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ABSTRACT

Lignin is an essential component of the cell wall of various types of plants and
represents an abundant and renewable natural resource. Both thermo-chemical and
biological pre-treatment can be applied to break down the strong ether bonds and
phenylpropanoid polymer subunits present in lignin. These liberate a range of
phenolic compounds which represent potential substrates for bioconversion by
o-transaminases. In this work the use of CV2025 o-transaminase (®-TAm) from
Chromobacterium violaceum DSM30191, heterologeously expressed in E. coli BL21
(DE3) Gold cells, is explored for selective amination of lignin breakdown
intermediates into value-added products. Eight potential w-TAm substrates were
initially screened using (S)-a-methylbenzylamine (MBA) as the amino donor. Vanillin
was identified as the best potential substrate which is converted into vanillylamine; an
intermediate in the preparation of pelargonic acid vanillylamide used as a hyperemia
inducing active substance in wound dressings. At low vanillin and MBA
concentrations (<10mM) and with an excess of the amine donor (1:4 mol/mol) 100%
w/w conversion of vanillin into vanillylamine was observed within 25 min. At vanillin
concentrations above 10 mM, inhibition was observed decreasing the rate and yield of
the bioconversion. The reaction product, vanillylamine and by-product (acetophenone)
were also found to be inhibitory. Vanillylamine synthesis could be carried out by both
whole cell and clarified lysate forms of the CV2025 ®-TAm while fed-batch
bioconversions (feeding low concentrations of both vanillin and MBA) could help
overcome substrate inhibition and double the final product concentrations obtained.
These results demonstrate the potential for bioconversion of lignin breakdown
products into value-added chemicals but illustrate the need for enzymes with

improved substrate range and reduced sensitivity to product inhibition.
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1. INTRODUCTION

Chemical and pharmaceutical companies are currently showing considerable interest
in biocatalysis combined with the use of biorenewable feedstocks [1-4]. Compared to
chemical syntheses biocatalytic routes to the same target compound can avoid the use
of hazardous materials and organic solvents and generally require considerably less
energy input [5]. For petrochemical derived synthons there are growing concerns over
the stability and predictability of feedstock price [6, 7] which is raising interest in a

shift towards biorenewable feedstocks.

Lignin is the most abundant aromatic substance present in the biosphere. It forms
an irregular noncrystalline network in plant cell walls which is highly resistant to
microbial degradation [8]. As a polymer it is composed of phenylpropanoid units
linked through a variety of nonhydrolysable C-C and C-O-C bonds. It shows an
inherent heterogeneity caused by variations in the polymer composition, size,
cross-linking and functional groups [9]. Both biological and thermochemical methods
exist for lignin pre-treatment and degradation [10-14]. From an environmental
perspective biodegradation of lignin is advantageous as it is less energy intensive and
potentially more selective [15-17]. However, both methods liberate a range of
monomers that might represent useful starting materials for the synthesis of
value-added chemicals [18, 19]. At present there are about 1.5 million tons of
lignin-based products on the market including the food ingredient vanillin, and other
breakdown products having applications in many fields such as the paper industry,
synthetic resins, dyes, cosmetics, pharmaceuticals, regenerative energy source etc

[20].

Aminated compounds are useful synthons in the manufacture of a wide range of
fine chemicals and pharmaceuticals [21]. It is estimated that the majority of

pharmaceuticals are synthesized from compounds possessing amine functionalities
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[22, 23]. Amination, and ideally stereoselective amination, of lignin breakdown
products is therefore an attractive option for increasing the value of the compounds
liberated following thermochemical or biological pretreatment. Transaminases are
ubiquitously present in microbes and higher organisms and have great potential for
the production of natural and non-natural amino acids as well as chiral amines, which
are in demand by the pharmaceutical industry [24-26]. The advantages of using
transaminases over other enzymatic or chemical methods include high
stereoselectivity and overcoming requirements for organic solvents or cofactor
regeneration [27]. Transaminases are pyridoxal-phosphate coenzyme dependent
catalyzing amino group transfer from a donor to the substrate of interest by a
ping-pong bi—bi mechanism [28]. A wide range of amino donors have been reported in

the literature one of the most common being (S)-a-methylbenzylamine (MBA) [29].

This paper explores the utility of the CV2025 o-TAm from Chromobacterium
violaceum DSM30191 for the selective bioconversion of a range of lignin breakdown
products. The enzyme, previously cloned by us [27], is expressed in Escherichia coli
BL21 (DE3) and can be used either as a clarified lysate or whole cell biocatalyst. It is
shown that the CV2025 o-TAm possesses good activity with a range of lignin
breakdown products. From a commercial perspective the main limitations of the
bioconversion appear to be substrate and product inhibition that currently limit the

space-time yields that can be achieved.

2. MATERIALS AND METHODS

2.1 MATERIALS AND BIOCATALYST SOURCE

Nutrient broth and nutrient agar were obtained from Fisher Scientific (Leicestershire,
UK). Competent E. coli BL21 (DE3) Gold cells were obtained from Stratagene
(Amsterdam, NL). Vectors pQR800 and pQR801 were created in previous research

[27]. Vanillin and benzaldehyde were purchased from Thermo Fisher Scientific (New
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Jersey, US). All other reagents were obtained from Sigma-Aldrich (Gillingham, UK).

All the reagents were of the highest purity available.

2.2 PLASMIDS pQR800 AND pQR801

Transaminase was expressed from plasmids pQR800 and pQR801 containing the
complete Chromobacterium violaceum DSM30191 transaminase gene [27] in either
native or Hise-tagged form respectively. These plasmids were constructed by using the
expression vector pET29(a)" (5.3kb) which contains an inducible T7 promoter, the lac
repressor sequence and codes for resistance to kanamycin. Plasmids were transformed
into E. coli BL21 (DE3) Gold cells which were subsequently stored as glycerol stocks
at -80°C.

2.3 CV2025 o-TRANSAMINASE PREPARATION

E. coli BL21 (DE3) Gold cells containing the plasmid pQR801 were initially grown
on LB glycerol agar plates (5 g.L"' yeast extract, 10 g.L"' Tryptone, 10 g.L"' NaCl, 10
gL glycerol, 15 g.L"' agarose) containing 150 pg.mL™" kanamycin at 37°C overnight.
A single colony was then picked from the agar plate and cultured in a 250 mL shake
flask with 20 mL of sterile LB-glycerol media containing 150 pg.mL™ kanamycin at
37°C with orbital shaking at 250 rpm using an SI 50 orbital shaker (Stuart Scientific,
Redhill, UK) for 11-16 hours. The entire contents of the 250 mL shake flask were then
transferred to a 2 L shake flask with 180 mL of LB-glycerol media containing 150
pg.mL™" kanamycin, incubated at 37°C, 250 rpm. When the ODgy reached between
1-1.5, 1sopropyl——D- thiogalactosidase (IPTG) was added to a final concentration of
0.1 mM. After 5 hours induction, glycerol stock could be produced by mixing 250 pL.
of cell suspension from the 2 L shake flask into 250 pL 20% v/v glycerol solution.

This was stored in a 1.5 mL Eppendorf tube and kept in -80°C freezer until use.

Cell lysate was prepared as follows: E. coli BL21 (DE3) Gold cells from shake
flask cultures were harvested by centrifugation at 6000 rpm for 10 min in Falcon

tubes. Following removal of the supernatant the cell pellet was resuspended in 50 mM
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TRIS buffer containing 0.2 mM co-factor (pyridoxal-5-phosphate) at pH 7.5. This cell
suspension was then sonication using a Soniprep 150 sonicator (MSE, Sanyo, Japan)
with 10 cycles of 10 seconds, 10 um pulses with 10s intervals on ice to avoid
degradation of the enzyme. The sonicated suspension was then centrifuged again at
5000 rpm at 4°C in an Eppendorf centrifuge for 5 min. The supernatant (soluble
fraction, lysate) was filtered through a 0.2 um filter to obtain clarified extract and
either used immediately or frozen at -20°C (control experiments showed no decrease

in lysate CV2025 o-TAm activity for over four months when stored in this way).

2.4 BIOCONVERSIONS

2.4.1 Screening for ®-TAm activity on lignin breakdown intermediates
Screening experiments were performed using an initial concentration of 20 mM of
each potential substrate with 20 mM of the amino donor (S)-a-methylbenzylamine
(MBA). The concentration of CV2025 o-TAm clarified lysate used in the reactions
was 0.3 mg.mL™, along with 0.2 mM of added PLP. Reactions were performed in a
sealed 96-well glass microtiter plate to prevent evaporation with Nunc Aluminum
Seal Tape (NY, USA) and incubated in an Eppendorf Thermomixer Comfort shaker
(Cambridge, UK) for 24 hr. Reaction temperature was 30°C and shaking was at 350
rpm (orbital shaking diameter 6 mm). 20 pL aliquots were taken at various intervals
and rapidly quenched with 380 pL of a 0.2% v/v trifluoroacetic acid (TFA) solution.
Samples were then centrifuged for 5 min at 13000 rpm and 300 pL of the liquid

supernatant transferred to a HPLC vial for analysis.

2.4.2 Microwell scale bioconversions

A 96-well glass microtiter plate was used to perform small scale kinetic experiments.
Random wells were first filled with amino donor solutions at final concentrations
between 5 - 50 mM at pH 7.5 (from concentrated stock solutions). Next 0.3 mg.mL"
of either o-TAm lysate or whole cell biocatalyst containing an equivalent quantity of
enzyme, along with 0.2 mM of PLP, were added. The microtiter plate was covered

with the Nunc Aluminum Seal Tape and then incubated at 30°C for 20 min to
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equilibrate all reaction components. To initiate the bioconversion the required
substrate (amine acceptor) was added to the wells using an automatic multi-channel
pipette (Research Pro, Eppendorf). This helped ensure all reactions could be initiated
at the same time point which aids quantification of reaction kinetics and
reproducibility. The reaction was incubated and shaken in a thermomixer for the

desired period of time, 20 puL of sample were removed periodically for analysis.

2.4.3 Investigation of substrate and product inhibition

Experiments to examine substrate inhibition were performed varying the initial
concentration of the desired substrate (or amine donor) between 5-50 mM while
keeping the initial concentration of the amine donor (or substrate) fixed, typically at 5
mM or 20 mM. Experiments to examine product inhibition were performed at
different added initial concentrations of product (or by-product) at the start of the
bioconversion. Initial substrate concentrations were fixed at the desired level. All
reactions were performed in a 96-well glass microtiter plate as described in Section

24.1.

2.4.4 Influence of biocatalyst form on stability

The stability of CV2025 ®-TAm activity in both lysate and whole cell forms was
evaluated by incubation of the biocatalyst preparations for different lengths of time.
Reactions were performed in a 96-well glass microtiter plate with each well initially
containing 20 mM MBA, 5 mM vanillin and 0.2 mM PLP in 50 mM Tris buffer to a
total volume of 300 pL. To initiate the bioconversion 50 pL of either lysate or whole
cell CV2025 o-TAm preparation was first added to the solution of reactants with
shaking at 30°C. Reactions were performed on a thermomixer at 30°C, 350 rpm for 60
min with samples for HPLC analysis taken at specific time intervals. Other

experimental conditions were as described in Section 2.4.1.

2.4.5 Comparison of lysate and whole cell ®-TAm activity
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For a quantitative comparison of ®-TAm activity in either lysate or whole cell forms
bioconversions were performed using identical concentrations of the CV2025 o-TAm
of 0.3 mg.mL". Initial substrate concentrations were 40 mM MBA and 10 mM

vanillin. All other experimental conditions were as described in Section 2.4.1.

2.4.6 Fed batch bioconversions

Fed-batch experiments were carried out in a 50 mL stirred glass reactor (with plastic
cap) using 15 mL total reaction volume. Clarified lysate containing the CV2025
o-TAm expressed from pQR801, was first incubated with 0.2 mM pyridoxal
5-phosphate in 50 mM TRIS buffer for 20 min at 30°C. Speed was controlled using an
IKAMAG RCT magnetic stirrer (Janke & Kunkel GMBH, Germany). Temperature
was kept constant using a TXF200 Series heated circulating bath (Grant, UK). pH was
maintained at pH 7.5 using a Metrohm 718 pH STAT Titrino and 806 Exchange Unit
(Metrohm Ltd., Switzerland).

Experiments at low initial substrate concentration used 10 mM MBA and 5 mM
vanillin, along with 0.3 mgmL" ©-TAm and 0.2 mM PLP. The feeds comprised
concentrated solutions of MBA (170 mM, 0.88 mL) and vanillin (60 mM, 1.25 mL)
pre-dissolved in the reaction medium. These were added following complete vanillin
conversion at t = 1 hr and t = 2 hr in order to restore the initial starting concentrations
of both substrates. Experiments at high initial substrate concentration used 60 mM
MBA and 40 mM vanillin. The feeding commenced following complete vanillin

conversion att =4 hr and t = 8 hr.

2.5 ANALYTICAL TECHNIQUES

2.5.1 Dry cell weight (DCW) measurement

1.5 mL aliquots of cell suspension were added to pre-weighed and dried 2.2 mL
Eppendorf tubes, and then centrifuged at 13,000 rpm for 5 min (Eppendorf AG,

Germany). The supernatant was discarded and the vials were left to dry at 90°C until a
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constant weight was achieved. The biomass concentration in gDCW.L'1 of the culture

could then be calculated.

2.5.2 Optical density measurements for biomass quantification

Optical density measurements were performed at a wavelength of 600 nm (ODygg)
using an Ultraspec 4000 variable wavelength spectrophotometer (Pharmacia Biotech,
USA). A small aliquot of E. coli BL21 culture medium was taken from the shake
flask cultures of the bioreactors and diluted with RO water so that the optical density
measurement was between 0.1-0.8 absorbance units. The calibration relationship

determined was that 1 ODggo unit was equal to 0.4 gDCW.L'l.

2.5.3 Protein quantification and SDS-PAGE analysis

Total protein concentrations were measured using Bradford reagent (Sigma-Aldrich),
based on the method first described by Bradford [30]. Bovine serum albumin (BSA)
was used as the standard for calibration curve preparation with absorbance being
measured at 595 nm. SDS-PAGE analysis was carried out using a 12% resolving gel
with a Tris-glycine buffer system stained with Coomassie Blue R-250 as described
previously [31]. Approximately 20 pg of total protein was loaded into each well in
order to make sure that the stained bands of background protein were still visible
while the bands of overexpressed o-TAm would not reach the saturation limit of the
instrument. Labworks 4.5 analysis software from UVP (Cambridge, UK) was applied
for the relative quantification of expressed ®w-TAm in clarified enzyme lysates

preparations based on density scanning of the gels.

2.5.4 HPLC analysis

A Dionex (Camberly, UK) microbore HPLC system controlled by Chromeleon client
6.80 software was employed for all RP-HPLC analyses. This system is comprised of a
P680 gradient pump, ASI-100 automated sampler injector, STH 585 column oven and
UVDI170U UV  detector. 4-hydroxy-3-methoxybenzaldehyde  (vanillin),

4-hydroxy-3-methoxybenzylamine (vanillylamine), (S)-a-methylbenzylamine (MBA),
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acetophenone (AP) and all other aromatic compounds (as described in Table I) were
analysed on an ACE 5 C18 reverse phase column (150 mm x 4.6 mm, Sum particle
size; Advance Chromatography Technologies, Aberdeen, UK), using 0.1% v/v TFA at
1.0 mL min' with a gradient of acetonitrile from 15% to 72% over 9 min. The
gradient was followed by 2 min of equilibration before injection of the next sample.
The mobile phase flow rate was kept constant at ImL.min"' with solute elution
measured at 275 nm. Quantification of solute concentrations was performed using
calibration curves prepared with standards for each separate compound. The products
were detected and quantified with respective to the peaks showing on the HPLC

chromatograms at different retention time.

2.5.5 Purification of product

After the bioconversion, the reaction mixture was spun down (5000 rpm, at 4 °C for
15 min) and was then additionally filtered through a 0.2 um sterile filter. 50 g of
Amberlite IRA-410 resin (Sigma-Aldrich, Gillingham, UK) were added to the
reaction mixture for 1 hr, and the resin was then removed by filtration. The remaining
aqueous mixture was then passed through 80 g of an Isolute SCX-2 ion exchange
column (Biotage, Uppsala, Sweden), and the column was washed with 400 mL of
methanol. The column was then eluted with 500 mL 4 M NH; and the eluent was

evaporated to yield the desired product.

2.5.6 Confirmation of product identity

Mass spectroscopy and Nuclear Magnetic Resonance (NMR) analyses were
performed in the UCL Department of Chemistry. Chemical Ionisation (CI) mass
spectrometry analyses were conducted on a Thermo Finnigan MAT900xp mass
spectrometer. Methane was used as carrier gas. Operating conditions: capillary
temperature 300°C, capillary voltage 9V, spray voltage 4.5 kV, sheath gas 80,
auxiliary gas 30, and sweep gas O arbitrary units. Results are shown in additional

information.
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'H NMR spectra were recorded on a Bruker ADVANCE III 600 (600 MHz)
spectrometer, using D,O solvent. The chemical shifts () were given in ppm units
relative to tetramethylsilane, and coupling constants (J) are measured in Hertz. Proton
"H NMR multiplicities are shown as s (singlet), d (doublet), t (triplet), m (multiplet),
dd (doublet of doublet), bs (broad singlet), bd (broad doublet), bt (broad triplet) and

bm (broad multiplet). Results are shown in additional information.

3. RESULTS AND DISCUSSION

3.1 PRODUCTION OF TRANSAMINASE

E. coli BL21(DE3) GOLD cells transformed with plasmid pQR801, containing the
CV2025 o-TAm gene, were routinely grown in batch shake flask cultures as shown in
Figure 1 (A). o-TAm expression was induced with 0.1 mM IPTG when ODgg
reached around 1 to 1.5. It can be seen that after adding IPTG at 3 hr, the growth of
the transformed cells is retarded slightly in a way that is typical of cells
overexpressing a heterologous protein [27]. The maximum biomass concentration
reached was 1.4 gDCW.L'1 after 10 hours which was 18% lower than the untransformed

cells.

In terms of the amount of ®-TAm produced analysis of the soluble protein fraction
after cell lysis indicated a total protein concentration of 2.81 £ 0.03 g.L™' (error is 1
standard deviation about the mean from three replicate cultures). Figure 1 (B) shows
an SDS-PAGE analysis of the soluble protein fraction from pQR801 expressing cells
harvested at 8§ hr. Lanes 2 and 3, from duplicate cultures, show over expression of
o-TAm at the expected molecular weight of 47 kDa [27]. Density scanning of the gels
suggested that o-TAm comprised 42 + 4% w/w of total protein for the induced
cultures. The specific yield of o-TAm in the E.coli BL21-Gold (DE3) cells was
therefore 0.2 g.gDCW'1 of cells. This level of expression is broadly in agreement with

that found previously [27].
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3.2 SCREENING OF o-TAm ACTIVITY ON LIGNIN BREAKDOWN
INTERMEDIATES

Several potential ®-TAm substrates were selected from both thermochemical

breakdown and biodegradation pathways [32-34]. They were evaluated in order to

explore the potential to synthesize value-added products via a bioconversion route.

Screening reactions were performed at low initial substrate concentrations (< 20 mM)

so as to minimize any substrate and/or product inhibition effects.

One of the issues with o-transaminases is that they have a limited substrate range,
with most accepting only substrates with a substituent no larger than a methyl group
at the position adjacent to the ketone [35]. The results from Table I are in agreement
with this hypothesis in that the smaller the group at this position the greater the
activity detected. Vanillin showed the fastest initial reaction rate while conversions for
substrates like acetovanillone and p-hydroxyacetophenone were very low due to the
presence of the methyl substituent adjacent to the ketone. In these cases less than 10%
w/w conversion could be reached in 24 hr. The last two compounds in the Table I did

not react as expected since they do not posses ketone on aldehyde groups.

Since the focus of this work is to explore the use of ®-TAm for bioconversions to
value-added chemicals vanillin was chosen for further study. Not only did it display
the highest activity but it is known that the expected product, vanillylamine, can be
readily converted into pelargonic acid vanillylamide used as a hyperemia inducing
active substance in plasters [36]. Furthermore, work by Borrgaard Ltd. has shown that
CO; emissions as a result of vanillin production from lignin are 90% lower than those

for vanillin production from mineral oil derivatives [37].

3.3 VANILLIN BIOCONVERSION KINETICS
Having shown o-TAm activity on vanillin, the next step was to examine in more

detail the kinetics of the bioconversion using MBA as the amino donor (Figure 2 (A))
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and to confirm the identity of the postulated vanillylamine product. Figure 3 shows
the measured bioconversion kinetics determined at low equimolar substrate
concentrations. The measured initial reaction rate was 1.1 gL .hr' and a 79% w/w
conversion was obtained in 12 hr. This suggests vanillin is a very good substrate for
the CV2025 o-TAm with both the rate and extent of conversion being higher than for
many ®-TAm substrates previously investigated [27]. Confirmation of the identity of
product made in preparative scale bioconversions (Section 3.2) was obtained by CI
mass spectrometry (Section 2.5.6) and NMR spectroscopy (Section 2.5.6). The
spectral fingerprints from these analyses can be found in Additional Information.
These results confirm that the sample was indeed vanillylamine and that it was

purified to a high standard.

3.3.1 Investigation of substrate and product inhibition

Commercial enzymatic synthesis of vanillylamine will need to be achieved with high
substrate conversion and high product concentrations in order to be economically
viable. Issues of substrate and product inhibition can often limit the rates and yields of

®-TAm bioconversions [38] and so these were investigated in further detail.

For bioconversions operated at a fixed MBA concentration of 20 mM, Figure 4
shows the influence of varying vanillin concentration on bioconversion rate and yield.
At low vanillin concentration, quantitative conversion of vanillin into vanillylamine
was obtained in under 30 min. However, at higher vanillin concentrations (> 10 mM)
the bioconversion rate decreased due to increasing substrate inhibition. The impact of
MBA concentration, as a typical amino donor used in ®-TAm reactions [29] was also
evaluated at a fixed initial vanillin concentration of 5 mM. Figure 5 shows that no
inhibition to the bioconversion was found for MBA concentrations up to 50 mM. In
addition, once the ratio of MBA:vanillin concentration was over 2:1, the inhibitory

influence of vanillin appeared to be reduced.

Achieving high product concentrations will be crucial for process economics and so
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the influence of added vanillylamine on bioconversion kinetics was also studied with
regard to product inhibition [39]. Since this experiment was performed at relatively
high substrate concentrations, the reaction occurred over 24 hr. Based on Figure 6, it
can be seen that the 75% w/w conversion achieved without added product continually
decreased in proportion to the added concentration of vanillylamine. Using MBA as
amino donor, acetophenone will be liberated as the by-product of the reaction in
stoichiometric amounts. As shown in Figure 7, without acetophenone addition a 92%
w/w conversion could be achieved, but this fell to 77% w/w once added
concentrations of acetophenone were above 10 mM. Concomitant reductions in initial

reaction rate with increasing starting concentrations of acetophenone were also seen.

3.3.2 Determination of kinetic parameters

At this stage it would be desirable to develop a reliable enzyme kinetic model in order
to predict reaction rate and yield over a range of bioreactor operating conditions. It is
known that TAm requires the cofactor pyridoxal 5’-phosphate and that it catalyses
enzymatic amino group transfer by a ping-pong bi—bi mechanism [40]. It has been
reported for other TAm bioconversions that a substrate or product can bind to the
enzyme, creating dead end complexes that cannot react further, causing a potentially
strong irreversible inhibition [41, 42]. For the CV2025 TAm mediated synthesis of
vanillylamine, the presence of abortive complexes in the reaction mechanism was not
previously been determined; hence it was necessary to first elucidate the appropriate

reaction mechanism.

The establishment of full kinetic models can be time and resource intensive,
especially when using traditional linear data fitting methods [43]. We have recently
published a nonlinear regression method to rapidly determine the best fitting reaction
model and the values of the associated kinetic parameters [39]. Using this
methodology, different kinetic models were initially fitted to the experimental initial
rate data of Figures 4 and 5 to identify a solution in the vicinity of the global

minimum for the Michaelis-Menten values of the forward reaction. Those values were
15/41



then used as initial guesses to perform non linear regressions of the data from Figures
6 and 7 to identify the exact location of the solution as well as the value of the other
kinetic parameters. The initial value of k; was set as k¢/10, since high equilibrium
conversions were found experimentally, and the remainder of the initial values for the
other constants were set to 1. Among all the models tested, the reaction mechanism
shown in Figure 2 (B) which did not include any dead end complex formation gave

the best statistical fit to the data [39].

The resulting kinetic model can be represented by Equation 1:

[AP][VANAM] _
v = {kek Eitam [MBA][VAN]—K— /den Equation 1
eq
kK Ap[VANAM
den = k,Kypa[VAN] + k Kyan[MBA] + k [VAN][MBA] + — API[< ]
eq

, KeKvanau[AP] | K[AP][VANAM]  k;Kyga[VAN][VANAM]

Keq Keq Kivanam

k¢Kyanam [MBA][AP]

KeqKimBa

where v represents the reaction rate, kr and k. represents the catalytic rate constants
for the forward and reverse reaction respectively, Kyan, Kap, Kyanam and Kypa are
the Michaelis constants of VAN (vanillin), AP (acetophenone), VANAM
(vanillylamine) and MBA respectively, Kivanam and Kivupa are the inhibition
constants of VANAM and MBA respectively, Kivmpa, Eiram represents the TAm
concentration and K., is the overall equilibrium constant. The values of the
determined kinetic parameters are shown in Table II. Using these values, Figure 8
shows that good agreement was found between all the predicted and experimental

data.

The kinetic constants of the CV2025 TAm using erythrulose (ERY) and MBA as
substrates have already been published [39]. In that work a low Michaelis-Menten

constant of MBA was also found, and the forward kinetic constant was 60% lower
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than the one determined for vanillin in this work. The main kinetic bottleneck of the
ERY and MBA TAm bioconversion was the high Michaelis-Menten constant of the
amino acceptor ERY (95 mM). This bottleneck was alleviated in this work due to the
10 fold decrease in the Michaelis-Menten constant of the amino acceptor (8.5 mM),

making vanillin a very suitable substrate for the CV2025 TAm.

The values of the kinetic parameters show that vanillylamine becomes inhibitory at
concentrations that would limit the economic viability of the reaction. This limitation
could be alleviated by the implementation of techniques such as in situ product
removal [44]. Likewise inhibition by vanillin was also observed but was less severe
than with the products. This limitation could be overcome via in situ substrate supply

[45] or adoption of a fed-batch operating strategy (see Section 3.5).

3.4 EVALUATION OF DIFFERENT BIOCATALYST FORMS
For industrial implementation, it can be advantageous to select between one of either
whole cell or isolated enzyme forms [46]. Consequently the activity and stability of

both lysate and whole cell forms of the biocatalyst were evaluated.

Table III illustrates that both lysate and whole cell forms of the CV2025 ®-TAm
biocatalyst could satisfactorily perform the bioconversion. Over 99% w/w conversion
could be gained within 60 min when using the ®-TAm lysate while a minimum 88%
w/w conversion was obtained using the whole cell form within the same time period.
The initial rate of vanillylamine production from whole cell form is calculated as 0.12
mM.min" which is 0.1 mM.min"' less than that from lysate form. In addition, the
half-life of both biocatalyst forms was also examined with regard to longer term
operational stability. The results in Table III indicate that both ®-TAm biocatalyst
forms were stable over 24 hr. These results indicate both biocatalyst forms are suitable

for vanillin bioconversion.

3.5 FED-BATCH VANILLIN BIOCONVERSIONS
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In order to overcome the substrate inhibition effects seen in Section 3.3.1, fed-batch
bioconversion operation was investigated [47]. Various feeding strategies were
investigated and enabled increased final product concentrations to be obtained as
shown in Figure 9. Figure 9 (A) shows results for fed-batch reactions, involving low
initial substrate concentrations (5 mM vanillin, 10 mM MBA) and low feed
concentrations (5 mM vanillin, 10 mM MBA). This demonstrates virtually
quantitative vanillin utilization over 3 consecutive feed additions and concomitant
increases in vanillylamine production. Overall the product concentration obtained was
2.7 gL' (142 mM) and greater than 88% w/w substrate conversion was achieved.
Results for fed-batch reactions carried out at higher substrate concentrations and high
feed concentrations are shown in Figure 9 (B). This shows further increases in product
concentration up to 5.5 g.L'1 (35.9 mM). However there was only 30% w/w vanillin
conversion after the first batch. The residual vanillin concentration then increased

following each feed addition leading to a poor overall conversion of just 8% w/w.

These results suggest that fed-batch operation would be a valuable strategy to adopt
at larger scales. A practical limitation encountered was the limited solubility of
vanillin in the aqueous feed solutions of up to 65 mM. This might necessitate use of a
co-solvent, although this would be less environmentally acceptable. The issues of

product inhibition would still need to be overcome as discussed in Section 3.3.2.

4. CONCLUSIONS

This work demonstrates that the CV2025 o-TAm is a useful biocatalyst for
conversion of lignin breakdown products arising from either thermochemical
pre-treatment or biodegradation processes. A range of breakdown products could be
converted using (S)-a-methylbenzylamine as amine donor with the best being vanillin.
At low substrate concentrations, the bioconversion of vanillin to vanillylamine

displayed high reaction rates and yields. However, the rates and yields of the
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bioconversion decreased at higher concentrations due to both substrate and product
inhibition. Using a fed-batch operating strategy product concentrations up to 5.5 g.L™!
could be achieved but at the expense of substrate conversion. Further increases in the
space-time yield of the bioconversion would be necessary for this process to become
economically viable. Both in situ product removal and directed enzyme evolution

strategies [48] are currently being investigated in our laboratory.
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List of Tables

Table I Screening of CV2025 ®o-TAm for activity on selected lignin breakdown
intermediates. Activity based on detection of compound depletion within 24 hours
(using MBA as amino donor). Reactions performed as described in Section 2.4.1.

Table II Values of the kinetic parameters determined for the kinetic model
represented by Equation 1 and the reaction scheme from Figure 2. VAN (vanillin),
VANAM (vanillylamine), AP (acetophenone).

Table III Stability of CV2025 o-TAm activity in lysate and whole cell form. Table
shows initial CV2025 ©-TAm activity and vanillylamine reaction yield after 60 min
for biocatalyst preparations held for increasing times prior to initiation of
bioconversion: Ohr, 2hr, 4hr, 6hr, 8hr and 24hr. Experimental conditions: pH 7.5, 30°C,
350 rpm, 300 uL, [MBA] = 20 mM, [vanillin] = 5 mM, 50 mM Tris buffer, 0.2 mM
PLP. Experiments performed as described in Section 2.4.4 and Section 2.4.5.
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Table I
Lignin Breakdown
Intermediate

Vanillin

Coniferyl aldehyde

Trans-cinnamaldehyde
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Table 11

Kinetic parameter

Reconciled value

Rate constant forward reaction (s ™): kg 2.6
Rate constant reverse reaction (s ): k; 0.28
Michaelis constant for MBA (mM): Kyga 1.3x107
Michaelis constant for VAN (mM): Kyan 8.54
Michaelis constant for AP (mM): Kap 7.6x107
Michaelis constant for VANAM(mM): Kyanam 5.3x1072
Inhibition constant for MBA (mM): Kijmpa 6.9
Inhibition constant for VAN (mM): Kjvan 3.3x10°
Inhibition constant for AP (mM): Kjap 378
Inhibition constant for VANAM (mM): Kiyanam 2.0x10™
Global equilibrium constant: Keq 33
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Table 11T

Lysate Whole Cell
Hold | Initial rate | Initial rate of Initial rate | Initial rate of
Time | of vanillin | vanillylamine | Vanillylamine | of vanillin | vanillylamine | Vanillylamine
(hr) | utilisation production | yield (% w/w) | utilisation production | yield (% w/w)
(mM.min") | (mM.min™) (mM.min") | (mM.min™")
0 0.29 0.22 99 0.17 0.14 93
2 0.29 0.21 99 0.16 0.12 90
4 0.29 0.21 99 0.13 0.11 88
6 0.29 0.23 99 0.15 0.11 89
8 0.29 0.22 99 0.16 0.12 89
24 0.29 0.22 99 0.15 0.13 89
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List of Figure Legends

Figure 1. Shake flask culture of E. coli BL21 (DE3) Gold expressing CV2025
o-TAm from the plasmid pQR801: (A) growth kinetics for induced (with 0.1 mM
IPTG) (A) and non-induced cells (#); (B) analysis of over-expression of the 47 kDa
o-TAm. SDS PAGE analysis shows molecular weight markers (Lane 1), induced
(Lanes 2-3) and non-induced (Lanes 4-5) cells. Shake flask cultures performed as
described in Section 2.3 and SDS-PAGE performed as described in Section 2.5.3.

Figure 2. Proposed reaction mechanism for the ®w-TAm mediated synthesis of
vanillylamine using MBA as amino donor. VAN (vanillin), VANAM (vanillylamine),
AP (acetophenone), E-PLP (enzyme bound pyridoxal 5'-phosphate), E-PMP (enzyme
bound pyridoxamine 5'-phosphate).

Figure 3. Confirmation of vanillin bioconversion by CV2025 o-TAm lysate: vanillin
consumption (A), vanillylamine production (m). Experimental conditions: pH 7.5,
30°C, 350 rpm, 300 pL, [vanillin] =20 mM, [MBA] =20 mM, 50 mM Tris buffer, 0.2
mM PLP. Experiments performed as described in Section 2.4.1.

Figure 4. Effect of initial vanillin concentration on bioconversion kinetics using
CV2025 o-TAm lysate: (A) vanillin utilization; (B) vanillylamine production.
Experimental conditions: pH 7.5, 30°C, 350 rpm, 300 pL, [vanillin] = 5 mM (), 10
mM (0), 20 mM (A) and 25 mM (o), [MBA] =30 mM, 50 mM Tris buffer, 0.2 mM
PLP. Experiments performed as described in Section 2.4.3. Error bars indicate the
mean (n=3), = one standard deviation.

Figure 5. Effect of initial MBA concentration on bioconversion kinetics using
CV2025 o-TAm lysate: (A) vanillin utilization; (B) vanillylamine production.
Experimental conditions: pH 7.5, 30°C, 350 rpm, 300 uL, [MBA] = 5 mM (m), 10
mM (0), 20 mM (A), 30 mM (A), 40 mM (e) and 50 mM (©), [vanillin] = 5 mM, 50
mM Tris buffer, 0.2 mM PLP. Experiments performed as described in Section 2.4.3.
Error bars indicate the mean (n=3), & one standard deviation.

Figure 6. Effect of added vanillylamine on the bioconversion kinetics of CV2025
o-TAm lysate: (A) vanillin utilization; (B) vanillylamine production with different
initial added concentrations of vanillylamine: 0 mM (m), 5 mM (g), 10 mM (A), 20
mM (a). Experimental conditions: pH 7.5, 30°C, 350 rpm, 300 uL, [MBA] =40 mM,
[vanillin] = 20 mM, 50 mM Tris buffer, 0.2 mM PLP. Experiments performed as
described in Section 2.4.3. Error bars indicate the mean (n=3), + one standard
deviation.

Figure 7. Effect of added acetophenone on the bioconversion kinetics of CV2025
o-TAm lysate: (A) vanillin utilization; (B) vanillylamine production with different
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initial added concentrations of acetophenone: 0 mM (e®), 5 mM (m), 10 mM (A).
Experimental conditions: pH 7.5, 30°C, 350 rpm, 300 uL, [MBA] = 10 mM, [vanillin]
= 10 mM, 50 mM Tris buffer, 0.2 mM PLP. Experiments performed as described in
Section 2.4.3. Error bars indicate the mean (n=3), + one standard deviation.

Figure 8. Comparison of experimental data of vanillin (4), MBA (m), vanillylamine
(A) and model predictions (solid lines). Experimental conditions: pH 7.5, 30°C, 350
rpm, 300 pL, [MBA] =40 mM, [vanillin] = 20 mM, 50 mM Tris buffer, 0.2 mM PLP.
Experimental data gained from Figure 4, 5, 6 and 7. Model predictions calculated
from Equation 1 using kinetic parameters from Table II.

Figure 9. Fed-batch vanillin bioconversion kinetics using CV2025 o-TAm in lysate
form: vanillin utilization (m), vanillylamine production (A). (A) Low substrate
concentrations: [MBA] = 10 mM, [vanillin] = 5 mM. (B) High substrate
concentrations: [MBA] = 60 mM, [vanillin] = 40 mM. Experimental conditions: pH
7.5, 30°C, 350 rpm, 15 mL, 50 mM Tris buffer, 0.2 mM PLP. Experiments performed
as described in Section 2.4.6.
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Figure 2

A) Overall reaction
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7

(A)

(Ww) -su0) uyjiuep

15

12

Time (hr)

)

B

(

10

(Ww) Puo) auiwelAjjiuep

15

Time (hr)

36 /41



Figure 8
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Figure 9
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ADDITIONAL INFORMATION
Mass Spectrometry Confirmation of product vanillylamine by Mass Spectrometry.

NMR Confirmation of product vanillylamine by NMR.
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Mass Spectrometry Spectrum obtained from bioconversion shown in Figure 3 for

sample taken at 12 hr.
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The mass-to-charge ratio (m/Q) expected of vanillylamine was 153.07843, which was

confirmed by mass spectrometry obtaining a result of 153.07884 (error of 2.68 ppm).
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NMR Spectrum obtained from bioconversion shown in Figure 3 for sample taken at

12 hr.
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PROTON.ucl D20 (V:Bruker'TOPSPIN) CryoTool 29

S

OH

T T T T T T T T T T T T T T T T T T T T T T 1
105 100 95 90 85 80 75 70 65 60 §5 50 45 40 35 30 25 20 1.5 1.0 05 00 ppm
- -

§ : <

NMR results displayed the characteristic spectrum peaks at 7.08 ppm for the aromatic
hydrogen in carbon 1 and at 6.93 ppm for hydrogens in carbon 2 and 3, which the
ratio of integrated area was expected to be 2:1 compared to the hydrogen of carbon 1
(1.984 vs 1.000). The signal of the hydrogen of carbon 4 is shown at 3.87 ppm, with 3
times the area intensity compared to the hydrogen in carbon 1 as expected (3.0255 vs
1.000). The previously mentioned signals would have been expected to be obtained
from a sample of both vanillin and vanillylamine. The signal for the two
vanillylamine hydrogens in carbon 5 can be observed at 4.1 ppm, and it presented a
ratio of integrated area of 2:1 in comparison to the hydrogen in carbon 1 as expected.
This was a clear result to differentiate the sample from vanillin, from which the ratio
of integrated area would had been expected to be 1:1 in comparison to carbon 1,
because vanillin has only 1 hydrogen in carbon 5. Also no signal of the aldehyde

group of vanillin was detected in the expected region of 8-10 ppm.
41/ 41



