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Introduction
The production of substituted (S)-Aminotetralins requires bio-

catalyst that have high activities at high temperatures and considerable 
tolerance to amine donors to shift the reaction towards products. The 
biocatalyst used in this process are (S)-Aminotransferases. When the 
correspondent parochial amine and an amine acceptor are mixed with 
the biocatalyst at the proper conditions of pH and temperature, among 
other factors, it is desired that the majority of the prochiral ketone be 
converted to the corresponding amine. From the economical point of 
view, the prochiral ketone is the most expensive, meanwhile the amine 
donor is the cheapest. Thermodynamically, it is possible to achieve in 
a reversible reaction high conversion of one of the reactants if another 
is added in excess; but in order to do that, the biocatalyst must tolerate 
such conditions. Especially, in this study was selected the biocatalyst 
that allows the production of Subtituted (S)-Aminotetralins from (S)-
Aminotetralone. Substituted (S)-aminotetralins are substances with 
potential for the treatment of Parkinson’s disease [1-2], depression [3], 
and cardiovascular problems [4-5]. Due to this several synthesis proce-
dures have been developed. These procedures consist in a sequence of 
organic reactions [6-10], use of catalysts [10-12], and use of biocatalyst 
[13-18]. In this study a characterization of the properties, and kinetics 
of an (S)-aminotransferase (S-AT) developed for production of substi-
tuted (S)-aminotetralins (SS-AT) was done.

Materials and Methods
S-AT

The S-AT used in this study was derived from Athrobacter citreous
after five rounds of mutagenesis by directed evolution (Mutant CNB05-
01, International Patent WO 2006063336 [18]. It was produced by the 
microorganism Escherichia coli MG1655 (Cambrex) at an expression 
level of about 65 mg per gram of whole cells. Its molecular weight is 
about 65 kDa. S-AT for production of SS-AT was used in the form of 
whole cells, since the S-AT in this form does not requires purification 
neither it is required by the specifications of the desired product. 

Source: The aminotransferase used in this study was obtained from 
a naturally occurring S-AT found in Athrobacter citreus in the fifth 

round of mutagenesis and selection. This S-AT as well as its predeces-
sors was coded by a gene of 1.5 kbp, its molecular weight was 65 kDa 
and was composed by 480 amino acids. The corresponding genes were 
isolated, and then sub cloned into pSE420 and transformed into Esch-
erichia coli MG1655. Once the selected gene was expressed in the host 
cell, it was subjected to random mutagenesis, and selected to improve 
the properties of the enzyme. 

Production: The S-AT used in this study (CNB05-01, gene se-
quence given on International Patent WO 2006063336 [18] was pro-
duced by Escherichia coli MG1655 as follows. To a 15-liter fermenter 
(New Brunswick®) was added 8 liters of water, 55 grams of KH2PO4 
(Fisher Scientific), 18 grams of MgSO4·7H2O (Fisher Scientific), 2 ml 
of Antifoam (Sigma), and 80 ml of a solution whose composition per li-
ter was 6 grams of Fe (III) citrate hydrate (Aldrich), 1.6 grams of EDTA 
free acid (Aldrich), 1.5 grams of MnCl2·2H2O (Aldrich), 0.8 grams 
of Zn(CH3COO)2·2H2O (Aldrich), 0.3 grams of H3BO3 (Aldrich), 
0.25 grams of Na2MoO4·2H2O (Aldrich), 0.25 grams of CoCl2·6H2O 
(Aldrich), and 0.118 grams CuCl2 (Aldrich). After that, the fermenter 
was sterilized at 121 °C for 30 minutes. The system was cooled down 
to 30 °C and then a sterile solution of 300 ml with 150 grams of glu-
cose was added and the pH was adjusted to 7 by addition of NH4OH 
(Sigma). After 18 hours of growth, the glucose supplied at inoculation 
time had been consumed. Then a sterile solution of glucose 50% w/w 
and MgSO4·7H2O 2% w/w (Fisher Scientific), was supplied by a peri-
staltic pump -equipped with sterilized tubes sterilized controlled by the 
fermenter concentration of dissolved oxygen. Ten hours later 0.6 grams 
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Abstract
The production of substituted (S)-Aminotetralins requires biocatalyst that have high activities at high temperatures 

and considerable tolerance to amine donors to shift the reaction towards products. The biocatalyst used in this process 
are (S)-Aminotransferases. An (S)-aminotransferase of a high activity derived from Athrobacter citreous by directed 
evolution for the production of substituted (S)-aminotetralin was characterized in the form of whole cells. Its optimum 
conditions were pH 7 and 55 °C. Maximum activity was 0.21 mM/min per gram of whole cells. Substrate affinities 
were 750 mM for isopropylamine and 10.4 mM for substituted tetralone. A kinetic study to describe the production 
of substituted (S)-aminotetralin showed that two major reactions were involved: one enzyme catalyzed –by (S)-
aminotransferase- that is the production of substituted (S)-aminotetralin from isopropylamine and substituted tetralone; 
the other a non-enzyme catalyzed reaction that forms a byproduct consisting in the imine formed by substituted 
tetralone and substituted (S)-aminotetralin. 
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of isopropyl-β-D-thiogalactopyranoside (IPTG) from Sigma was added 
to the fermenter, and then 12 hours later the cells were harvested by 
spray drying. Typical yields were 250-350 grams of whole cells per 8 
liters of fermentation. S-AT expression level was about 65 mg per gram 
of whole cells.  

Synthesis of SS-AT 

The synthesis of SS-AT occurs upon reaction of isopropylamine 
(Sigma) and substituted tetralone (Cambrex) catalyzed by S-AT in the 
presence of pyridoxal-5-phosphate (PLP)  as the enzyme cofactor (Sch-
weizer Hall) and a buffer (Description of starting material and product 
available in International Patent WO 2006063336 [18]. The synthesis 
reaction is shown in Figure 1. 

In addition to the reaction shown in Figure 1, during production 
of the desired product there is a side reaction. This undesirable process 
consists on the reaction of SS-AT and substituted tetralone to form an 
imine (Figure 2). Its formation was important later on the system, once 
that there was a considerable amount of the desired product, being neg-
ligible early on the reaction. 

Analysis of SS-AT by HPLC 

Enzyme properties and enzyme kinetics were determined by moni-
toring the concentration of SS-AT in the reaction system. Periodically 
samples were withdrawn from the system. Samples were diluted, cen-
trifuged and then analyzed using an HPLC (Hewlett-Packard Model 
1100 Series). Absorbance readings were taken at 254 nm after injecting 
a volume of 15-25 µl. Flow rate was set to 1.0-1.5 ml/min for 20 minutes 
through a Nova-Pak Phenyl (Waters) column. The mobile phase was 
comprised of isopropanol: aqueous buffer at 30%:70% (v/v), where the 

aqueous buffer was comprised of 0.24% (w/v) 1-Octanesulfonic acid 
(Janssen Chimica) and 0.15% (v/v) H3PO4 (Sigma).  

Enzyme properties 

Optimum pH: The effect of pH on initial rate was investigated in-
cubating 50 ml of reaction mixture at specific pH and 55°C, at a con-
centration of free whole cells of S-AT of 5 grams per liter. The composi-
tion of the corresponding reaction mixture was 130 mM substituted 
tetralone (Cambrex), 750 mM isopropylamine (Sigma), 2 mM PLP 
(Schweizer Hall), and 200 mM 

sodium acetate as a buffer (Sigma). Samples of 0.5 ml were with-
drawn from the system and mixed with 9.5 ml of HCl 0.1 N (Sigma); at 
20, 40, 60, 80, and 100 min.  

Optimum temperature: The effect of temperature on initial rate 
was investigated incubating 50 of ml reaction mixture at specific tem-
perature and pH 7, at a concentration of free whole cells of S-AT of 5 
grams per liter. The composition of the corresponding reaction mixture 
was 130 mM substituted tetralone (Cambrex), 750 mM isopropylamine 
(Sigma), 2 mM PLP (Schweizer Hall), and 200 mM sodium acetate as a 
buffer (Sigma). Samples of 0.5 ml were withdrawn from the system and 
mixed with 9.5 ml of HCl 0.1 N (Sigma); at 20, 40, 60, 80, and 100 min. 

Substrate affinity: The affinity of the enzyme for isopropylamine 
was investigated incubating 50 of ml reaction mixture of specific iso-
propylamine concentration at 55°C and pH 7, at a concentration of free 
whole cells of S-AT of 5 grams per liter. The composition of the cor-
responding reaction mixture was 130 mM substituted tetralone (Cam-
brex), 2 mM PLP (Schweizer Hall), and 200 mM sodium acetate as a 
buffer (Sigma). Samples of 0.5 ml were withdrawn from the system and 
mixed with 9.5 ml of HCl 0.1 N (Sigma); at 20, 40, 60, 80, and 100 min. 

Figure 1: Reaction of substituted tetralone and isopropylamine catalyzed by S-AT to produce a SS-AT.

Figure 2: Reaction of imine formation.
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Following the same methodology, the affinity for substituted tetralone 
was determined, withdrawing samples at 5, 10, 15, and 20 min.  

Kinetics 

Enzyme kinetic: Enzyme kinetic was studied at 55 °C, optimum 
pH, 2 mM concentration of PLP and at one gram of whole cells per liter. 
The kinetic studies consisted on the effect of substituted tetralone and 
isopropylamine in the concentration ranges from 2 to 30 mM and 750 
to 2000 mM, respectively; the rate of reverse reaction (reaction between 
SS-AT and acetone); and the effect of product concentration (SS-AT 
and acetone). The reaction systems described previously for studying of 
enzyme kinetic were analyzed following concentration of SS-AT with-
drawing 0.5 ml samples at 5, 10, 15, and 20 minutes. After withdrawing 
the sample it was mixed with 2 ml of water and centrifuged. Under the 
range of time chose to sample the system imine formation was consid-
ered to be negligible.  

Kinetic of Imine formation: Imine formation was monitored dur-
ing SS-AT production at 55°C, and pH 6 and 7. The reaction system was 
composed of 130 mM substituted tetralone, 750 mM isopropylamine, 
2 mM PLP, 200 mM sodium acetate at an enzyme concentration of 5 
grams of whole cells per liter; in a reaction volume of 500 ml. At the 
desired sampling time two samples of 0.5 ml were withdrawn. One of 
these samples was added to 9.5 ml of distilled water centrifuged and 

analyzed; the other was added to 9.5 ml 0.1N HCl. The sample added 
to HCl solution was incubated at 80°C for 30 minutes, then brought 
to room temperature, centrifuged and analyzed by HPLC. This sample 
would provide information about the total SS-AT in the system –since 
HCl and heat hydrolyzes the imine formed-, whereas the sample added 
water would provide the amount of free SS-AT in the system; then by 
difference imine concentration was obtained.  

S-AT model 

The data collected during the experiments were fitted to a modified 
ping-pong mechanism [19-21] that included substrate and product in-
hibition by isopropylamine and SS-AT, respectively. Enzyme inhibition 
by substituted tetralone was not present in the range of solubility of 
this substance at the temperatures of experimentation. Acetone inhibi-
tion was not considered since its boiling point is 56.53°C, and the tem-
perature of the system was 55°C, therefore acetone evaporation rate was 
high, which did not allow acetone accumulation in the system to cause 
strong enzyme inhibition. The model used is presented below. 
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Where max
fv  is the forward rate of reaction, max

rv  is the reverse rate of 
reaction, Keq  is the equilibrium constant, iAK  is inhibition constant of 
isopropylamine [A], iQK  is the inhibition constant of SS-AT, and mAK

, mBK , mPK and mQK are the affinities for isopropylamine [A], substituted 
tetralone [B], acetone [P] and SS-AT [Q], respectively. 

SS-AT production model 

Equation 1 describes the main reaction occurring in the system ear-
ly on, when imine formation is negligible. A complete description of the 
reaction system considering imine formation was done. Imine [I] for-
mation occurs parallel to synthesis of SS-AT [Q]. Substituted tetralone 
[B] reacts with isopropylamine [A] in the presence of S-AT, rendering 
as products SS-AT [Q] and acetone [P]. SS-AT [Q] reacts further with 
substituted tetralone [B], in a reversible fashion, given as product imine 
[I]. The models that describe imine formation [I] and SS-AT [Q] are 
shown below.   
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Figure 3: Isopropylamine affinity of S-AT for SS-AT production at 55°C, pH 
7, and 5 grams per liter of whole cells. The continuous trend correspond 
to Equation (4) evaluated at Vm = 1.50 mM/min, Km = 0.83 M, and KS = 
0.45 M.

Figure 4: Profile concentration of SS-AT and Imine at 55°C, pH 7, at a concen-
tration of 5 grams per liter of whole cells of S-AT.
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In these equations the relation between substrates and products is 
done by mass balance, monitoring the concentration of SS-AT [Q] and 
imine [I], A=[Ao]-([Q]+[I]), P=([Q]+[I]), and B=[Bo]-[Q]-2[I]. If to-
tal concentration of B is higher than the solubility of it at 55°C (33 mM), 
then B concentration is considered as its solubility. 

Effect of PLP 

The effect of PLP concentration, the enzyme cofactor, on initial rate 
of S-AT used in this study was investigated at 55 °C. It was done in sys-
tems of 50 ml of solution of composition 130 mM substituted tetralone, 
750 mM isopropylamine, 200 mM sodium acetate, and variable con-
centration of the cofactor. Enzyme concentration was 1 gram per liter. 
Samples were withdrawn from the systems at 5, 10, 15 and 20 minutes 
and then analyzed by HPLC to measure concentration of SS-AT.  

Results 
Enzyme properties and kinetic 

Enzyme properties of the S-AT used for production of SS-AT are 
shown in Table 1. During the experiments done to determine substrate 
affinity it was noticed that isopropylamine causes enzyme inactivation 
as shown in Figure 3, while substituted tetralone does not in its soluble 
range. Substituted tetralone is a compound that has limited solubility 
(around 33 mM at 55°C). Experimentally, optimum isopropylamine 
concentration was 750 mM, but Equation (1) predicts an optimum 
concentration of of 0.61 M, obtained as the square root of the product 
of Km KS. The values of the parameters shown Equation (4) are Vm = 
1.50 mM/min, Km = 830 mM, and KS = 450 mM for the data shown 
in Figure 3.   
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where v is reaction rate, Vm is maximum reaction rate, S is substrate 
concentration, Km is the Michaelis-Menten constant, and KS is the in-
hibition constant of the substrate [19].  

 Imine formation 

Imine formation in the system together with SS-AT in solution is 
presented in Figure 4 and 5. Imine formation is believed to be a revers-
ible process where substituted tetralone and SS-AT combines to for the 
imine, at the same time imine decomposes to form substituted tetralone 
and SS-AT. Maximum imine and SS-AT was at about 7 hours, and re-
mained practically constant towards the rest of the biotransformation. 
SS-AT reached a concentration about 70 mM, whereas imine concen-
tration reached a maximum concentration of about 20 mM.  

During the production of SS-AT at pH 6 and 7, at a 500 ml scale, the 
same overall conversion was achieved. Twenty-one percent of the SS-
AT produced at pH 7 was obtained after hydrolysis of imine, meanwhile 
3.5% of the SS-AT produced at pH 6 was originated after acid hydrolysis 
of imine. Therefore, low pH appears to decrease overall imine forma-
tion, but at the pH of 6 enzyme activity is lower than the activity of the 
enzyme at pH 7, therefore pH is selected as the optimum for this S-AT. 

Effect of pyridoxal-5-phosphate 

The data shown in Figure 6 were correlated to a Michaelis-Menten-
like model of saturation kinetics.   
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+
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The model gave as a result a maximum value of rate Vm of 0.14 
mM/min, and a Km of 0.22 mM by means of non-linear regression 
using the solver tool from Microsoft® Office Excel 2003. Figure 6 also 
shows a reaction rate of 0.02 mM/min at a cofactor concentration of 0 
mM, obtained when the enzyme was used as it was after obtaining the 
whole cells by spray drying. Adding cofactor up to a concentration of 
4 mM increases the activity (reaction rate) by a factor of about 7 times. 
From these data the need is shown of adding the cofactor, PLP, to all 
the reactions mediated by S-AT expressed in Escherichia coli MG1655, 
since it appears that the amount of PLP inside of the cell is not enough 

Figure 5: Profile concentration of SS-AT and Imine at 55°C, pH 6, at a con-
centration of 5 grams per liter of whole cells of S-AT.

Figure 6: Effect of Pyridoxal-5-phosphate (PLP) concentration on reaction 
rate of free S-AT catalyzing the reaction system of substituted tetralone at 
55 °C, pH 7.

Property Value
Optimum pH 7
Optimum Temperature (°C) 55
Activation Energy (kcal/mol) 13.0
Deactivation Energy (kcal/mol) 43.9
Maximum activity per gram of whole 
cells per liter (mM/h) 12-18

Apparent Michaelis-Menten constant for 
Substituted Tetralone (mM) 10.4

Optimum Isopropylamine concentration 
(mM) 750

Table 1: S-AT properties.
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to form the complex enzyme-cofactor with all the S-AT produced.  

Discussion 

The experiments regarding to enzyme properties and kinetic 
showed clearly that S-AT presents substrate inhibition by isopropyl-
amine, and suggested that SS-AT might cause product inhibition. The 
data collected during the experiments mentioned above allowed mod-

eling the data by a modified ping-pong mechanism [20-22] that in-
cluded substrate and product inhibition by isopropylamine and SS-AT, 
respectively. The parameters that best describe the experimental data 
are shown in Table 2. These parameters were estimated by non-linear 
regression, using as guessing parameters the values of substrate affinity 
constants and maximum activity shown in Table 1.  

The whole process of SS-AT production is described by Equations 
2 and 3 with the parameters shown in Table 2 were used to model both 
SS-AT and imine formation during the biotransformation. Equation 2 
and 3 were solved numerically by Runge-Kutta method of fourth order 
and the imine formation parameters obtained by non-linear regression. 
The parameters that describe the whole biotransformation process, at 
55°C, pH 7, 5 grams of whole cells per liter are shown in Table 3; and 
their prediction of the biotransformation is shown in Figure 7.  

Figure 7 shows the biotransformation description by Equation 2 
and 3 evaluated with the parameters shown in Table 3. Overall SS-AT 
formation is described fairly well, at least to the point where it reaches 
it maximum concentration, after that the model over predicts its con-
centration (by 17% more). Imine formation apparently is not well de-
scribed early on the biotransformation, but its final concentration is 
predicted accurately. 
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