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ABSTRACT 

 

This work describes the establishment of a full kinetic model, including values of apparent 

kinetic parameters, for the whole cell E. coli mediated synthesis of the chiral amino-alcohol 

(2S,3R)-2-amino-1,3,4-butanetriol (ABT), using (S)-(-)-α-methylbenzylamine (MBA) as 

amino donor. The whole cell biocatalyst expressed the CV2025 ω-transaminase from 

Chromobacterium violaceum. Establishment of the most suitable reaction mechanism and 

determination of the complete forward and reverse kinetic parameter values for the reversible 

bioconversion where obtained using a hybrid methodology. This combined traditional initial 

rate experiments to identify a solution in the vicinity of the global minimum, with nonlinear 

regression methods to determine the exact location of the solution. The systematic procedure 

included selection and statistical evaluation of different kinetic models that best described the 

measured reaction rates and which ultimately provided new insights into the reaction 

mechanism; in particular the possible formation of a dead end complex between the amino 

donor and the cofactor enzyme complex. The hybrid methodology was combined with a 

microscale experimental platform, to significantly reduce both the number of experiments 

required as well as the time and material required for full kinetic parameter estimation. The 

equilibrium constant was determined to be 849, and the forward and reverse rate constants were 

found to be 97 and 13 min-1 respectively, which greatly favoured the asymmetric synthesis of 

chiral ABT. Using the established kinetic model, the asymmetric synthesis of ABT was 

simulated, and excellent agreement was found between the experimental and predicted data 

over a range of reaction conditions. A sensitivity analysis combined with various simulations 

suggested the crucial bottleneck of the reaction was the second half reaction of the ping pong 

bi-bi mechanism, in part due to the low Michaelis constant of substrate L-erythrulose (ERY). 

The toxicity of MBA towards the transaminase was identified as another major bottleneck. The 

kinetic model was useful to give early insights into the most appropriate bioconversion 

conditions, which can improve the rate and yield of ABT formation, as well as minimizing the 

toxicity and inhibition effects of the substrates and products. The systematic methodology 

developed here is considered to be generic and useful in regard to speeding up bioconversion 

process design and optimisation.  
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1. INTRODUCTION 

 

Chiral amino-alcohols are of great interest to the pharmaceutical and fine-chemical industries, 

as they are useful building blocks in the synthesis of optically pure pharmaceuticals like HIV 

protease inhibitors (Kaldor et al., 1997; Kwon & Ko 2002), active molecules such as (S)-

amphetamine (Rozwadoska, 1993) or broad spectrum antibiotics like chloramphenicol and 

thiamphenicol (Bhaskar, 2004; Boruwa et al., 2005). The standard chemical synthesis of 

optically pure amino-alcohols is usually complex, requiring many steps and resulting in low 

overall productivities (Hailes et al., 2009; Smithies et al., 2009). Transaminases (TAm), are a 

group of enzymes that can directly convert a carbonyl to an amino group (Christen & Metzler, 

1985), and have been shown to be a promising alternative for the asymmetric synthesis of chiral 

amino-alcohols (Kaulmann et al., 2007; Kirsty Smithies et al., 2009; Smith et al., 2010; Rios-

Solis et al., 2011). Compared to other enzymes performing the same conversion, like the acid 

or amine dehydrogenases (Brunhuber & Blanchard 1994), TAm has some clear advantages 

including broad substrate specificity, no need for redox cofactor recycling and high 

stereoselectivity (Taylor et al., 1998; Stewart, 2001).  

 

Transaminases have been classified into 4 different groups based on primary structure, and into 

different subgroups depending of the classification of the substrates utilised (Mehta et al., 

1993). The ω-TAms, belonging to Group II, can catalyse substrates not generally accepted by 

the other TAms, including primary amine compounds not bearing a carboxylic group (Stirling, 

1992). Among them, the ω-TAm from Chromobacterium violaceum 2025 (CV2025 TAm) 

showed the best performance for amino-alcohol synthesis from a pool of several other TAms 

cloned by us in previous work (Kaulmann et al., 2007). Applications of TAms have been 

hindered due to the low equilibrium constants and product or substrate inhibition (Stewart, 

2001; Yun et al., 2005). Strategies to overcome these problems have included coupling a TAm 

reaction with other enzymes, using a biphasic system or a membrane reactor, performing the 

reaction under vacuum or using  whole cell biocatalysts (Bartsch et al., 1996; Shin & Kim 

1997; Chao et al., 1999; Truppo et al., 2010). Selection of the best strategy to overcome 

inhibition and/or low equilibrium constants and yield requires an accurate understanding of the 

TAm kinetics. Determination of a TAm kinetic model would also allow accurate bioconversion 
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simulations, enabling determination of the optimum reaction conditions and suitable bioreactor 

designs (Chen et al., 2006;  Shin &  Kim, 1998).   

 

This work reports kinetic modelling and simulation of the TAm mediated synthesis of the chiral 

amino-alcohol (2S,3R)-2-amino-1,3,4-butanetriol (ABT) using (S)-(-)-α-methylbenzylamine 

(MBA) as amino donor (Scheme 1). The CV2025 TAm was used in whole cell form, as this 

has been previously shown to be more stable than pure TAm, or TAm lysates (Rios-Solis et 

al., 2011). To aid in data generation, kinetic parameters were obtained using a model driven 

microscale experimental methodology based on nonlinear regression (Lye et al., 2002; Katare 

et al., 2004; Chen et al., 2008). These approaches are extended here to: (i) aid identification of 

the most appropriate reaction mechanism and (ii) to deal with the increased number of kinetic 

parameters to be determined. As shown in Scheme 1, this is a reversible reaction for which a 

number of possible reaction mechanisms exist, and kinetic parameters must be determined in 

both forward and reverse reaction. Therefore it was necessary to include both forward and 

reverse reaction data in the kinetic parameter determination routine, in order to establish the 

appropriate kinetic model. Using this new approach allowed rapid determination of the kinetic 

parameters and gave insight into the mode and extent of various reactant inhibitions. 

Subsequent simulations were needed to identify major reaction bottlenecks which where 

validated experimentally.  

 

2. EXTENDED METHODOLOGY FOR KINETIC MODEL 

AND PARAMETER IDENTIFICATION 

 

Determination of the required data for establishment of full kinetic models can be time and 

resource consuming, especially when using traditional linear data fitting methods (Ranaldi 

1999; Chen et al., 2009). This problem is further accentuated for non-natural bioconversions 

used in the pharmaceutical industry that often exhibit strong substrate and product inhibition 

(Yazbeck et al., 2004). Nonlinear regression methods can use programmable optimization 

algorithms to determine the kinetic parameters and are consequently relatively less time and 

resource consuming (Blackmond, 2005). However, model parameters determination can suffer 

from global convergence problems, in particular the estimation procedure can be strongly 

dependent on the initial values of the parameters (Moros et al., 1996). Hybrid methods combine 

traditional initial rate experiments to identify a solution in the vicinity of the global minimum, 
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with nonlinear methods to determine the exact location of the solution (Katare et al., 2004). 

Those hybrid methods have been successfully applied to bioconversions suffering from substrate and 

product inhibition as the TAm  (Al-Haque et al., 2012).  This represents a potentially more efficient 

way forward especially when combined with high-throughput experimental methods to 

establish complex kinetic models and determine the parameter values (Lye et al., 2002; Doig 

et al., 2002; Chen et al., 2008).  

 

Many reported TAm reactions are reversible and usually present different forms of strong 

substrate and/or product inhibition, which can lead to the existence of many potential kinetic 

models (Koszelewski et al., 2010). Consequently we have extended our previously developed 

method for nonlinear parameter estimation (Chen et al., 2009) to deal with equilibrium 

bioconversions and to enable testing and identification of the most appropriate reaction 

mechanism. The new methodology incorporates 5 main steps as described in Figure 1 which 

are as follows (enhancements over our previous work are shown in italic): 

 

1. Determination of the linear region between the enzyme concentration and initial rate 

bioconversion. 

2. Preliminary testing and statistical evaluation of different possible kinetic models. This 

is based on high-throughput, initial rate experiments, in order to elucidate the most 

promising reaction mechanism and calculate the preliminary Michaelis and rate 

constants. 

3. Determination of the enzyme stability under actual bioconversion conditions. 

4. Determination of preliminary values of equilibrium constant and inhibition constants 

through nonlinear regression of experimental progress curves for forward and reverse 

reactions. 

5. Reconciliation of calculated parameters via an additional round of nonlinear regression 

of the progress curves using preliminary values of all the kinetic parameters for the final 

regression, and verification of the selected reaction mechanism through statistical 

analysis (statistical comparison with other proposed models).   
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3. MATERIALS AND METHODS 

 

3.1.    MATERIALS 

Competent Escherichia coli BL21-Gold (DE3) cells were obtained from Stratagene 

(Amsterdam, NL). All other reagents were obtained from Sigma-Aldrich (Gillingham, UK) 

unless noted otherwise, and were of the highest purity available. 

 

3.2.   TRANSAMINASE PLASMID 

Plasmid pQR801 contained the complete Chromobacterium violaceum 2025 TAm gene with a 

N-Terminal His6-tag (GenBank accession no. NP_901695). Plasmid pQR801 was constructed 

using the expression vector pET29(a)+ (5.3kb), which contains an inducible T7 promoter, the 

Lac repressor and codes for resistance to kanamycin (Kaulmann et al., 2007). 

 

3.3.  TAm WHOLE CELL BIOCATALYST PREPARATION 

Competent E. coli BL21-Gold (DE3) cells were transformed with the plasmid pQR801 using 

the heat shock technique described by the supplier (Stratagene, Amsterdam, NL). For whole 

cell bioconversions, fresh cells were always used and they were produced as follows:  an 

overnight culture of the transformed cells was obtained in a 100 ml shake flask (10 ml working 

volume) of LB-glycerol broth (10 g l-1 tryptone, 5 g l-1 yeast extract, 10 g l-1 NaCl and 10 g l-1 

glycerol) containing 150 µg ml-1 kanamycin. Growth was performed at 37 oC with orbital 

shaking at 250 rpm using an SI 50 orbital shaker (Stuart Scientific, Redhill, UK). The total 

volume of this culture was used to inoculate a 1 litre shake flask (100 ml working volume) and 

when the OD600 reached a value of 0.5, isopropylthiogalactopyranoside (IPTG) was added to a 

final concentration of 0.2 mM. After 6 hr induction, the cells were harvested and following the 

removal of broth by centrifugation, they were resuspended in 200 mM HEPES buffer, pH 7.5 

and used for whole cell bioconversions. When a TAm lysate was needed, the cells were 

sonicated with a Soniprep 150 sonicator (MSE, Sanyo, Japan). The sonicated lysate was then 

centrifuged at 5000 rpm in Falcon tubes for 5 min to remove cell debris, and the clarified 

http://en.wikipedia.org/wiki/Tryptone
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supernatant was finally aliquoted into 1.5 ml Eppendorf vials to be stored at -20 oC and used 

within 1 month. 

 

3.4.  MICROSCALE EXPERIMENTAL PLATFORM  

 

All bioconversions were performed in a glass 96-well, flat-bottomed microtiter plate with 

individual wells having a diameter of 7.6 mm and height of 12 mm (Radleys Discovery 

Technologies, Essex, UK). The microplate was covered with a thermo plastic elastomer cap 

designed to work with automated equipment (Micronic, Lelystad, Netherlands). All 

bioconversions were performed using 300 µl total volume at 30 oC, pH 7.5 unless noted 

otherwise. Shaking occurred at 400 rpm using a Thermomixer Comfort shaker (Eppendorf, 

Cambridge, UK) (shaking diameter of 3 mm) situated on the deck of a Tecan Genesis 

laboratory robotic platform (Micheletti & Lye 2006). TAm bioconversions were carried out in 

200 mM HEPES buffer, and the concentration of TAm cofactor pyridoxal 5´-phosphate (PLP) 

used was 0.2 mM. In all cases, the whole cell suspension and the cofactor solution were always 

added first in the well and left to incubate for 20 min at 30 oC, prior to initiation of the reaction 

by addition of the substrate solutions.Previous studies have shown that initial incubation with 

cofactor was necessary to allow the enzyme to bind to PLP (Davies et al., 1960, Van Ophem 

et al., 1998). This practice also enabled more consistent measurement of specific activity data, 

by avoiding initial nonlinear variation of product concentration believed to be caused in some 

cases by the binding of the enzyme and cofactors. Aliquots of 20 μl were taken at various time 

intervals and quenched with 380 μl of a 0.1% v/v trifluoroacetic acid (TFA) solution. They 

were then centrifuged for 5 min at 5000 rpm and transferred into an HPLC vial for further 

analysis. All experiments were performed in triplicate. The specific activities were determined 

as the amount of acetophenone and ABT formed per unit of time normalized by the amount of 

enzyme used in the reaction. The specific activity was calculated based on the measured mass 

of TAm present in each bioconversion. For whole cell experiments, it was calculated based on 

50% of the dry cell weight of the cells being protein (Watson, 1972), combined with 

quantitative SDS-PAGE analysis of the percentage of the total protein represented by the 

overexpressed TAm. 
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3.5.  ANALYTICAL METHODS 

Biomass concentration was measured as optical density at 600 nm (OD600) using a 

spectrophotometer (Thermo Spectronic, Cambridge, UK) and converted to dry cell weight 

(DCW) using a calibration curve where 1 OD600 = 0.4 gDCW l-1. Protein concentrations of the 

lysates were obtained using a Bradford assay and SDS-PAGE as described previously 

(Kaulmann et al., 2007). 

A Dionex HPLC system (Camberley, UK) with a Bio-Rad Aminex HPX-87H reverse phase 

column (300 x 7.8 mm, Bio-Rad Labs., Richmond, CA, USA), controlled by Chromeleon client 

6.60 software was used for the separation and analysis of ERY. The system comprised a GP50 

gradient pump, a FAMOS autosampler, an LC30 chromatography column oven and an AD20 

UV/Vis absorbance detector. The HPLC method used has been described previously (Chen et 

al., 2008). To quantify MBA, AP and ABT, an integrated Dionex ultimate 3000 HPLC system 

(Camberley, UK) with an ACE 5 C18 reverse phase column (150mm×4.6 mm, 5 µm particle 

size; Advance Chromatography Technologies, Aberdeen, UK) controlled by Chromeleon 

client 6.60 software was employed. The HPLC method has been reported elsewhere (Kaulmann 

et al., 2007). To analyse ABT, the samples were derivatized by addition of an excess of 6-

aminoquinolyl-N-hydroxysuccinimidyl carbamate. The derivatizing reagent was made in 

house following the protocol of Cohen and Michaud (1992), and the HPLC method used has 

been described previously (Ingram et al., 2007). ABT standards were prepared in a multi-step 

chemical synthesis described elsewhere (Ingram et al., 2007, Smith et al., 2010). The ee of 

ABT was determined by first derivatizing the amino-alcohol to the respective benzoate form. 

The assay was performed against the four diastereomer samples of the benzoate synthesized as 

described elsewhere (Smith et al., 2010) using chiral HPLC: Chiracel-OD column (Daicel); 

mobile phase, isopropanol/hexane (5:95); flow rate, 0.8 ml/min, detection, UV 210 nm. 

Examples of the different HPLC profiles have been published elsewhere (Rios-Solis et al., 

2011).  

 

3.6. NONLINEAR REGRESION METHODS  

In order to implement the procedure illustrated in Figure 1, a programme was developed using 

Matlab® software (MathWorks, Natick, MA, USA) in order to automatically perform all the 

nonlinear regressions and statistical analyses. All the nonlinear regressions were performed 
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using the mesh adaptive pattern search algorithm in Matlab® known as: ‘‘The Genetic 

Algorithm and Direct Search Toolbox’’. This method was previously shown to be more likely 

to achieve global optimization than gradient-based methods (Chen et al., 2008). 

 

4. RESULTS  

 

4. 1.   Proportionality between reaction rate and enzyme concentrations 

 

As described in Figure 1, the first step to obtain the kinetic parameters is to determine the 

region of linear proportionality between TAm concentration and the measured initial reaction 

rate. This was necessary to ensure that any increase in enzyme concentration would contribute 

fully to the measured kinetics (Chen et al., 2008). It is common that increasing the enzyme 

concentration in a reaction does not correspond to a proportional increase in the initial 

bioconversion rate due to mass transfer limitations or certain forms of inhibition (Law et al., 

2006). For the synthesis of ABT (Scheme 1), the substrate concentrations used were 10 mM 

MBA and 50 mM ERY for each enzyme concentration. Under these conditions the linear 

relationship could be maintained up to a TAm concentration of 0.8 mg ml-1 as can been in 

Figure 2. This value was thus set as the upper limit for all subsequent experiments.  

 

This limit of 0.8 mg ml-1 is one order of magnitude smaller when compared to other types of 

enzymes like transketolase (Chen et al., 2009). The observation of a lower limit of 

proportionality among TAms has been reported before (Banks et al. 1959). A possible 

explanation is that the enzyme can show self-inhibition where an end amino group of one TAm 

molecule might bind the pyridoxal phosphate associated with the active site of another enzyme 

molecule (Ellis & Davies, 1961). In the case of whole cell forms of TAm, mass transfer 

limitations across the cell wall might also be the cause (Ni &  Chen, 2004; Woodley, 2006). 

However, provided that this TAm concentration of 0.8 mg ml-1 is not exceeded, such effects 

did not need to be accounted for. 

 

4.2.   Preliminary reaction mechanism identification and quantification of initial rates 

for forward and reverse reactions  
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Following the second step of the procedure (Figure 1), a set of initial rate data varying the 

concentration of one substrate, while maintaining the other one fixed was obtained for both 

forward and reverse reactions for the TAm mediated synthesis of ABT and MBA respectively 

(Scheme 1). Figure 3 shows the measured initial rate of ABT formation for the forward reaction 

as a function of varying concentration of substrate ERY while maintaining the concentration 

of MBA fixed at 10 mM. Also shown in Figure 3 are results of the variation of initial rate as a 

function of the concentration of MBA while maintaining ERY at 200 mM. Strong inhibition of 

MBA can be observed at concentrations higher than 10 mM of the amino donor. In a similar 

way for the reverse reaction, Figure 4 shows the measured initial reaction rate as a function of 

varying concentration of substrate ABT, while maintaining the concentration of AP fixed at 35 

mM.  Also shown in Figure 4 is the initial rate of the reverse reaction as a function of AP 

concentration while maintaining ABT concentration at 100 mM. Most noticeable when 

comparing the forward and reverse reaction rates is that the reverse reaction is an order of 

magnitude slower than the forward rate. 

 

In terms of elucidating the appropriate reaction mechanism for the TAm mediated synthesis of 

ABT, it is known that TAm requires the cofactor pyridoxal 5´-phosphate and that it catalyses 

enzymatic amino group transfer by a ping-pong bi–bi mechanism (Bulos & Handler 1965; 

Kuramitsu et al., 1990). It has been reported for other TAm bioconversions that a substrate or 

product can bind an incorrect enzyme form, creating dead end complexes that cannot react 

further, causing a potentially strong form of inhibition (Bulos & Handler, 1965; Shin & Kim, 

1998; Shin & Kim, 2002). For the CV2025 TAm mediated synthesis of ABT, the presence of 

abortive complexes in the reaction mechanism was not previously been shown, hence it 

provides a good test system on which to elaborate the methodology shown in Figure 1. 

Consequently different kinetic models were initially fitted by nonlinear regression to the 

experimental initial rate data shown in Figures 3 and 4. These explored the possibility of 

different dead end complex formation with the aim of identifying the most suitable preliminary 

kinetic model (which would be further verified in Step 5 of the proposed methodology). Among 

all the models tested, the reaction mechanism which included substrate inhibition by the 

formation of the dead end complex E-PMP-MBA gave the best statistical fitting, with an R2 of 

0.98 and a sum of squares of 0.24. This was significantly better than the R2 of 0.87 and sum of 

squares of 14.2 for the second best fitting model which did not include any substrate inhibition 

by a dead end complex. The resulting King-Altman figure for the selected reaction pathway is 

http://en.wikipedia.org/wiki/Pyridoxal-phosphate
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presented in Figure 5, and the corresponding rate model is derived in Equation 1 (Shin & Kim 

1998; Bisswanger 2002). 

 

 

𝑣 = #𝑘!𝑘"𝐸#$%& &[𝑀𝐵𝐴][𝐸𝑅𝑌] −
[𝐴𝑃][𝐴𝐵𝑇]

𝐾'(
23 𝑑𝑒𝑛7 																																															Equation	1	 

𝑑𝑒𝑛 = 	𝑘"𝐾)*%[𝐸𝑅𝑌] 		+ 𝑘"𝐾+,-[𝑀𝐵𝐴] + 𝑘"[𝐸𝑅𝑌][𝑀𝐵𝐴] +	
𝑘!𝐾%.[𝐴𝐵𝑇]

𝐾'(
 

+
𝑘!𝐾%*$[𝐴𝑃]

𝐾'(
+
𝑘![𝐴𝑃][𝐴𝐵𝑇]

𝐾'(
	+ 	

𝑘"𝐾)*%[𝐸𝑅𝑌][𝐴𝐵𝑇]
𝐾#%*$

			+
𝑘!𝐾%*$[𝑀𝐵𝐴][𝐴𝑃]

𝐾'(𝐾#)*%
		

+ 	
𝑘!𝐾%.[𝐴𝐵𝑇][𝑀𝐵𝐴]

𝐾#)*%/
+
𝑘"𝐾+,-[𝑀𝐵𝐴]0
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Where v represents the reaction rate, kf and kr represents the catalytic rate constants for the 

forward and reverse reaction respectively, KERY, KAP, KABT and KMBA are the Michaelis 

constants of ERY, AP, ABT and MBA respectively, KiABT and KiMBA are the inhibition 

constants of ABT and MBA respectively, KiMBAc is the inhibition constant for the MBA-PMP 

abortive complex, EiTAm represents the TAm concentration and Keq is the overall equilibrium 

constant. 

 

In the absence of products for the forward reaction, Equation 1 can be simplified to Equation 

2: 
 

1
𝑣 				=

1
𝑘!𝐸#$%&

C1 +
𝐾)*%
[𝑀𝐵𝐴] +

𝐾+,-
[𝐸𝑅𝑌] +

𝐾+,-[𝑀𝐵𝐴]
𝐾#)*%/[𝐸𝑅𝑌]

D 																																													Equation	2 

 

The initial rate data from Figure 3 was fitted using nonlinear regression to Equation 2 obtaining 

an R2 of 0.98 and sum of squares of 0.24. The calculated preliminary values of the constants 

kf, KMBA, KERY and KiMBAc were 97.2 mM min-1, 0.5, 101.2 and 23.9 mM respectively. 

 

At this point, a statistical F-test (Markowski & Markowski, 1990) was performed in order to 

determine if the addition of the parameter KiMBAc gave a significantly better fit to the data than 

in the absence of any dead end complex formation. The result of the F-test was equal to 282.4, 

which was considerably higher than the critical value of 6.6 from the F distribution tables for 
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a false-rejection probability of 0.05. This shows that the addition of the parameter KiMBAc was 

statistically significant and gives preliminary confidence that the most appropriate kinetic 

model has been selected. 

 

The plots of initial rate for the reverse reaction as a function of substrate concentration shown 

in Figure 4 did not suggest the presence of strong inhibition that could be caused by a dead end 

complex. This was corroborated by nonlinear fitting regression, where all the models including 

the formation of dead end complexes in the reverse reaction failed to give a statistically better 

fit than the model represented by Equation 3, which is a simplification of Equation 1 without 

including products of the reverse reaction. 

 
1
𝑣 				=

1
𝑘"𝐸#$%&

C1 +
𝐾%.
[𝐴𝑃] +

𝐾%*$
[𝐴𝐵𝑇]				D 																																																																													Equation	3 

 

The initial rate data was fitted to Equation 3 by nonlinear regression, and the preliminary 

parameters of kr, KAP and KABT were found to be 13.1 min-1, 19.6 and 39.4 mM respectively 

with an R2 of 0.98. Both nonlinear regressions for the forward and reverse reaction had upper 

and lower bounds of 0.1 and 800 and both converged with any arbitrary initial value. 

 

A set of experiments to obtain initial reaction rates using pure TAm purified to homogeneity 

by His tag  affinity column chromatograph were performed and the results are also shown in 

Figure 4. It had been previously reported that the CV2025 TAm biocatalyst in vivo form was 

more stable than ex vivo (Rios-Solis et al., 2011).  This stability effect was negligible for initial 

rate data, where both plots using TAm in pure and whole cell were statistically identical (Figure 

4). This suggested three things: (i) that there are not additional mass transfer resistances 

imposed on substrate/product transfer when using whole cells, (ii) that there does not appear to 

be any significant interaction of the reactants and products with the host cell metabolism for 

the timescale of the experiments and consequently (iii) the reaction mechanism of the TAm 

both in vitro and in vivo are likely to be similar. This justifies the use of whole cells in this 

work. Similar results were found for the initial rates of Figure 3 comparing lysates and whole 

cells (data not shown). 
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4.3.   Enzyme stability under bioconversion conditions 

 

An underlying assumption in our methodology is that the TAm activity should be stable for the 

duration of the progress curve experiments. These are needed in order to determine the 

remainder of the unknown inhibition and equilibrium constants (Figure 1). Good stability of 

the TAm biocatalyst would demonstrate that the total concentration of the active enzyme was 

constant during the complete reaction, and therefore that any decrease in the reaction rate could 

be attributed to inhibition or equilibrium effects and not to irreversible enzyme deactivation. 

To test the enzyme stability, the whole cell TAm biocatalyst was incubated with each substrate 

or product for incubation times spanning the likely duration of a bioconversion reaching 

completion. The enzyme activity was determined at intervals and is plotted as a function of the 

incubation time in Figure 6. Forward reaction rate data was used for incubation with ERY or 

MBA, and reverse reaction rate data for incubation with ABT or AP.  

No significant decrease in enzyme activity was detected for up to 35 hr of incubation with 

ERY, ABT and AP. In contrast there was a 15% decrease in initial reaction rate for the whole 

cell TAm while incubated with MBA. This was considered acceptable over the extended 

incubation period for kinetic parameters determination, and care was taken to collect several 

data points in the early stage of the reaction when the enzyme deactivation would be minimized. 

When performing the stability studies it was noticed that when incubating the enzyme with 

MBA, further PLP had to be added after the incubation so that the enzyme activity would be 

restored. This was not necessary when incubating the enzyme with ERY, AP or ABT. This 

could be attributed to a full conversion of PLP to PMP through completion of the first half 

reaction, due to the absence of amino acceptor, as has been shown previously using the CV2025 

TAm  (Schell et al., 2009).  

     

4.4.    Kinetic parameter identification using progress curves 

 

Step 4 in the proposed methodology (Figure 1) involves obtaining complete progress curves at 

higher substrate concentrations, where equilibrium as well as substrate and product inhibition 

effects would have a stronger weight. A set of 9 progress curves for the forward reaction, each 

with 12 sampling points at different intervals were obtained to ensure the accuracy of the model 

fit to the experimental data. This set was complemented with the addition of 3 reverse reaction 

progress curves, to ensure that the model would fit both forward and reverse reaction profiles. 



14 

 

The substrate concentrations chosen are shown in Table 1, and included those under which the 

final bioconversion process might be performed. Also included are experiments covering the 

lower and higher range of the concentration spectrum, to ensure that the inhibition and 

equilibrium constants would be accurately determined over the widest possible range of 

bioconversion conditions. 

 

Initial nonlinear regression analysis highlighted the importance of the data points before 60 

min of reaction. These points involving low product concentration were found to be crucial in 

giving adequate weight to the preliminary parameters kf, kr, and the Michaelis constants 

previously obtained, thus allowing a better convergence of the optimization algorithm. 

Therefore care was taken to include several points within that time range, in order for the 

optimization to converge around the vicinity of the preliminary values determined in Section 

4.2. 

 

The preliminary results for kf and kr, of 97.2 and 13.1 min-1, and for KMBA, KERY, KiMBAc, KAP 

and KABT of 0.5, 101.2, 23.9, 19.6 and 39.4 mM respectively obtained in Section 4.2 were used 

as fixed values in the full kinetic model (Equation 1). This was done in order to be able to 

determine the rest of the kinetic constants by nonlinear regression of the progress curves. The 

equilibrium constant was calculated simultaneously in the iteration process using the Haldane 

equation : 

 

𝐾𝑒𝑞 = &
𝑘!
𝑘"
2
0 𝐾%*$𝐾%.
𝐾)*%𝐾+,-

																																																																																																						Equation	4 

 

The two remaining inhibition constants KiERY and KiAP were calculated using the following 

Haldane equations: 

 

𝐾#%. =
𝐾'(𝑘"𝐾+,-𝐾#)*%

𝑘!𝐾%*$
																																																																																																						Equation	5 

 

𝐾#+,- =
𝑘!𝐾%.𝐾#%*$	
𝐾'(𝑘"𝐾)*%

																																																																																																													Equation	6 
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The partial equilibrium constant K1 for the first half reaction, where MBA reacts with E-PLP 

to produce AP and E-PMP (Figure 5) was calculated using Equation 7: 

 

𝐾2 =
𝑘2𝑘3
𝑘0𝑘4

=
𝐾#%.
𝐾#)*%

																																																																																																															Equation	7 

 

In the same way, the partial equilibrium constant K2 for the second half reaction, where E-PMP 

is converted to E-PLP through the formation of ABT from ERY (Figure 5) was obtained using 

Equation 8: 

 

𝐾0 =
𝑘5𝑘6
𝑘7𝑘8

=
𝐾#%*$
𝐾#+,-

																																																																																																																Equation	8 

 

It should be noted that the overall equilibrium constant Keq can also be expressed as the product 

of the two partial constants as shown in Equation 9, and the value obtained should be the same 

as the one obtained with Equation 4. 

 

𝐾'( = 𝐾2𝐾0 =
[𝐴𝑃]'([𝐴𝐵𝑇]'(
[𝐸𝑅𝑌]'([𝑀𝐵𝐴]'(

																																																																																								Equation	9 

 

Global optimization was next performed using the pattern search algorithm described in 

Section 3.6. Following this approach, the optimization solution was relatively independent of 

the initial values of the inhibition constants, because only 3 parameters needed to be estimated. 

The preliminary values of KiMBA, KiABT and Keq were determined to be 0.004 and 2.2 mM and 

830 respectively. The lower and upper bounds for both nonlinear regressions were set at 0.0001 

and 800, and the optimization was always found to converge to the same result for any given 

initial value within the bounds. 

 

4.5.    Reconciliation and final kinetic parameter values   

 

The preliminary kinetic parameters obtained up to this point are believed to be close to the 

“true” values, yet they still present some inaccuracies because they are based on the catalytic 

and Michaelis-Menten constants determined using the simplified kinetic models in Equations 
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2 and 3. Any error obtained using such simplified models in Step 2 would be propagated to the 

values of all the next parameters determined in Step 4. Therefore in Step 5 of the methodology 

described in Figure 1, the kinetic constants were reconciled by using the corresponding full 

kinetic model (Equation 1) combined with nonlinear regression of the 12 progress curves, 

where all the preliminary parameters were used as initial values for the optimization. 

 

The lower and upper bounds were set as 0.1 and 800 (except for KMBA and KiMBA where the 

lower bound was set to 0.01 and 0.0001 respectively), and because the initial estimates were 

close to the final parameter values, the global optimization was rapidly achieved around the 

vicinity of the initial estimates. The preliminary and “reconciled” kinetic values obtained this 

way are summarized in Table 2, where a description in terms of rate constants of each 

parameter is also included. The preliminary and final values were relatively similar with the 

major difference (33%) was found for the inhibition constant KAPi. Such changes to the final 

values of the kinetic parameters at this point was considered acceptable for a nonlinear 

regression based methodology (Moros et al., 1996; Blackmond, 2005; Chen et al., 2008). 

 

In order to perform a complete statistical analysis, the full methodology described in Figure 1 

was also performed using the kinetic model without including substrate inhibition by the 

formation of dead end complexes (Equation 1 without including the last two terms). The final 

nonlinear regression performed with this model in Step 5 to reconcile the parameters failed to 

converge successfully. Instead, it reached the upper limit for KERY and showed relatively high 

discrepancies between the initial and “reconciled” values (data not shown), presenting a 

residual of 16.3 compared to 0.55 using the full model of Equation 1. A statistical F-test was 

performed in order to determine if the addition of the parameter KiMBAc gave a significantly 

better fit to the progress curve data. The result of the F-test was equal to 15.7, which was higher 

than the critical value of 3.9 from the F distribution tables with false-rejection probability of 

0.05. This confirms that the addition of the parameter KiMBAc was also statistically significant 

to fit the progress curves. These statistical analyses, in addition to those in Section 4.2, showed 

that the kinetic model described by Equation 1 represents the best reaction mechanism for 

describing both initial rate data and the complete progress curves. This finding strongly 

supports the formation of the abortive complex E-PMP-MBA for the TAm reaction studied 

here. Further experiments using mass spectrometry would be required to confirm this. 
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4.6. Validation of kinetic parameters 

 

In order to validate the kinetic parameters obtained in Table 4.2, experimental and predicted 

data of reactant concentrations as a function of time were compared. Very good agreement was 

found for all the forward and reverse reaction conditions described in Table 1. Figure 7 shows 

a set of experimental and model data comparisons for the forward reaction, using progress 

curves from Table 1 that were used to determine the kinetic parameters. Figure 7(a) specifically 

compares experimental ABT data points from different progress curves with the predicted 

model where excellent agreement is seen. Figure 7(b) focuses on the initial period until 60 min 

where, as described in Section 4.4, several key data points were collected. Good agreement 

was again found between the experimental values and model predictions for reaction occurring 

over both short and long periods. Figure 8 shows experimental data points for MBA formation 

during the reverse reaction conditions described in Table 1. Again excellent agreement is 

observed between the data and the model.  

 

To further test the kinetic model and the calculated parameters, Figure 9 shows the comparison 

of model predictions with additional sets of experimental progress curve data (under conditions 

not included in Table 1 to establish the kinetic parameters). Good agreement is also found 

between these additional independent progress curves and the model predictions, verifying the 

appropriate determination of the kinetic model (Equation 1) and its corresponding parameters 

(Table 2). 

 

5. DISCUSSION 

 

5.1.  Kinetic constants 

 

The value of the Michaelis constant of KAP was determined to be two orders of magnitude 

higher than KMBA. A similar low KMBA and higher KAP value was determined for the ω-TAm 

from Vibrio fluvialis (Shin & Kim, 2002) which shares 38% sequence identity towards the 

CV2025 TAm (Kaulmann et al., 2007). Interestingly, the opposite result was found for the ω-

TAm from Bacillus thuringiensis, where the Michaelis constant for MBA and AP were two 

orders of magnitude higher and lower respectively than the ones determined in this work (Shin 

& Kim, 1998). The Michaelis constant of ERY was 200 times bigger than the one for MBA, 
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while the Michaelis constant of ABT was half that for AP. In contrast to the reverse reaction, 

the kinetic parameters of the forward reaction did not follow the general trend where the 

Michaelis constant of each amino donor were higher than the corresponding amino acceptor 

(Henson & Cleland, 1964; Christen & Metzler, 1985; Shin & Kim, 1998; Lain-guelbenzu et 

al., 1991; Lo et al., 2005; Martin et al., 2007).  

 

5.2. Equilibrium constants 

 

The uses of transaminases to synthesize chiral amines have been generally hampered by 

equilibrium constants near unity or constants which favours the ketone starting material (Taylor 

et al., 1998; Stewart, 2001; Truppo et al., 2010). For the conversion studied here however, the 

value of the partial equilibrium constants K1 and K2 for the first and second half reactions were 

275 and 3.1 as determined by Equations 7 and 8 respectively. The high value of K1 has also 

been suggested in literature for the synthesis of pyridoxamine 5´-phopsate using CV2025 TAm 

(Schell et al., 2009). The values of K1 and K2 lead to a global equilibrium constant of 843 

(Equation 9), which strongly favoured the asymmetric synthesis of ABT.  

 

In addition, the catalytic constant for the forward reaction was almost one order of magnitude 

higher than the constant for the reverse reaction (Table 2). Similar differences in catalytic 

constants have been found for the  ω-TAm from B. thuringiensis to produce L-alanine from 

pyruvate and MBA (Shin & Kim, 1998), yet in general these results are not common among 

other TAms where kf and kr do not differ greatly (Henson & Cleland, 1964; Bulos & Handler, 

1965; Christen & Metzler, 1985; Kuramitsu et al., 1990; Hayashi et al., 1993; Taylor et al., 

1998). In general, due to the low equilibrium constants of the TAm bioconversions, the 

commonly used method in industry for amine synthesis has been by kinetic resolution, which 

is hampered by a 50% theoretical yield. The previously mentioned results are thus relevant, as 

they indicate that the kinetics and equilibrium constants of the TAm mediated synthesis of 

specific amino-alcohols will be suitable for asymmetric syntheses where  >95% yields could 

be achieved directly. 

 

5.3. Bottlenecks of the bioconversion and optimum reaction conditions 
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After evaluating the kinetic constants in Table 2, and performing a sensitivity analysis for each 

parameter (data not shown), it was found that one of the key obstacles to improve the amino-

alcohol productivity was the high value of KERY of 96 mM. For similar reaction conditions, 

Michaelis constants for pyruvate were reported to be one order of magnitude smaller than KERY 

using the ω-TAm from V. fluvialis and B. thuringiensis (Shin & Kim, 1998; Shin, 2002).  

The higher stability of the complex E-PLP-MBA compared to E-PMP-ERY was evidenced by 

the value of the dissociation constant KiMBA of 4.0×10-3 mM, which was 3 orders of magnitude 

smaller compared to the value of KiERY of 1.0 mM. By analyzing the expressions of the 

parameters as rate constants in Table 2, it can be concluded that the higher values of KERY and 

KiERY compared to KMBA and KiMBA make the second half reaction the limiting step of the 

overall bioconversion. Mutagenesis improving this step would be very beneficial in improving 

the catalytic rate of the TAm synthesis of ABT, provided that the screening method used 

specifically covers the second step of the bioconversion. 

The value of the kinetic parameter kf, which is a function of the forward catalytic constant rates 

k3 and k7, was found to be 97.4 min-1. This value of kf was of the same order of magnitude as 

that reported for a similar ω-TAm using MBA and pyruvate as substrates (Shin & Kim, 1998;  

Shin & Kim, 2002), but it was found to be several orders of magnitude lower compared with 

other classes of TAms when used with natural substrates ex vivo (Kuramitsu et al., 1990; 

Markova et al., 2005). Product inhibition in the forward reaction was found to be not so severe 

compared to other similar ω-TAm bioconversions (Shin & Kim, 1998; Shin & Kim, 2002). In 

those works, some of the product inhibition constants were found to be one order of magnitude 

smaller than the value of KiAP and KiABT of 1.1 and 3.1 mM obtained in this work respectively 

(Table 2). A low product inhibition of AP and ABT was also suggested in literature using a 

TAm from Pseudomonas aeruginosa for the asymmetric synthesis of ABT (Ingram et al., 

2007). 

 

Several simulations predicted that high reaction yields of more than 95% should be obtained 

using high equimolar concentrations of substrates, with the condition that longer reactions 

times were used than 35 hr. However, the experimental data started to diverge gradually from 

the predicted model data after longer reaction times (data not shown). This may have been due 

to general toxicity effects of the MBA on the whole cells or to the irreversible enzyme 

inactivation by MBA As it was shown in Figure 6, 15 % of the TAm was deactivated after 
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being incubated for 35 hr with 50 mM MBA. This deactivation percentage was considered 

negligible for the purposes of determining the kinetic parameters, however the deactivation 

may become more significant if longer residence times and also higher concentrations of MBA 

were used. TAm inactivation by the amino donor has also been reported in literature  (Yun et 

al., 2004), and in some cases whole cell TAm biocatalysts have been shown to maintain the 

TAm more stable versus the inactivation of the amino donor (Yun et al., 2004; Rios-Solis et 

al., 2011). Concentrations of MBA of up to 50 mM have been used without noticeable toxic 

effect with growing cells (Shin et al., 1997). Nevertheless in this work concentrations of up to 

250 mM where used. Further addition of PLP or TAm (individually) when the reaction stopped 

did not restore the catalytic activity. In contrast, addition of PLP and TAm (together) did restore 

partially the activity, suggesting both enzyme and PLP were inactivated or consumed after 

longer reaction times.  

 

Finally, taking into account all the above findings, it was identified that maintaining a high 

concentration of ERY while minimizing the concentration of MBA would enhance the final 

yield of ABT. The simulation in Figure 9 that considered an excess of ERY (220 mM of ERY 

and 40 mM MBA with 0.4 mg ml-1 of TAm) predicted a 99% conversion with respect to the 

limiting substrate MBA in 500 min corresponding to the maximum theoretical yield achievable 

for the reaction. In contrast, only a 35% conversion was predicted using an excess of MBA at 

the same enzyme concentration ((250 mM of MBA and 40 mM ERY with 0.4 mg ml-1 of TAm). 

The experimental results in Figure 9 confirmed the predictions, showing very good agreement 

between the experimental and predicted data sets.  

 

6. CONCLUSIONS 

 

A systematic, microscale high-throughput procedure has been developed in this work to rapidly 

determine the kinetic parameters of challenging reversible enzymatic reactions with strong 

inhibition and where the reaction mechanism has not been previously elucidated. The 

methodology was applied to the C. violaceum TAm mediated synthesis of chiral amino-alcohol 

ABT, combining traditional initial rates experiments to identify a solution in the vicinity of the 

global minimum, with nonlinear regression methods to determine the exact location of the 

solution for kinetic parameter determination. Statistical comparisons of different kinetic 

models were also included, which allowed new insights into the reaction mechanism to be 
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determined and in particular the formation of a dead end complex between the amino donor 

and the cofactor enzyme complex.  

 

Excellent agreement was found between the experimental data and the determined kinetic 

model, which revealed that the forward reaction was strongly favoured. The optimum 

conditions to maximize the reaction rate were found to be using an excess of the amino 

acceptor.  Current work is evaluating a reactor configuration which includes a fed batch 

addition of substrate MBA, to minimize the toxic and inhibitory effect of the amino donor and 

hence increase bioconversion rate and yield.    
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LIST OF TABLE LEGENDS 

 

Table 1. Initial substrate and enzyme concentrations used for experimental progress curve 

determination (data obtained was used to determine the kinetic parameters in Steps 4 and 5 of 

the methodology described in Figure 1). The first 9 progress curves represent forward reaction 

bioconversions, while the last 3 represent reverse reaction bioconversions. 

 

Table 1. Initial and final (reconciled) values of apparent kinetic parameters. Values were 

obtained in Step 5 of Figure 1 using the full kinetic model represented by Equation 1.  
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Scheme 1. Reaction scheme of the TAm mediated asymmetric synthesis of chiral amino-

alcohol (2S,3R)-2-amino-1,3,4-butanetriol (ABT), from substrates L-erythrulose (L-ERY) and 

(S)-(-)-α-methylbenzylamine (MBA). PLP is cofactor pyridoxal 5´-phosphate and AP refers to 

acetophenone.  
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Figure 1. Overview of the systematic procedure for rapid kinetic parameter determination for 

a reversible bioconversion. The approach is illustrated for the whole cell TAm mediated 

synthesis of ABT from ERY and MBA (Scheme 1). 

Figure 2. Initial rate of TAm mediated synthesis of ABT (Scheme 1) as a function of TAm 

concentration in whole cell form.  Reaction conditions: 0.2 mg ml-1 [TAm] in whole cell form, 

10 mM [MBA] and 50 mM [ERY], 0.2 mM PLP, 30oC and pH 7.5 in 200 mM HEPES buffer. 

Solid line fitted by linear regression (R2 0.998).  Error bars represent one standard deviation 

about the mean (n=3). 

Figure 3. Initial rate of the forward reaction for the TAm mediated synthesis of ABT (Scheme 

1) as a function of substrate concentration: (●) [MBA] varied while maintaining initial [ERY] 

at 200 mM, (Δ) [ERY] varied while maintaining initial [MBA] at 10 mM. In all experiments 

0.2 mg ml-1 [TAm] in whole cell form was used with 0.2 mM [PLP], 30oC and pH 7.5 in 200 

mM HEPES buffer. 

Figure 4. Apparent initial rate of the TAm reverse reaction for the synthesis of ABT and MBA 

as function of the concentration of substrates: (Δ) varying [ABT] while maintaining [AP] fixed 

at 35 mM using pure enzyme and (▲) TAm in whole cell form, (○)  varying [AP] while 

maintaining [ABT] fixed at 100 mM  using pure enzyme and (●)  TAm in whole cell form.  In 

all experiments 0.2 mg ml-1 of TAm in whole cell or pure form was used with 0.2 mM PLP, 

30oC and pH 7.5 in 200 mM HEPES. Error bars represent one standard deviation about the 

mean (n=3). 

Figure 5. Proposed King-Altman figure for the TAm mediated synthesis of ABT. Solid lines 

represent the basic kinetic model without the formation of abortive complexes. The dashed 

arrows represent substrate inhibition via formation of dead end complex E-PMP-MBA. 
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Figure 6. Evaluation of whole cell TAm biocatalyst stability: forward initial reaction rates after 

incubation with (●) 50 mM [ERY] or (○) 50 mM [MBA]; reverse initial reaction rates after 

incubation with (▼) 100 mM [ABT] or (Δ) 35 mM [AP]. In all experiments                 0.2 mg 

ml-1 of TAm in whole cell form was used with 0.2 mM PLP, 30oC and pH 7.5 in 200 mM 

HEPES buffer. Reaction conditions for forward reaction were 50 mM equimolar concentration 

of substrates, and for the reverse reaction 100 mM [ABT] or 35 mM [AP] were added to start 

the reaction. Error bars represent one standard deviation about the mean (n=3). 

 

Figure 7. Example experimental and fitted progress curves for the forward reaction indicating 

ABT formation (a) for the entire bioconversions and (b) for the first 50 min of reaction. Initial 

substrate concentrations were (●) 70 mM [ERY], 250 mM [MBA] and 0.4 mg ml-1 [TAm], 

(▲) 50 mM [ERY], 100 mM [MBA] and 0.3 mg ml-1 [TAm] and (■) 10 mM [ERY], 120 mM 

[MBA] and 0.3 mg ml-1 [TAm]. Dotted lines show fitted model based on Equation 1 and final 

kinetic parameters in Table 2. For all the experiments 0.2 mM PLP was used at 30oC and pH 

7.5 in 200 mM HEPES buffer. Error bars represent one standard deviation about the mean 

(n=3). 

 

Figure 8. Example experimental and fitted progress curves for the reverse reaction following 

MBA formation with initial substrate concentrations of: (○) 10 mM [AP], 120 mM [ABT] and 

0.15 mg ml-1 [TAm], (Δ) 20 mM [AP], 200 mM [ABT] and 0.44 mg ml-1 [TAm],  (□) 40 mM 

[AP], 100 mM [ABT] and 0.3 mg ml-1 [TAm]. For all the experiments 0.2 mM PLP was used 

at 30oC and pH 7.5 in 200 mM HEPES buffer. Dotted lines show model predictions based on 

Equation 1 and final kinetic parameters in Table 2.  

 

Figure 9. Examples of model verification comparing model predictions with additional 

experimental data sets. Progress curves for TAm mediated synthesis of ABT using initial 

concentrations of: (▲) 220 mM [ERY] and 40 mM [MBA], (○) 250 mM [MBA] and 40 mM 

[ERY]. Dashed lines represent kinetic model predictions based on Equation 1 and the 

parameters listed in Table 2. [TAm] concentration was 0.4 mg ml-1 in whole cell form, 0.2 mM 

PLP, 30oC and pH 7.5 in 200 mM HEPES buffer. Error bars represent one standard deviation 

about the mean (n=3). 


