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Towards the automated high-throughput characterization of immobilized enzymes 
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Department of Biochemical Engineering, University College of London, UK; Instituto Superior Técnico, Portugal 

 
Here we propose an automated high-throughput technique that allows quick and thorough 
characterization of the effects on the activity of immobilized 6xHis-tag enzymes using magnetic beads 
as a support in different reaction conditions. The enzyme used was E. coli transketolase (TK) (pQR412). 
The adopted immobilization technique made use of Ni-NTA magnetic agarose beads. It was tested and 
characterized regarding the amount of TK immobilized after incubation with the magnetic beads as well 
the biocatalyst distribution during the various immobilization steps. Afterwards the immobilization 
technique was used in manually conducted experiments aimed at determining the most appropriate 
buffer and the optimal biocatalyst amount. Tris-HCl proved to be the optimal buffer tested while a 1:5 
(v/v) ratio of bead/TK solutions proved optimal. Finally, this technique was implemented and optimized 
in an automated robotic platform. After succeeding obtaining activity in automated runs, a comparison 
between automatically and manually immobilized TK activities was made. A considerable difference 
between both results was verified and the possible reasons for this explored. A competitive/inhibitory 
effect of Imidazole was the most coherent hypothesis raised to explain these discrepancies. 
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Introduction 
 
 The high stereo- and regio-selectivity and 
mild reaction conditions are increasingly making 
biocatalysts an excellent choice for the 
production of chiral pharmaceutical intermediates 
of high value (Lye, G. et al., 2003). These 
compounds are in high demand for industrial 
preparation of bulk drugs, given the differences in 
pharmacological properties of two enantiomers. 
Also, current regulatory rules demand for full 
characterization of each enantiomer of a chiral 
drug before approval. Since these compounds 
are often produced by chemical synthesis, they 
require downstream resolution of racemates 
(Kostyanovsky, R. et al., 2000). 
 In contrast, biocatalysts have the ability to 
generate amino alcohols with multiple chiral 
centers from achiral substrates. Their efficiency 
avoids protection/ deprotection steps commonly 
used in organic synthesis, harsh conditions such 
as pH and temperature that can produce by-
products. Moreover the routine techniques to 
overexpress a protein have brought biocatalyst 
costs down to comparable or even lower than 
their chiral chemical counterparts (Rozzell, J., 
1999). Moreover biocatalysts can easily be 
engineered to include a polyhistidine tail that 
allows practical and rapid immobilizations. 
 Nevertheless, existing techniques to develop 
and screen biocatalysts for a particular 
conversion are often made at the liter scale (Lilly, 
M. et al., 1996), requiring large amounts of time 
and expensive substrates and materials (Lye, G. 
et al., 2003). To increase competitiveness of 
biocatalysis, new strategies that can quickly cope 
with large libraries of biocatalysts are required. 
Microlitre scale approaches with automated 
experimentation are possible answers for this 
problem and have already been strongly applied 
by the industry (Lye, G. et al., 2003). Lye, G. et 
al. (2002) have highlighted the advantages of this 
approach: the evaluation of larger biocatalyst 
libraries in shorter periods of time; reduction in 
the required substrate amounts; rapid generation 
of process design and economic data; the 

potential to operate whole processes in the same 
format (microwells) and faster scale-up from 
discovery to pilot plant. 
 High-throughput screening techniques using 
microwell formats and laboratory automation 
have been intensively developed. The microwell 
plates serve as a standardized multiple reactor 
platforms, which allow integration with analytical 
equipment and robotic platforms. There are 
several configurations, materials, geometries, 
shaking options and modifications available to 
respond to different needs. They combine 
flexibility with standardization hence, as long as 
there are good mixing conditions (Matosevic, et 
al., 2008), they are a powerful high-throughput 
system for kinetic studies predictive of large-scale 
behavior. Once the microwell procedure has 
been established, it is often possible to automate 
it. There are several commercially available 
liquid-handling robots reviewed elsewhere (Lye, 
G. et al., 2003). Here the Tecan Genesis 

Workstation was the robotic platform used. It is 
able to integrate / automate a range of functions 
and includes 8 pipetting heads in a robotic arm 
and a rotational robotic gripper on another. 
 A particularly interesting compound for 
several pharmaceutical syntheses is a single 
diastereoisomer of 2-amino-1,3,4-butanetriol 
(ABT). A possible biocatalysed synthesis involves 
the use of two enzymes (Ingram, C., et al., 2007): 

E. coli transketolase (TK), that converts achiral β-

Hydroxypyruvate (β-HPA) and Glycolaldehyde 
(GA) into L-Erythrulose (Ery), and a transaminase 
(TAm) from Chromobacterium violaceum 
(Kaulmann, U., et al., 2007), that transfers an 

amino group from S-(α)-Methylbenzylamine 
(MBA) to Ery, originating ABT (Figure 1), as 
reviewed by Chen et al. (2007). 
 Therefore given the importance and 
extensive ‘in house’ knowledge of these two key 
enzymes, TK and TAm are excellent candidates 
as biocatalysts for testing the development of a 
new automated immobilization technique. 
Moreover, they have already been engineered to 
include a polyhistidine tail (pQR412 & pQR801). 
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Figure 1: Coupled reaction between transketolase and 

transaminase. β-HPA and GA are converted to CO2 and 
L-erythrulose by TK in the presence of TPP and Mg

2+
. 

An amine group from S-(α)-Methylbenzylamine (MBA) 
can than be transferred to L-erythrulose by TAm, 

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

 
 Given its stability and ease of use, E. coli TK 
was selected as the biocatalyst for this work. TK 
is involved in a number of catabolic and anabolic 
processes in E. coli, namely in the Calvin cycle. 
More specifically, it catalyses the reversible 
synthesis of sedoheptulose-7-P and 
glyceraldehyde-3-P through carbon-carbon bond 
formation. Apart from these naturally occurring 
reactions, this TK is also able to catalyze the 
mentioned L-Erythrulose synthesis (Figure 2). 
 

 
Figure 2: Target reaction: TK catalyzed carbon transfer 

between β-HPA and GA, producing L-erythrulose and 
releasing CO2, making the reaction irreversible. 

 

 The use of β-HPA in this reaction has the 
effect of making it irreversible, due to the 
production and release of CO2, which leads to 
higher yields. In addition, the feasibility of large-
scale production (1000 l) of this enzyme has 
been demonstrated by Hobbs et al. (1996). 
 

Materials and methods 
 

Materials 
 
 Molecular biology enzymes were obtained 
from New England Bio-Laboratories (NEB, 
Hitchin, UK). Molecular biology markers were 
obtained from Novex (Invitrogen brand, Paisley, 
UK) and BioRad (Hertfordshire, UK). 
Commercially competent E. coli cells (BL21gold 
(DE3)) were obtained from Stratagene 
(Amsterdam, NL). Ni-NTA Magnetic Agarose 
beads were obtained from Qiagen (West Sussex, 
UK). SDS-PAGE chemicals were obtained from 

National Diagnostics (Yorkshire, UK). β-HPA was 
synthesized ‘in house’ from the reaction between 
LiOH with 3-bromopyruvic acid. Growth culture 
media and all other reagents were obtained from 
Sigma-Aldrich (Gillingham, UK) unless otherwise 

stated. Water was purified through a Millipore 

reverse osmosis unit to 15MΩ.cm resistance. 
 

E.coli BL21 (DE3) cell culture 
 

 E. coli BL21gold (DE3) containing the 
plasmid pQR412, was stored in glycerol stocks 
(50% v/v broth, 25% v/v water, 25% v/v glycerol) 
at -80 ºC. After room temperature thawing, the 
stocks were used to streak LB-agar plates 
containing 150 mg.l

-1
 of ampicilin for growth 

selection. Overnight growth was conducted at 37 
ºC in a static incubator. 
 After inoculating a single colony from the 
plate in 20 ml of sterile LB-glycerol (ampicilin 
supplemented) media using a 250 ml flask, the 
overnight seed fermentation was carried out at 37 
ºC with orbital shaking at 200 rpm and 50 mm (SI 
50 orbital shaker, Stuart Scientific, Redhill, UK) 
for approximately 14 hours. 
 Final fermentation scale was 100 ml in a 1 L 
shake flask with 10% v/v overnight inoculum. 
Growth was carried out in the same conditions 
(37 

o
C, 200rpm, 50 mm) for approximately 8 

hours, until the cells reached stationary phase. 
The optical density (OD) of liquid cultures was 
measured by absorbance at 600 nm using a 

Unicam (Cambridge, UK) UV2 UV/vis 
spectrometer. The broth was stored at -20 ºC 
prior to purification, usually in the following day. 
 

TK (pQR412) Purification 
 
 Cell lysates were obtained from the broth by 
10 min centrifugation at 5000 rpm, followed by 
resuspension in binding buffer (500 mM NaCl, 20 
mM Tris-HCl, 5 mM Imidazole; pH 7.3) and 

sonication using 7 cycles of 20 seconds 9 µm 
pulses and 20 seconds intervals in a Soniprep 
150 sonicator (MSE, Sanyo, Japan). The cell 
fragments were separated by 10 min of 
centrifugation at 5000 rpm. The supernatant was 

recovered and filtered using a 0.2 µm Whatman 
filter (Maidstone, UK). Purification of TK was 
achieved using His•bind

®
 quick 900 cartridges 

(EMD Biosciences, Darmstadt, Germany). These 
cartridges are packed with a pre-charged large-
diameter cellulose matrix with tethered Ni

2+
 

complex immobilized in NTA. The cartridges were 
equilibrated with binding buffer, after which the 
cell extract was loaded with one step of 
recirculation. The same buffer was used to wash 
the cartridge. TK was then eluted using strip 
buffer (1 M Imidazole, 500 mM NaCl, 20 mM Tris-
HCl, pH 7.0). This buffer was exchanged 
overnight using a dialysis membrane to 50 mM 
Tris-HCl (pH 7.0). 
 

SDS-PAGE analysis of protein 
expression and protein quantification 

 
 To confirm the presence of the purified 
enzyme and the protein expression profile of the 
lysates obtained after sonication, the SDS-PAGE 
technique was used. The gels were manually 
prepared with a 7.5% / 4% (running/stacking) 
acrylamide concentration in a Mini-protean II 
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system (BioRad Laboratories, Inc., Hemel 
Hempstead, UK). Running samples were 
prepared by mixing 50/50 % (v/v) of sample and 
2x Laemmli buffer. Gel staining was performed 
with 0.05% coomassie brilliant blue solutions. 
After thorough destaining, the gels were 
visualized and analysed on a Gel-Doc-it 
bioimaging system with labworks software (4.5 
edition), (Bioimaging systems, Cambridge, UK). 
 The concentration of the protein after 
dialysis was determined by measuring UV 
absorbance at 280 nm against a blank of 50 mM 
Tris-HCl buffer, assuming a molecular weight of 
72260.82 g.mol

-1
 and an extinction coefficient of 

93905 M
-1

cm
-1

 for transketolase (Pace et al., 
1995). 
 

Enzyme immobilization 
 
 The immobilization protocol followed for 
pQR412 His-tagged TK was adapted during 
experimental work from the protocol proposed by 
the QIAGEN

®
 handbook. The original protocol 

used included eight steps: 
 
1. Resuspend the Ni-NTA Magnetic Agarose 

Beads by vortexing for 2 s and then 

immediately add 10 µl of the 5% Ni-NTA 
Magnetic Agarose Beads suspension to as 
many wells desired of a 96-well microplate. 

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

3.  Mix 1 h in a microplate shaker at 600 rpm. 

4. Add 20 µl 1% v/v Tween 20 to each well and 
shake for 15 minutes. Place the 96-well 
microplate on the 96-well magnet for 1 min 
and remove supernatant with a pipette. 

5.   Add 200 µl of Interaction Buffer or the buffer 
present in the TK solution to each well, mix 
(on a microplate shaker), place for 1 min on 
the 96-well magnet, and remove buffer. 

6. Add up to 200 µl solution containing 
potentially interacting biomolecules (such as 
cofactors, substrates, etc.) in Interaction 
Buffer and incubate at room temperature. 

7.  If the enzyme is to be eluted, wash using 

200 µl of Interaction Buffer in each well, mix, 
place for 1 min on the 96-well magnet, and 
remove the buffer. 

8.  Add 50 µl of Elution Buffer (300 mM NaCl, 
50 mM NaH2PO4, 250 mM Imidazole, 
0.005% Tween 20, pH 8.0) to each well, mix, 
incubate for 1 min, place for 1 min on the 96-
well magnet and collect the eluate. 

 

Automated immobilization 
 
 The automated version of this immobilization 
technique is very similar. Exceptions are the 
resuspension of beads by pipette mixing and the 
removal of supernatants between the various 
steps, which is only done partially. The 
consequences will be discussed in the 
Discussion subsection of the ‘Results and 
discussion’ section. 

 The overall structure of the automated 
immobilization and reaction technique is shown in 
the diagram on Figure 3. 
 

 
Figure 3: Schematic diagram flow showing the nine 
steps needed to immobilize TK, whether manually or 

automatically, and run a reaction while sampling. 

 
Transketolase activity assay 

 
 To test the activity of the purified TK 

enzyme, a standard reaction between GA and β-
HPA was performed in a 96-SRW (standard 

round well) plate with a working volume of 300 µl. 
The conditions used were 10% v/v free catalyst 
solution, 33% v/v substrate solution (final 
concentrations of 50 mM HPA and 100 mM GA; 
pH 7,0) and 57% v/v cofactors solution (final 
concentrations of 9 mM TPP and 2,4 mM MgCl2; 
pH 7,0). Prior to the addition of the substrates, 
the enzyme solution is left incubating with the 
cofactors for at least 20 minutes to reconstitute 
the holoenzyme (Sprenger, G.A. et al., 1995). 
After starting the reaction, sampling was 

performed by removing 20 µl of the reaction 

microwell and diluting it in 180 µl (1:10) of 0,1% 
Trifluoracetic acid (TFA). Samples were analysed 
by high performance liquid chromatography 
(HPLC) as described in the ‘HPLC analysis’ 
below. The standard reaction was performed at 
room temperature (22 – 26 ºC) without shaking. 
 

HPLC analysis 
 
 HPLC analysis of L-erythrulose and β-HPA 
concentration in TK catalysed reaction samples 
was usually performed on a Dionex (Camberley, 
UK) HPLC unit. This equipment comprises a 
GP40 gradient pump, an LC30 column oven, a 
PC10 pneumatic controller post column NaOH 
addition unit and a AD20 UV detector module. 
This system is fitted with a multiwell plate 
autosampler (Spark, Emmen, NL) and used 
PeakNet 5.0 software.  
 A 15-minute isocratic elution assay for the 
TK reaction components was adapted from the 
literature (Mitra, R.K. & Woodley, J. M., 1996). 
HPLC analysis of β-HPA and L-erythrulose was 
carried out using an Aminex 87H column (Bio-
Rad, Hemel Hempstead, United Kingdom) at 60 
ºC, isocratic mobile phases of 0.1% v/v 
trifluoroacetic acid (TFA) at a 0.6 ml.min

-1
 rate. 

Detection was via a UV detector at 210 nm. 
Samples were quenched and diluted with 0.2% 
v/v TFA. Approximate retention times were 11.4 

min for L-erythrulose and 8.4 min for β-HPA. 
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Concentrations were calculated from peak area 
integration using a calibration factor. This was 
determined using a set of standards with known 
concentration 

 

Results and discussion 
 

Biocatalyst production and purification 
 
 Following the biocatalyst production and 
purification methods described, SDS-PAGE gels 
were used to visualize the protein expression. 
Figure 4 shows 3 batches of lysates and purified 
TK (lanes 5 to 10) representative of a typical 
purification. 
 It is clear from this figure that pQR412 is 
being correctly overexpressed, given the 
thickness of the TK band on the lysate. In 
addition, TK was successfully purified in all 3 
cases, despite some impurities seen in lane 10. 
The three purified transketolases were quantified 
as described in the methods. Results are shown 
in Table 1. 
 
 1  2    3   4 5   6 7  8 9  10 

 
Figure 4: SDS-PAGE gel showing from left to right: a 

protein marker (lane 1), lysate (lane 2), purified TK 
(lane 3), lysate (lane 4), TK1 lysate (lane 5) and purified 
(lane 6), TK2 lysate (lane 7) and purified (lane 8), TK3 
lysate (lane 9) and purified (10). Lanes 2 to 4 are not 
part of this work. The relevant ones are lanes 5 to 10. 

The molecular weights in kDa of the proteins in the 
visible bands in the standard are, in descending order, 

260, 160, 110, 80, 60, 50 and 40. 

 
Table 1: Measured absorbance for TK 1, 2 and 3. 

Calculated concentrations from the extinction coefficient 
and the molecular weight (Pace et al., 1995). 

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

 

1 0.541 5.76 x 10
-3

 0.416 

2 0.597 6.36 x 10
-3

 0.459 

3 0.733 7.81 x 10
-3

 0.564 

 
 TK3 shows superior concentration due to the 
use of less volume of strip buffer. The three 
batches were then briefly characterized regarding 
the necessary time for complete holoenzyme 
reconstitution during the incubation with the 
cofactors, and also regarding their stability at 
room temperature. 
 
 

Biocatalyst characterization 
 
 To assess the first effect, the three 
biocatalysts were used in assays where the 
cofactor incubation was done overnight (a very 
long period) at 4 ºC to prevent denaturation, 
versus standard 20 min- incubation assays as 
controls. In average the increase in activity was 
small, confirming that the 20-min required by the 
technique are adequate. As an example, TK2 had 
a 7% increase in the initial reaction rate, 
calculated from the modeled data shown in 
Figure 5. The model used was equation 1: 

 
tb

ta
Cery

+

×
=  (1) 

where Cery (mM) is the erythrulose concentration, 
a (mM) and b (min) are the model parameters 
and t (min) is the time. 
 

 
 Figure 5: Comparison between a standard reaction 
with fresh cofactors incubation (�; – model) and a 
reaction after being left incubating with cofactors 
overnight at 4 ºC (�; - - - model). TK2 enzyme. 

Immobilization, reaction & HPLC analysis performed as 
described in the ‘material and methods’ section. 

 
 TK stability at room temperature (~25 ºC) 
was tested by comparing the activity of the three 
TK solutions after being left at 25 ºC for a 
weekend (~60 h) with a standard control. The 
drop in activity ranged between 0 (TK3) and 12% 
(TK1), with an average of 6% (TK2). The result 
obtained for TK2 is therefore representative and it 
is shown below (Figure 6). It was confirmed that 
purified E. coli TK is stable at room temperature. 
 

 
Figure 6: Activity comparison between a standard 

reaction (�; – model) and a reaction after leaving TK2 
at 25 ºC for approximately 60 hours (�; - - - model). 

Immobilization, reaction & HPLC analysis performed as 
described in the ‘material and methods’ section. 
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Immobilization characterization 
 
 Before conducting reactions to assess the 
activity of the immobilized transketolase, a brief 
characterization of the immobilization itself was 
carried out. The main objective was to determine 
the amount of TK bound in the conditions used, 
not only to quantify the beads and the technique 
efficiency, but also to allow future normalization 
of TK activities to protein amount. This 
determination can be made either through a 
mass balance to TK (eq. 2), or by a simple 
approximation: consider total bound TK equal to 
the eluted amount (mbound ≈ meluted) (refer to step 
8 of the immobilization method described in the 
materials and methods section). 
 

     mbound = minitial − munbound − mwashed  (eq. 2) 

 
 Although adopting eq. 2 would be a more 
rigorous approach, the approximation above is 
good and clearly more practical and was 
therefore applied. A series of immobilizations with 
different TK/beads ratios followed by elutions and 
SDS-PAGE analysis were attempted in order to 
determine the amount of bound TK. Using 
several TK amounts can also allow establishment 
of the optimal amount before saturation. The 
attempts made to obtain SDS-PAGE gels with 
standards for calibration sadly failed. The best 
result reached is shown in Figure 7. 
 
 1 2 3 4 5 6 7 8 9 10 

 
Figure 7: Second run of a SDS-PAGE gel showing 

eluted TK after different immobilizations.  

1 & 2 – Novex protein standard, 3 to 5 – Other 

samples, 6 – 50 µl of TK sol., 7 – 100 µl of TK sol., 

 8 – 150 µl of TK sol., 9 – 200 µl of TK sol., 10 – Pure 
TK reference. The molecular weights in kDa of the 

standard are, in descending order, 260, 160, 110, 80, 
60, 50, 40, 30, 20, 15 10 and 3.5. 

 
 The density of the bands from lanes 6 to 10 
were quantified using the software tool Contour, 
which analyzes the area and multiplies by the 
integrated band density to return a “band volume” 
in Int.mm

2
 units. The result is shown in Figure 8. 

 The linear relationship observed between 
band volume and incubation volume used is very 
good (R

2
 = 0.998). This obviously means that in 

the 50–200 µl range of incubation volumes there 
is no saturation considering a simple Langmuir 
adsorption isotherm. This means that there is 

margin for using more concentrated TK solutions 
in this incubation step, for example. An important 
question arisen by these results is whether or not 
this decrease in biocatalyst amount (compared to 
the free solution assay) translates to significant 
differences in activity. 
 

 
Figure 8: Band volume measured using the contour 

function of the gel analysis software as a function of the 
volume of TK solution used in the incubation step with 

10 µl of Ni-NTA Magnetic Agarose beads. 

 
If the activity reduction associated with a lower 
amount of immobilized TK is small and provides 
good results, than it can be advantageous to use 
less biocatalyst and save on the necessary 
amount per assay. 
 Another interesting aspect to characterize in 
the immobilization is the TK distribution during 
the various steps executed. For this purpose, a 
SDS-PAGE gel with samples from some steps 
was analyzed and is shown in Figure 9. 
 
 1 2 3 4 5 6 7 8 

 
Figure 9: SDS-PAGE gel showing eluted TK after 

different immobilization operations. 1 – Fermentation 
lysate, 2 – Unbound excess TK after immobilization, 3 – 
Removed TK in the wash step, 4 – Eluted TK, 5 to 8 – 

Other samples.  
 

 Perhaps due to the strong background 
colour, the contour tool wasn’t able to clearly 
distinguish the bands seen in the picture. Thus, 
no data was collected and the gel was re-
destained but it was inadvertently destroyed 
before a new picture could be taken. Thus, it 
wasn’t possible to quantify each band. This 
procedure was not repeated due to lack of time. 
However, it is clear from Figure 9 that there is a 
quite significant amount of protein that is 
unbound in the incubation step. Qualitatively, it 
appears to be of the same order of magnitude of 
the eluted amount. The portion removed in the 
wash step is smaller, but nevertheless significant. 
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Free vs. immobilized activity and 
biocatalyst incubation amount effect 

 
 The immobilization protocol detailed in the 
methods was applied using Tris-HCl as buffer 
and using 3 different volumes of TK solution, 50, 

100 and 200 µl, to incubate with 10 µl of beads 
leading to 5:1, 10:1 and 20:1 v/v ratios of 
TK/beads. The results are shown in Figure 10. 
 

 

 Figure 10: Activity comparison between free solution 
and manually immobilized TK catalyzed reactions in 

Tris-HCl buffer. (�;  model) – Free 30 µl (control); 

(�;– – model) – Immobilized using 50 µl of TK; (�;– • 

model) – Immobilized using 100 µl of TK; (�; - -) – 

Immobilized using 200 µl of TK. Immobilization was 
performed manually as described in ‘Enzyme 

immobilization’ on the ‘materials and methods’.  
Analysis performed as described in the ‘HPLC 

 analysis’ on the same section. 

 
 Clearly, the 3 runs with manually immobilized 
TK show very similar behaviors. The curves fitted 
from the model are nearly identical, indicating 
that there is no added effect of using more than 

50 µl of TK solution for incubation with the beads. 
Moreover, the control (free TK) demonstrates 
superior reaction rates, rapidly progressing 
towards its maximum CEry (50 mM). In contrast, 
the 3 immobilized runs progress slower, which is 
expected due to mass transfer limitations 
between the solid and liquid phases and some 
loss of freedom/activity of immobilized 
biocatalysts (Cabral, J. et al., 2003). Another 
observation is that the immobilized runs seem to 
progress to higher CEry (visually about 60 mM). 
Part of this effect is explained by the reduction in 

volume in the immobilized runs, from 300 µl 

(standard assay) to 270 µl. Thus, the expected 
value should be ~55 mM. The remaining 
difference is not clearly attributable. 
 

Tris-HCl vs. Interaction buffer 
 
 After applying the immobilization protocol 
detailed in the methods using Tris-HCl and 
Interaction buffers, standard activity assays were 
conducted and compared to free TK controls. 
Results are shown in Figure 11. 
 In this Figure, it is visible that the activity of 
free TK in Tris-HCl buffer is higher than in 
Interaction buffer. The extrapolated part of the 
models fitted show the opposite from 4,5 h but 
this has no meaning and derives from the 
limitations of the modeling technique. More 

significantly, when the two buffers are used with 
immobilized TK, the difference is significantly 
increased. According to the beads manufacturer, 
the Interaction buffer is recommended because it 
promotes the Ni-NTA/ his-tag interaction. 

 
Figure 11: Activity comparison between free solution 
and manually immobilized TK catalyzed reactions in 

Tris-HCl buffer and in Interaction buffer. Immobilization 
was performed manually as described in the ‘Enzyme 
immobilization’ on the ‘materials and methods’ section. 
Analysis performed as described in the ‘HPLC analysis’ 
on the same section. (�) – Free in Tris-HCl buffer; (�) – 
Free in Interaction buffer; (�) – Immobilized in Tris-HCl 

buffer; (�) – Immobilized in Interaction buffer. 

 
Therefore this effect should at least partially 
compensate the drop in activity seen with Tris-
HCl: the immobilized TK curves with the two 
buffers would be nearer to each other. However, 
this is not verified and is difficult to explain. The 
only hypothesis raised was a preferred 
accumulation of potential inhibiting anions, such 
as phosphate or others, in the vicinity of the Ni-
NTA matrix on the beads periphery, the location 
of TK. Further work would be required to test this 
hypothesis. 
 

Automated immobilization 
 
 After implementation and optimization of the 
automated protocol for TK immobilization and 
reaction, the first automated run did not provide 
satisfactory results. The first successful activity 
assay was obtained in the second run (in 

duplicates). β-HPA depletion and calculated 
erythrulose concentration average are shown in 
Figure 12. 
 

 
Figure 12: HPLC results for the average between 

duplicates of the 2
nd

 automated run.  

(�) – Erythrulose formation over time, (�) – β-HPA 

depletion over time. () – Model fitted and respective 

tangent in the origin (− −). Automation and HPLC 
analysis performed as described in the ‘materials and 

methods section’. 
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 After proving that the automatic 
immobilization was viable and the reaction 
produced reasonable results, a comparison with 
the manual immobilized reaction was imperative. 
Likewise, another run was performed on the robot 
(in duplicates) while a manual run was performed 

in parallel (one using 200 µl and another using 

100 µl of TK for the incubation step with the 
beads). The results are shown in Figure 13. 
 

 
Figure 13: HPLC results for the third automated run. 
Erythrulose concentration over time: (�) – Automated 

duplicates average, (�) – Manual using 200 µl of TK 

solution, (�) – Manual using 100 µl of TK solution, (− −) 
– Automated modelled data from Figure 12. 

Automation and HPLC analysis performed as described 
in the ‘materials and methods’ section. 

 
 Unexpectedly, the automated run shows 
significantly lower amounts of erythrulose when 
compared to the manual data, and the difference 
increases over time. Although in the manual run 
there is a clear progress of conversion of 
substrates into products over time, the automated 
run seems to show limited conversion, as if a low 
amount of biocatalyst was present, or if 
something was inhibiting it. This is even more 
obvious when looking at the previous automated 
run, which is shown as well for comparison 
purposes. 
 The manual runs also behave differently from 
what was observed before. One difference is the 
effect on the amount of TK used for incubation. 

Apparently, the conversion is quicker using 200 µl 
than using only 100 µl. Previous data (Figure 10) 

showed that between amounts of 50 – 200 µl of 
TK solution, the reaction progressed very 
similarly and achieved the same conversion after 
roughly the same time. These discrepancies may 
be due to the use of different batches of TK with 
different concentrations. Future work should 
address this issue by proving or disproving the 
effect of the biocatalyst amount used. 
 Another interesting observation in the 
manual runs is a noteworthy lag phase in the 
beginning. This could be considered reasonable 
in an immobilized reaction, due to possible mass 
transfer limitations, especially in non-shaking 
conditions, as used here. However that effect 
wasn’t seen in the manually immobilized 
reactions, shown previously. A hypothesis that 
may somehow justify this behaviour will be 
presented and discussed later. 
 This experiment was repeated with parallel 
automated and manual runs. The objective 
remains the establishment of a comparison 

between them. After removing some outliers, 
combining duplicates to fill in gaps and treating / 
modeling the data, the result is shown in Figure 
14. 
 

 
Figure 14: HPLC results for the fourth automated run: 

average variation (from duplicates) of calculated 
erythrulose concentration over time and respective 

regressions. Left vertical axis applies to automated and 
manual data, right vertical axis to control data.  
(�) – Automated, (�) – Manual, (�) – Control.  

(
_
 
_
) – Automated power regression,  (- - -) – Manual 

power regression, () – Control logarithmic regression. 
Automation and HPLC analysis performed as described 

in the ‘materials and methods’ section. 

 
Discussion 

 
 The first important observation in Figure 14 
is that both the manual and automated samples 
show a significantly lower amount of product than 
the control samples. This is clearly visible by the 
difference of 20x in the respective scales. Still, 
this control shows very different concentrations 
values to many controls or free solution reactions 
shown before. The likely explanation is the 
difference between calibrations, given the fact 
that the equipment had been serviced and re-
calibrated recently. 
 Another important observation from Figure 
14 is that the increase in erythrulose 
concentration is faster in the manually 
immobilized samples than in the automated ones. 
Although significant, it isn’t a large difference. 
This is in agreement with previous data (Figure 
13) but it’s challenging to explain. In fact, the 
automated procedure is in very similar to the 
manual procedure. It benefits from the fact that 
almost all steps are mechanically executed, 
adding a great amount of precision, time 
accuracy and reproducibility with minor variability. 
All this should improve the results of the 
technique, not to mention the obvious advantage 
of eliminating manual work in a desired high-
throughput technique. That can be seen in the 
considerably less scattering of automated versus 
manual data.  
 The only significant downside in the 
automated version of the immobilization 
technique is the difficulty of collecting both 
supernatants (TK solution with Tween 20, wash 
buffer). The manual technique allows removing 
the large majority of the supernatant without 
dragging beads. However, in the automated 
technique it is difficult to position the magnet in 
an off-centre position and to point the tip edge to 
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the opposite direction when removing 
supernatants. These have to do with space 
restrictions in the microplate platform and with the 
significant problems arisen from an uneven 
surface for reliable z-axis positioning and RoMa 
grabbing/moving operations. To avoid removing 
beads while pipetting, the solution adopted was 

to leave some supernatant, up to 30 µl before 
cofactors addition. The consequences arisen are 
the slight dilution of the reaction “ingredients”: 
substrates, cofactors and ultimately, products, as 
well as the presence of some “contaminants” 
from the previous immobilization steps. Knowing 
the deliberately left volumes of each supernatant, 
it is possible to calculate the concentrations of 
each known molecule in the final reaction 

volume, 300 µl of liquid phase. Briefly, the 
concentration in the manual version is 11% 
higher in the final working volume and about 18% 
in the cofactors incubation step. That is still 
insufficient to explain the difference observed in 
Figure 14. 
 Perhaps a more important consequence of 
the pipetting difference between the two protocols 
is the manual removal of the Imidazole present, 
except for the amount that is in the remaining film 
liquid and the amount that binds to the Ni-NTA 
radicals. That difference translates into reduced 
amounts of Imidazole present during the reaction 
in the manual procedure, and 1.9 mM on the 
automated case, an estimated difference of at 
least one order of magnitude, plus the presence 
of 2.6 mM of Imidazole during the cofactors 
incubation step for the automated version. 
 This presence is the most likely explanation 
for both differences observed: between manual 
and automated runs and between the latter two 
and the control run as shown in Figure 14. 
Raising the hypothesis that Imidazole could affect 
the transketolase reaction and the binding of the 
6x His-tag tail of TK onto the Ni-NTA beads two 
consequences emerge. First, competitive binding 
of Imidazole during the wash step could 
significantly reduce the amount of bound 6x His-
tag transketolase, therefore the amount of 
biocatalyst present in the reaction. Second, any 
direct inhibitory/blocking effect of Imidazole on TK 
might slow down the speed at which the 
remaining active transketolase molecules convert 
substrate.  
 Therefore, the first consequence could lead 
to a condition where the biocatalyst is strongly 
limiting the reaction in both automated and 
manual experiments, significantly slowing it and 
explaining the big gap between the control 
samples and the other two. Remember Figure 10 
where immobilized and control reactions behaved 
very differently to Figure 14. The wash step had 
been inadvertently skipped, so no Imidazole 
whatsoever was added to the Tris-HCl reaction 
media. Another interesting aspect to take account 
is the presence of Imidazole in the interaction 
buffer tested. This could justify the reduced 
performance observed in Figure 11. 
 
 

 Following this line of thought, the limitation 
by biocatalyst amount turns the substrates 
concentration difference less relevant. The 
second effect or consequence, the inhibitory 
effect during the reaction, would then explain why 
the manual immobilization shows apparently 
superior results, given the considerable 
difference of expected Imidazole concentrations 
in both cases. 
 Note that Imidazole was used because the 
beads manufacturer recommended it as a non-
specific binding preventer. Since the hypothesis 
above was only raised after laboratory work was 
completed, no experiments were made to 
validate it. Future work should no doubt address 
this issue. Moreover, there is unpublished data 
from other researchers pointing to Imidazole 
inhibition in TK. 
 
 
Conclusions and future work 
 
 The immobilization technique developed 
proved to be highly successful for his-tagged E. 
coli transketolase. It was shown that it possible to 
consistently and easily immobilize enough 
enzyme in the chosen solid phase support to 
conduct carbon-carbon bond formation reactions. 
 Experimentation with different amounts of TK 
solution used for the incubation step with the 
beads, showed that 5:1, 10:1, and 20:1 v/v ratios 
all had the same activity. Another expected 
conclusion achieved is that the biocatalyst is 
slower when immobilized. After testing two 
different buffers, Interaction Buffer and Tris-HCl, 
it was clear that Tris-HCl is the best buffer, 
especially with immobilized TK.  
 After implementation of the automated 
immobilization and reaction procedure, the 
automated and manual versions of the 
immobilization technique were compared. The 
conclusion attained is that the manual technique 
shows somewhat superior results. The most likely 
hypothesis raised is an inhibitory effect of the 
Imidazole added to the Tris-HCl buffer. Its 
presence would be higher in the automated 
protocol (bigger volumes), leading to slower 
conversions. This hypothesis could also justify 
the poor performance of the Interaction buffer 
and the significant difference seen between 
different controls for the same conditions. 
 Future work should attempt to confirm the 
observations and conclusions stated here. 
Screening for the best reaction conditions and 
extending this automated technique to other his-
tagged enzymes are obvious applications. 
Especially interesting is applying this 
immobilization technique to TAm and track its 
efficiency as the second biocatalyst of the ABT 
synthesis. If successful, eventual automated 
integration of the two reactions in a one- or two-
pot approach is a very interesting future 
approach. 
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