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This study aimed to evaluate the environmental conditions for enzyme activity of catechol 1,2-dioxygenase (C1,20) and catechol
2,3-dioxygenase (C2,30) produced by Gordonia polyisoprenivorans in cell-free and immobilized extracts. The optimum conditions
of pH, temperature, time course and effect of ions for enzyme activity were determined. Peak activity of C1,20 occurred at pH 8.0.
The isolate exhibited the highest activity of C2,30 at pH 7.0 and 8.0 for the cell-free extract and immobilized extract, respectively.
This isolate exhibited important characteristics such as broad range of pH, temperature and time course for enzyme activity.
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INTRODUCTION

Many polycyclic aromatic hydrocarbons (PAHs) are known
to exhibit high toxicity and cancerous properties in humans and
animals.! Thus, studies on environmental contamination by PAH
compounds have increased over recent years.”> However, the bio-
remediation of PAH-contaminated sites using the biodegradation
technique is an efficient alternative for reducing these environmental
problems.

The soil microorganisms are potential catalytic sources for
biodegradation of organic compounds; however, PAHs are selective
substances which provide a selective source of carbon as energy, and
can promote a toxic effect in most microorganisms; therefore, the
soil can be an important source of microorganisms for biodegrada-
tion of PAHs.® However, it is necessary to determine the optimum
environmental conditions of the efficien microorganisms for growth
and to biodegrade different PAHs.

The use of microbial enzymes for biodegradation of toxic organic
compounds such as PAH is promoting excellent results in the clean-up
of different environments including water,” sludge? and soil.'" The
enzymes for degradation of PAHs can be divided into two groups:
the peripheral group and fission group.!! The enzymes have a role in
peripheral recognition and convert the degradable PAH molecules by
enzymes in fission, allowing entry of these molecules to the common
routes of energy generation and carbon in microbial cells."

Catechol 1,2-dioxygenase (EC 1.13.11.1) has Fe** as a prosthetic
group and belongs to the enzymes that perform intradiol cleavage.'
Many bacterial species do not have identical o and B subunits (o/3-
Fe*) ; while others have simple polypeptides (o. ci-Fe**) and present
little or no activity to chloro-catechols.'? Catechol 2,3-dioxygenase
(EC 1.13.11.2) however, belongs to the extradiol cleaving enzyme
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class and has four identical subunits of 32KDa and contains a catalytic
iron ion (Fe*") per subunit.

Some species of Gordonia have been used for biodegradation
of organic compounds such as diesel,'® biodiesel,'* crude oil,"> some
PAHs such as dibenzothiophene (DBT), ¢ di-n-octyl phthalate,'” and
some aliphatic and aromatic hydrocarbons.'" Although detection
of catechol 1,2-dioxygenase produced by Gordonia spp. has been
described, " there is a paucity of studies investigating optimum envi-
ronmental conditions for biodegradation of anthracene by Gordonia
polyisoprenivorans. The enzyme activity of catechol 1,2-dioxygenase
and catechol 2,3-dioxygenase can be an important tool for further
use in biodegradation of PAHs.

Despite the many advantages of using enzymes in the bioreme-
diation of wastewater, it has been observed that free enzymes tend to
show low stability under certain environmental conditions. Therefore,
immobilization technology has been widely used, improving activity,
stability, specificity, selectivity while decreasing inhibition.!” The
objective of this study was to evaluate environmental conditions
that affect the activity of catechol 1,2-dioxygenase and catechol
2,3-dioxygenase from Gordonia polyisoprenivorans, in cell-free
and immobilized extracts, for further bioremediation studies in
wastewater treatment.

EXPERIMENTAL
Microorganism, media and growth conditions

An aromatic hydrocarbon degrading microbial consortium was ob-
tained from the enrichment culture of a petrochemical landfarm.” From
this consortium, an isolate was characterized by the 16S rRNA region
as Gordonia polyisoprenivorans, and was used for further analysis.

This isolate was inoculated in Erlenmeyer flasks with Luria
Bertani broth (LB) amended with 250 mg L' of anthracene as fine
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crystals (Merck™, Darmstadt, Germany). The LB broth medium
comprised 5.0 g L' of meat extract; 10.0 g L' of tryptone; and
10.0 g L' of NaCl. The pH was adjusted to 7.0 by adding aliquots
of either HCI or NaOH. The media were sterilized by autoclaving
at 121°C for 20 min. Flasks were incubated at 30 °C with orbital
shaking (150 rpm) with three replicates used for each individual
experiment.

Preparation of cell-free extract

After growth for 36 h, cells were harvested from LB by centrifu-
gation (10,000 rpm, for 10 min at 5 °C). The pellet was washed twice
with phosphate buffer (50 mM, pH 7.0) and re-suspended in 10 mL of
the same buffer. Suspensions were sonicated with repeated 40 s bursts
alternated with 1 min cooling in ice. Cell debris was centrifuged at
12,000 rpm for 15 min. Supernatants (cell-free extract) were used for
enzyme assays and immobilization as outlined below.

Enzyme immobilization

The enzyme was immobilized using the sodium alginate matrix
technique.?! One milliliter of cell-free extract (9000 U) was suspended
in 9 mL of 2% (w/v) sodium alginate prepared in 50 mM Tris-HCI
buffer solution (pH 8.0). After homogenization of the mixture, the
enzyme was dripped into 100 mL of solution of 0.2 M of CaCl,,
using a pipette. Upon contact with the solution, the drops gelled to
form defined-sized spheres (3 mm of diameter) which remained in
the solution under gentle agitation to complete gel formation. After
1 h of incubation, the beads were removed, washed twice with sterile
distilled water and stored at 4 °C.

Enzyme activity

Catechol 1,2-dioxygenase activity in the cell-free and immobili-
zed extracts was assayed spectrophotometrically with measurement
of absorbance at A = 260 nm, corresponding to the formation of
cis,cis-muconic acid. The reaction mixtures contained 1 mL of
soluble or immobilized enzyme preparations; 1 mL of 0.8 mM
catechol; 0.8 mL of 50 mM Tris-HCI buffer solution (pH 8.0) and
0.2 mL of 0.1 mM 2-mercaptoetanol.”? The activity of the cell-free
and immobilized catechol 2,3-dioxygenase was determined spectro-
photometrically with the measurement of absorbance at A =375 nm,
as described by Baggi ef al..”

The reaction mixtures contained 1 mL of soluble or immobilized
enzyme preparation; 1 mL of 0.3 mM catechol; and 0.8 mL of 50
mM phosphate buffer (pH 7.0). All determinations were made in
duplicate for each sample. After the addition of the enzymes (for both
cell-free and immobilized extract), mixtures were incubated at 30 °C
in a water-bath. At set time intervals, aliquots were used to monitor
reaction progress in the spectrophotometer.

Effect of pH, temperature and time course

The optimum pH was determined by measuring activity at 30
°C over the pH range 4.0 to 9.0, using the following buffers: 50
mM acetate (pH 4.0, 4.5, 5.0, and 5.5), 50 mM phosphate (pH 6.0,
6.5, 7.0, 7.5 and 8.0) and 50 mM Tris-HCI (pH 7.0, 7.5, 8.0, 8.5
and 9.0). The optimum temperature was determined by assaying
the enzyme activity at various temperatures (from 5 to 70 °C) in
50 mM Tris-HCI buffer solution (pH 8.0). The time course of the
enzyme activity was determined by measuring the activity in 50
mM Tris-HCI buffer solution (pH 8.0), at 30 °C for 90 min with
intervals of 10 min.
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Effect of ions

The ions tested were Cu**, Mg, Hg*, Mn*, Fe?*, K*and NH,*
at a concentration of 1.0 mM for each ion and 10 mM for NH,* in
50 mM Tris-HCI buffer solution (pH 8.0), at 25 °C in cell-free and
immobilized extracts. Ions were not added to the control or those in
the buffer. The chemicals used were copper sulphate, magnesium
chloride, mercury chloride, manganese chloride, iron chloride, po-
tassium acetate and ammonium sulphate.

RESULTS
Effect of pH

The pH affected the enzyme activity of both enzymes catechol
1,2-dioxygenase (C1,20) and catechol 2,3-dioxygenase (C2,30) in
the cell-free extract (Figure 1). The highest activity of C1,20 was at
pH 8.0 in Tris-HCl buffer. In the phosphate buffer, the C1,20 enzyme
was high at pH 8.0 achieving the highest relative activity of almost
100%; on the other hand, the enzyme activity was low at pH levels
lower than 5.5 (acetate buffer), showing sensitivity for H* presence in
the solution. The activity of the enzyme C2,30 was greatest at pH 7.0
in the phosphate buffer. In Tris-HCl, activity of the C2,30 enzyme was
highest at pH 7.5; however, in the acetate buffer the C2,30 activity
produced by Gordonia was higher than 30%, showing the capacity of
this enzyme to adapt under different conditions for enzyme activity.
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Figure 1. Effect of pH in the catechol 1,2-dioxygenase (black symbols) and
catechol 2,3- dioxygenase (white symbols) activity of the cell free extract
produced by Gordonia polyisoprenivorans. Buffers: acetate (from pH 4.0 to
5.5), phosphate (from pH 6.0 to 8.0), and tris-HCI (from pH 7.0 to 9.0). Error
bars are standard error of the mean

The activity of the enzyme C2,30 produced by the isolate
Gordonia polyisoprenivorans exhibited a different behavior with
cell-free and immobilized extracts at different pH ranges (Figure 2).
C2,30 exhibited less interference in the enzyme activity at all extre-
mes of pH range. The isolate showed the highest activity at pH 7.0
with the cell-free extract, in the phosphate buffer. On the other hand,
the immobilized extract showed the highest activity of the enzyme
C2,30 at pH 8.0, also in the phosphate buffer; however, the enzyme
C2,30 showed high activity in a pH range of between 6.5 and 8.0
for both buffers, Tris-HCI and phosphate.

Effect of temperature
The different temperatures affected activity of both enzymes

C1,20 and C2,30; however, the different temperatures promoted
similar behaviors for both enzymes (Figure 3). The activity of C2,30
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Figure 2. pH effect in the catechol 2,3-dioxigenase activity in the cell free
extract (white symbols) and immobilized extract (black symbols) of Gordonia
polyisoprenivorans. Buffers: acetate (from pH 4.0 to 5.5 - cycle symbols),
phosphate (from pH 6.0 to 8.0 - square symbols), and Tris-HCI (from pH 7.0
to 9.0 - triangle symbols) Error bars are standard error of the means

peaked at a temperature of 30 °C, and the enzyme C1,20 at 25 °C.
Upon comparing the two enzymes (C1,20 and C2,30), it is notable
that C2,30 exhibited a higher relative activity than C1,20 across all
temperatures, differing only for the optimum temperature. However,
C2,30 showed high relative activity of 45 and 37% at 45 and 50 °C,
respectively, showing a high potential to oxidize aromatic rings at
high temperatures whereas C1,20 did not exhibit the same results.
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Figure 3. Effect of different temperatures in the activity of the catechol 1,2-di-
oxygenase (®) and catechol 2,3-dioxygenase (O) produced by the Gordonia
polyisoprenivorans of the cell free extract. Error bars are the standard error
of the means

The immobilization of C2,30 produced by the Gordonia polyi-
soprenivorans promoted the highest activity at 50 °C, which is
20 °C higher than the cell-free extract with the same relative activity
(Figure 4). Furthermore, the immobilization of the enzyme C2,30
increased activity at high temperatures. For both cell-free and im-
mobilized extracts, C2,30 exhibited high enzyme activity; however,
temperatures lower than 25 °C drastically decreased C2,30 activity
for the immobilized extract. In summary, the immobilization of the
enzyme C2,30 increased stability and the temperature range with
high enzyme activity.

Time course
Enzymatic activity for both C1,20 and C2,30 decreased with

the time course (Figure 5). C1,20 was more sensitive with the time
course than enzyme C2,30. The enzyme C1,20 exhibited activity

Temperature (°C)

Figure 4. Effect of different temperatures in the activity of catechol 2,3-dioxy-
genase (C2,30) produced by the Gordonia polyisoprenivorans in the cell free
extract (O) and immobilized extract (®). Data are mean of two replicates;
error bars represent standard error

for 60 min, maintaining high activity during the first 30 min losing
only 10% of the initial relative activity. After 40 min of incubation,
relative activity was less than 40%, further decreasing until 60 min.
The enzyme C2,30 exhibited the highest stability, with relative acti-
vity during the entire time course. However, at 30 min of incubation,
enzymatic activity had lost 48% of the initial relative activity, and after
60 min, the level of activity was very low (22%) where it remained
until the end of the experiment.

100
T —@— Catechol 1,2 dioxygenase
—(O— Catechol 2,3 dioxygenase

80 |

40 |

Relative Activity (%)

20 |

0 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90

Time Course (min)

Figure 5. Time course of the catechol 1,2-dioxygenase (O) and catechol
2,3-dioxygenase (®) enzyme activity in the cell free extract of the Gordonia
polyisoprenivorans. Error bars are the standard error of the means

The cell-free extract and immobilized extract showed the same
behavior in enzyme activity for C2,30 produced by Gordonia
polyisoprenivorans during the time course (Figure 6). However, the
cell-free extract of the C2,30 enzyme showed higher activity than
the immobilized extract during the 90 min of incubation.

Effect of ions

The activity of both enzymes C1,20 and C2,30 was affected
differently for the cations added (Figure 7a). The presence of K* and
Cu** inhibited 25% of the enzyme activity for both enzymes C1,20
and C2,30. The presence of Hg?* ions in the reaction mixture of
C2,30 inhibited 22% of enzyme activity, yet the same metal boosted
the activity of C1,20 by 12%. On the other hand, the presence of
Mg ions inhibited the activity of C1,20 by 28%, and stimulated the
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Figure 6. Time course of the catechol 2,3-dioxygenase (C2,30) produced by
the Gordonia polyisoprenivorans in the cell free extract (O) and immobilized
extract (®). Error bars are the standard error of the means

activity of C2,30 by 23% of the relative activity. The addition of the
Fe**, Mn** and NH,* cations stimulated the enzyme activity of both
enzymes. Mn showed the highest stimulation for both enzymes, with
almost 100% stimulation for the C1,20 enzyme, and 132% stimula-
tion for the C2,30 enzyme.
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Figure 7. Effect of ions in relative enzymatic activity of the catechol 1,2-dioxy-
genase (C1,20) and catechol 2,3-dioxygenase (C2,30) in the cell free extract
(a); and in the cell free extract (white columns) and immobilized extract (black
columns) (b) produced by the Gordonia polyisoprenivorans. Error bars are
the standard error of the means. The control treatment is the enzyme activity
in the absence of the ions
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The activity of C2,30 produced by Gordonia polyisoprenivorans
showed the same behavior for both cell-free and immobilized extracts
in the presence of the different cations K*, Mg?*, NH,*, Hg*, and Mn**
(Figure 7b). However, the cell-free extract showed slightly greater
activity for all treatments, compared with the immobilized extract.
The immobilization of C2,30 did not exhibit protection against the
deleterious effects of Hg**, K* and Cu?*ions, and even promoted
the activity with most of the cations with the exception of iron. The
greatest difference obtained was for the presence of Cu?*, which
showed 51% of relative activity in the immobilized extract versus
76% for the cell-free extract.

DISCUSSION

Gordonia polyisoprenivorans was first isolated degrading
polymers of rubber from used tires.?* This microorganism is an acti-
nomycete that forms hyphae, which by breaking the down produces
rod-shaped or coccus cells. Several studies have reported the use
of this specie in the degradation of aliphatic compounds,” crude
0il,’>% diesel,"® biodiesel,'* some PAHs'®?” and di-n-octyl phthalate.'”
However, there is a paucity of studies on enzyme degradation use by
Gordonia for bioremediation. Furthermore, there are few studies on
dioxygenases produced by actinomycetes in the treatment of waste
contaminated with aromatic pollutants.

In this study of enzymatic activity, two routes for degradation of
anthracene via ortho and meta pathways were identified for which
the activity of the enzymes catechol 1,2-dioxygenase (C1,20) and
catechol 2,3-dioxygenase (C2,30) was quantified. In this study, envi-
ronmental conditions that affect the activity of catechol 1,2-dioxyge-
nase (C1,20) and catechol 2,3-dioxygenase (C2,30) from Gordonia
polyisoprenivorans were assessed in cell-free extract and immobilized
extract. According to the results obtained, there was a predominance
of the enzyme C2,30 produced by the isolated G. polyisoprenivorans.
This may be related to the economy of energy by the bacteria which
decreases the production of the enzyme C1,20 and is part of a more
complex route for degradation.?

The enzyme activity of C2,30 was higher than that of C1,20
under most of the environmental conditions tested. H* concentration
affects enzyme activity in various ways. One way to be considered
is that the catalytic process requires this enzyme, with specific ca-
talytic groups in an ionized or non-ionized state, to interact with the
substrate without alteration in its active conformation and stability of
enzymes. Consequently, it does not drastically reduce its activity.”
The enzyme can be immobilized on a solid support, such as sodium
alginate and thus the optimum pH tends to increase by two units.*
This increase is due to the fact that the surface of the immobilized
enzyme concentration of H* ions is greater than the concentration of
H* ions in the solution where the pH is measured. Thus, the enzyme
activity of the C2,30 isolate of G. polyisoprenivorans in the cell-free
extract showed higher activity at pH 7.0 in phosphate buffer, whereas
the immobilized extract showed the highest activity of this enzyme
in the phosphate buffer at pH 8.0.

Enzyme activity is dependent upon temperature.” Most enzymes
have an optimum temperature which can be related to the tempera-
ture of the environment in which microorganisms were isolated.?!
Other enzymes, such as copper reductase, are also influenced by
different temperatures.’>** At low temperatures the movement of the
molecules is slow and no activity is required to convert the substrate
into a product, while at higher temperatures, the thermal movement
of the molecules is too high to ensure enzyme conformation, thus
causing their denaturation and activity loss.” Fernandez-Lafuente
et al** determined the optimum temperature for the activity of the
enzyme C2,30 as 50 °C, where the enzyme was produced by Bacillus
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stearothermophilus and showed optimum growth at 55 °C.

The enzyme C1,20 showed the lowest activity at 5 °C. This acti-
vity increased to achieve an optimum temperature at 25 °C. At 35 °C,
relative activity was 40%, with activity close to zero at temperatures
above 45 °C. This demonstrates that the enzyme has a well-defined
optimum temperature, and a small variation above or below this value
can generate substantial activity losses. Similar results were found
by Kalogeris et al.** when evaluating the enzyme activity of C1,20
produced by Pseudomonas putida.

The time course of enzyme activity is an important and very prac-
tical issue; since this evaluation enables determination of the time re-
quired for the substrate to be converted into a product.” Immobilization
is due to implementing a support that modifies the micro-environment
in which the enzyme works.* However, immobilized enzymes may
have low enzyme activity compared to free enzymes, allowing greater
catalytic efficiency of enzymes, as well as defining their kinetic proper-
ties and stability.” Thus, the application of nutrients did not increase
the activity of immobilized extract, probably due to lower diffusion
through the solid barrier (sodium alginate), where the same occurred
with inhibitors, confirming the theory that immobilized enzymes may
have lower activity due to reduced availability of nutrients, but greater
stability as they are less affected by inhibitors compared to their free
form.*® Our results corroborated this notion, where the cell-free extract
exhibited higher activity than the immobilized extract under many of
the environmental conditions tested.

In many proteins, metal ions interactions play catalytic roles
whereas in others the metals appear to have a purely structural role.
Independently of enzyme (C1,20 or C2,30) and cellular extract (free
or immobilized), Mn** and Fe* ions stimulated enzyme activity.
Conversely, K* and Cu*? ions inhibited enzymatic activity. Other
studies have showned that manganese as a divalent cation is present
in the structure of enzymes as well as iron dioxygenases, but in
smaller proportions, especially for enzymes with intradiol cleavage,
i.e. catechol 1,2-dioxygenase and protocatechol 3,4-dioxygenase.*
This fact can be explained by the chemical properties of manganese
compared to iron II or iron III properties for this ion, such as a core
element that indicates the specific location of the addition of O,,
producing the opening of an aromatic ring.* Both types of catechol
dioxygenase contain an active-site iron that is essential for enzyme
activity.® At the adequate concentration in mineral medium, the iron
improved PAH degradation by Pseudomonas isolates.* In relation
to the effect of Cu*?, many studies have shown inhibition promoted
by this element in enzymatic systems. Copper has been shown to
drastically inhibit catechol dioxygenases activity produced by P.
putida,*' Geobacillus sp.® and Alcaligenes xylosoxidans.*

CONCLUSIONS

The enzyme activity of catechol 2,3-dioxygenase in the cell-
-free extract was higher than catechol 1,2-dioxygenase under most
of the environment conditions evaluated. Catechol 2,3-dioxygenase
exhibited higher activity in upper and lower pH ranges, at higher tem-
peratures, and maintained activity over a broad time course. Enzyme
activity stimulus and inhibitions were similar for both enzymes
with presence of ions in the reaction mixture. The immobilization
of catechol 2,3-dioxygenase did not result in higher activity for this
enzyme in the peaks of pH, low temperatures and presence of toxic
ions. Nevertheless, enzyme activity steadily increased with higher
temperatures. Both enzymes catechol 1,2-dioxygenase and catechol
2,3-dioxygenase produced by Gordonia polyisopre showed activity
over a wide range of environmental conditions and exhibited great
potential for use in bioremediation techniques applied to liquid waste
contaminated with aromatic pollutants.
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