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Abstract Pyridoxal phosphate (PLP) is an organic

cofactor found in all transaminase enzymes. In this study

PLP was used to replace the enzymatic deamination step in

the Ehrlich pathway, for the oxidative conversion of amino

acids into 2-keto acids. PLP functions in an enzyme-

independent manner. It was further used in the synthesis of

higher alcohols through a sequential enzymatic reduction

in vitro and in vivo. PLP-dependent oxidation was

investigated against five representative amino acids: valine,

leucine, isoleucine, norvaline, and phenylalanine. In vitro

amino acid oxidation resulted in approximately 45 ~ 75%

[mole/mole] of each 2-keto acid conversion and in vitro

ammonia formation was less than 2-keto acid formation,

with 20% of conversion yields. Whole cell E. coli

expressing reduction enzymes KivD/ADH with both single

amino acid and amino acid mixture (4% yeast extract) gave

the highest yield (30 ~ 55%) in the presence of the PLP-Cu

complex and following enzymatic reactions. 

Keywords: pyridoxal phosphate, oxidative deamination,

amino acids, 2-keto acids, higher alcohols

1. Introduction

In nature, protein molecules have evolved within a given

environment and adapted to function optimally over a long

period of time. 

At some point in evolutionary history, proteins began to

accommodate organic cofactors, such as metal ions or vitamin

derivatives [1,2]. Now, such protein-cofactor complexes

are present in all known forms of organisms, playing a core

roll of diverse metabolisms. Metabolism requires a vast

array of chemical reactions. Most of these reactions are

catalyzed by organic-inorganic cofactors [3,4]; a good

example is the PLP cofactor, which is an active form of

vitamin B6 [5,6]. It serves as a prosthetic molecule in a

variety of enzymes, and these enzymes generally catalyze

both substitution (transaminases) and elimination reactions

(deaminases) [7,8]. Enzymatic transamination, however,

requires an amine acceptor, which is usually a key molecule

linked to the cells central carbon-nitrogen metabolism. These

heterologous transamination cycles may cause unbalanced

nitrogen metabolism in cells [9]. As well as this, such

correlations of amine donating/accepting are functionally

coupled, so that the reaction system inevitably requires

other amine accepting substrates to achieve an effective

deamination reaction [10-12]. To avoid the disadvantages

related to transaminase dependent reactions, we have

demonstrated PLP-dependent deamination of amino acids

in an enzyme-independent manner. Previous studies have

indicated that the PLP cofactor itself may catalyze the

conversion of amino acids to keto acids by transamination,

both with and without metal ions present. It has also been

observed that amino acid to keto acid conversion can occur

via an oxidative deamination process in the presence of

dioxygen. For example, Esmond et al. reported that the

oxidative deamination of pyridoxamine could yield pyridoxal

and ammonia, using pyridoxal with particular metal salts,

such as CuSO4, KAl(SO4)2, FeCl3, CoCl2 and Ni(NO3)2
[13]. Also various α-amino acids have been examined and

were found to yield the corresponding 2-keto acids and

ammonia, which resulted in the formation of equimolar
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formation of 2-keto acids and ammonia. The Shanbhag

et al. also reported the oxidative deamination of (p-

sulfophenyl)glycine by Cu2+ and vitamin B6 coenzymes,

PLP or 5’-deoxypyridoxal to give (p-sulfophenyl)glyoxylic

acid [22]. They found that the oxidative deamination

reaction occurs at the optimum rate in alkaline solutions,

and the reaction rates are negligible at a pH below pH 9.0.

They also found that the principle Schiff base complex

species involved in the rate-determining step of deamination

of (sulfophenyl)glycine is the monohydroxo complex of

the Cu-Schiff base chelate. The evolutionary history of

cofactor chemistry inspired our hypothesis that the PLP

cofactor itself could catalyze deamination reactions without

incorporating itself into the polypeptide structure and, as

such, bypass an enzymatic transamination reaction. 

To assess this, we applied a PLP-dependent deamination

reaction to the synthesis of higher alcohols, starting from

branched-chain amino acids and phenylalanine. Higher alcohols

such as isobutanol, 3-methylbutanol, 2-methylbutanol,

butanol, and 2-phenylethanol, can be synthesized through a

sequence of enzymatic reactions known as the Ehrlich

pathway in cells: deamination of amino acids, such as

valine, leucine, isoleucine, norvaline, and phenylalanine,

followed by decarboxylation of the resulting 2-keto acids

and final reduction of the aldehydes to alcohols [14-17].

Broad substrate-specific dehydrogenases and transaminases

were utilized for the deamination reaction, and decarboxylases

such as ketoisovalerate decarboxylase (KivD) were utilized

for decarboxylation, and finally alcohol dehydrogenases

(ADH and YqhD) were utilized for the reduction reaction

[17-19]. Here, we demonstrate a conceptually new approach

to the synthesis of alcohols using PLP-copper dependent

oxidative deamination of model amino acids and sequential

enzymatic reduction by 2-keto acid decarboxylase (KivD)

and alcohol dehydrogenase (ADH).

2. Materials and Methods

2.1. Chemicals 

All chemicals used in this study were of analytical grade or

higher. The amino acid substrates used (leucine, isoleucine,

valine, norvaline, and phenylalanine) were purchased from

Sigma-Aldrich. 2-keto acids used (KIV, KIC, KMV, PP,

and KV) were also purchased from Sigma-Aldrich. 

2.2. PLP-dependent oxidative deamination of each

amino acid 

In order to investigate the deamination of amino acids

using the PLP-Cu complex, five amino acids (leucine,

isoluecine, valine, norvaline, and phenylalanine) were

dissolved in distilled water at 10 mg/mL. The PLP-Cu

complex was prepared in a 0.1 M phosphate-buffered

system (pH 7.0). The reaction was initiated by adding each

amino acid substrate (10 mM) into PLP-Cu buffered

solution (10 mM, 1.0 mL). The molar ratio of reactants

was 1:1:1 (substrate, PLP and Cu(II), respectively) for 24 h

at 37°C. After incubation, the reaction was quenched by

quick cooling and the generated 2-keto acids and ammonia

were prepared for quantitative analysis. The concentration

of ammonia was quantified using the NeuLog Ammonium

Ion-selective Sensor system. 

2.3. Consecutive reactions of amino acid into higher

alcohols

The reaction mixture consisted of each amino acid substrate,

PLP, and Cu2+ at a molar ratio of 1:1:1. The reaction was

initiated by adding 10 units of purified ketoisovalerate

decarboxylase (KivD, Lactococcus latis), 10 units of alcohol

dehydrogenase (ADH, Saccharomyces cerevisiae) enzymes,

and 1 mM of NADH cofactor, into the assay mixture [18]. 

The assay mixture contained 10 mM of each amino acid

Fig. 1. Reaction schematic of amino acid conversion into higher alcohols, through PLP dependent oxidation and following enzymatic
reductions.
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substrate, 10 mM PLP-Cu buffered solution, and 1.0 mM

NADH in assay buffer (0.1 M phosphate buffer, pH 7.0,

1 mM MgSO4, 0.5 mM thiamine pyrophosphate). The

enzymes, KivD and ADH, used here were prepared according

to the expression and separation method described

previously [14]. After a 1 h incubation, the reaction was

quenched by cooling, and the alcohols generated were

analyzed quantitatively by gas chromatography.

2.4. Whole cell conversion of amino acids into higher

alcohols 

Minimal medium for E. coli cell culture was prepared as

described previously [15]. Each amino acid substrate (up to

10 mg/mL) and PLP-Cu complex (up to 1 mM) was added

into M9 minimal media. For amino acid media (4% Yeast

extract) was prepared by mixing 40 g/L BD bacto yeast

extract (containing 21.64 g/L amino acids, 4.48 g/L ash,

3.05 g/L various salts, 1.24 g/L H2O as well as 6.53 g/L

carbohydrate) with M9 salts (6.3 g/L NaHP4, 3.0 g/L

KH2PO4, 0.5 g/L NaCl, 24 mg/L MgSO4, 2.2 mg/L CaCl2,

and 2.0 mg/L vitamin B1 per liter water). E. coli BL21

(DE3) cells expressing one or both of KivD and ADH were

incubated in the M9 minimal media and amino acid media

at 37°C until OD 600nm reached 0.6, and were then

induced with 1 mM of IPTG. The cells were then incubated

at 37°C for 4 days, and generated higher alcohols were

collected every 24-h for quantitative analysis by gas

chromatography (GC).

2.5. Quantitative analysis of higher alcohols, 2-keto

acids, and ammonia

Butanol, isobutanol, 2-methylbutanol, 3-methylbutanol,

and 2-phenylethanol were quantified using GC using the

method described previously [20]. Amino acids were

quantified by HPLC using a ZORBAX Eclipse AAA

column and derivatization with OPA and FMOC reagents

(all components and protocols from Agilent). For 2-keto

acid quantification, fluorescent analysis was used after

derivatization with fluorescent quinoxalines by reaction

with o-phenylenediamine. The fluorescence emission was

measured at 410 nm with excitation at 350 nm [21]. The

fluorescence intensity obtained from each reaction sample

was fitted to a calibration curve obtained with each

authenticated 2-keto acid. NH4
+ concentrations were measured

with a NeuLog Ammonium Ion-Selective Sensor System.

3. Results and Discussion

3.1. Oxidative deamination of amino acids into 2-keto

acids using the PLP-Cu complex 

Previous studies of PLP-dependent reactions have indicated

that vitamin B6 could catalyze the conversion of amino

acids to corresponding 2-keto acids in the presence of

metal ions [22]. They showed that the hydrogen acceptor

appeared to be the nitro group, which was reduced to an

amino group. We first tested the conversion of five

representative amino acids into the corresponding 2-keto

acids using the PLP-Cu complex in a pH 7.0 phosphate

buffered systems. Each 10 mM of amino acid was reacted

with a 1:1:1 molar ratio of substrate, PLP and Cu(II),

respectively, for 24 h at 37°C. Table 1 shows the susceptibility

of alcohol-convertible amino acids to oxidation. Oxidative

deamination of all amino acids occurred only when both

PLP and Cu2+ ions were present simultaneously. Analysis

of the final reaction mixture showed the formation of the

corresponding 2-keto acids and ammonia under the reaction

conditions of molar concentration ratio, pH, temperature,

and reaction time.

The reaction yielded approximately 45 ~ 75% conversion

[mole/mole] of each 2-keto acid and in-vitro ammonia

formation was less than 2-keto acid formation, with 20% of

conversion yields. The selectivity of PLP was constant

within the amino acids tested, regardless of branched chain

or aromatic structure. These results suggested that PLP-

dependent deamination were more effective when compared

to over enzymatic deamination reactions. For example,

transaminase-mediated deamination reactions require a

concurrent cycle of amine-accepting reactions, which largely

use 2-ketoglutarate/glutamate [7,23-25]. Accordingly, the

applications of those reactions are limited by substrate

specificities of the two amine-transferring cycles. Our

Table 1. Relative conversion yield of each amino acid into its corresponding 2-keto acid (2-KA)

Amino acids 2-keto acids
Conversion (%)*

2-keto acids NH3

Valine 2-ketoisovlerlate (KIV) 45 19

Leucine 2-ketoisocaproate (KIC) 73 22

Isoleucine 2-keto-3-methylvalerate (KMV) 56 20

Phenylalanine phenylpyruvate (PP) 62 20

Norvaline 2-ketovalerate (KV) 53 21
*Conversion yields were calculated by [mM alcohols/mM amino acids].
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results do however demonstrate versatile application of the

PLP-dependent deamination of amino acids, regardless of

the target amino acid.

3.2. In vitro higher alcohol preparation from amino

acids - deamination by PLP-Cu complex followed by

KivD/ADH enzymatic conversion

To verify the proposed scheme of higher alcohol synthesis

in Fig. 1, an in vitro assay of the complete reaction was

first investigated.

Table 2 summarizes the generated alcohol structures and

their final conversion yields. The percent conversion from

branched amino acids was less than 10%, while percent

conversion from aromatic amino acid was 20%. As long as

2-keto acids were formed, the enzymatic reducing steps

occurred simultaneously in the presence of reducing

equivalents transferred from NADPH.

3.3. Whole cell conversion of amino acids into higher

alcohols by extracellular addition of the PLP-Cu

complex 

The feasibility of PLP-dependent biomimetic higher alcohol

synthesis in vivo was explored, although the final conversion

yields obtained from in vitro reaction were relatively lower.

Regarding the low conversion yields, this may be caused

by a requirement for reducing enzyme equivalents, as well

as the instability and inactivation of the reducing enzymes

themselves. 

To overcome those limitations, we next investigated

[PLP-Cu] catalyst-[KivD/ADH] enzyme coupled in vivo

synthesis of higher alcohols, using E. coli whole cell

biotransformation. E. coli cells expressing KivD, ADH or

both, were harvested and incubated in M9 minimal media

containing [PLP-Cu] and 1 mM of each amino acid.

Without overexpression of KivD, no alcohol was detected

during a resting cell assay regardless of [PLP-Cu] complex

presence, suggesting that KivD is the key enzyme in

alcohol production. Overexpression of KivD in the

presence of [PLP-Cu] could convert each amino acid into

their corresponding alcohols with approximately 10 ~ 20%

conversion yields, while no alcohol was produced in the

absence of PLP-Cu (Fig. 2). These results suggest that the

PLP-dependent 2-keto acid conversion is also important

for the synthesis of higher alcohols, and the existing

alcohol dehydrogenases in E. coli host genome could

alternate ADH enzyme so that alcohols were observed

even in the absence of ADH.

To increase higher alcohol production, we examined

E. coli co-expressing both ADH and KivD. The resulting

strain could obtain approximately two times higher

production yields of higher alcohols than without ADH

overexpression. In particular, 2-phenylethanol production

increased dramatically, reaching a conversion yield of over

80%.

According to previous findings of improved higher

alcohol production by increased carbon flux to 2-keto

acids, supplying additional 2-keto acids into the KivD-

expressing E. coli culture medium showed higher conversion

yields [14]. These titers are promising as pools of 2-keto

acids are a key factor in higher alcohol synthesis through

the Ehrlich pathway. In order to investigate the effect of

PLP-Cu complex dependent oxidation of amino acid

mixture on higher alcohol production, the direct synthesis

of higher alcohols from amino acid mixture of 4% yeast

extract media (YEM, 20 g/L) was investigated (Fig. 3). The

media prepared consists of each amino acid mixture (1.20 g/L

of Ile, 1.64 g/L of Leu, 1.04 g/L of Phe, and 1.40 g/L of

Valine, respectively), 2.40 g/L of amino nitrogen, and trace

elements approximately (Manufacturers’ information).

In most cases, E. coli cells co-expressing KivD and

ADH in the presence of PLP-Cu resulted in greatly

increased higher alcohol production, when compared to

Table 2. [PLP+Cu2+]-KivD/ADH-driven advanced biofuel synthesis

Amino 
acids

Higher 
alcohols

Conversion 
(%)a

Titer 
(mg/L)b

Valine

Leucine

Isoleucine

Phenylalanine

Norvaline

< 5

< 10

10

20

< 5

< 25

< 65

85

170

< 35

aConversion yields were calculated by [mM alcohols/mM amino acids].
bEach used 10 mM of initial substrate concentration.

Fig. 2. In vitro synthesis and conversion of each higher alcohol. 
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cells lacking such co-expression. 

The conversion of phenylalanine especially was the

highest with a 55% conversion (1.0 g/L) similar to its

conversion ranking in our previous results (Fig. 4). These

results suggested that an extracellular supply of the PLP-

Cu complex could be effective in the synthesis of higher

alcohols from the already present amino acid containing

biomass.

3.4. Understanding PLP-dependent deamination and

its applications

We investigated PLP-Cu dependent oxidative deamination

for higher alcohols synthesis followed by subsequent

enzymatic oxidation reactions. First, PLP-Cu dependent

deamination was evaluated against our target five amino

acids and resulted in 45 ~ 73% yields. Simultaneous KivD-

ADH enzymatic reactions converted each amino acid into

its corresponding higher alcohol. From these, the synthesis

of 2-phenylethanol was the highest. Several mechanisms of

PLP-catalyzed oxidative deamination have been proposed;

however, the full mechanism has not been fully elucidated

to date [22]. One suggestion, by Hamilton and Revesz,

involves the coordination of an oxygen atom with the

metal ion of the Schiff base complex, and the subsequent

transfer of a pair of electrons from an amino acid, through

the coenzyme to the oxygen molecule, via the metal ion

[26].

Enzymatic transamination in nature requires an amine

acceptor. This amine acceptor is usually a key molecule

linked to central carbon-nitrogen metabolism, indicating

heterologous transamination cycles, which may in turn cause

unbalanced nitrogen metabolism when extratransaminases

are introduced.

As well as this, transamination coupling reactions are

quite specific between amine donors and amine acceptors,

which may indicate a narrow range of target deamination

[17]. 

The novel and fundamental finding of this study is the

use of the chemical cofactor PLP in the deamination

reaction of amino acids, followed by step-wise enzymatic

reductions, and finally the synthesis of higher alcohols.

This process does not require any amine accepting partner

and does not cause any cellular nitrogen imbalance. We

also showed that an exogenous supply of PLP and copper

in a whole cell reaction in the presence of amino acids aids

higher alcohol synthesis.

From these findings, the cofactors used in the biological

systems seem to play the same role in the absence of a

polypeptide structure. Biochemically, cofactors have been

regarded as the ‘helper molecule’ for protein functionality,

usually as enzymes [27]. Organic cofactors such as ATP,

coenzyme A, FAD, and NAD share the same nucleotide

adenosine monophosphate (AMP) in their chemical structures

and function, and this AMP containing cofactors have been

working key roles in the mechanisms of diverse enzymes

[28].

Fig. 3. Schematic of in-vivo application of extracellular PLP-Cu to
induce higher alcohol production.

Fig. 4. Production of higher alcohols from 4% yeast extracts
fermentation using PLP-Cu dependent oxidation and KivD/ADH
dependent enzymatic reduction.
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4. Conclusion

Here, we have demonstrated the application of the organic

cofactor PLP as an alternate enzymatic deamination step in

the Ehrlich pathway. The PLP-Cu complex catalyzed

oxidative deamination of the five amino acids tested:

valine, leucine, isoleucine, norvaline, and phenylalanine,

into their corresponding 2-keto acids with 45 ~ 75% of

conversion ranges. This was further investigated through

the examination of higher alcohol synthesis through

sequential enzymatic reduction in vitro and in vivo. Among

the examined amino acids, in vitro conversion of phenylalanine

into 2-phenylethanol was the highest with 20% conversion,

while the conversions of branched amino acids were less

than 10%. Finally, whole cell reaction of E. coli expressing

reduction enzymes KivD and ADH, in both single amino

acid and amino acid mixture (4% yeast extract) have been

investigated and resulted in 30-55% conversions to higher

alcohol in the presence of PLP-Cu complex and following

enzymatic reactions. From an evolutionary and functional

point of view, a PLP-Cu complex is surely an attractive

organic cofactor, regardless of its high cost of synthesis,

and especially as no amine accepting molecules are required

throughout the reaction.
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