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Abstract 
The use of enzymes or microorganisms possessing enzymes to catalyze a chemical reaction is 
called biocatalysis. This work was aimed to develop and test different modes of biocatalysis such 
as immobilization and surface expression of a commercially important enzyme s9 ω-
transaminase for cost effective reusability.  S9 ω-transaminase was used for the production of a 
chiral amine (S)-α-Methylbenzylamine (MBA) which has a high pharmaceutical value. Currently 
MBA is commercially produced using whole cells with intracellular expressed enzyme and this 
process has the drawbacks of non-reusability and is time demanding, as new batch of cells are 
produced after each reaction. Enzyme activity of intracellularly produced s9 ω-transaminase was 
compared in its free and immobilized forms in this study along with cells having surface 
expressed enzymes. The results showed that the immobilized enzymes could be reused without 
any drop in activity during the reuse even though the immobilization itself caused a 35% 
decrease in the activity of enzyme. Expressing the enzymes on the surface of a cell allows the 
use of enzymes directly in biocatalysis, avoiding the isolation and purification step. This study 
showed that the surface expressed s9 ω-transaminase was stable and active on reuse. It was also 
found that in a saline condition both enzymes and cells showed better activity.  A drop in optical 
density was noticed when cells were subjected to reaction mixture for few hours raising the 
question of stability and durability of cells in reaction medium. However more investigations 
should be done before scaling up the process, in terms of stability and durability of cells and total 
productivity with this cell strain, as it was found that most of the enzymes struggled to get 
expressed outside the outer membrane.  
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2 Introduction 
Proteins are considered as one of the magical molecules nature has ever created. They exhibit 
structural diversity and multi-functionality in all forms of life. From the basic prokaryote to a 
highly complex mammalian body, they play unique roles with different functions; ranging from 
basic structural frame work (structural proteins), to complicated metabolic or catalytic activity 
(enzymes). These structural and functional properties make them one of the most studied 
molecules to date, an all time favorite of researchers worldwide.  

Biocatalysis is a process of using enzymes (catalytic proteins) or micro organisms (that posses 
the required enzymes) to enhance the conversion of a chemical compound (mostly organic) from 
one form to another. The relationship between man and biocatalysis is not new, and it dates back 
to at least 4000BC. There are evidences suggesting that, in ancient periods itself, man knew the 
technology of brewing and bread baking using yeast, though he was not aware of the mechanism 
behind that [1]. Later, even though technologic progress unveiled the secrets behind a good 
number of the biotransformations, the field of biocatalysis was mostly confirmed to food and 
beverage industry. Today the modern biotechnology is too evolved, that it enables enzymes to be 
used in various industries like pharmaceutical, detergent, paper, leather, animal feed; along with 
food and beverages industries [2-3]. The global enzyme market today is gigantic and 
competitive, involving big guns like Novozymes, Danisco etc. with a turnover of $3.3 billion in 
2010. It is expected that the figures reach $4.4 billion in the next 5 years [4].   

In pharmaceutical industries, the traditional production of drugs was using chemical 
transformation of compounds. But their high cost of production and the increased demand for 
more eco-friendly processes and enantiomerically pure medicines turns to the technology of 
biocatalysis. It is the chemo-, regio-, diastereo- and enantio-selectivity of the enzymes, which 
makes them more preferable than chemical transformation, for the production of such 
compounds. They assure higher enantiomeric purity, high rate acceleration and can also catalyze 
different reactions, when compared to the former. In addition enzymes require mild, safe and 
greener chemistry (low temp and neutral reaction conditions and no or less use of organic 
solvents) which are cost efficient [5] [6].  

Biocatalysis is the only possible solution when enzyme itself acts as the drug as in the case of 
Activase, the first recombinant enzyme drug, produced in 1987 [7]. However, in most cases 
enzymes are mainly used to produce the precursors or building blocks of certain drugs. The 
earliest record of such a process was in 1930s by two German researchers Hilderbrandt and 
Klavehn, producing (R)-phenylacetylcarbinol which is a precursor of the drug L-ephedrine, from 
Yeast [6]. Since then, enzymes have been widely used to produce such precursors including 
chiral compounds. 

However the field of biocatalysis is also not completely devoid of problems. High cost of 
enzymes, the tedious processes of finding the right enzyme, difficulty in their production and 
purification, various types of inhibitions, difficulty in separation from reaction mixtures and the 
question of their reusability are some of them.  
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Several biocatalytic methods are being implemented by different industries to overcome some of 
these drawbacks. However, no method can be applied universally for all type of productions. 
Every process should be customized depending on the value of product, properties of the 
catalyst, so that some factors are compromised to achieve the most prioritized ones. 

For commercial biocatalysis, enzymes are produced both from their natural sources as well as 
through recombinant expression on suitable hosts like E.coli, Bacillus sp. etc. It may either be 
produced intracellularly or extracellularly. After the production, they are used in various forms 
for catalysis, as free enzymes, enzymes immobilized on solid supports, whole cells, and cells 
immobilized on solid support, depending on the convenience, stability and the cost factor [6, 8-
9]. And like in any other industry, the process would be designed to run at maximum efficiency 
keeping the yield, and cost as the primary concerns. 

2.1 Modes of biocatalysis  
Using free enzymes is the simplest way of biocatalysis, where both substrates and enzyme are 
mixed together in adequate amounts, in a reacting vessel to carry out the biotransformation. The 
procedure and apparatus are quite simple that make this method very convenient [10]. However, 
the difficulty in isolating and purifying enzymes for the catalysis is one of the major drawbacks 
of this process. In addition, the removal and reuse of enzyme after reaction is a tedious process 
[6].  

Immobilizing enzymes overcomes some of the drawbacks of the previous method, that when 
immobilized on an insoluble support, they can be easily removed after the reaction. This enables 
a better control over the reaction, by removal of enzymes at any point of time. Since the enzyme 
can be regenerated, this method is suitable for expensive enzymes. Also, enzymes, when 
attached to a matrix show higher stability when compared to the free soluble forms [8, 11]. 

Adsorption on an inert material like porous carbon is a common method of immobilization. 
Simple mixing of enzyme with the absorbent in proper pH and ionic strength will do. Binding is 
caused due to the combination forces of hydrophobicity and salt linkages. Weak bonding and 
blocking of active site by the adsorbent are common drawbacks of this method.  

Another method of immobilization is the entrapment of enzymes in insoluble matrices like 
calcium alginate, cellulose acetate etc. This method is applicable mainly for low molecular 
weight substrates and products, as the matrix may hinder their smooth passage to and from the 
enzyme centre, resulting in a diffusion limitation. Membrane encapsulation of enzymes is 
another method, which is principally same as that of previous method, but is done by the 
encapsulation of enzymes by semi-permeable membrane. However, this method is also not 
devoid of diffusion limitation.  

The most efficient method so far is by the covalent binding or cross linkage of enzymes on 
insoluble matrices like sepharose. Here, the immobilization is caused by the covalent bond 
formation between reactive groups on the enzyme to a reactive group on the matrix surface as 
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shown in figure1. A cross-linker (between the surface of beads and the enzyme) is used to form 
the attachment.  

 

Figure 1:  Mechanism of binding of proteins on sepharose beads. Beads have a chemical cross-linker with N-Hydroxy 
Succinamide groups in the end. Amino group of the proteins replace the NHS group from the beads to form covalent linkage. 

However, if the covalent coupling occurs with a reactive group in the active site, it will 
negatively affect the activity and functioning of the enzyme. Also, the stiff covalent bonds may 
change the steric properties of the enzymes which can hinder their activity [8, 12]. 

Whole cell biocatalysis overcomes much of the drawbacks of using isolated enzymes and seems 
more ideal in an industrial point of view. It avoids the need of purification, isolation and 
immobilization of target enzymes. As it provides a natural and protected environment for the 
enzymes to function, the enzymes stay more stable without having conformational changes. 
Also, the cells will regenerate the cofactors needed for the enzyme. This method is highly 
recommended for the reactions that require more than one enzyme. Though viability of the cells 
is an important factor to be considered to carry out the above said functions, in certain cases dead 
cells are also being used [6, 9, 13]. 

Though whole cell catalysis overcomes much of the problems with the use of free and 
immobilized enzymes, a major drawback still remains unchanged, which significantly affects the 
productivity of the process, the diffusion limitation. The rates at which the substrate diffuses to 
the catalyst have a great influence in the overall speed of the process. In whole-cell catalysis, it is 
prominent compared to free enzymes, as in the former the substrates have to pass across the cell 
membrane to reach the enzyme. To cope up with the diffusion limitation, a higher substrate 
concentration or longer reaction time or both is needed, which is not so favorable in an industrial 
scale. The condition would be worse when the cells or isolated enzymes are immobilized by 
matrix entrapment or membrane encapsulation [14-15]. 

Several attempts have been done to overcome the diffusion limitation problem by expressing the 
enzymes on the surface of the cell rather than inside to make it readily available for the substrate 
and thus initiate the reaction, and one of such researches ended up in the discovery of auto 
transporters and the surface expression of enzymes using them [16]. 
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2.2 Auto-transporters 
Auto-transporters are a special type of surface proteins of certain bacteria, that have a role in 
various functions like cell adhesion, biofilm formation, cell aggregation, virulence etc [17]. They 
have all the information necessary to pass across the outer cell membrane and hence they can 
mediate their own translocation across it. Basically they are composed of three units like an N-
terminal signal peptide, a passenger domain that is the functional part and a translocator domain, 
which facilitates the translocation of the passenger domain to the outer surface of the bacterial 
cell. Genetic alterations are done to replace the original passenger domain of the auto-transporter 
with the enzyme of interest. Then the translocator region channels it to the outer membrane of 
the cell [17-18]. 

 

Figure 2: General structure of an auto-transporter. It has a signal sequence on N-terminal end, followed by FP-Functional protein 
and auto-chaperone for it’s folding. Then the translocation unit with α segment and β domain that forms the barrel-like structure 
to transport the protein (functional) outside the outer cell membrane. 

Surface expression of recombinant enzymes has several advantages over intracellular expression. 
It enables the use of cell itself for catalysis without separating the proteins and immobilizes them 
again. Also, surface proteins have a better exposure to their substrates or target molecules, than 
when they are inside the cell (avoids diffusion limitation). Also the expressed proteins do not 
interfere with the normal cytoplasmic mechanisms of the bacterium as they function outside the 
cell. Last but not least, proteins are seen more stable when attached to a matrix when discharged 
to the environment as free molecules[11, 17]. 

Discovery of auto-transporters and recombinant surface expression is considered as a leap stone 
in the conventional catalysis process. Though this innovative idea doesn’t change the whole 
biocatalytic process scheme, this method has increased the efficiency of catalysis, especially in 
the use of whole cells. In the conventional processes, if the enzyme immobilized on surface 
(using the most efficient technique, without any masking of gels or matrices) is considered to be 
the best method (considering the low diffusion limitation), then a surface expressed cell too 
functions exactly the same way; provided the enzyme is well expressed and stable enough, on the 
outer membrane. Thus at least in primary sight, recombinant cells with surface expressed 
enzymes seem easier to work with, than a whole cell with intracellular enzyme or than an 
extracellular production and immobilization on another support. 

However, like any other processes cost is the main concern with biocatalysis.. As explained 
before, there are several pros and cons to be analysed before considering biocatalysis as a 
method of producing commercial products. One such attempt has been made in this study, in 
which a particular enzyme, s9 ω-transaminase was chosen; its activity was determined and 
compared using various biocatalytic methods, to find a better method than the current process. 
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2.3 S9 ω-transaminase  
S9 ω-transaminase is an enzyme that comes in the enzyme main class transferases which 
catalyses the transfer of an amino group from an amino acid, which is the amino donor, leaving 
an α-keto acid; to another α-keto acid which is the amino acceptor, to form a new aminoacid. 
This is a pyridoxal-5´-phoshate (PLP) dependent enzyme. It occurs as a dimer of equal sub units 
and two active sites. Various microorganisms produce (s)-selective ω-transaminase, but the one 
used in this study were obtained from Arthrobacter citreus. No crystal structure of s9 ω-
transaminase has been published till date and hence transaminase from Silicibacter pomeroyi 
(3HMU.pdb) which has a 27% sequence identity was used for homology modeling of our 
enzyme[19-20]. 

S9 ω-transaminase catalyses the amination of phenylacetone-type of substrates. This study 
concentrated on the reaction from Isoproplamine and Phenylacetone to (S)-α-Methylbenzylamine 
and acetone and a reverse reaction from (S)-α-Methylbenzylamine and pyruvate to acetophenone 
and L-alanine. The forward reaction is of more industrial importance as (S)-α-
Methylbenzylamine is an important chiral molecule used in pharmaceutical industry. Reverse 
reaction is faster than the forward and has a better equilibrium compared to the other. 

 

Figure 3: Forward reaction with Acetophenone as amino acceptor and isopropylamine as amino donor. 

 

 

Figure 4: Reverse reaction where MBA donates amino group to pyruvate 
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2.4 Goal and strategy 
Aim of this study was to choose a biocatalytic method, for the commercial production of 
compound, (S)-α-Methylbenzylamine using the enzyme s9 ω-transaminase. Effort was mainly 
focused on overcoming the possible challenges in biocatalysis like re-usability of the biocatalyst, 
ease of downstream processing, which could lead to cost efficiency and increased productivity. 
The possibility of applying the findings of this study in its current production process was also 
considered. 

The plan was to start the work with production of s9 ω-transaminase and have a closer look to its 
properties and mechanism and also to select a favorable reaction to determine the activity. Then 
the next step was to check the possibility of reusing it by immobilizing on sepharose beads. 
Finally, free cells expressing transaminase on surface was checked for the activity. When found 
active, they were used to check the possibility of producing the target compound MBA by 
running the actual reaction. Since the stability and durability of cells were equally important in a 
long run process, attempts were also done to check the effect of medium conditions on activity 
and stability of cells. 
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3 Materials and Methods 

3.1 Bacterial strains 
Two bacterial strains that have been used for the whole project were E.coli BL21 with pET28 
a(+) plasmid for the heterologous expression and E.coli O:17 ΔOmpT with pDT1 plasmid for the 
surface expression, of  s9 ω-transaminase. Both have an additional His-tag for the ease of 
detection and purification. 

3.2 Medium 
Two different media were used in for the experiments; one was LB media and the other was 
minimal media (see appendix 1) depends on the cultivation. Minimal media was always 
supplemented with 1 mL L-1 each of 1 M MgSO4 and trace elements solution, filtered by 0.2μm 
sterile filter. Separately autoclaved glucose of stock concentration 500g L-1 was used as carbon 
source for cultivations using minimal medium. 

3.3 Others materials required 
Beckman Coulter centrifuge, IMAC (ÄKTA Explorer with Hi-Trap 5ml column), French press 
(SLM.Aminco), Spectrophotometer (Cary Bio, Novaspec II), PD-10 columns (Sephadex from 
Amersham Biosciences), Blotting machine (BIO-RAD Transblot Semi Dry transfer cell), 
Sepharose beads (NHS activated sepharose 4 fast flow from GE healthcare), 0.2μm cellulose 
acetate membrane, SDS-PAGE gel (Nu PAGE 10% Bis Tris), HPLC 

3.4 Free s9 ω-transaminase 

3.4.1  Heterologous production of s9 ω-transaminase  
50μl of cell stock of E.coli BL21 with pET28 a (+) plasmid for His-tagged s9 ω-transaminase 
was added to 100ml of LB broth with approx. 400μl Kanamycin and incubated overnight at 370 

C. 50ml of cell culture was then re-inoculated to 450ml of LB in 5L shake flask and induced 
with IPTG to a final concentration of 0.4mM. The flask was incubated at 25°C for 20hours. The 
cells were harvested at 3500RPM for 15min at 4°C. Supernatant was discarded but 2ml (named 
S1) saved for SDS. The pellet was re-suspended in 10ml binding buffer (see appendix 2) and 
homogenized using French press. The cells debris was spin downed at 25000 RPM in 4°C for 1 
hour. The supernatant was filtered in 0.45μm filters to 15ml falcon tubes. Pellet was saved 
(named P1) in freezer for SDS analysis. 200μl of supernatant also collected before and after 
filtration for SDS (named S2 and S3). 

Filtered supernatant containing protein was then loaded in IMAC column, which was pre-washed 
and equilibrated with binding buffer. Target proteins, which were specifically bounded through 
His-tag, were eluted with elution buffer. From the absorbance peaks at 280nm shown in IMAC, 
two target vials (name V1 and V2) were selected. Presence of target proteins in vials was 
confirmed by running them in SDS gel electrophoresis. The cofactor PLP was added in excess 
(2ml, 10mM) to the purified proteins from IMAC and kept at room temperature for 10minutes. 
In order to remove the excess PLP and to exchange the binding buffer to storage buffer which 
was phosphate buffer (see appendix 2), the sample was run in PD-10 column according to the 
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product protocol. Concentration of purified proteins was determined at 280nm and the samples 
were divided into 1ml eppendorf tubes and freeze in liquid nitrogen and then lyophilized 
overnight with vacuum centrifuge.  

3.4.2 SDS analysis 
Eluted samples from IMAC column were run in SDS gel. Samples corresponding to two peaks 
(V1 and V2) along with flow through (F1) were run with S1, S2 and S3 and cell pellet (P1) 
suspended in urea buffer (see appendix 2) (named P1A). 60μl of each sample was mixed with 
20μl of loading buffer (4x) and 10μl of thus made mixture was loaded to the wells with 7μl of 
marker in first well. SDS electrophoresis was done at 180V for 60minutes with MOPS running 
buffer (1x) as the running buffer. After the run, the gel was stained in protein staining solution 
overnight and washed in deionized water to remove the excess stain. 

3.4.3 Concentration and activity of enzyme after lyophilisation  
Freeze dried sample in eppendorf was dissolved in 1ml distilled water. Precipitates were 
removed by centrifugation and concentrations of proteins were determined at 280nm. Reverse 
reaction starting from MBA and pyruvate (see appendix 3) was selected for determining the 
activity of the enzyme. 

(S)-α-Methylbenzylamine+Pyruvate⇔ Acetophenone+ Alanine 

Activity was first determined using spectrophotometer with an absorbance at 285nm, specific for 
the acetophenone, from the rate of increase of acetophenone. The reaction was done in the 
presence of 100 μl enzyme and 500 μl phosphate buffers in a total reaction volume of 1000 μl 
with a final concentration of 10mM MBA and 100mM of Pyruvate. The experiment was 
repeated with various enzyme dilutions 1:2, 1:5, 1:10 and the rate of reaction for the enzyme was 
obtained. 

Activity measurements were done again using HPLC that monitored the rate of decrease in the 
concentration of one of the substrates (MBA) at 254 nm. Methylbenzylamine and Pyruvate at 
concentrations 10mM and 100mM were set to react with 200µl (1:10 diluted) enzyme and 
1000μl phosphate buffer in a total reaction volume of 2000µl. 100µl of sample from the reaction 
mixture was taken at the time zero and then in every 30 minutes interval for 2 hours and put in 
1ml eppendorf with an acid solution (5µl perchloric acid and 395µl distilled water) to stop the 
enzymatic reaction. It was then filtered using 0.2μm sterile filter to HPLC vials and loaded for 
analysis. 

Activity measurements were repeated in same way with 0.9% saline conditions to check the 
effect of salinity on activity. 

3.5 Immobilized s9 ω-transaminase 
The coupling solution was prepared by re-suspending the lyophilized enzyme in dist.H2O. Few 
precipitates which formed were removed by centrifugation. Concentration of the re-suspended 
enzyme was determined at an absorbance at 280nm using UV spectrophotometer. To prepare the 
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coupling medium, 500µl of sepharose gel was pipetted into an eppendorf tube and centrifuged to 
separate the storing solution isopropanol. The gel was washed with 10 gel volumes of cold 1mM 
HCl and centrifuged to separate the gel. Washing step was done in minimum time to avoid the 
reaction of NHS groups with water. After washing, to 500µl of gel, 1ml of coupling solution 
(with known protein concentration) was added and kept at room temperature with gentle shaking. 

In order to determine the coupling efficiency, after coupling process, the uncoupled proteins 
were washed out from the coulmn with 3 coulumn volumes of coupling buffer(phosphate buffer). 
0.5ml of this washed out coupling solution was loaded and run in a PD-10 column, which was 
pre washed and equilibrated with 25ml phosphate buffer.  Eluent was discarded. 2ml of 
equilibration (phosphate)buffer was then loaded into the column, discarding the eluent. Finally 
1.5ml of elution (phosphate) buffer was added to elute the proteins. Absorbance of the eluted 
sample was measured at 280nm. From the absorbance difference of coupling solution before and 
after coupling, the amount of enzyme immobilized and the coupling efficiency was calculated. 

3.5.1 Activity of the immobilized s9 ω-transaminase 
Activity measurements were done using HPLC from the rate of decrease in the concentration of 
MBA at 254 nm. Reaction was carried out in a total reaction volumn of 20ml on a final 
concentration of 10mM MBA and 100mM of Pyruvate and 500µl of gel with immobilized 
enzyme and 11.5ml of phosphate buffer. The reaction tube was kept in shaker at 370 C, which 
was the optimum temperature for the enzyme. Samples from the reaction mixture were taken for 
HPLC monitoring, exactly as in the case of free enzymes. 

3.6 Whole cells with surface expressed s9 ω-transaminase 

3.6.1 Reverse reaction 

3.6.1.1 Cultivation 
40μl of cell stock of E.coli O:17  ΔOmpTwith pDT1 plasmid expressing  s9 ω-transaminase on 
surface was inoculated in 1L flasks with 98ml of autoclaved minimal medium, 2ml of separately 
autoclaved glucose of stock concentration 500g L-1 to have a final concentration of 10g L-1, 
200μl of ampicillin and supplemented with 1 mL L-1 each of 1 M MgSO4 and trace elements 
solution, filtered in 0.2μm sterile filter. Flasks were incubated at 370 C till the OD reached 2.5-
2.9. Samples were taken at every one hour to plot calculate the growth rate of the cells. Cells 
were then spin downed at 4500RPM for 15minutes at 40C. 

 Cultivations were also done in 5L shake flasks with proportional increase in components 
volume. 

3.6.1.2 Activity determination 
To determine the activity of surface expressed transaminase, the reverse reaction was chosen, in 
which Methylbenzylamine and Pyruvate at final concentrations 10mM and 100mM respectively 
were set to react with certain amount of cells with known OD in phosphate buffer in total 
reaction volume of 10ml. The reaction tube was kept in shaker at 370 C, which was the optimum 
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temperature for the enzyme. These cells were not treated with PLP. Samples from the reaction 
mixture were taken for HPLC monitoring, exactly as in the case of free enzymes.  

In a second test, activity was measured for surface expressed cells (PLP treated) in two different 
saline conditions (0% and 100% of physiological salinity) running reverse reaction at 370 C in a 
total volume of 10ml, with final concentrations of 10mM Methylbenzylamine and 100mM 
Pyruvate with cells of known OD in phosphate buffer. 

 In a third test, activity was measured for lysed and whole cells (both surface expressed) with and 
without the addition of PLP. Reaction was run in 0.9% saline conditions with 10mM 
Methylbenzylamine and 100mM Pyruvate in a reaction volume of 10ml.  

3.6.2 Forward reaction 
In this part of experiments, activity was measured for the surface expressed cells using the 
forward reaction to produce (S)-α-Methylbenzylamine and Acetone from Acetophenone and 
Isopropylamine as shown below. 

Acetophenone+ Isopropylamine ⇔ (S)-α-Methylbenzylamine+Acetone 

3.6.2.1 Cultivation of cells 
40μl of cell stock of E.coli O:17 ΔOmpTwith pDT1 plasmid expressing  s9 ω-transaminase on 
surface was inoculated  in 5L flask, with 490ml of minimal medium and 10ml of separately 
autoclaved glucose of stock concentration 500g L-1 to have a final concentration of 10g L-1, 
1000μl of ampicillin and supplemented with 5 mL L-1 each of 1 M MgSO4 and trace elements 
solution, filtered in 0.2μm sterile filter. Flasks were incubated at 370 C till the OD reached 2.5-
2.9.   

The cell culture was then transferred into a 10l bioreactor, which was sterilized and setup as per 
the protocol. OD was taken at every half an hour. Harvesting was done after around 5.5hrs when 
the glucose concentration dropped steadily which was at an OD of around 17. The cells were 
then spin down at 4500RPM for 15mins and supernatant was discarded. The pellet was then re-
suspended in 0.9% saline phosphate buffer and centrifuged again at 4500RPM for 15mins. Half 
of the cells were then stored as pellet and half as suspension in 0.9% saline phosphate buffer, at 
40 C. 

3.6.2.2 Activity determination 
In this test, the cells treated with PLP were set to react at 370C with Acetylphenone and 
Isopropylamine at concentrations 2.5mM and 200mM respectively in a total reaction volume of 
25ml in 0.9% saline phosphate buffer. 100μl of sample was taken at 30 minutes interval and 
acidified (same as did for reverse reaction) and filtered into HPLC vial using 0.2μm sterile filter. 

In a second test the PLP treated cells that were kept overnight were used and the reaction was 
done exactly as before. These cells were centrifuged and washed with saline phosphate buffer 
and used again to determine the activity. 
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3.6.3 Effect of reaction medium on cells 
In this experiment the cells were suspended in forward reaction media without salinity and 
reverse reaction media with and without salinity, and kept in shaker at 370C. OD was taken at 
600nm from each tube in every one hour. Forward reaction medium had a higher concentration 
of isopropylamine and acetophenone while the reverse reaction medium contained 
methylbenzylamine and pyruvate in higher concentrations.  
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4 Results 

4.1 Free enzymes 
To perform various forms of biocatalysis with s9 ω-transaminase, the work was started from 
dealing with free form of the enzyme. This was basically meant for having a picture of the 
enzyme, its properties and reaction mechanisms and catalytic activity, which can be compared as 
a reference when dealing with the other modes of catalysis. The first step was to produce the 
enzyme heterologously in E.coli BL21 with pET28 a (+) plasmid for the intracellular expression. 
It was then purified by specific binding of its His6-tag to the metal ion in the chromatographic 
column and the purity was confirmed by running the enzyme in SDS gel electrophoresis (Figure 
5).  

 

Figure 5 SDS gel with various samples run. 1-Molecular marker, 2-S1, 3-S2, 4-S3, 5-V1, 6-Molecular marker, 7-V2, 8-F1, 9-
Blank, 10-P1A. The 7th well showed a clear band which is our target protein, with quite good purity. 

Absorbance of the purified s9 ω-transaminase was determined at 280nm and concentration was 
calculated as 1.354mg/ml, which showed a yield of 46.02mg/L of cultivation. In order to retain 
the activity of the protein, it was stored in lyophilized form. While resuspending the lyophilized 
proteins in dist. water it was found that there was formation of precipitates. The concentration of 
the re-suspended protein was calculated as 0,764mg/ml, which showed a 43.55% loss of proteins 
that could be due to the precipitation, or the loss during the lyophilization process.  

4.1.1 Kinetic activity 
Reverse reaction (Figure 4) was planned to be used for the whole work for determining activity, 
using MBA and pyruvate, with this enzyme as the reaction was faster, low or no inhibition of 
substrates, and they were safe to handle. Also the reverse reaction has a better equlibrium 
compared to the forward. So, as the first step, kinetic activity was determined using 
spectrophotometer by detecting the rate of formation of acetophenone at 285nm and from the 
slope obtained by plotting the rate of formation of acetophenone at various enzyme 
concentrations, as 2.3 µ mol min-1 mg-1 or 2.3 U mg-1(Table 1).   
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Rate of consumption of MBA could not be targeted at 254nm in spectrophotometer because of 
the high noise observed. However, it was necessary to find an alternative method for activity 
determination, as spectrometer was more prone to manual errors and also cannot be used when 
using immobilized enzymes or whole cells, because the cells and enzyme carriers may disrupt 
the light path and cause noise in the real time detection of rate. HPLC was selected as an 
alternative, which efficiently monitored the rate of formation of MBA at 254nm, from the 
comparable activities obtained from both methods with free enzymes. Using HPLC the rate of 
formation of MBA was monitored and specific activity was calculated as 2.2Umg-1 (Table 1) 

Table 1: Different methods of analysis of concentration given with absorbance wavelength and specific activity    

Method of analysis Absorbance Specific activity (Umg-1) 

Spectrophotometer 285nm for acetophenone 2.3 

HPLC 254nm for MBA 2.2 

 

4.2 Immobilized enzymes 
To have a reusable system with purified s9 ω-transaminase, it was then immobilized on 
sepharose beads by covalent binding. Principally immobilized enzymes were more similar to a 
system of cells with surface expressed enzymes. They can be isolated and reused exactly like 
free cells, assuming the cells were stable and intact. The covalent binding was so strong that 
almost all enzymes were bound on the beads. The binding efficiency was about 99.16% that out 
of 1.093mg used for coupling; 1.083mg was bound on 500μl sepharose gel, even though the 
maximum coupling limit of beads was not calculated. 

4.2.1  Immobilisation and kinetic activity 
In order to determine the effect of immobilisation on the activity of enzyme, the specific activity 
of the enzyme was calculated before immobilisation by catalysing the reverse reaction (Figure 
4), using spectrophotometer which was 2.25 U mg-1. After immobilisation, specific activity of 
the immobilized enzyme was determined using HPLC as 1,46 U mg-1 which showed a loss of 
35% activity for the enzyme because of immobilization which could be due to the change in 
steric properties of the enzyme due to the highly strong co-valent bonding. 

On two reuses of the enzyme immobilized on beads, a specific activity of 1.40 U mg-1 and 1.37U 
mg-1 was obtained which was also monitored by HPLC targeting the rate of decrease of MBA 
(Figure 6). It was also noticed that a certain amount of gel and thus immobilized enzymes were 
lost after each reaction. 
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Figure 6: Specific activity before and after immobilization. Repeated usage of same beads with immobilized enzymes showed 
stability and reusability with no activity drop.  

4.3 Whole cells with surface expressed enzymes 

4.3.1 Reverse reaction 
The primary aim with whole cells was to check whether the cells were active. For that the 
reverse reaction was chosen because it was faster and showed detectable amount activity. 

4.3.1.1 Cultivation and growth curve 
E.coli ΔOmpT O: 17 was cultivated in shake flasks and growth curve was plotted from OD after 
each hour. The growth rate μ was found as 0.83considering the exponential phase started at time 
4 hrs (Figure 7). Cells were then washed stored for activity tests. 

 

Figure 7:  The growth cure of E.coli O:17  ΔOmpT was plotted from OD values at one hour intervals.  
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4.3.1.2  Activity of non-PLP treated cells at various ODs in non-saline conditions. 
As a preliminary test, the whole cells with surface expressed s9 ω-transaminase enzyme were set 
to catalyze the reverse reaction without PLP treatment or salinity. Cells were found as active and 
the activities at 3 different OD were obtained using HPLC. Activity/OD was found as 
0.023U/OD (Figure 8). 

 

Figure 8 Activity obtained at different ODs were plotted to obtain the activity/OD as the slope, which was 0.023U/OD 

4.3.1.3 Effect of salinity on activity 
Since the free cells showed activity in plain buffer (non-saline) conditions, it was of interest to 
know how they would have behaved if a more favorable condition was provided with 
physiological salinity. For that purpose, PLP treated cells were used to catalyse the reverse 
reaction in non-saline and 0.9% saline conditions with an OD of 10.3 and compared to find the 
effect of salinity on activity. It was found that in saline medium, activity/OD was increased by 
approx 17% (Figure 9). 

 

Figure 9: Activity of cells plotted in non-saline and saline conditions, which showed an increase of 17% activity with salinity. 
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4.3.1.4 Effect of salinity on activity on free enzymes 
Since the cells showed an increased activity in the presence of salinity, it has to be confirmed 
that the activity hike was due to the effect of salt on the enzyme or the effect of cells in a saline 
medium on enzymes. This property was checked in free enzymes to confirm. The same 
experiment was repeated by using free enzymes instead of free cells. Activity of s9 ω-
transaminase was calculated in 0.9% saline and non saline conditions using spectrophotometer as 
1,76 U mg-1 and 2,16 U mg-1 respectively, which showed approx. 18% increase in activity with 
salinity, which proved the effect of salinity on enzymes activity (Figure 10). 

 

Figure 10 Specific activity of enzyme in saline and non-saline conditions, where enzymes in saline condition showed 18% 
increase in activity than in non-saline conditions. 

4.3.1.5 Effect of PLP and cell lysis 
Though cells without PLP treatment showed activity as observed in the first test with the free 
cells, Whole cells with surface expressed enzymes were used before and after homogenization, 
with and without PLP treatment, to obtain the activity per OD. For the whole cells, the PLP 
treated ones showed a 40% increase in activity/OD compared to the non-PLP treated ones. In the 
case of homogenized ones, 92% increase in activity/OD was observed compared to non-PLP 
ones. 

Lysis also increased the activity/OD for both PLP treated and non-treated ones. PLP treated ones 
showed an increase of 2.6 times in activity/OD with lysis where in the case of non-PLP treated 
ones it was 1.6 times (Figure 11). This showed that lysis could increase activity. It also showed 
that more enzymes and PLP were inside the cells, which were unable to express on the surface. 
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Figure 11 Activity/OD values of lysed and whole cells with and without PLP treatment are plotted. 

4.3.2 Forward reaction 
Since the wholes cells proved a relative high activity with reverse reaction, it was of interest to 
know the behavior of the surface expressed enzymes in the foreword reaction, which was slower 
but industrially important reaction. This was started with Acetophenone and Isopropylamine as 
substrates to form MBA and acetone (Figure 3).   

4.3.2.1 Cultivation in bioreactor 
It was observed that cells harvested from different shake flasks shown different activities in same 
reaction conditions. So the forward reaction was done with cells cultivated in one single reactor 
(10L), to have them in enough quantities and with uniform properties. 

E.coli O:17 ΔOmpT with pDT1 plasmid for the surface expression of  s9 ω-transaminase was 
cultivated in 10L scale and OD was taken at every 30 minutes to plot the growth curve as shown 
in Figure 12. 

 

Figure 12: OD of cells at 600nM plotted in every 30 minutes and growth rate was found as 1.0  
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4.3.2.2 Activity determination 
Activity of free cells was determined by running forward reaction at different concentration of 
cells. Cells stored before and after PLP treatment was used to compare the activity. Reusability 
of cells was also checked (Figure 13). From the results, it was clear that both the cells (a and b) 
that were stored before and after PLP treatment showed similar activity, which showed tat PLP 
has no role in storage. Reuse of cells from reaction b also showed same activity without any 
drop. 

 

Figure 13: Activity of cells in forward reaction. a) Activity per OD of cells that was stored before PLP treatment b) Activity of 
cells that were stored after PLP treatment c) reuse of cells from ‘b’. 

 

4.4 Effect of reaction medium on cells 
Since the ultimate aim of any biocatalysis was to scale up to large-scale process, it would be 
ideal to know more about every aspects of reaction before scaling it up. One of such attempts 
was done to check whether the reaction mixture itself had any effect on cells.  Stability of cells in 
various reaction mixtures was monitored using simple OD readings at various time points 
(Figure 14Figure 15Figure 16). In all the 3 cases, there was a drop in OD observed in one hour 
that stabilizes later. OD drop was highest in forward reaction medium which had Acetophenone 
and Isopropylamine in high concentrations compared to reverse reaction medium which had 
methylbenzylamine and pyruvate in high concentrations. In the reverse reaction medium, the 
drop was low in saline condition than in non-saline medium, which could be due to the more 
favorable condition provided by the salt to the cells. 
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Figure 14: Percentage OD at various time points in non-saline medium for backward reaction mixture 

 

 

Figure 15: Percentage OD at different time in saline medium for backward reaction mixture 

 

 

Figure 16: Percentage OD at different time in forward reaction medium. 
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5 Discussion 
From the study, it was found that s9 ω-transaminase could be used as free and immobilized 
forms for catalysis and also as expressed on cell surfaces. Catalysis was so easy to perform with 
free cells, as they could directly be used after cultivation and separated with simple 
centrifugation to be reused again. Though it is obvious that reusability directly accounts for total 
productivity and reduced costs, other factors that could possibly reduce the cost was not able to 
be studied because of the lack of enough data from the current industrial process.   

In order to get into the whole schema of biocatalysis the study was started with purified free 
enzymes, which were cultivated in heterologous host and purified. The purity was confirmed by 
SDS gel electrophoresis technique, which showed a band at the expected molecular weight 
region. The enzyme was lyophilized to retain its activity on storage and when re-suspended for 
studying the activity, a 44% drop was found in the concentration of proteins. There were possible 
chances for the loss of few proteins during the process of lyophilization and also due to the 
denaturation during the resuspension of freeze dried sample in dist.water, which leaded to the 
low yield. 

Covalent binding of enzymes on NHS activated sepahrose beads was chosen as the 
immobilization technique, on a hypothesis that the bonding would be strong and stable enough to 
reuse the beads and the efficiency was found to be more than 99%. So it would have also been a 
great idea to check the maximum binding capacity of gel. But there was a drop of 35% enzyme 
activity due to immobilization. Loss of activity may be due to the steric hindrances though spacer 
arms were present, of high intact covalent bonds on the enzyme structure or due to the possible 
cross-linking to the active site. However the immobilized enzyme proved its stability and 
reusability with no considerable loss of activity in repeated usages. Even though it was noticed 
that a certain amount of beads were lost after each reactions, this could be overcome by using 
column packed beads. 

Surface expression of s9 ω transaminase enzyme on E.coli cells was studied because, principally 
they are better than above said methods as they avoid tedious process of purification and 
immobilization of enzymes and if expressed in the way they should be, then in principle they 
work exactly as immobilized enzymes on beads. Hence, as a primary step E.coli cells with 
surface expressed enzymes were used to catalyze the reaction and they showed activity.  The 
thing to be highlighted here is that they showed activity without adding any PLP, which was the 
essential co-factor for the enzyme. This was believed that the cell itself would be generating 
some PLP that made the proteins in them active. This is something that generates interest in a 
commercial point of view, considering the decrease of process cost and complexity in down 
streaming. However, reusability and stability of cells are the main concerns in such processes 
and it is known that cells are most stable when they are in physiological saline conditions. When 
tested in both non-saline and 0.9% saline conditions the cells showed a 17% increase in activity 
in saline conditions. This could be due to the inducing effect of salt on the enzyme due to ionic 
interactions or it could be the influence of cells on enzyme in a saline condition. To confirm this, 
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the experiment was repeated with free enzymes, and the same phenomenon was observed again 
with an 18% increase in activity in saline medium.  

Since the cells showed an unexpected activity without PLP treatment, it was of interest to know 
what influence it would have with PLP treatment. In order to check if the whole enzymes 
expressed were readily available for catalysis without any diffusion limitation, activity was 
compared between lysed and whole cells.Effect of PLP treatment and cell lysis, on activity of 
enzyme was observed in the results. For the whole cells, the PLP treated ones showed a 40% 
higher activity than the non-PLP ones, while in the case of homogenized ones, the difference was 
92% higher, though they were treated with equal amount of PLP. This makes a strong point that 
PLP increases activity and also it was produced inside the cells too, which became fully available 
for the enzymes when the cells were lysed. Also homogenization increased the activity by 1.6 
times for cells cells not treated with PLP and 2.6 times in PLP treated cells, which showed that 
there were also enzymes inside the cells and were not readily available when used as whole cells. 
Otherwise there wouldn’t be any difference in the activity due to lysis if all enzymes were on 
surface, unless not all enzymes on the surface were dimers. But it was also interesting that when 
lysed, the non-PLP treated cells also showed a steep increase in activity, which confirmed the 
presence of PLP somewhere inside the cells and comes out with the unleashed enzymes. Though 
the whole scenario proved higher activities with lysed cells, whole cells still hold their worth 
because of their reusability and ease in separation. A strong positive inference from this 
experiment with PLP was, since the cells were able to do catalysis without giving any extra PLP, 
won’t that be beneficial in a ‘cost-eye’, in a scaled up reaction? 

It was also noticed during the study that cells, when cultivated at different shake flasks and 
harvested at various ODs, showed difference in their activity which would be due to the 
difference in expression level of target protein at various growth levels. In addition, change in 
conditions in each shake flask would also affect the activity of cells inside. Hence it was decided 
to cultivate enough cells in one reactor for further activity studies.  

Effect of PLP in storage of cells was checked using forward reaction, in which the cells stored 
before PLP treatment showed similar activity as the cells stored after PLP treatment. This 
showed that PLP has no big influence on cell storage. Also the reusability of cells with no drop 
in activity was also confirmed from the repeated use of cells. 

When cells were suspended in forward and reverse reaction media there was observed an OD 
drop in one hour which could be due to some morphological changes happening to cell. The drop 
was steeper in forward reaction media, which could possibly be an effect of the high 
concentration of chemically strong substrates like Isopropylamine. It was also interesting to 
observe that the OD drop stabilizes both in forward and reverse reaction media after the steep 
drop. In reverse reaction medium, the drop in saline medium is low as compared to non-saline 
medium, which might be due to the more favorable condition it had in physiological salinity. 
Hence it shows the response of cells in a reaction medium, it would be interesting to know what 
impact it has in their stability, durability and activity. 
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6 Conclusion and future perspective 
In my effort to develop a suitable biocatalytic method to work with transaminase, a system of 
biocatalyst was able to be designed with immobilized enzymes and free cells which were 
superior in-terms of reusability and ease in separation. Also products were enantiomerically pure 
that makes the method better than a conventional chemical synthesis. Reusability and increased 
easiness in downstream could make the total process cost efficient and time saving which have a 
huge impact on productivity, on a long run.  

This study shows that the cells with surface expressed cells are active and are able to produce 
enantiomerically pure methylbenzylamine. This indicates a promising possibility of using them 
in a scaled up process for the commercial production. However, in order to strongly defend the 
eminence of cells with surface expressed enzymes, they should be compared to the normal cells 
with enzymes inside. This is vital, considering the fact that there were lots of active enzymes 
inside the cells too, which were unable to come out of outer membrane as expected. In that 
context, it would be beneficial to go back to the genetic engineering phase to work from the roots 
to identify and rectify the problem. In addition to that, in a bioprocess point of view, it is also 
possible to enhance the expression by limiting growth rate of cells to channel the carbon source 
to production of target protein. 

 Also, before scaling the cells for a large-scale reaction process, research is needed to study the 
behavior of cells in such a large-scale reactors, the influence of substrates and products on the 
properties of cell. Optimum storage conditions of cells, optimum centrifugation methods are 
others factors to be taken care of before sketching large-scale process.  Since the amount of 
enzymes taking part in catalysis was unknown in the case of cells, it could not be compared to 
the first two methods of immobilization that used specific activity comparison. Hence it is 
important to know the total amount of active enzymes present per cell, because then only it 
would be possible to compare all catalytic method in one system. In addition, a possibility of 
immobilizing cells on a solid support make a more stable and reusable catalytic system that 
would greatly contribute for a more efficient process. It is also a matter of thinking, how to use 
the immobilized catalysts effectively to avoid their lose after every batch of reaction, as this was 
seen while using sepharose beads with immobilized enzymes. Immobilized enzymes and cells in 
packed column could be an alternative for this problem. 
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Appendix  
1. Media 

 
• LB medium (1L) 

Caesin peptone- 10g 
Yeast extract    - 5g 
NaCl   - 10g 
 

• Minimal medium (1L) 
(NH4)2SO4   -7g 
KH2PO4  -1.6g 
Na2HPO4.2H2O  -6.6g 
(NH4)2-H-Citrate  -0.5g 
 
Trace elements 
CaCl2.2H2O  -0.5g 
FeCl3.6H2O  -16.7g 
ZnSO4.7H2O  -0.18g 
CuSO4.5H2O  -0.16g 
MnSO4.4H2O  -0.15g 
CoCl2.6H2O  -0.18g 
Na-EDTA  -20.1g 
 
 

2. Buffers  
• Binding buffer 

Na2HPO4.2H2O  -20mM 
NaCl    -0.5M  
pH    -7.4 
 

• Elution buffer 
Na2HPO4.2H2O  -20mM 
NaCl    -0.5M  
Imidazole   -0.5M 
pH    -7.4 
 

• Phosphate buffer 
Na2HPO4.2H2O  -50mM 
pH   -7.0 
 

• Urea buffer 
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Na2HPO4.2H2O   -50mM 
Urea     -2M 
Sodium dodecyl sulfate -25mM 
NaCl    -0.2M 
pH    -7.5 
 

• Loading buffer for SDS-PAGE electrophoresis 
250mM Tris-HCl 
8% SDS 
0.04% bromophenol blue 
20% glycerol 
20% β-Mercapto ethanol 
 

• MOPS buffer  (for 500ml of 20x MOPS-SDS running buffer) 

MOPS  -104,6 g 

Tris-base -60.6 g 

SDS  -10.0 g 

EDTA  -3.0 g 

 

• Transblot buffer 

Glycine -2.93 g/L 

Tris- HCl  -5.81 g/L 

SDS  -0.37 g/L 

Methanol  -20 % 

 

3. Reagents 

• Methylbenzylamine solution 

Methylbenzylamine  -50mM 

Na2HPO4.2H2O   -50mM 
pH     -7.0 

• Pyruvate solution 

Sodium pyruvate  -500mM 

Na2HPO4.2H2O   -50mM 
pH     -7.0 
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