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Abstract: Asymmetric synthesis of chiral amines from prochiral ketones using transaminases is an 

attractive biocatalytic strategy. Nevertheless, it is hampered by its unfavorable thermodynamic 

equilibrium. In the present work, an insitu by-product removal strategy was applied for the synthe-

sis of 3-amino-1-phenylbutane (3-APB) by coupling a transaminase with a pyruvate decarboxylase 

(PDC), which does not require the use of any expensive additional cofactor. Using this strategy, the 

pyruvate obtained in the transamination reaction is transformed by PDC into acetaldehyde and CO2 

which are of high volatility. Two different transaminases from Chromobacterium violaceum (CviTA) 

and Vibrio fluvialis (VflTA) were characterized to find out the appropriate pH conditions. In both 

cases, the addition of PDC dramatically enhanced 3-APB synthesis. Afterwards, different reaction 

conditions were tested to improve reaction conversion and yield. It was concluded that 30 °C and a 

20-fold alanine excess lead to the best process metrics. Under the mentioned conditions, yields 

higher than 60% were reached with nearly 90% selectivity using both CviTA and VflTA. Moreover, 

high stereoselectivity for (S)-3-APB was obtained and ee of around 90% was achieved in both cases. 

For the first time, the asymmetric synthesis of 3-APB using PDC as by-product removal system 

using CviTA is reported. 
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1. Introduction 

Chiral amines are target molecules of high industrial interest. These molecules are 

useful as intermediates and building blocks in pharmaceutical synthesis (e.g., for the pro-

duction of codeine, morphine, and tropane alkaloids), as ligands in various asymmetric 

transformations, as chiral ligands in metal-complex catalysis, as chiral auxiliaries and re-

solving agents, and in agrochemical industries [1–5]. 

Chemical synthesis of chiral amines is usually performed by hydrogenation of a 

Schiff base. Other chemical processes could be also applied, such as nucleophilic addition, 

diastereoisomeric crystallization, and C-H insertion [6–11]. Alternatively, the biotechno-

logical approaches for the synthesis of chiral amines have been described as a greener 

alternative to their chemical counterparts. In the literature, several enzymatic processes 

have been extensively reported using hydrolases, lyases, oxidoreductases, and transami-

nases (TAs) [7,8,12–16]. 

Transaminases (TAs) are pyridoxal-5′-phosphate (PLP) dependent enzymes that 

transfer an amino group from an amino donor onto a carbonyl group of an amino accep-

tor. These enzymes can be classified into α-TAs and ω-TAs, depending on the type of 

substrate they convert. α-TAs require a carboxylic group in the α-position to the keto and 

amine groups. Thus, α-TAs can only act on α-amino acids and α-keto acids. On the con-

trary, ω-TAs can transfer a −NH2 group from an amino donor to an amino acceptor in 

which at least one of the two molecules is not an α-amino acid or an α-keto acid [13,16]. 
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Thus, ω-TAs are very useful in chiral amine synthesis as they allow the amination not only 

of keto acids, but also of ketones or aldehydes [13]. 

The most well-known and employed TAs are biologically active as dimers or higher 

oligomers, and they require the coordination of PLP in the active site to perform transam-

ination [17,18]. The reaction is divided in two half reactions: oxidative deamination of the 

amino donor and reductive amination of the amine acceptor [19,20]. In both reactions, PLP 

acts as a molecular shuttle transporting the amino group, following a ping-pong bi-bi 

mechanism [13,17,21–24]. PLP, which forms a Schiff base with an active site lysine, is 

firstly aminated resulting in the formation of pyridoxamine-5′-phosphate (PMP), while 

the respective keto product of the amino donor is released [20,22,23]. Finally, the amino 

group from PMP is transferred to the acceptor molecule producing the aminated product 

and regenerating PLP for the next catalytic cycle [22,23]. 

The use of these enzymes for asymmetric synthesis of chiral amines from prochiral 

ketones is a very attractive strategy in biocatalysis. Nevertheless, although the reaction 

could theoretically reach 100% of conversion, the thermodynamic equilibrium is unfavor-

able. Two main strategies could be applied to overcome this issue: (i) the addition of an 

excess of the amino donor, and (ii) the in situ removal of the reaction by-product. Regard-

ing the second approach, several amino donors can be used to obtain volatile ketones, 

(e.g., isopropyl amine to acetone) which can be easily removed from the media [25]. An-

other interesting strategy for in situ by-product removal is by coupling a secondary enzy-

matic reaction. If alanine is used as amino-donor, pyruvate is formed as by-product which 

can be easily transformed by a lactate dehydrogenase or amino acid dehydrogenase 

[8,13,16]. However, these oxidoreductases require expensive cofactors, demanding a sys-

tem for its regeneration. The use of pyruvate decarboxylase (PDC) raises up as an alterna-

tive to oxidoreductases as it does not require NAD(H) [26,27]. PDC reaction generates 

acetaldehyde and CO2, which are of high volatility, leading to a promising system for in 

situ pyruvate removal. PDC only requires Mg+2 and TPP as cofactors which are regener-

ated in the catalytic mechanism. 

In the present work, the synthesis of 3-amino-1-phenylbutane (3-APB), has been stud-

ied using a one-pot multi-enzymatic system made up of an ω-TA and a PDC from Z. pal-

mae (see Figure 1). Two different TAs from C. violaceum (CviTA) and V. fluvialis (VflTA) 

have been applied for the development of the cascade process. Finally, different reaction 

conditions were studied to maximize the process metrics. 

 

Figure 1. Asymmetric synthesis of 3-amino 1-phenylbutane (3-APB) from 4-phenyl 2-butanone (4-

PB) and L-Alanine catalyzed by the TA-PDC cascade process. 

2. Results and Discussion 

2.1. Enzyme Characterization 

Aiming to find suitable conditions for the one-pot multi-enzymatic synthesis of 3-

APB, enzyme characterization was performed to find the operational conditions where 
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transaminase and pyruvate decarboxylase could be compatible. Thus, a study of the effect 

of pH on both enzymatic activity and kinetic stability was carried out. 

In Figure 2, pH activity profiles of PDC and TAs are shown. Regarding transami-

nases, CviTA and VflTA showed narrower profiles, both reaching the maximum activity 

under pH 7.5. Although it is usual to find optimum pHs higher than 8 for transaminases 

in the literature, especially for CviTA and VflTA [28,29], the optimum conditions found 

in this study have also been reported by other authors [30]. It should also be mentioned 

that VflTA precipitated under pH 5, while CviTA precipitation occurred under pH 5.5. 

 

Figure 2. pH activity profile of PDC (●), Cvi-TA (○), and Vfl-TA (▼). Assays were performed with 

citrate buffer 100 mM (pH 5–6), potassium phosphate buffer 100 mM (pH 6.5–8). 

PDC reached its maximum activity under pH 6.5. Nevertheless, the PDC profile to-

wards pH was not as dependent as transaminases, maintaining more than 80% of the 

maximum activity from pH 5 to 7.5. Previous characterizations of Z. palmae PDC revealed 

similar results, although slightly lower optimum pH values were reported [31]. 

Stability towards pH was also checked under different pH (5–8) (Figure 3). Except 

for pH 5 and 5.5, all enzymes showed high stability. A hyper-activation was observed for 

PDC in all tested conditions. Activity values higher than 100% under pH 6 to 8 were also 

detected for VflTA, while CviTA was only hyperactivated under pHs from 6.5 to 8. Several 

authors also reported this effect on transaminases [32,33] which has been related to the 

enzyme 3D-structure. Most transaminases are homodimers whose active site is formed by 

both enzyme subunits. Thus, the hyper-activation phenomena could be caused by a com-

plete dimerization to form active transaminase [32]. 
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Figure 3. pH stability profile of PDC (black bars), CviTA (light grey bars), and VflTA (dark grey 

bars). Assay conditions: citrate buffer 100 mM (pH 5–6), potassium phosphate buffer 100 mM (pH 

6.5–8), 25°C, mild agitation, 8 h. 

Taking into account that (i) PDC and all TAs showed high stability towards all tested 

pHs, and (ii) transaminases activity is strongly affected by pH compared to PDC, the con-

ditions selected for the 3-APB synthesis were defined by the optimum pH of each trans-

aminase, i.e., 7.5 for both CviTA and VflTA. 

2.2. Transaminase Testing 

A preliminary test was carried out, aiming to select which transaminase could be 

used to develop the enzymatic cascade. Reactions were performed following a double ap-

proach: (i) without adding pyruvate decarboxylase or (ii) by coupling the PDC as in situ 

by-product removal. Reactions were performed under the optimum pH for each transam-

inase (Table 1). 

Table 1. Transaminase screening for 3-APB synthesis. Reaction conditions: 24 h; 30°C; 4-PB 10 mM; 

L-Alanine 200 mM, potassium phosphate buffer 150 mM, 25% v·v−1 PDC (30 U·mL−1), 5% v v−1 trans-

aminase, 1 mM pyridoxal-5′-phospate (PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM 

MgCl2. 

Transaminase PDC pH [APB] (mM) 

CviTA 
+ 

7.5 
6.2 

− 0.6 

VflTA 
+ 

7.5 
5.9 

− 1.0 

Results revealed that if no PDC is coupled, only slight amounts of 3-APB are detected. 

On the other hand, when the cascade system is applied, CviTA and VflTA led to signifi-

cant amounts of 3-APB (Figure S1). These results suggested that the TA-PDC coupling 

favors an equilibrium shifting towards amine formation. 
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2.3. Synthesis of 3-APB Catalyzed by TA and PDC 

3-APB synthesis catalyzed by CviTA and VflTA was deeply studied. Reactions were 

performed using transaminases as the only biocatalysts, as well as coupled with PDC. 

These studies allow us to compare both approaches, single enzymatic system and multi-

enzymatic system, for in situ product removal. Reaction time courses are presented in 

Figure 4A,C. Results showed that an effective amine synthesis only took place by the cas-

cade systems (TA-PDC). In contrast, reactions performed without pyruvate removal led 

to 10-fold and 6-fold lower 3-APB concentration with CviTA-PDC and VflTA-PDC, re-

spectively. Even though the same final amine concentration was achieved with both trans-

aminases (≈6 mM), CviTA showed a 1.8-fold higher initial reaction rate (4.95 mM·h−1) than 

VflTA (2.83 mM·h−1). Regarding stability profiles (Figure 4B,D), while CviTA activity 

sharply decreased, suffering a 90% deactivation after two hours, VflTA showed a better 

operational stability. VflTA underwent a hyperactivation under reaction conditions, 

reaching up to a 2-fold increase in enzyme activity after 30 min from the reaction starting, 

maintaining 60% of the initial activity after 8 h. 

 

Figure 4. Reaction time courses of 3-APB synthesis and operational enzymatic stability. (A) Reaction 

time courses performed with CviTA and (C) VflTA: (⚫) 3-APB concentration in cascade reactions; 

() 3-APB concentration in reactions without PDC; () 4-PB concentration in cascade reactions; and 

() 4-PB concentration in reactions without PDC. (B) Operational stability of CviTA and (D) VflTA, 

as well as PDC when cascade reactions were performed: (◼) Transaminase activity in cascade reac-

tions. () Transaminase activity in reactions without PDC. (◆) PDC activity. Reaction conditions: 

30°C; pH 7.5; 4-PB 10 mM; L-Alanine 200 mM; TA 5% v v−1; PDC 25% v v−1, 1 mM pyridoxal5’-

phosphate (PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM MgCl2. Concentration values 

are reported in Tables S1–S4. 

It can be also observed that, when no PDC was coupled, and thus almost no amine 

was formed, the TAs showed higher stability. A low operational stability in TAs when 

transamination takes place has been widely reported by other authors [33] and recently 

related to an irreversible inactivation step that proceeds once the TA:PMP complex disso-

ciates into free PMP and apoenzyme [17]. 

The same conversion (Table 2) was achieved with both transaminases when coupled 

with PDC, which were around 3-fold higher compared to the single enzyme approach. 



Catalysts 2021, 11, 973 6 of 14 
 

 

Moreover, the obtained yields in both coupled reactions were similar to the achieved con-

version, which reflects a high reaction selectivity towards the target product (88.7 ± 10.2% 

and 86.1 ± 12.9% for the CviTA-PDC system and the VflTA-PDC system, respectively). 

When no PDC was added, similar conversions with both TAs were also reached (23.0 ± 

9.5% and 22.9 ± 8.8% for the CviTA system and the VflTA system, respectively). However, 

yields were significantly lower compared to the conversions, resulting in very low selec-

tivity: <35% and <60% (Table 2) for CviTA and VflTA, respectively. These results were an 

indicative of an undesired side-reaction emergence when decarboxylation reaction is not 

coupled. The unidentified side-reactions may be explained by the use of CFEs instead of 

the pure enzymes, which increases the system complexity. 

Table 2. Process metrics of 3-APB synthesis. Reaction conditions: reaction time 8 h; temperature 30 

°C; pH 7.5; 4-PB 10 mM; L-Alanine 200 mM; TA 5% v v−1; PDC 25% v v−1, 1 mM pyridoxal-5’-phos-

phate (PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM MgCl2. 

Transaminase PDC  
Final [APB]  

(mM) 

Conversion 

(%) 

Yield 

(%) 

Selectivity 

(%) 

STY 

(mmol·L−1·h−1) 

CviTA 
Yes 6.20 ± 0.98 72.0 ± 3.1 64.2 ± 10.1 88.7 ± 10.2 0.78 ± 0.12 

No 0.58 ± 0.00 23.0 ± 9.5 6.1 ± 1.0 34.1 ± 18.3 0.07 ± 0.00 

VflTA 
Yes 5.92 ± 0.64 71.0 ± 3.0 60.8 ± 6.6 86.1 ± 12.9 0.74 ± 0.08 

No 1.01 ± 0.05 22.9 ± 8.8 10.5 ± 2.0 57.4 ± 30.8 0.13 ± 0.01 

Chiral amine synthesis using VflTA and Z. palmae PDC system was reported by 

Höhne et al. [26], who synthesized several amines including 3-APB. However, a conver-

sion of 45% was obtained in that case [26]. Therefore, in the present work, process metrics 

of the TA-PDC system have been improved. Nevertheless, better conversions were 

achieved in studies where VflTA was coupled with other co-product removal systems, 

such as alanine dehydrogenase (AlaDH) or lactate dehydrogenase (LDH) [34]. The use of 

CviTA coupled with PDC has not been reported, thus the effectiveness of the system with 

this enzyme has been proven in the present study. However, CviTA has been applied in 

the mentioned AlaDH and LDH system, achieving conversions of 16% and 86%, respec-

tively [35]. 

2.4. Effect of Temperature on 3-APB Synthesis 

Temperature effect on reaction performance was studied to optimize the multi-enzy-

matic system. Increasing temperature to 40°C was tested following a double objective: (i) 

to increase reaction rate and (ii) to enhanced volatile by-product elimination from the re-

action medium (acetaldehyde and CO2). Decreasing the temperature to 15°C was also 

tested, aiming to improve enzyme stability and, thus, prevent an early reaction stop due 

to enzyme deactivation. 

Synthesis profiles and operational stabilities are shown in Figure 5. When tempera-

ture was increased to 40°C, a 1.45-fold higher initial reaction rate was obtained for both 

TAs-PDC systems compared to cascade reactions performed at 30°C (7.2 mM·h−1 CviTA 

and 5.8 mM·h−1 VflTA). However, lower 3-APB concentrations were achieved (around 4.5 

mM in both cases). In addition, a decrease in product concentration was detected after 4 

h of reaction, which was slightly more pronounced with VflTA. Thus, temperature in-

crease may have led to a boost in undesired side reactions involving the target product. 

Temperature increase also negatively affected the enzyme operational stabilities (Figure 

5B,D), especially in Vfl-TA which, after 8 h under 40°C, was practically deactivated, while 

at 30 °C it still conserved around 60% of the initial activity. Other authors have reported 

similar results in the synthesis of chiral amine from pro-chiral ketones using commercial 

transaminases. When ATA 103, ATA-113, ATA-114, and ATA 117 were applied for asym-

metric amination of 4-phenyl 2-butanone, lower conversions were obtained with ATA 114, 

ATA-117, and ATA-103 after 24 h when temperature was increased from 30 to 40°C, prob-

ably due to a decrease in enzyme stability. Only with commercial ATA-113 conversion  
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increased from 61 to 82% after temperature increasing, which could be related to a higher 

operational stability of this transaminase towards temperature [36]. 

 

Figure 5. Temperature effect on 3-APB synthesis and operational enzymatic stability. (A) Reaction 

time courses performed with CviTA-PDC and (C) VflTA-PDC at 15°C (), 30°C (⚫), and 40°C (). 

(B) Operational stability of Cvi-TA and (D) Vfl-TA at 15°C (◆), 30°C (◼), and 40 °C (). Reaction 

conditions: pH 7.5; 4-PB 10 mM; L-Alanine 200 mM; TA 5% v v−1; PDC 25% v v−1, 1 mM pyridoxal-

5’-phosphate (PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM MgCl2. Concentration val-

ues are reported in Tables S5–S10. 

As expected, both CviTA and VflTA increased their operational stability when the 

temperature was decreased to 15°C. Nevertheless, this stability enhanced was associated 

to lower reaction rates (2.1 mM·h−1 CviTA and 0.28 mM·h−1 Vfl-TA), which increased reac-

tion times to 24 h and 48 h, respectively. 

As it is shown in Table 3, temperature shift was only favorable for the CviTA at 15°C 

in terms of selectivity, the high value of which indicates that undesired side reactions may 

have been suppressed. However, only a 10% increase in reaction yield was obtained com-

pared to the results at 30°C, while space time yield suffered a 60% decrease. Regarding 

VflTA, STY loss at 15°C was even more severe due to the high reaction time combined 

with a decrease in terms of conversion, yield, and selectivity. Regarding the results con-

cerning 40°C, low selectivity percentages, which did not surpass 50%, in addition to the 

significant difference between conversions and yields, indicates again the presence of un-

desired side reactions. Altogether, this lead to the conclusion that 30°C was the best option 

to perform the cascade reactions. 
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Table 3. Process metrics of 3-APB synthesis applying the multi-enzymatic system TA-PDC at different temperatures. Re-

action conditions: pH 7.5; 4-PB 10 mM; L-Alanine 200 mM; TA 5% v v−1; PDC 25% v v−1, 1 mM pyridoxal-5’-phosphate 

(PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM MgCl2. 

Transaminase 
Temperature 

(°C) 

Reaction 

Time  

(h) 

Final APB  

(mM) 

Conversion 

(%) 

Yield 

(%) 

Selectivity 

(%) 

STY 

(mmol·L−1·h−1) 

CviTA 

15 24 7.68 ± 0.05 73.7 ± 0.5 75.4 ± 0.5 102.3 ± 1.4 0.32 ± 0.00 

30 8 6.20 ± 0.98 72.0 ± 3.1 64.2 ± 10.1 88.7 ± 10.2 0.78 ± 0.12 

40 8 3.08 ± 0.54 61.7 ± 1.3 30.2 ± 5.3 48.8 ± 7.6 0.38 ± 0.07 

VflTA 

15 48 5.92 ± 0.50 71.8 ± 1.3 52.2 ± 4.4 80.9 ± 5.4 0.12 ± 0.01 

30 8 5.92 ± 0.64 71.0 ± 3.0 60.8 ± 6.6 86.1 ± 12.9 0.74 ± 0.08 

40 8 2.30 ± 0.45 48.4 ± 2.1 24.1 ± 4.7 46.5 ± 7.1 0.29 ± 0.06 

2.5. Effect of Amine Donor Concentration on 3-APB Synthesis 

Amine donor concentration on reaction yield was also studied. Although certain lim-

itations, such as enzyme inhibition, substrate solubility, and downstream complexity 

must be taken into account [19,27,37], offering an excess of amino donor is a widely re-

ported strategy to force an equilibrium shift in transaminations [6,15,19,27,37]. When L-

Alanine is used as amine donor, at least 10-fold excess is recommendable [15]. A study on 

alanine excess effect on reaction yield has been reported for the case of 1-N-Boc-3-amino-

pyrrolidine synthesis by the TA-PDC cascade system [27]. In the mentioned work, a sig-

nificant yield increase was obtained when an alanine excess higher than 22-fold was used. 

For this reason, in this study, initial lower amino donor concentrations than 200 mM (20-

fold excess) were not tested and reactions were performed with a 40-fold and a 60-fold 

excess. 

Figure 6 shows reaction time courses at different initial alanine concentrations (200 

mM, 400 mM, and 600 mM) both using CviTA-PDC and VflTA-PDC cascade systems. In 

both cases, initial reaction rate is higher when alanine concentration increases from 200 to 

600 mM thus, showing no inhibitory effect on transaminases. Nevertheless, no significant 

changes were observed in operational stabilities (Figure 6B,D). Final 3-APB concentrations 

achieved at 400 mM and 600 mM alanine concentration were not significantly higher than 

the ones obtained with 200 mM (see Table 4). Around 10% higher yield was obtained 

when amine donor excess was increased to 60-fold (600 mM alanine) in comparison with 

applying a 20-fold excess (200 mM alanine), which agrees with the previously reported 1-

N-Boc-3-aminopyrrolidine synthesis [26]. The similarity between yield and conversion 

percentages, as well as the high selectivity values, indicates that the alanine increase did 

not favor side reactions. Although higher alanine concentrations did not show a negative 

effect on reaction, the low yield increase obtained lead to the conclusion that amine donor 

excess of 20-fold is the most suitable strategy. 
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Figure 6. L-Alanine concentration effect on 3-APB synthesis and on operational enzymatic stability. 

(A) Reaction time courses performed with CviTA-PDC or (C) VflTA-PDC using 200 mM (⚫), 400 

mM (), and 600 mM () initial L-alanine concentration. (B) Operational stability of CviTA and 

(D) VflTA (D) at 200 mM (◆), 400 mM (◼), and 600 mM () initial alanine concentration. Reaction 

conditions: 30°C; pH 7.5; 4-PB 10 mM; TA 5% v v−1; PDC 25% v v−1, 1 mM pyridoxal-5’-phosphate 

(PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM MgCl2. Concentration values are re-

ported in Tables S11–S16. 

Table 4. Process metrics of 3-APB applying the multi-enzymatic system TA-PDC at different initial 

L-alanine concentrations. Reaction conditions: pH 7.5; 4-PB 10 mM; 30⁰C; TA 5% v v−1; PDC 25% v 

v−1, 1 mM pyridoxal-5’-phosphate (PLP), 0.1 mM thiamine pyrophosphate (TPP), and 0.1 mM MgCl2. 

Transaminase 

Initial  

L-Alanine 

(mM) 

Final APB  

(mM) 

Conversion 

(%) 

Yield 

(%) 

Selectivity 

(%) 

STY 

(mmol·L−1·h−1) 

CviTA 

200 6.20 ± 0.98  72.0 ± 3.1 64.2 ± 10.1 88.7 ± 10.2 0.78 ± 0.12 

400 6.22 ± 0.35  76.4 ± 3.6 59.5 ± 3.3 88.7 ± 10.2 0.78 ± 0.12 

600 6.88 ± 0.06  77.8 ± 1.6 71.7 ± 1.6 48.8 ± 7.6 0.38 ± 0.07 

VflTA 

200 5.92 ± 0.64  71.0 ± 3.0 60.8 ± 6.6 86.1 ± 12.9 0.74 ± 0.08 

400 6.60 ± 0.25  78.4 ± 4.4 68.4 ± 2.6 87.8 ± 8.2 0.82 ± 0.03 

600 7.08 ± 0.18  80.0 ± 6.2 73.2 ± 2.0 91.8 ± 4.6 0.89 ± 0.02 

It should be considered that in the proposed system acetaldehyde is the by-product 

of the reaction catalyzed by PDC. This compound could be used by transaminase as sub-

strate, thus reducing the efficiency of the system due to a substrate competition between 

4-phenyl 2-butanone and acetaldehyde. 

2.6. Enantiomeric Excess Determination 

Enantiomeric excess of 3-APB obtained in the most suitable conditions (30 °C and 20-

fold excess of amine donor) was determined by NMR using BHP as chiral solvating agent 

(Figure S2). Both CviTA-PDC and VflTA-PDC systems showed high stereoselectivity 

reaching enantiomeric excesses of 92.0% and 89.3% for (S)-3-APB, respectively. Similar ee 

was reported for the VflTA-PDC cascade by Höhne et al. [26], reaching an ee of 88.5%. In 
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other reported cases in which VflTA was coupled with AlaDH and LDH as pyruvate re-

moving systems, similar ee values were also obtained (84% (S) and 89% (S), respectively) 

[34]. Finally, as mentioned before, CviTA has never been reported in the asymmetric chiral 

amine system using PDC. In addition, the use of this transaminase coupled with AlaDH 

and LDH lead to low stereoselectivity results in the case of 3-APB [35]. Therefore, ee per-

centages higher than 90% have been obtained for the first time with CviTA. 

3. Materials and Methods 

3.1. Chemicals and Enzymes 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA). Transami-

nases from C. violaceum (CviTA) and V. fluvialis (VflTA) were kindly donated by 

DSM/InnoSyn in the form of E. coli cell free extracts (CFE), containing between 40 and 55 

mg·mL−1 of total protein. For CviTA, 47% of the total protein was transaminase, while this 

percentage was 35% for VflTA. Pyruvate decarboxylase (PDC) from Z. palmae was pro-

duced by high cell density cultures of a recombinant E. coli strain obtained by the research 

group [38]. CFEs of this strain were obtained by sonication with a Vibracell®  VC50 (Sonic 

and Materials® , Newton, CT, USA) with 4 × 15 s pulses (50 W) and 2 min intervals in ice 

between each pulse. Centrifugation was performed (10,000 g, 10 min) to remove the re-

sulting cell debris. ZpPDC CFEs contained 10 mg·mL−1 of total protein, from which around 

40% was PDC. 

3.2. Transaminase Activity Assay 

Transaminase activity assay was based on the acetophenone formation, measured at 

340 nm, from α-Methylbenzylamine and pyruvic acid. The assay was performed at 30°C 

in 1 mL reaction mixture, consisting of potassium phosphate buffer 100 mM and pH 7.5 

containing 0.1 mM PLP, 22.5 mM α-Methylbenzylamine and 5 mM sodium pyruvate. Mo-

lar extinction coefficient (ε) of acetophenone is 0.28 mM−1·cm−1 and one transaminase ac-

tivity unit corresponds to the amount of enzyme that produces 1 μmol acetophenone per 

minute at 30°C. Absorbance measurements were performed using a SPECORD®  200 PLUS 

(Analytik Jena, Jena, Germany) spectrophotometer. 

3.3. Pyruvate Decarboxylase Activity Assay 

PDC activity was determined by coupling the pyruvate decarboxylation with alcohol 

dehydrogenase (ADH) and following NADH oxidation at 340 nm and 25°C, whose molar 

extinction coefficient (ε) is 6.22 mM−1·cm−1. The reaction mixture contained 33 mM sodium 

pyruvate, 0.11 mM NADH, 3.5 UA mL−1 ADH from S. cerevisiae (Sigma Aldrich, St. Louis, 

MO, USA), 0.1 mM TPP, and 0.1 mM MgCl2 in citrate buffer 200 mM and pH 6. One unit 

of PDC activity corresponds to the amount of pyruvate decarboxylase that converts 1 

μmol of pyruvate to acetaldehyde per minute. Absorbance measurements were per-

formed using a SPECORD®  200 PLUS (Analytik Jena, Jena, Germany) spectrophotometer. 

3.4. Influence of pH on Enzyme Activity and Stability 

The optimum pH for each enzyme was found by performing enzymatic activity as-

says, replacing the assay buffer with citrate buffer 100 mM (pH from 5 to 6), and potassium 

phosphate buffer 100 mM (pH 6.5–8). Enzyme stability was determined by preparing a 

5% v v-1 solution of the cell lysates containing the enzymes in the mentioned buffers, and 

maintaining the solutions at 25°C and mild agitation. Aliquots were taken at different 

times and enzyme activity was measured. 

3.5. Transaminase Screening 

Reactions were performed in 15 mL Falcon tubes with 3 mL reaction mixture consist-

ing of 5% v v−1 transaminase cell lysate, 25% v v−1 PDC cell lysate, 1 mM pyridoxal-5′-

phospate (PLP), 0.1 mM thiamine pyrophosphate (TPP), 0.1 mM MgCl2, 200 mM alanine, 
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and 10 mM 4-phenyl-2-butanone (4-PB) in 150 mM of potassium phosphate buffer, pH 

7.5. Samples were placed in a Multitherm shaker (Benchmark Scientific, Sayreville, NJ, 

USA) at 30°C and 1000 rpm, and after 24 h the presence or absence of 3-APB was detected 

by HPLC. Control reactions were performed substituting PDC cell lysate with distillate 

water. 

3.6. Asymmetric Synthesis of APB with Transaminase and Pyruvate Decarboxylase 

All biocatalytic reactions were performed in potassium phosphate buffer 150 mM 

and pH 7.5 containing 1 mM pyridoxal-5′-phosphate (PLP), 0.1 mM thiamine pyrophos-

phate (TPP), and 0.1 mM MgCl2. A transaminase cell lysate concentration of 5% v v−1 in 

volume was coupled with 25% v v−1 PDC cell lysate in 15 mL Falcon tubes containing 3 

mL working volume and kept at 30°C and 1000 rpm for 8 h in a Multitherm shaker (Bench-

mark Scientific, Sayreville, NJ, USA). Reactant concentrations were 10 mM of 4-phenyl 2-

butanone, which corresponds to the solubility limit, and 200 mM L-Alanine. 

3.7. Temperature and Amine Donor Concentration Effect on 3-APB Synthesis 

To study the temperature effect on 3-APB synthesis, all reaction conditions men-

tioned were maintained, while temperature was shifted to 15°C or 40°C. In the alanine 

concentration effect studies, reactions were performed at 30°C, increasing the amine do-

nor concentration to 400 mM and 600 mM. 

3.8. Quantification of 3-APB and 4-PB 

3-amino 1-phenylbutane and its pro chiral ketone (4-phenyl 2-butanone) concentra-

tions were measured by HPLC analysis in an UltiMate 3000 (Dionex) equipped with a 

variable wavelength detector. Compounds were separated on a reversed-phase COR-

TECS C18 + 2.7 μm 4.6 × 150 mm column (Waters Milford, MA, USA). After acidifying 

reaction samples with 3 M hydrochloric acid to deactivate the enzymes, 15 μL were in-

jected at a 0.7 mL min-1 flow rate and 30 °C. Samples were eluted using a gradient from 

30 to 55% solvent B—consisting of 0.095% (v·v−1) in MeCN/H2O 4:1 (v·v−1)—to solvent A—

consisting of 0.1% (v·v−1) TFA in H2O—over 13 min. Compounds were detected at a 254 

nm wavelength. 

3.9. Enantiomeric Excess Determination 

At the end of the reaction, the entire volume was acidified with 3 M hydrochloric 

acid and centrifuged to remove the precipitate proteins. After that, a first extraction step 

was performed with dichloromethane and the organic phase was discarded. After basify-

ing the aqueous phase with NaOH, a second extraction was carried out with the same 

solvent. The new organic phase was dried with anhydrous sodium sulphate and concen-

trated by distillation in a Heidolph VV 2000 rotary evaporator. APB was separated from 

the remaining impurities by a silica column using 1:10 methanol in dichloromethane with 

2% triethylamine as mobile phase. 

The enantiomeric excess was determined by nuclear magnetic resonance (NMR) us-

ing (R)-(−)-1,1′-binaphtyl-2,2′-hydrogenphosphate (BHP) as chiral solvating agent (CSA). 

An equimolar quantity of the CSA was used if not stated otherwise. The 1H-NMR spectra 

were acquired with a Bruker AVANCE-III 600 MHz NMR Spectrometer (Bruker Biospin, 

Rheinstetten, Germany) in CDCl3 at 298 K. 

4. Conclusions 

Coupling pyruvate removal system has been proved to be required for the asymmet-

ric synthesis of 3-amino-1-phenylbutane. The target reaction was efficiently carried out by 

the cascade reaction of C. violaceum and V. fluvialis transaminases and PDC. PDC coupling 

dramatically enhanced 3-APB synthesis in comparison with a single enzyme approach. 
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After reaction optimization, it was concluded that 30°C and a 20-fold excess of amine do-

nor were the best conditions obtaining yields higher than 60% with nearly 90% selectivity. 

Moreover, reactions took place with high stereoselectivity for (S)-APB and with up to 90% 

ee in both cases. For the first time, asymmetric synthesis of 3-APB using PDC as by-prod-

uct removal system is reported using CviTA. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/catal11080973/s1, Figure S1: HPLC chromatogram of A) 1mM commercial 3-APB from 

Sigma Aldrich (St. Louis, MO, USA), B) final sample (24h) of 3-APB synthesis catalyzed by CviTA 

and PDC and C) final sample (24h) of 3-APB synthesis catalyzed by CviTA and PDC., Table S1: 4-

PB and 3-APB concentrations used for Figure 4A plotting. , Table S2: 4-PB and 3-APB concentrations 

used for Figure 4A plotting.  Table S3: PB and 3-APB concentrations used for Figure 4C plotting , 

Table S4: PB and 3-APB concentrations used for Figure 4C plotting, Table S5: 3-APB concentration 

used for Figure 5A plotting, Table S6: 3-APB concentration used for Figure 5A plotting, Table S7: 3-

APB concentration used for Figure 5A plotting, Table S8: 3-APB concentration used for Figure 5C 

plotting, Table S9: 3-APB concentration used for Figure 5C plotting, Table S10: 3-APB concentration 

used for Figure 5C plotting, Table S11: 3-APB concentration used for Figure 6A plotting, Table S12: 

3-APB concentration used for Figure 6A plotting, Table S13: 3-APB concentration used for Figure 

6A plotting, Table S14: 3-APB concentration used for Figure 6C plotting, Table S15: 3-APB concen-

tration used for Figure 6C plotting, Table S16: 3-APB concentration used for Figure 6C plotting, 

Figure S2: Results on nuclear magnetic resonance (NMR) for 3-APB obtained from reactions cata-

lyzed by A) CviTA-PDC and B) VflTA-PDC before adding chiral solvating agent (red line) and after 

adding chiral solvating agent (green line). 
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