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Transaminases (TAs) have useful applications as biocatalysts because of their capability of introducing
amino groups into ketones and keto acids with high enantioselectivity, regioselectivity and broad substrate
specificity. In this study we have shown that purified His-tagged omega-TA CV2025 from Chromobac-
terium violaceum is capable of complete conversion of pyridoxal 5-phosphate (PLP) to pyridoxamine
5’-phosphate (PMP) in the presence of (S)-a-methylbenzylamine (MBA) as the amine donor. Conversions
of 5mM PLP with at least 0.8 mg/ml CV2025 TA (5.8 U/ml) were complete within 24 h. The fastest comple-
tion was achieved with an enzyme concentration of 3 mg/ml (22 U/ml): Within 4h 5 mM PLP/MBA were
converted to 100% and 10 mM PLP/MBA to 70%. PLP amination was only partially inhibited in the presence
of 0.5 mM gabaculine, whereas the MBA:pyruvate transamination was shown to be inhibited completely.
PMP formation of comparable efficiency could not be achieved with equivalent units of porcine a-TA. This
represents the first example of a PLP-converting TA with an attributed gene and the first demonstration

of quantitative biocatalytic PMP synthesis.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Chemical transamination of aldehydes and ketones

The formal conversion of the carbonyl functional group in
aldehydes and ketones to the corresponding amines is an impor-
tant chemical transformation in many synthetic routes in organic
chemistry and can be achieved by reductive amination or transam-
ination. The Schiff base formation of ketones with amines and
subsequent reduction of the C=N bond by catalytic hydrogena-
tion is of interest for the asymmetric synthesis of a-amino acids
from a-keto acids. Chemical transaminations are part of numer-
ous routes in total synthesis, often following aldol condensation
reactions. Dialkylaluminium amides, prepared in situ from the
appropriate trialkylaluminium and the amine or amine hydro-
chloride, have been used as amine transfer reagents compatible
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with many functional groups. The use of trimethylaluminium
and N,O-dimethylhydroxylamine hydrochloride allows chemical
transaminations to the N-methoxy-N-methylamides, also known
as the Weinreb amides. Tris(dimethylamino)borane undergoes
facile transamination reactions with primary and secondary
amines leading to tris(alkylamine)borane higher homologs as prod-
ucts. As many of these stoichiometric transamination reactions
utilize unstable, air- and moisture-sensitive reagents which lead to
waste in stoichiometric quantities, the development of biocatalytic
processes for transamination reactions is desirable.

1.2. Biocatalytic transamination of aldehydes and ketones

Aminotransferases or transaminases (TAs) have broad potential
for the synthesis of a wide variety of enantiomerically pure (R)-
and (S)-compounds with amine functional groups [1]. Various
examples of the use of TAs for the production of D- and L-amino
acids, both naturally occurring and non-natural ones, have been
described [2-9]. w-TAs can be employed in two different ways
for the production of enantiomerically pure amines. A racemic
mixture can be separated by kinetic resolution into the corre-
sponding ketone and the remaining amine enantiomer, which is
typically obtained in high enantiomeric excess, while the ketone
can be recycled to the starting racemic mixture. The same w-TA
can be utilized on the other hand to synthesize the amine of the
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opposite configuration straight from the ketone. In addition to
enantioselective transaminations, the chemo-selective transami-
nation of sensitive non-chiral aldehydes and ketones represents a
synthetically useful connection. Against this background we have
chosen pyridoxal 5'-phosphate (PLP) as a starting point for the
exploration of a path to pyridoxamine 5’-phosphate (PMP).

1.2.1. The role of PLP in enzyme catalysis

PLP, a derivative of vitamin B6, plays a crucial role as cofactor
of many amino acid metabolising enzymes [10-14]. PLP is also
involved in the transamination of some amines [15] as well as
aminosugars [16] and is essential for biotin biosynthesis being a
cofactor of 8-aminolevulinic acid synthase. PLP is also the cofactor
in many other enzymes such as the decarboxylases and is an essen-
tial vitamin to higher organisms. It is an additive to foods and animal
feeds because of this. PLP dependent enzymes bind the cofactor
through an imine linkage between the aldehyde group of PLP and
the e-amino group of a conserved active site lysine residue. During
catalysis the amino group of the substrate displaces the e-amino
group of the lysine residue resulting in an internal aldimine. The
pyridoxine ring acts as electron sink and - depending on the pos-
sibility of abstraction of the a-proton - allows for a wide range
of reaction specificities such as transaminations, racemisations,
a-decarboxylations, aldol cleavage and - and vy-elimination and
replacement reactions.

The aminated form of PLP, pyridoxamine 5-phosphate (PMP),
appears in transamination reactions only (Fig. 1). Transamination
consists of two half reactions. First the aldimine becomes depro-
tonated to become a quinoid intermediate, which in turn accepts
a proton at a different position to become a ketimine. The result-
ing ketimine is hydrolysed leaving behind PMP which then acts as
amine donor in the second half-reaction. PLP is subsequently recy-
cled. Whereas PLP is covalently bound to the active site lysine, PMP
interacts with the apoenzyme via non-covalent interactions only.
The dissociation constant of E-PMP is much higher than that of E-
PLP [17]. Apotransaminases bind PMP about 100-fold less tightly
than PLP. PMP can be displaced from the enzyme with high con-
centrations of sulphate or phosphate ions [17].

1.2.2. Pyridoxal- and PLP-converting TAs

If PMP is rather displaceable, the question arises - would any TA
catalyze the amination of its own cofactor without recycling it? The
answer is yes, with PLP acting as substrate rather than cofactor. In
the 1960s, Snell discovered a pyridoxamine:pyruvate TA in a Pseu-
domonas strain [18]. This enzyme accepts pyridoxal as substrate
but contains no PLP as cofactor. Just one half reaction of the typi-
cal TA two-step sequence is performed and PMP and PLP are only
poor substrates [19]. Recently a pyridoxamine:pyruvate TA from
Mesorhizobium loti (EC 2.6.1.30) was cloned, expressed and charac-
terized by Yoshikane et al. [20]; it was not active with PLP or PMP
either. It was found to belong to the class V aminotransferases of
fold type 1 [21] or o family, AT IV [11]. The recently solved structure
shows that an active site glutamate prevents binding of the phos-
phate moiety of PLP [22]. But PMP-specific TAs have been found as
well. A PMP:a-KG TA (EC 2.6.1.54) from Clostridium kainantoi was
first purified by Tani et al. [23] and its mode of action is supposed
to be similar to that of pyridoxamine:pyruvate TA. An E. coli PMP-
specific TA which catalyzes the reversible interconversion of PMP
to PLP [24] was also suggested by Beechey and Happold [25]. No
gene has yet been allocated to any of these PMP-specific TAs.

1.3. PLP bioconversion to PMP

Mechanistic and structural studies on TAs and other PLP-
dependent enzymes as well as inhibitor design require the

commercial availability of PLP and PMP. We investigated the pos-
sibility to use w-TAs as biocatalysts for PMP production (Fig. 2).
Other PLP-dependent enzymes such as decarboxylases and race-
mases might be able to use PLP as substrate, too. However, previous
reports on transaminases capable of pyridoxamine and pyridox-
amine phosphate conversion suggested w-TAs were the most
promising PLP-dependent enzymes for investigation of PLP ami-
nation.

We recently recruited several novel amine:pyruvate TAs using
an enzyme from Vibrio fluvialis JS17 [15] as search model. These
enzymes belong to class Il aminotransferases of fold type 1 [21] or
a family, AT I [11]. One of these enzymes which has been recently
described in literature [26] proved to convert PLP efficiently to PMP
in presence of the aromatic amine methyl-benzylamine. We report
here for the first time on the applicability of an overexpressed w-TA
for PMP biosynthesis.

Pyridoxamine-5’-phosphate (PMP) is both scientifically and
industrially important as co-factor of a variety of enzymes, cen-
tral metabolite, potent antioxidant, vitamin Bg vitamer and enzyme
substrate. Since the worldwide availability of this important
metabolite broke down suddenly, new direct and flexible routes
to PMP were evaluated. Because chemical phosphorylation of pyri-
doxamine requires lengthy chromatographic purification, a direct
reductive amination of pyridoxal-5-phosphate seemed to be an
attractive route, if the challenge of the common equilibrium in the
transamination reaction could be overcome.

2. Experimental
2.1. Materials

The majority of chemicals were obtained from Sigma-Aldrich,
including porcine L-Asp:a-KG TA (#G2751). The latter comes as
a powder containing sodium citrate salt. 1 mg (124U) was dis-
solved in 100 pl water and used immediately. Vibrio fluvialis TA
was purchased from Juelich Fine Chemicals (Juelich, Germany; now
Codexis). Escherichia coli strain BL21 Star (pLysS) was obtained from
Invitrogen (Paisley, UK).

2.2. Methods

2.2.1. His-tagging of CV2025 transaminase and enzyme
purification

The two oligonucleotides 5'-CTAGAAATAATTTTGTTTAACTTTAA-
GAAGGAGATATACCATGGGCCATCATCATCATCATCA-3' and 5'-TATG-
ATGATGATGATGATGGCCCATGGTATATCTCCTTCTTAAAGTTAAACA-
AAATTATTT-3’ were annealed to create a double-stranded poly-His
encoding DNA fragment with a 5’ Xbal cut end, a 3’ Ndel cut end
and an internal unique Ncol site [27]. The DNA fragment was
inserted into Xbal Ndel digested expression plasmid pQR800 [26]
at the 5’ terminus of the TA gene. E. coli BL21 Star (pLysS) was
transformed with this construct and the preparation of cell-free
extract was performed as described previously [26] except for the
lysis buffer being 50 mM NaH,PO4, 300 mM NaCl, 10 mM imida-
zole, pH 8, supplemented with 0.5mM pyridoxal 5-phosphate
(PLP). Extracts were kept as 5 ml aliquots in the freezer for months
without detectable loss of activity. For His-tag purification, 5 ml
extract were mixed with 5 ml of lysis buffer and with 5 ml Ni-NTA
agarose (Qiagen, Dorking, UK). After agitation for 1h at 4°C,
the beads were pelleted by 6min centrifugation at 1700g at
4°C. After two wash steps with 50 mM NaH,PO4, 300 mM NaCl,
20mM imidazole, pH 8, four elution steps with 2.5ml elution
buffer (50mM NaH;PO4, 300 mM NaCl, 250 mM imidazole, pH
8) containing 0.25 mM PLP were performed and residual agarose
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Fig. 1. Schematic half-reaction of the catalytic transamination cycle (modified slightly from [35]).

spun down for 5min at 2900 x g. 10 ml eluate were transferred
into dialysis tubing (molecular weight cutoff: 10000, SnakeSkin™,
Pierce, Rockford, USA) and dialysed against 100 mM HEPES pH
7.5, 150 mM Nacl, 0.25 mM PLP. 19 ml dialysate were obtained and
concentrated using Amicon Ultra-15 devices (Millipore, Watford,
UK). 0.6 ml final concentrate was mixed with 0.2 Vol 80% glycerol
and frozen at —20°C. The purity of the enzyme was checked by SDS
PAGE and its concentration determined by the Bradford method

[28].

2.2.2. Enzyme activity assays

2.2.2.1. w-TA and MBA/pyruvate as substrates. Activities for His-
tagged CV2025 and V. fluvialis TA, both being (S)-specific
amine:pyruvate TAs, were determined from initial rate measure-
ments with (S)-a-methylbenzylamine (MBA) and pyruvate as the
substrates [26,29,30]. Duplicate samples containing 100 mM HEPES
pH 7.5,10 mM MBA, 10 mM pyruvate and enzyme were incubated at
37°Cand stopped after 3 min by quenching with 4 vol of 0.1% triflu-
oroacetic acid (TFA). 1 unit (U) of enzyme is defined as the amount
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that catalyses the formation of 1 wmol of acetophenone in 1 min at
10 mM MBA, 10 mM of pyruvate, pH 7.5 and 37 °C. All assays were
performed and measured in HPLC glass vials since it was found that
acetophenone adsorbs significantly to polypropylene. For the ini-
tial rate measurements, the volume of added enzyme was adjusted
such that the AP production within 3 min was 1-2mM (with the
exception of pH and temperature studies where the enzyme con-
centration was kept constant). For practical reasons the initial rate
measurements were performed after 3 min and not less. Measure-
ments after 10 min resulted in rates of approximately 60% of those
determined after 3 min. With the conditions applied the assay over
3 min might not be completely linear and activities might be under-
estimated.

2.2.2.2. «o-TA and L-Asp/a-KG as substrates. Porcine L-Asp:a-KG TA
was tested for its activity with HEPES as buffer. 1U is described
as the amount of enzyme which converts 1 wmol of a-KG to L-
Glu at pH 7.5 and 37°C in 1 min. Hence, in a 1 ml reaction, 5mM
a-KG should be converted to 2.5 mM in 2.5 min by 1U «-TA (assum-
ing an equilibrium of 50%). Two 1 ml samples containing 21U of
L-Asp:a-KG TA, 5 mM a-KG/5 mM L-Asp or 10 mM «-KG/10 mM L-
Asp, 100 mM HEPES pH 7.5, 0.1 mM PLP were incubated for 10 min
at 37°C and aliquots analysed in 2.5min steps by HPLC. Under
these conditions the equilibrium was expected to settle within
less than 1 min and it had indeed been established after the first
2.5min.

All data were obtained from measurements of two independent
samples which differed by less than 5% from each other.

2.2.3. Bioconversions

For studies on PLP turnover to PMP (pyridoxal turnover to pyri-
doxamine), 1ml samples contained 5 or 10 mM of each PLP (or
pyridoxal) and amine donor (MBA, L-Ala or L-Asp), up to 12% (v/v)
enzyme and - if not stated otherwise — 100 mM HEPES pH 7.5.
Bioconversions were performed at 37°C for up to 24 h. Aliquots
were quenched with 2% (v/v) formic acid and diluted 1:1 with sol-
vent tetra-n-butyl ammonium hydrogen sulfate (TBAS). The final
pH was ca. 2.5. All data were obtained from measurements of two
independent samples which differed by less than 5% from each
other.

2.2.4. HPLC analysis

The depletion of a-KG by a-TA was analysed with an Aminex
HPX-87H Ion exclusion column (300 mm x 7.8 mm; Bio-Rad, Hemel
Hempstead, UK). 0.1% (v/v) TFA was used as mobile phase for iso-
cratic elution with an oven temperature of 65 °C and a flow rate of
0.8 ml/min. a-KG was detected by UV at 210 nm and had a retention
time of 6.2 min.

Acetophenone and MBA were analysed using an ACE 5 C18
reverse phase column (150 mm x 4.6 mm, 5um particle size;
Advance Chromatography Technologies, Aberdeen, UK). A gradi-
ent was run from 15% acetonitrile/85% 0.1% (v/v) trifluoroacetic
acid (TFA) to 72% acetonitrile/28% TFA over 8 min, followed by a
re-equilibration step for 2 min (oven temperature 30°C, flow rate
1 ml/min). UV detection was carried out at 210 and 250 nm. The
retention times (in min) under these conditions were: MBA 3.6 and
acetophenone 7.9.

The same column was used for detecting PLP, PMP, pyridoxal
and pyridoxamine. As existing HPLC methods for the determina-
tion of PLP and PMP were based on reversed-phase chromatography
at strongly acidic pH and postcolumn derivatization [31], we have
developed a new rapid and straightforward direct HPLC assay for
these two vitamin B6 vitamers under physiological conditions. A
gradient was run from 100% TBAS pH 7 at t=2 min to 27.5% ace-
tonitrile/72.5% TBAS pH 7 at t =13 min, followed by a requilibration
step for 1 min (oven temperature 35°C, flow rate 1 ml/min). UV
detection was performed at 254 nm. Typical retention times: Pyri-
doxamine 2.1 min, PMP 2.6 min, pyridoxal 5.6 min, PLP 13.6 min.
Glass vials were used for all analytical measurements.

3. Results and discussion
3.1. Activity of purified His-tagged CV2025

The purification and concentration of His-tagged CV2025
yielded a highly active enzyme preparation of 80 mg/ml and a vol-
umetric activity of 575 U/ml. The obtained enzyme was stable for at
least two months at —20°C without detectable loss of activity. The
purchased V. fluvialis preparation was not a pure enzyme, but the
highly expressed w-TA represented about 50% of the soluble pro-
tein [26]. Its protein concentration was determined to be 51 mg/ml
(actual TA concentration: 25 mg/ml) and its volumetric activity was
171 U/ml. Under the conditions specified above, both »-TAs had a
similar specific activity of 7.2 (for CV2025 TA) and 6.7 U/mg (for V.
fluvialis TA).

3.2. Optimal pH and temperature

His-tagged CV2025 TA was characterized with respect to its pH
and temperature optimum for the MBA/pyruvate substrate pair
(Fig. 3A and B). The enzyme had a pH optimum of pH 8.5-9.0 (sim-
ilar to the V. fluvialis enzyme: 9.2) and a temperature optimum of
55-60 °C (which is much higher than the optimum of the V. fluvialis
TA: 37°C).
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3.3. Detection of pyridoxamine:pyruvate and PLP:pyruvate
conversion by w-TAs

The investigation of the conversion of PLP by the two (S)-specific
MBA:pyruvate converting w-TAs from C. violaceum (CV2025) and V.
fluvialis resulted in the interesting observation that this class of
enzymes is capable of PLP amination (Fig. 4). In an initial experi-
ment with 5mM MBA and 5 mM PLP as the substrates and 2 U/ml
enzyme, we detected within 1 h the formation of 0.26 mM PMP by
CV2025 TA and of 0.12 mM PMP by V. fluvialis TA (Fig. 4). A parallel
experiment with 5mM MBA and 5mM pyridoxal resulted in the

—CV2025 TA
30011 — vibrio fluvialis TA Pyridoxal
250 4—| control 5-phosphate
3
200
§ Pyridoxamine
~ 5'-phosphate
= 150
<
E 100 i
50— L\_ s Jﬁ_, —n A
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0 2 S
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Time in min

Fig. 4. HPLC traces showing the production of PMP from PLP by two w-TAs. Reaction
conditions: 5mM PLP and 5 mM MBA as the amine donor, 100 mM phosphate buffer
pH 7, 2U/ml of either His-tagged purified CV2025 TA or purchased V. fluvialis TA (U
determined at pH 7), 37°C, 1 h reaction time. The control reaction contained TA but
no amine donor. HPLC conditions as described under Section 2.2.4.
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Fig. 5. Time course of 5mM PLP/5mM MBA conversion with increasing amount
of CV2025 enzyme. Samples of 1 ml contained 100 mM HEPES pH 7.5 and 5mM
MBA/PLP. The following enzyme concentrations were tested (quantities in mg/ml):
0.08 (4),0.24 (m),0.48 (a),0.80 (®), 1 (0O), 2 (O), 3 (). These concentrations corre-
spond to 0.57, 1.73, 3.45, 5.75, 7.19, 14.4, 21.6 U/ml, respectively. Volumes of added
enzyme were below 4% (v/v). Sample (+) contains 5 mM L-Ala, 5 mM PLP, 0.48 mg/ml
enzyme. Sample (x) contains 0.5 mM gabaculine; MBA was added after preequili-
bration of enzyme (0.48 mg/ml) with gabaculine and PLP for 1 min. Controls were
set up without MBA and did not contain any detectable amounts of PMP at the end
of the experiment.

formation of 0.14 mM pyridoxamine by CV2025 TA, and of 1.37 mM
by V. fluvialis TA indicating that the latter prefers pyridoxal over PLP
as substrate. Since pyridoxamine:pyruvate TAs are known among
the w-TAs but none of these would convert PLP significantly we
focused specifically on the capability of PLP amination.

3.4. Time courses of PLP:pyruvate conversion with CV2025 TA

The initial observation of PMP formation was followed up fur-
ther by performing time courses over 20-24h using different
amounts of CV2025 enzyme and using 5 mM of both PLP and MBA
(Fig. 5). We kept the pH at 7.5 and the temperature at 37 °C during
all our investigations. Substrate concentrations were kept low since
substrate and product inhibition are known for V. fluvialis like w-TAs
[29,30,32] and since the effect of high PLP concentration on enzyme
activity was not clear. Enzyme concentrations were increased up to
3 mg/ml or 21.6 U/ml. All conversions with enzyme concentrations
of 0.8 mg/ml (5.75 U/ml) and above were complete within 24 h. The
fastest completion was achieved with 3 mg/ml enzyme within 4 h.

3.5. Inhibition by gabaculine

An MBA /pyruvate reaction resulting in the formation of 1.61 mM
acetophenone from 10 mM substrates within 3 min in the presence
of 0.54U/ml CV2025 TA was shown to be completely inhibited in
the presence of 0.5 mM gabaculine. To assess whether PMP forma-
tion is affected by this inhibitor, a sample containing 0.48 mg/ml
(3.45U/ml) CV2025 TA was set up (Fig. 5). The reaction was started
by the addition of 5mM MBA after 10 min preincubation with
0.5 mM gabaculine and 5mM PLP. After 24 h, 1.61 mM PMP were
detected instead of 3.93 mM (as measured without gabaculine).
There might be several explanations for the incomplete inhibition
of the PLP amination by CV2025 in the presence of gabaculine.
Firstly, the gabaculine concentration might not be high enough.
However, the applied molarity of gabaculine exceeds the enzyme
molarity by factor 50. Secondly, in the conditions above gabacu-
line degradation could occur over 24 h. But then PMP formation
would not start right away as observed here. The most evident
explanation would be the fact that PLP amination is affected by
gabaculine binding but not completely inhibited. Further mecha-
nistic and structural studies are necessary to shed some light on
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this observation. The recently described pyridoxamine:pyruvate
TA from Mesorhizobium loti [20] is not inhibited by the typical
inhibitors of PLP-dependent enzymes, whereas the pyridoxamine
phosphate TA of E. coli was shown to be inhibited by hydroxylamine
[25].

3.6. Alternative amine donors

L-Ala was tested as an alternative amine donor. L-Ala proved to
be an excellent donor, when CV2025 assays were performed with
glyoxylate as the amine acceptor [26]. A reaction was set up con-
taining 0.48 mg/ml CV2025 TA (3.45U/ml), 5mM PLP and 5 mM
L-Ala instead of MBA. 1.61 mM PMP were formed after 24 h (Fig. 5)
which is about 40% of the amount of PMP formed with MBA in the
same time period. Since the CV2025 enzyme showed also speci-
ficity towards other donors like isopropylamine [26], choosing a
different donor is a further degree of freedom for reaction opti-
mization.

3.7. PLP amination by V. fluvialis w-TA and porcine L-Asp:a-KG TA

It was of interest to us to know whether the ability to catalyze
PLP amination was unique for CV2025 TA, or whether it was also
found for other w-TAs and whether a typical a-TA would be capa-
ble to aminate its cofactor. For this purpose we compared PMP
formation over time by CV2025 TA, V. fluvialis TA and porcine L-
Asp:a-KG TA (Figs. 6 and 7). MBA was used as the donor for the
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T
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- N

5mM PLP/L-Asp  10mM PLP/L-Asp
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Fig. 7. Comparison of PMP formation by w-TA CV2025 and porcine L-Asp:a-KG TA.
The 1 ml samples contained 100 mM HEPES pH 7.5, 5 or 10 mM of each PLP and
donor (MBA or L-Asp, respectively) and 21 U of enzyme and were incubated at 37°C.
Volumes of added enzyme were below 4% (v/v). 100 w1 aliquots were quenched at
1, 2.5, 4, and 21 h. Controls without MBA showed no PMP formation.

®-TAs and L-Asp for a-TA. For the w-TAs, an enzyme concentration
corresponding to 3 mg/ml or, due to the similar specific activities,
21-22 U/ml, was chosen. In the case of the a-TA we decided to apply
the same amount of Units. Starting with a substrate concentration
of 5mM, 4.10mM PMP was obtained within 21 h with V. fluvialis
TA, 5.53 mM with CV2025 TA. With 10 mM of substrates 5.91 mM
PMP was produced by V. fluvialis TA and 10.8 mM by CV2025 TA
(Fig. 6). The reaction catalysed by CV2025 was significantly faster.
The V. fluvialis preparation used at that time had been stored for ca.
6 months at —20°C before use. Final PMP concentrations obtained
with CV2025 enzyme appeared reproducibly slightly higher than
expected from the start concentrations of PLP. One explanation
would be evaporation over the period of the experiment. In case
of the L-Asp:a-KG TA with PLP and L-Asp as the substrates, we
saw some PMP in detectable amounts, i.e. 0.30mM with 5mM
substrate concentration and 0.99 mM with 10 mM substrate con-
centration — however, after 21 h only. Similarly, low but detectable
pyridoxamine:a-keto acid transamination by porcine L-Asp:a-KG
TA had been reported before [33,34] and it was speculated that this
might reflect its evolutionary descendance from a PLP-independent
prototype [20].

Under the above conditions PMP biosynthesis appears to be
more productive with w-TA as catalyst than with o-TA. The com-
plete conversion of PLP and MBA to PMP and acetophenone suggests
a high equilibrium constant which may be due not only to a
thermodynamically favoured forward reaction but also to severe
inhibition of the reverse reaction, as observed before for the resolu-
tion of a-methylbenzylamine by B. thuringiensis w-TA [30]. Detailed
kinetic parameters including inhibition constants as well as ther-
modynamic characterizations need to be obtained in the future
to establish which of both enzymes converts PLP more efficiently.
However, for the purpose of quantitative biocatalytic PMP forma-
tion, CV2025 w-TA is the more useful enzyme and this bioprocess
might be further intensified by substrate feed and product removal
(SFPR).

4. Conclusions

The study shows that among the TAs, the V. fluvialis like w-TAs
seem to have a potential as biocatalysts for PLP amination. The
biocatalytic synthesis of PMP via w-TA CV2025 offers an attractive
route to PMP without extensive downstream processing because of
the complete and selective conversion. For large scale production
the biocatalytic route needs to be further optimized. Higher yields
could be achieved by product removal, the use of alternative amine
donors or optimized temperature and pH conditions. To our knowl-
edge this is the first example of a PLP converting transaminase
with an attributed gene and the first demonstration of biocatalytic
pyridoxamine 5’-phosphate synthesis to completion.

Acknowledgements

The authors would like to thank the UK Engineering and Physical
Sciences Research Council (EPSRC) for support of the multidisci-
plinary Bioconversion Integrated with Chemistry and Engineering
(BiCE) programme (GR/S62505/01). Financial support from the
12 industrial partners supporting the BiCE programme is also
acknowledged. Many thanks to M. Bommer for providing oligos for
His-tagging of the CV2025 TA and to Sunita Sardiwal for her proto-
col for purification of His-tagged proteins with Ni-NTA agarose by
centrifugation.

References

[1] B.Y. Hwang, B.K. Cho, H. Yun, K. Koteshwar, B.G. Kim, ]J. Mol. Catal. B: Enzymatic
37 (2005) 47-55.



U. Schell et al. / Journal of Molecular Catalysis B: Enzymatic 59 (2009) 279-285 285

[2] J.D. Rozzell, F. Wagner (Eds.), Biocatalytic Production of Amino Acids and
Derivatives, Hanser Publishers, Munich, 1992.
[3] D.P. Pantaleone, P.P. Taylor, R.F. Senkpeil, I.G. Fotheringham, Trends Biotechnol.
16 (1998) 412-418.
[4] G.W. Matcham, A.R.S.G. Bowen, Chimica Oggi 6 (1996) 20-24.
[5] K. Bartsch, R. Schneider, A. Schulz, Appl. Environ. Microbiol. 62 (1991)
3794-3799.
[6] R.N. Patel, A. Banerjee, V.B. Nanduri, S.L. Goldberg, R.M. Johnston, R.L. Hanson,
C.G. McNamee, D.B. Brzozowski, T.P. Tully, R.Y. Ko, T.L. LaPorte, D.L. Cazzuli-no,
S. Swaminathan, C.-K. Chen, L.W. Parker, ] J. Venit, Enzyme Microb. Technol. 27
(2000) 376-389.
[7] K. Soda, Biochemistry 7 (1968) 4102-4109.
[8] S. Sugio, G.A. Petsko, ].M. Manning, K. Soda, D. Ringe, Biochemistry 34 (1995)
9661-9669.
[9] M. Hohne, S. Kiihl, K. Robins, U.T. Bornscheuer, ChemBioChem 9 (2008)
363-365.
[10] P. Christen, D.E. Metzler, Transaminases, Wiley, New York, 1985.
[11] P. Christen, P.K. Mehta, Chem. Rec. 1 (2001) 436-447.
[12] J. Hayashi, J. Biochem. 118 (1995) 463-473.
[13] NJ.Jansonius, Curr. Opin. Struct. Biol. 8 (1998) 759-769.
[14] A.C.Eliot, J.F. Kirsch, Acc. Chem. Res. 36 (2003) 757-765.
[15] ].S. Shin, H. Yun, J.W. Jang, L. Park, B.G. Kim, Appl. Microbiol. Biotechnol. 61
(2003) 463-471.
[16] E.S. Burgie, J.B. Thoden, H.M. Holden, Protein Sci. 16 (2007) 887-896.
[17] W.T. Jenkins, M.L. Fonda, in: P. Christen, D.E. Metzler (Eds.), Transaminases,
Wiley, New York, 1985, pp. 216-234.

[18] E.E. Snell, in: P. Christen, D.E. Metzler (Eds.), Transaminases, Wiley, New York,
1985, pp. 452-462.

[19] W.B. Dempsey, E.E. Snell, Biochemistry 2 (1963) 1414-1419.

[20] Y. Yoshikane, N. Yokochi, K. Ohnishi, H. Hayashi, T. Yagi, Biochem. J. 396 (2006)
499-507.

[21] N.V. Grishin, M.A. Phillips, E.J. Goldsmith, Protein Sci. 4 (1995) 1291-1304.

[22] Y. Yoshikane, N. Yokochi, M. Yamasaki, K. Mizutani, K. Ohnishi, B. Mikami, H.
Hayashi, T. Yagi, Biol. Chem. 283 (2008) 1120-1127.

[23] Y. Tani, M. Ukita, K. Ogata, Agric. Biol. Chem. 36 (1972) 181-188.

[24] 1.M. Keseler, . Collado-Vides, S. Gama-Castro, J. Ingraham, S. Paley, L.T. Paulsen,
M. Peralta-Gil, P.D. Karp, Nucl. Acid Res. 33 (2005) D334-D337.

[25] R.B. Beechey, E.C. Happold, Biochem. J. 66 (1957) 520-527.

[26] U. Kaulmann, K. Smithies, M.E.B. Smith, H.C. Hailes, ].M. Ward, Enz. Microb.
Technol. 41 (2007) 628-637.

[27] M. Bommer, PhD thesis, University College London, UK, 2008.

[28] M.M. Bradford, Anal. Biochem. 72 (1976) 248-254.

[29] ]J.S. Shin, B.G. Kim, Biotechnol. Bioeng. 55 (1997) 348-358.

[30] J.S. Shin, B.G. Kim, Biotechnol. Bioeng. 60 (1998) 534-540.

[31] M.R.Bisp, M.V. Bor, E.-M. Heinsvig, M.A. Kall, E. Nexo, Anal. Biochem. 305 (2002)
82-89.

[32] J.S. Shin, B.G. Kim, Biotechnol. Bioeng. 65 (1999) 206-211.

[33] H. Wada, E.E. Snell, J. Biol. Chem. 237 (1962) 127-132.

[34] T.Yagi, H. Kagamiyama, M. Nozaki, Biochem. Biophys. Res. Commun. 107 (1982)
897-902.

[35] D. Haering, M. Lees, LJ. Banaszak, M.D. DiStefano, Protein Eng. 15 (2002)
603-610.



	Synthesis of pyridoxamine 5´-phosphate using an MBA:pyruvate transaminase as biocatalyst
	Introduction
	Chemical transamination of aldehydes and ketones
	Biocatalytic transamination of aldehydes and ketones
	The role of PLP in enzyme catalysis
	Pyridoxal- and PLP-converting TAs

	PLP bioconversion to PMP

	Experimental
	Materials
	Methods
	His-tagging of CV2025 transaminase and enzyme purification
	Enzyme activity assays
	-TA and MBA/pyruvate as substrates
	alpha-TA and L-Asp/alpha-KG as substrates

	Bioconversions
	HPLC analysis


	Results and discussion
	Activity of purified His-tagged CV2025
	Optimal pH and temperature
	Detection of pyridoxamine:pyruvate and PLP:pyruvate conversion by -TAs
	Time courses of PLP:pyruvate conversion with CV2025 TA
	Inhibition by gabaculine
	Alternative amine donors
	PLP amination by V. fluvialis -TA and porcine L-Asp:alpha-KG TA

	Conclusions
	Acknowledgements
	References


