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An efficiency study about the horseradish peroxidase (HRP)
activity over Brilliant Blue-G (BB) decolorization with hydrogen
peroxide was achieved through kinetic analysis. Differential and
extended kinetic curves were used for assessing the inactivation
paths and for optimizing the overall degradation process. The
catalytic and the specificity constants estimated via Michaelis-
Menten model demonstrated that HRP is highly efficient in dye
decolorization, although operational inactivation due to
formation of degradation products still occurred. It was noticed
that the bicarbonate anions exerted protective effects on the
enzyme inactivation caused by the oxidizing substrate but
affected less the inactivation due to the degradation products of
BB.
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INTRODUCTION

The removal or the reduction of degradation-
recalcitrant/refractory compounds using environ-
mental-friendly and costly-efficient procedures,
represent the main challenges researchers must face
constantly during the industrial operations.' The
dye industries, such as leather, textile, printing,
food, and cosmetics, spill large amounts of
contaminants in the environment, causing
increased pollution.” These discharged chemicals
display enhanced toxicity and poor biodegradabil-
ity, and once absorbed in the human body, severe
pathogenic effects may occur, mostly because they
accumulate in kidneys, heart, liver, bones, and
brain.?

* Corresponding author: adina.raducan@g.unibuc.ro

Coomassie Brilliant Blue or Brilliant Blue-G
(BB) is a triphenylmethane dye, frequently used
for protein analysis in biochemistry®, as colouring
agent in retinal surgery’, and for dyeing synthetic
and natural fibres. Its main strengths are high
stability and low cost, but ultimately this dye
becomes harmful after long exposure, affecting
kidneys.’

Chemical and biological methods are currently
used for BB degradation, including photocatalysis
with nickel-” and other metal-oxides catalysts®
under ultraviolet (UV) or visible (VIS) light, and
biological removal.” The advanced oxidation
processes (AOPs) conduct the oxidation to
mineralization but involve high costs due to
catalysts synthesis steps and significant amounts of
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energy spent during the overall process. On the
other hand, biological methods are cost-effective
and eco-friendly, but they are also time
consuming.'’ An optimal and efficient degradation
method must match at least two criteria such as
economic efficiency and use/release of few
environmentally toxic compounds. The aim is to
achieve the ‘green chemistry’ features, focusing on
the transformation of dyes into colourless and non-
harmful compounds for the living things. '’

HRP is a haem-containing oxidoreductase, with
a catalytic site containing two atoms of calcium
and one iron (III) protoporphyrin that acts as
electron donor on hydrogen peroxide. HRP
catalyses the oxidation of several aromatic
compounds (phenols and amines) in presence of
H,0,.""'? HRP is involved in environmental
remediation, treatment of wastewaters, elimination
of toxic compounds (dyes) from drinking and
industrial water.”*'®  Bicarbonate is widely
distributed in biological systems and in nature,
highly soluble in water and exists in various form
constituting the main biological buffer. However, it
has encouraging properties for its application in the
wastewater treatment. For example, it is
inexpensive, it can activate H,O, and displays
buffering capacity (pH 8.0-9.0). These are
attractive properties in the development of a
sustainable wastewater treatment. Various reactive

oxygen species (ROS), such as *OH, ¢0O,; and

'0,, drive the pollutants’ degradation. The
generation  of  another  reactive  species

(HCO,,#CO;,o HCO;) together with the

previously mentioned ROS have been reported as
bicarbonate activated hydrogen peroxide (BAP)
system in recent works.'"'®

In this study we pursued Brilliant Blue-G
degradation in the presence of HRP, in conditions
that mimics natural/ambient conditions (i.e.
unbuffered media, presence of bicarbonate anions).
Mixing enzymatic/chemical treatment (BAP-HRP
have distinctive advantages. First, HRP is capable
to decolourize the dye to smaller by-products or
intermediates; then, these species are further
oxidized to unharmful low molecular weight
compounds by the BAP system.

RESULTS AND DISCUSSION

The degradation process was monitored at fixed
wavelength (A=619 nm), where the absorption
band of BB reached its maximum. The progress
kinetic curves absorbance vs. time were recorded

in reaction mixtures containing BB, H,0O,,
NaHCO; and HRP (Fig. 1).

Non-linear regression analysis was performed
onto extended kinetic curves absorbance vs. time.
The best fit parameters were obtained for the
exponential decay (eq. 1).

t

A=Ade " (1)

where 4, is the dye absorbance at the beginning of
the experiment, 4 is the concentration at a given
time ¢ and ¢, represents the lifetime. The initial
reaction rate was estimated by deriving eq. 1 t=0
and considering the BB concentration as:

A
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Here ¢ is the molar absorptivity and / is the path
length.
Therefore, the calculated initial rate becomes:

0 d[BB]j 1 (dA) A
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The initial rates were used further to assess the
enzymatic pattern of BB decolorization process.

Determination of rate laws
using initial conditions

It was noticed that the variation of initial rates vs.
BB concentration (Figure 2) follows a hyperbolic
pattern characteristic to Michaelis-Menten kinetics;
the maximum reaction rate (7,,, ) and the Michaelis

constant (K,,) were estimated through nonlinear

regression using the theoretical model (eq. 4) and the
experimental data from Fig. 2.

rmax
e )

[BB],
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The estimated maximum rate Wwas 7Fpu—
(9,00+1.12) 10°®* M/s, while the Michaelis constant
was Ky = (7.71£0.54) 10°M (with a determination
coefficient R*= 0.9902). This values confirm the high
affinity of HRP for BB, with the estimated Ky, within
the same range as for other triphenylmethane dyes
such as Malachite Green or Crystal Violet. ' One
parameter accounting the catalytic efficiency of the
enzyme is the turnover frequency (or the catalytic
constant k) calculated as:

7
k — max 5
cat [ H RP]O ( )
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Fig. 1 — Decolorization progress of BB in HRP/HCO;/H,0, system, monitored at several initial concentrations of BB
([HRP]y = 0.2 uM, [H,0,]p =1mM, [ HCO; ], = 10mM, T=25°C).
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Fig. 2 —Variation of initial rates with BB concentration (solid line represents the best-fit Michaelis-Menten pattern) ((HRP], = 0.2
uM, [H,0,]o =1mM, [ HCO5]y = 10mM, T=25°C).

The turnover frequency corresponds to the
number of molecules reacting per active site per
unit time.”* Since the enzyme concentration (in
protein) was around 10”7 M, the catalytic constant
calculated with eq. 5 was k., =0.9 s value
comparable or higher than those reported for other
organic substrates (0.82 s'for veratryl alcohol,
0.05 s for guaiacol)."” Another parameter used for
the determination of the catalytic efficiency is the
specificity constant (eq. 6):

kca
ksp = K_]v; (6)

Interestingly, the obtained value for specificiy
constant ky,=1.16 10° M's" is higher than those
reported for the enzymatic degradation of other
dyes with a bacterial peroxidase (2 10> M's™ for
reactive blue 19).*!

The initial rates estimated at settled BB and
HRP concentrations but varying the initial
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hydrogen peroxide within 0.5-5 mM and sodium
bicarbonate within 0.002-0.1 M, do not differ
significantly from the data presented in Fig.2. It
was noticed that the initial rate of enzymatic
reaction slightly increases in the presence of
bicarbonate anions. Since no decrease of initial
rates was observed at high H,O, concentrations, it
can be concluded that no inactivation occurred, at
least no inactivation due to H,O,. This is quite
unusual since extensively body of work dedicated
to HRP-catalysed oxidation reports HRP
inactivation through the formation of a peroxy-
Fe(IIl)- porphyrin free radical (Compound III) in
excess H,0,.”

Testing the operational inactivation of HRP

The peroxidase catalytic cycle involves distinct
intermediate enzyme forms according to the ,,ping-
pong” mechanism,” but in specific conditions the
inactivation of enzyme occurs through the
formation of an low reactive intermediate,
designated as Compound II1.** The examination of
extended progress curves (concentration of either
substrate or product vs. time) performed at settled
initial concentration of substrates and different
initial enzyme concentration, allows the estimation
of the overall inactivation constant using an
isoconversional method.” The method involves the
determination of the time values (¢;, #, #; etc.)
corresponding to a settled substrate concentration
from the curves [S] = f(time) achieved for the same
initial substrate concentrations and different
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enzyme concentrations [E]o. The first derivatives
with respect to time (d [S] / dt)i are then estimated

by numerical derivation at each time ¢#;, #,, etc. For
a first order inactivation, the overall inactivation
rate constant k;, can be estimated from linear
regression on eq. 7:

In|(d[S1/dt), - YIEN,, |=In £(S1 )=k, -1, (D

This method was previously used to detect the
suicide inactivation of catalase at high substrate
concentration, thermo-inactivation of catalase and
urease.”> For HRP, the reported inactivation rate
constants was around 107 s' for guaiacol and
capsaicin *° and 10 s™ for 2-aminophenol.”” In the
case of BB oxidation, the isoconversional times
were calculated for two settled values of BB
concentration, corresponding to an initial part of
reaction when 15% of BB is decomposed and at
moderate substrate conversion, when 50% of BB is
decomposed. In both cases the linear model from
eq.7 fitted well on experimental data, allowing the
calculation of the overall inactivation constant
using the slopes of the straight lines (Fig. 3).

It can be observed that for both moderate and
low substrate conversions, the inactivation
constants are of the same order of magnitude, the
average value being (6.19+0.52) 10” s™'. However,
at high substrate conversions, the inactivation rate
constant underwent a slightly increase, suggesting
that additional inactivation of HRP by the products
of BB degradation may have occurred.
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Fig. 3 — Estimation of the global inactivation rate constant using the isoconversional method (solid lines represent the linear fit of eq.
7 on experimental data); [BB];=20uM; [NaHCOs]y = 0.01M; [H,O,];=1mM.
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EXPERIMENTAL

Materials

HRP (specific activity of 1280 U/mg solid matter, ABTS
method) was obtained from Sigma. The enzymatic solutions were
prepared in a 0.02 M sodium phosphate buffer (pH 7.0). All other
reagents obtained from Sigma were of analytical grade and were
used as received without further purification. H,O, 30% was
diluted and the concentration was measured
spectrophotometrically with &4gum = 39.4 Mem™ * The final
enzyme concentration in the reaction mixture ranged between
410® and 4 107 M was determined spectrophotometrically using
the molar absorptivity €493y = 102000 M lem 12

Degradation experiments

The kinetics of Brilliant Blue G (BB) degradation in the
presence of HRP and sodium bicarbonate has been studied by
a spectrophotometric method with a JASCO V-350 using
H,0, as oxidizing substrate. The reaction was carried out at
25°C for 30 minutes with 3mL of the reaction mixture
containing HRP, BB, NaHCO; and H,0,. The characteristic
absorbances of BB were measured at A=619 nm (using the
molar absorptivity €gj9p, = 27033 M 'em™, estimated from a
calibration curve absorbance vs. concentration for BB
solutions (2 — 70 uM) in bicarbonate 0.01M) in time to obtain
extended kinetic curves. Data were processed using the
ORIGIN 8.0 software. To study the influence of the initial
concentrations of BB, NaHCO;, H,O, and HRP, the isolation
method, where all the initial concentrations except one are
kept constant, was used. The initial concentrations kept
constant were: [BB]p=20uM; [NaHCO3]y=0.01M;
[H,0,]¢=1mM and [HRP]y=0.2 uM (in protein).

CONCLUSIONS

It was found that he HRP-catalysed oxidation of
BB with H,O, in the presence of bicarbonate
anions follows a Michaelis-Menten pattern. The
estimated kinetic parameters of the Michaelis-
Menten were used further to investigate possible
inactivation pathways of enzyme. The values of
maximum reaction rate and the Michaelis constant,
estimated by nonlinear regression, showed good
specificity and efficiency of HRP for BB, a total
discoloration of BB being acquired in less than 1
hour. The presence of bicarbonate anions induces a
slightly increase of the initial reaction rate,
suggesting that these anions may exert a protective
effect against HRP inactivation at higher H,O,
levels. The examination of the extend kinetic
curves demonstrates that the inactivation of HRP
still occurs, but it may be caused by the
degradation products of BB. This hypothesis is
sustained by the increase of the overall inactivation
constants at higher conversions of BB. The
inactivation was not caused by the dye substrate

per se, because the increase initial rates along with
BB concentrations, clearly excluded this
assumption. These findings may be used to exploit
the ubiquitous presence of bicarbonate anions in
surface waters to reduce the content of
contaminated effluents from textile industry trough
peroxidase-catalysed oxidation.
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