and in the case of the first layer, to 

prevent disturbance of the top silica layer, which contained the crude material. The crude material was 

mixed with silica gel and dichloromethane, and then this mixture was evaporated, leaving all the 

compounds adsorbed on silica. The column was equilibrated with hexane, and the chromatography 

started. 

 

                                                  

Figure 48 – Chromatographic column setup. 

 

Initially the mobile phase consisted in hexane. Gradually, the polarity of the mobile phase was 

increased, by changing the ethyl acetate fraction in to the solvent mixture. The fractions used were 

15:1 (hexane:ethyl acetate), 10:1, 7:1, 5:1. After that, a mobile phase consisting in ethyl acetate only 

was used. During all the experiment, fractions were collected in Falcon tubes, and some samples from 

each fraction were evaporated under vacuum, mixed with dichloromethane and analysed in TLC 

plates as described in section 2.5.5.2, to assess DCDHP isolation. Some of the TLC plates had spots 

with Rf close to 0.49, which may have been DCDHP. However, due to time and equipment 

constraints, no further purification was carried on.  
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