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1 | INTRODUCTION
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| Alex Toftgaard Nielsen?3 |

Abstract

p-Coumaric acid (pCA) can be produced via bioprocessing and is a promising chemi-
cal precursor to making organic thin film transistors. However, the required tyrosine
ammonia lyase (TAL) enzyme generally has a low specific activity and suffers from
competitive product inhibition. Here we characterized the purified TAL variants from
Flavobacterium johnsoniae and Herpetosiphon aurantiacus in terms of their susceptibility
to product inhibition and their activity and stability across pH and temperature via ini-
tial rate experiments. FjTAL was found to be more active than previously described and
to have a relatively weak affinity for pCA, but modeling revealed that product inhibi-
tion would still be problematic at industrially relevant product concentrations, due to
the low solubility of the substrate tyrosine. The activity of both variants increased with
temperature when tested up to 45°C, but HaTAL1 was more stable at elevated temper-
ature. FjTAL is a promising biocatalyst for pCA production, but enzyme or bioprocess
engineering are required to stabilize FjTAL and reduce product inhibition.

KEYWORDS
biocatalysis, bioprocess engineering, modeling, protein stability

as sugars, glycerol from biodiesel production, or even COZ.[Z] The bio-

logical route for pCA production goes through the shikimic acid and

p-Coumaric acid (pCA\) is a plant natural product with antioxidant and
antimicrobial activity, and it is the precursor for a wide range of other
phenylpropanoids including resveratrol and vanillin with potential uses
in consumer food and health products. pCA can also be a precursor for
4-vinylphenol (4VP), which polymerizes to make the industrially rele-
vant poly(4VP), which can be used to make organic thin film transistors.
Unfortunately, the yields of pCA from plant extraction are low,! 1] and it
is costly to achieve high purities due to the presence of a wide variety of
phenylpropanoids in plant biomass, which are difficult to separate. Bio-
processing is a promising alternative for pCA production which offers
to produce high yields at high purity from renewable feedstocks such

aromatic amino acid pathways into phenylalanine or tyrosine, and then
from phenylalanine to cinnamic acid to pCA, or directly from tyrosine
to pCA (Figure 1).

The route typically found in plants that goes via phenylalanine
may be less attractive for bioprocessing, because the oxidation of
cinnamic acid requires a plant cytochrome P450 enzyme with poor
soluble expression in bacterial expression hosts.[3! Additionally, the
cytochrome P450 oxidation step requires co-factor regeneration, and
is thus only feasible in metabolically active cells. The more direct
route through tyrosine is easier to express in bacteria and does not
require co-factors, but it has its’ own limitations: The tyrosine ammonia
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FIGURE 1 Biological routes for pCA production.

lyase (TAL) enzyme has a low specific activity and suffers from com-
petitive product inhibition. Single-stage fermentations also suffer from
low titers due to product toxicity that inhibits microbial growth.
A two-stage bioprocess which decouples tyrosine fermentation in
the first stage and enzymatic pCA production in the second stage
was found to circumvent product toxicity and improve TAL specific
activity.[45! Previously the yeast variants from Rhodotorula glutinis
(RgTAL) and Phanerochaete chrysosporium (PcTAL) were tested in a
two-stage bioprocess.[é] Since then, some promising bacterial variants
from Herpetosiphon aurantiacus (HaTAL1) and Flavobacterium johnsoniae
(FJTAL) were identified and characterized in terms of their pH profile
and kinetic parameters, and found to be highly active and specific.”!
While these two bacterial variants have been evaluated and used for
single-stage fermentation processes, 87! they have not been evalu-
ated for their use in two-stage bioprocesses. Parameters of particular
interest to a two-stage bioprocess include TAL activity at elevated tem-
peratures, TAL stability, and the degree to which TAL is subject to
product inhibition. Operating the enzymatic stage of the bioprocess
at elevated temperature increases tyrosine solubility, and potentially
increases TAL activity. TAL stability is required to enable biocatalyst
recycling, which improves the economics of the process. Finally, TAL
variants which are less subject to product inhibition may achieve higher
activities in the presence of product inhibition. Here we characterize
these properties of HaTAL1 and FjTAL, in addition to validating their
pH profiles and kinetic parameters.

2 | EXPERIMENTAL SECTION
2.1 | Strain construction

Strains containing TAL plasmids were streaked on LB agar and grown
overnight at 37°C.I7! A single colony of each strain was used to
inoculate 3 mL LB media containing 50 mg/mL spectinomycin dihy-
drochloride pentahydrate (spec.) in 14 mL culture tubes, and incubated
overnight at 37°C with shaking at 300 rpm and 25 mm. Plasmids

N
Cinnamate <-— Phenylalanine
o o~ o o~
= NH:

were purified from the liquid cultures using QlAprep Spin Miniprep Kit
(Qiagen) by following the manufacturer protocol.

Chemically competent cells of BL21(Al) were purchased from
Invitrogen and transformed according to the TSS method with
modifications:[10] Chemically competent cells were transformed with
~10-40 ng plasmid DNA, including a 30 s heat shock at 42°C before
the addition of 950 uL SOC recovery media. Transformed cells were
allowed to recover for 1 h at 37°C before plating and incubating
overnight on chemically defined MDAG-11 plates without inducing
activity,| 11 except 25 mM (NH,4),SO4 was used in place of 50 mM
NH4Cl and 5 mM Na,SOy, and 1.5% agar was used rather than 1%
agar. 200 mg/L spec. was used in these plates, due to the antagonistic
effect of phosphate against aminoglycosides.[1213] The strains used in
this study are listed in Table S1.

2.2 | Protein expression

Three single colonies of each expression strain were used to inoculate
500 pL MDAG-135 medial1! with 100 puL/mL spec. for an overnight
preculture (~17 h) at 30°C with shaking at 210 rpm and 25 mmin 14 mL
culture tubes, before being cooled to 4°C. All three colonies from each
transformant were pre-screened for protein expression and found to
be positive, and a single preculture for each strain was frozen as glyc-
erol stocks at —80°C after mixing 750 pL culture with 750 pL 80% w/w
glycerol. 20 pL of the overnight precultures were used to inoculate
shake flasks with rich media; 1% tryptone, 0.5% yeast extract, 2 mM
MgSQy,, 0.2x trace metals mixture (Teknova, #T71001), 0.2% glucose,
0.2% glycerol, 0.1% aspartate, 25 mM Nay,HPO4, 25 mM KH,POy,,
25 mM NH,450,, 100 mg/L spectinomycin, modified from.[11] After
~4.5 h cultivation at 37°C with shaking at 250 rpm and 25 mm, at which
point the optical density at 600 nm (ODgqg) reached ~4, the cultures
were induced by adding IPTG (0.5 mM final) and arabinose (0.1% final).
Cultures were induced overnight at room temperature (20 + 2°C) to
a final ODggq of ~16, before transferring the cultures to falcon tubes

and harvesting the cells by centrifugation at 3800 g and 4°C for 10 min.
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The supernatants were discarded, and the cell pellets were frozen at
—17°C.

2.3 | Protein purification and characterization

Frozen cell pellets were resuspended by gently pipetting in 1 mL B-
PER phosphate lysis buffer (Thermo Scientific) including 0.5 mg/mL
lysozyme, 1X EDTA free HALT Protease Inhibitor Cocktail (Thermo
Scientific), and 10 U/mL DNAse1 (Thermo Scientific). The tubes were
incubated at room temperature for 20 min, diluted 1:1 in 1.5X con-
centrated equilibrium/wash buffer (75 mM NaPOy, 75 mM glutamate,
75 mM arginine-HCI, 0.75 M NaCl, 15% v/v glycerol, 30 mM imida-
zole, ~100 mM NaOH, pH 8.0), and the tubes were gently mixed. The
crude lysate was centrifuged at 4000 g for 5 min at 4°C to remove
major cell debris, transferred to a microcentrifuge tube, and finally
centrifuged at 20000 g for 10 min at 4°C to pellet remaining cell
debris.

Histidine-tagged TAL proteins were extracted viaimmobilized metal
affinity chromatography (IMAC), following supplier protocols: The full
volume of diluted lysate was loaded in 0.4 mL batches onto a 0.2 mL
Ni** HisPur Nickel Spin Column (Thermo Scientific) and washed thrice
in 1X equilibrium/wash buffer. Samples were eluted thrice into a tube
containing EDTA (5 mM final), with 200 pL of elution buffer (50 mM
NaPO4, 50 mM glutamate, 50 mM arginine-HCI, 0.5 M NaCl, 10%
glycerol, 250 mM imidazole, ~66 mM NaOH, pH 8.0). Eluted protein
samples were pooled, and buffer exchanged on a 2 mL Zeba spin desalt-
ing column 7K MWCO (Thermo Scientific) into a storage buffer (25 mM
HEPES, 0.5 M NaCl, 10% glycerol, pH 7.0), aliquoted into PCR tubes,
flash frozen in a dry ice ethanol slurry, and stored at —80°C.

Protein concentration was determined by using the Pierce 660 nm
Protein Assay Reagent (Thermo Scientific) and a bovine serum albu-
min (BSA) (Thermo Scientific) standard curve. Protein samples were
denatured and separated via SDS-page, using a XCell SureLock Mini-
Cell (Invitrogen) and 4%-12% NuPage Bis-Tris Plus Mini Gels (Invit-
rogen). Gels were stained using SimplyBlue SafeStain (Invitrogen),
photographed with GelDoc Go Gel Imaging System (BIO-RAD), and
analyzed with Image Lab Software 6.1 (BIO-RAD).

2.4 | TAL activity assays

Activity assays were performed in 200 pL total volumes containing
tyrosine, 50 mM CHES at pH 9, 9.5, and 10- or 50-mM CAPS at pH
10.5 and 11 adjusted with NaOH according to the reaction temper-
ature. 1 mM tyrosine was used for measuring activity across pH and
temperature. Data for the enzyme kinetic parameters were collected
using 50 to 2000 uM tyrosine and O to 199 uM pCA, except 10 mM
tyrosine was used for determining the inactivation coefficient. Sam-
ples without enzyme were included and used for blank-correction.
Activity assays were initiated by the addition of 1 ug enzyme. pCA pro-

duction was followed for 1 h in UV-transparent 96-well microplates

(Corning) by measuring the absorbance spectrum (from 220-700 nm)
using a SPECTROstar Nano (BMG Labtech) plate reader. 16 h time
course experiments were performed with a 50 pL n-hexadecane over-
lay to prevent evaporation, because we were unable to identify a
supplier of UV-vis microplate lids, and because lids would introduce
condensation. pCA production rate was calculated via the slope of the
absorbance over time at 325, 360, or 380, and divided by the extinction
coefficient for pCA at the respective pH and wavelength, which in each
case was measured experimentally (Figure S1). 325 nm was used for
the majority of samples, 360 nm was used for determinking K; ,ca, and
380 nm was used for determining Kj,,ct- The longer wavelengths were
used when measuring larger concentrations of pCA to stay within the
linear range of the detector. It was validated that neither the presence
of enzyme nor substrate interfered with the absorbance measure-
ments (Figure S2). TAL activity is reported as pCA production in U(umol
pCA/min)/g TAL The kinetic models were fitted using the least squares
method, and parameters reported with two standard deviations of

uncertainty.

3 | RESULTS
3.1 | TAL production and purification

pCA can disrupt the cellular membrane of bacteria, but it can also bind
to genomic DNA to inhibit cellular functions.[24] Due to the high tox-
icity of especially intracellular pCA toward E. coli, early induction or
leaky expression of TAL will lead to plasmid loss and low yields.[4! We
achieved high TAL yields by expressing the enzymes in a BI21(Al) strain,
where the T7 polymerase is controlled by the tightly repressed Pgap
promoter, and by inducing expression in the mid exponential phase at a
lower temperature (Figure S3A). All enzyme variants were highly puri-
fied (Figure S3B), but with different yields that were directly related to
the expression levels. Our first attempts to purify FjTAL using a cobalt
column were found to give much worse yields than a nickel column
(Figure S4), even though the columns were far from saturated with
his-tagged protein. The small amounts of protein eluted from cobalt
columns were found to form cloudy precipitates upon storage, giv-
ing the impression of protein aggregation. In addition to using nickel
columns, the addition of 50 mM glutamate and arginine during purifica-
tion improved yields visibly (Figure S4), presumably due to their ability
to prevent protein aggregation.[15-17]

1 mM Co?* (around 0.05%) was previously shown to fully inacti-
vate RgPAL, while 1 mM ZnZ* decreased RgPAL activity by around
70%.118]1 On the other hand, storage of RgPAL in 0.01% of Co2+ or ZnZ+
was reported to increase RgPAL stability,1%] suggesting that the inac-
tivation is reversible or concentration-dependent. We added EDTA to
chelate Zn2+ that had leaked off the column, and used a desalting col-
umn to remove the EDTA-Zn%* complex. Cell lysis via bead milling was
also found to reduce TAL activity in crude lysates of 3 out of 4 vari-
ants compared to chemoenzymatic lysis using detergent and lysozyme
(Figure S5).
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TABLE 1 Kineticanalysis of HaTAL1 and FjTAL.

TALvariant pH Ky (M) keat (s72) Study
HaTAL1 95 48+8 0.034+0008 Thisstudy
FTAL 95 33+5 0.096+0.002  Thisstudy
FTAL 95  152+53=Kj,ca This study
HaTAL1 9 24 0.076 (71
FITAL 95 67 0.023 71

3.2 | TAL activity across pH

Activity of the heterologously expressed and purified TAL proteins
were measured in vitro in alkaline buffered solutions following the
product formation by change in UV absorption (Figure 2A). We
included TAL from Rhodobacter sphaeroides (RsTAL) and Saccharothrix
espanaensis (SeSAMS) in the initial comparisons, but these generally
showed poor activities after purification, while HaTAL1 and FjTAL were
more active. The measured activities across alkaline pH were in accor-
dance with a previous characterization by Jendresen et al., except that
purified FjTAL was more than threefold as active in this case (Table 1).
This increased activity may be due to differences in the expression and
purification protocol, perhaps the use of a desalting column instead of
overnight dialysis. FjTAL activity was also measured at pH 11, where
its’ activity continued to decrease. Compared to the other TAL variants
included here, FjTAL is notable for its” high activity at and above pH 10,
which may be useful for increasing tyrosine solubility. pCA is known
to be a competitive inhibitor of TAL, and in the presence of 52 uM
pCA RSTAL and HaTAL1 activities were drastically reduced (Figure 2B).
Product inhibition of HaTAL1 was less pronounced at pH 9.5 than at
pH 9.0, and product inhibition of RsTAL was less at pH 10, similar to
what has been reported for other fungal TAL variants.[2°] The activi-
ties of FjTAL and SeSam8 were not noticeably affected by 52 uM pCA
regardless of pH.

3.3 | Kinetic characterization of HaTAL1 and FjTAL
While HaTAL1 and FjTAL had previously been characterized in terms of
their Ky and kggt, the activity of FTAL was much higher in the present
study. We also wished to analyze the kinetic parameters of HaTAL1
at pH 9.5 rather than 9 due to the weaker product inhibition at 9.5.
Finally, because FjTAL activity was not notably affected by 52 uM pCA,
we wished to determine the K; for FjTAL in order to predict the impact
of product inhibition at higher product concentrations. The initial rate
of HaTAL1 was measured across tyrosine concentrations (Figure S5),
and the initial rate of FjTAL was measured across tyrosine and pCA con-
centrations (Figure Sé) to give the Michaelis Menten and competitive
inhibition parameters (Table 1).

Just as the specific activity, the k., of FJTAL was more than three-
fold higher than what was measured by Jendresen et al. Meanwhile, the
Vinax of HaTAL1 was ~36% lower in this case and while the k., was
less than half, it was measured at a different pH with lower V,,,. In
this case FjTAL was found to be the most active of the four enzymes,
which also matches the in vivo results with these enzymes.!”23] The
Kwm values determined for HaTAL1 and FJTAL were higher than those
determined by Jendresen et al.,[”] particularly for FjTAL. The affinity of
FJTAL toward pCA (K; = 152 uM) was found to be 4.6 times lower than
the affinity toward tyrosine, which explains why the presence of 52 yM
pCA did not noticeably decrease FjTAL activity in a solution of 1 mM
tyrosine. Conversely, while the K; of HaTAL1 was not determined here,
the drastic decrease in activity in the presence of 52 uM pCA and 1 mM
tyrosine suggests that HaTAL1 has a higher affinity toward pCA than
tyrosine at pH 9.

While the affinity of FjTAL toward pCA is ~4.6 times lower than
the affinity toward tyrosine, product inhibition is still relevant to
consider for a batch biocatalytic process using FJTAL. This is the case
because of the low aqueous solubility of tyrosine, just ~10 mM at
pH 9.5 and 25°C,[2223] while pCA has a solubility of over 300 mM

at the same pH and temperature. This is problematic, as the target
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titer for a pCA biocatalytic process is at a minimum 300 mM, so that
the concentration of pCA in solution will be much higher than that
of tyrosine throughout the majority of the process, and we predict
the overall enzymatic rate will be greatly reduced. Product inhibition
could be mitigated by increasing tyrosine solubility, which can be
accomplished by increasing the pH and the temperature.[22-25] |t was
already shown that FjTAL has relatively high activity up to pH 10.5
(Figure 2), where the solubility of tyrosine is around 50 mM at 25°C.
Increasing the temperature 15°C increases the solubility of tyrosine
in an unbuffered solution by approximately 63%,125! and presumably
there is a positive interaction between temperature and pH, given that

the pKa values of tyrosine decrease with increasing temperature.[ 26

3.4 | Temperature and TAL activity

Separate from tyrosine solubility, enzyme activity is also expected to
increase with temperature, as long as the enzyme does not denature.
To investigate this, the activities of HaTAL1 and FjTAL were measured
from 30 to 45°C, and their activities were found to increase by 178%

and 127% respectively by increasing the temperature 15°C (Figure 3).

3.5 | TAL stability

While HaTAL1 and FjTAL were shown to be active at 45°C pH 9.5, it
was uncertain whether they would have long term stability under these
conditions. Measuring the stability of HaTAL1 and FjTAL at pH 9.5
45°C with 0.5 M NaCl via a residual activity assay showed full stabil-
ity for 6 h (Figure S8), which was unexpected based on preliminary time
course experiments. To get a practical measurement of TAL stability we
decided to do time course kinetic measurements on pCA production in
the presence of tyrosine. Based on the kinetic parameters of FjTAL, we
could calculate that substrate depletion and product inhibition would
be negligible at high substrate and low enzyme concentrations, which
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FIGURE 4 (A)HaTAL1 activity over time at 45°C relative to mean
HaTAL1 activity at pH 9.5 0.5 h. (B) FjTAL activity across time at 45°C
relative to mean FjTAL1 activity at pH 9.5 0.5 h. Derived from time
course kinetic experiments and fitted to Equation (3). Experiments
were carried out in triplicate. W —, pH 9.5; A--- pH 10; ...... ,pH
10.5.

made it possible to estimate the inactivation coefficient kj,,; as shown
in Equation (3).

Keat [E] e Kinactst ([5] - [S]t)

(51— () + K (14 BF)

v (t) = # Kot [E] seeKinactst (3)

Since long-term incubation at 45°C would lead to evaporation and
precipitation of tyrosine, we used an n-hexadecane organic overlay to
prevent evaporation. Alkanes do not absorb light in the wavelengths
of interest, and they have low affinity for tyrosine and pCA, which are
hydrophilic at alkaline conditions. Incubating FjTAL at room tempera-
ture with or without a hexadecane overlay yielded no differences in
residual activity after 16 h (Figure S9). Also, the kinetic curves of FjTAL
and HaTAL1 with tyrosine at 45°C were identical with and without the
overlay for around 3 h, at which point precipitation and light scattering
disrupted measurements without the overlay (Figure $10). Measuring
pCA production for 16 h from pH 9.5 to 10.5 and deriving the activities
over time yielded curves which fit Equation (3) well (Figure 4). The ini-
tial rate of FjTAL at pH 10.5 relative to pH 9.5 was less than that which
was found at 30°C (Figure 2), which suggests there may be a negative
interaction between high pH and temperature in terms of FjTAL activ-
ity. The activity of FjTAL in all cases was reduced by approximately half
after four hours, and less than 10% activity remained after 15.5 h. This
indicates that it is impractical to recycle FjTAL when used under these
conditions.

The change in stability from pH 9.5 to 10 was insignificant for both
variants, while the inactivation coefficient of FjTAL increased slightly
from pH 9.5 to 10.5 (Table S2). The stability of HaTAL1 was around
three times greater than that of FjTAL despite a lower initial activity,
so that the activity of HaTAL1 after 15.5 h at pH 9.5 actually exceeded
that of FjTAL. Still, the amount of pCA accumulated after 16 hat pH 9.5
was approximately 40% higher for FjTAL than HaTAL1 (Table S2).
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4 | DISCUSSION
4.1 | Kinetic characterization of TAL variants

The yield and activity of purified TAL enzymes was found to be highly
dependent on the method of purification. This was the case when com-
paring FjTAL activity to a previous study, as well as when comparing
two different cell lysis methods in this study. The degree of prod-
uct inhibition by pCA was found to be a major factor distinguishing
TAL enzymes, which should be considered when comparing TAL vari-
ants for pCA production. In the case of a biocatalytic cascade toward
derivative products, it is of course less relevant as pCA will not accu-
mulate. The Michaelis constants were found to be similar for both
HaTAL1 and FjTAL, and larger than what was previously reported for
these enzymes. Low levels of pCA were found to inhibit HaTAL1 and
RsTAL at pH 9 to a greater extent than at higher pH, similar to what
was previously reported for RgTAL.[24] FTAL was less impacted by
product inhibition, and its’ K; was determined to be 152 pM, sim-
ilar to what was recently reported for TAL from Chryseobacterium
luteum sp. nov., and greater than the TALs from Rivularia sp. PCC 7116
and Coprinopsis marcescibilis[31] Despite the higher affinity of FjTAL
toward tyrosine than pCA, we demonstrated that product inhibition
is a major factor in reducing TAL activity in a potential batch biocat-
alytic process due to the low solubility of tyrosine. Engineering and
selecting TAL variants with reduced affinity toward pCA compared
to tyrosine (Ky /K ca ratio) would alleviate product inhibition, but it
is impractical to determine the affinity constants for many variants
experimentally. Growth screens with phenylalanine or tyrosine as the
sole carbon or nitrogen source have previously been used to select
for ammonia lyases with higher K,;, lower Ky, and reduced product
inhibition.[31-33]

Increasing the solubility of tyrosine is another way to reduce prod-
uct inhibition. The most dramatic increase is found when increasing
pH, and a lesser increase is found when increasing temperature. The
pH profiles of HaTAL1 and FjTAL were found to match those found
previously,”! with FjTAL being fully active up to pH 10. The activities
of both HaTAL1 and FjTAL were measured from 30 to 45°C and found
to increase with increasing temperature in this range, in line with what
was previously reported for other TAL variants.[2930] The solubility of
tyrosine has been shown to be greater in certain solvents such as ethyl
acetate, dimethylformamide, dimethyl sulfoxide, and ethylene glycol
than in water,[3435] which could potentially be used as co-solvents. In
practice these process parameters can only be increased as far as the

enzyme allows without negatively affecting activity and stability.

4.2 | TAL stability

We found large disparities between the stability of both HaTAL1 and
FJTAL measured via residual activity and time course kinetic assays,
which bring into question the general practicality of enzyme stability

data gathered via residual activity assays. HaTAL1 was found to be

almost threefold more stable at 45°C pH 9.5 than FjTAL, the latter of
which was relatively inactive after 15 h of catalytic activity. The cause
of inactivation was not elucidated here, but it will be critical to improve
the stability of FjTAL in order to recycle the enzyme. Protein engineer-
ing may improve the stability of FiTAL,[3¢] and clues into accomplishing
this may be gained from studying the more stable HaTAL1 or the ther-
mostable PcTAL. A growth screen as mentioned already,!31-33! could be
modified to select for thermostability by using a thermophilic host and
screening at higher temperatures. Other ways of improving TAL stabil-
ity include using media additives and sparging with nitrogen, 28371 or

immobilizing the enzyme,[38] all of which could be considered for FjTAL.

4.3 | Final thoughts

An alternative solution to reducing product inhibition is in-situ prod-
uct removal,[3%] although it may be difficult to find a suitable method
in this case given the similarities between the substrate and product.
Also, the plant route through phenylalanine may suffer less from prod-
uct inhibition, because PAL is likely to have low affinity for pCA, and
phenylalanine is much more soluble than tyrosine. FjTAL is a promising
enzyme candidate for a biocatalytic process producing pCA from tyro-
sine due to its’ high activity at alkaline pH, at elevated temperatures,
and in the presence of product inhibition, but a solution is needed to
increase the stability of the enzyme in order for it to be industrially

relevant.

Nomenclature

4\VP  4-vinylphenol
keat  catalytic rate constant
K; inhibition constant
kinact ~ inactivation rate constant
Km  Michaelis constant
pCA, p-Coumaric acid
[P] product concentration
s solubility
[SI substrate concentration
spec. spectinomycin dihydrochloride pentahydrate
t time
T temperature

v enzyme activity
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