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Abstract

Laccases-catalyzed oxidation of methyl syringate (MS) was investigated at pH 6.0 a@d Dte laccases used were
recombinanfolyporus pinsitus laccase (rPpL) and recombinavit/celiophthora thermophila laccase (rMtL). The apparent
Michaelis—Menten constant was 1.1 mM for rPpL and 3.6 mM for rMtL in air-saturated buffer solution. The bimolecular
constants calculated dgsy = kca/Km Were 10.6 and 6.1 (mM s}, respectively. During MS oxidation an inactivation
of rMtL was indicated showing limited turnover capacity (TC) of the laccase. Human serum albumin (HSA) and bovine
serum albumin (BSA) prevent laccase inactivation. Spectral measurements revealed MS complexation with albumins with
dissociation constant 15M and 18.7uM for BSA and HSA, respectively. Docking calculations showed that MS might
complex within hydrophobic binding sites of albumins. The radical of MS formed during oxidation also binds within the same
sites. The hypothesis was made that albumin is capable of trapping the radical preventing laccase inactivation.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Laccase; Methyl syringate; Serum albumin; Kinetics; Binding constant; Docking

1. Introduction typical laccase substrate is syringic acid methyl ester
(MS) [11,12]. MS is a natural produdi.3] and shows

During the last decade a huge amount of efforts have promising results as a laccase mediator due to a suit-

been made to apply laccases for various industrial pro- able redox potential. MS undergoes a single electron

cesses such as delignification, dye or stain bleaching, oxidation by laccase-catalyzed reaction and forms a

water or soil remediation and waste waters detoxifi- phenoxy radicaJ11]. The scheme of MS-assisted tar-

cation[1-3]. To increase efficiency of these biocat- get molecules conversion can be written as:

alytica}l processes mediators are adfied]. Different laccas€ox) + MS — laccaséred) + MS® + H (1)

organic redox compounds have been suggested as the

mediators for laccase-catalyzed reactigfs10]. A laccaséred) + O + 4H™

— laccaséox) + 2H,0 (2)

Abbreviations: rPpL, recombinanfolyporus pinsitus laccase;
rMtL, recombinant Myceliophthora thermophila laccase; HSA,
human serum albumm;_BSA, bovine serum a!bumln; MS, methyl The vyield of the mediator-assisted catalysis depends
syringate; ES, ethyl syringate; PS, propyl syringate the t ity (TQL41. Duri : fi
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MS* + target molecule- Ht — product+ MS  (3)
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of TC. Moreover, it was noticed that some com- solution was adjusted to pH 7.0 by the addition of
pounds, among them albumins, can prevent laccaseNaOH and stored in refrigerator at@. The activated
inactivation and can increase the reaction yield. Since charcoal used was from ICN, Russia. Concentration
inactivation of oxidoreductases is a common phe- of BSA and HSA was determined spectrophoto-
nomenon concomitant with oxidation of phenolic metrically at 280 nm using an extinction coefficient
substanceq15,16], the laccase inactivation during 43.6(mMcm)y?® [21] and 36.6 (mMcm)?! [22], re-
mediator oxidation is of general interest in these en- spectively. Chymotrypsinogen A (0.141% Intrinsic
zymes applications. Thus, finding the reasons for lac- Chymo) was a product of Worthington Biochemical

case inactivation may allow to improve the industrial
processes in presence of mediators.

The task of this paper was to investigate kinet-
ics of fungal laccases-catalyzed oxidation of MS with

Corp., glucoamylase, bacteri@amylase and insulin
were all products of Novozymes A/S. Solutions of
proteins were prepared by weight in buffer solution.
The concentration of proteins was calculated accord-

special emphasis on the mechanism of albumin as ing to the molecular weight taken from Fluka catalog,

stabilizer.

2. Experimental

2.1. Materials

RecombinantPolyporus pinsitus laccase (rPpL)
and recombinantMyceliophthora thermophila lac-
case (rMtL) heterologously expressedAspergillus
oryzae were obtained from Novozymes A/S. Concen-
tration of rPpL and rMtL was determined spectropho-
tometrically at 615 and 589 nm using an extinction
coefficient 5.3 (mMcm)?! [17] and 4.6 (mMcm)?!

i.e. for chymotrypsinogen A 25000 Da, glucoamylase
97 000 Dap-amylase 58 000 Da and insulin 5733 Da.

2.2. Instruments, procedures and calculations

Oxygen consumption was measured in 10.0ml
thermostated cell by using a computer-controlled
Clark-type oxygen electrode. The concentration of
oxygen in the solution was assumed to be 0.25mM.
The reaction was carried out in 20 mM acetate buffer
solution pH 6.0 at 25C. The initial steady-state
rate was calculated by fitting the kinetic curves
to third-order polynomial functions. The apparent
Michaelis constantKy) and catalytic constank{yy)

[18], respectively. Recombinant laccases have the were calculated according to the Michaelis—Menten

same pl, spectral properties, pH stability, specific
activities and pH profiles as the native protein, and
only specific activity of native MtL was lower than
that of rMtL [17,19] Methyl syringate (MS) from
“Lancaster Synthesis” was additionally recrystallized
from ethanol. Ethyl syringate (ES), propyl syringate
(PS) were synthesized by Novozymes A/S, syringic
acid was from “Aldrich”. Solutions of MS, ES and PS
were prepared by weight in methanol. Human serum
albumin (HAS; purity 98%), and bovine serum albu-
min (BSA; purity 99%, fatty acids 0.1%) were from
“Serva”. The albumins were additionally pretreated
to remove fatty acids, following proceduf20]. One
gram of albumin was dissolved in 10 ml of distilled
water. Activated charcoal (0.5 g) was added to the pro-
tein solution and mixed. The suspension was acidified
to pH 3.0 by adding HCI. The mixture was placed in
an ice bath and stirred magnetically for 1 h. Separation
of charcoal from albumin was performed by centrifu-
gation at 14.000rpm for 20 min. The fresh protein

equation. An apparent bimolecular rate constagg)(
was stated as the ratio &4/Km. All data are pre-
sented as meah standard deviation.
Spectrophotometric measurements were performed
by using a computer-controlled Gilford Instrument
Lab spectrophotometer at 26. A total of 20 mM
acetate with pH 6.0, 20 mM citrate with pH 3.0 and
20mM carbonate buffer with pH 10.0 were used as
buffer solutions. To determine the complex formation
of MS with albumin, the aliquots of 5-30 of stock
solution containing 2 mM MS were added to the solu-
tion of proteins, the concentration of which changed in
the range 10-50QM. After mixing, the absorbance at
250-360 nm was recorded. The concentration of free
syringate was calculated as difference of the initial
and the complex bound syringate. The extinction co-
efficient of complexed syringate was calculated by ex-
trapolating the absorbance at 330 nm to infinite BSA
concentration. Dissociation constant of the complex
was calculated by assuming that the albumin molecule
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containsn equivalent binding centers and by using a
non-linear model of the binding:

101

of performing a local search on an individual was
0.06.

(1/21[MS]o — 1/2nKg — 1/2[Alb]o + 1/22(KZ + 2K4[MS]o

MS] _

+2K4n[Alb] o + [MS]3 — 2n[MS]o[Alb] o + n?[Alb] 3)Y/?)n

[MS]o [MS]o

where [MS} and [MS] are the initial and uncom-
plexed concentration of MS, [Alblthe initial albumin
concentration an&y the dissociation constant of the
complex.

Ab initio calculations of MS structure and charges
were performed on 3-21G basis set and Hartree-Foc
theory with Gaussian 98\j23]. For docking simula-
tions the rotation of methoxy groups, carboxymethoxy
and hydroxyl group in MS and radical form were
considered. The crystal data of native HSA (1A06)
and HSA structure with Myr and TIB was down-
loaded from Protein Data BanlR4,25] Automated
flexible docking simulations were performed by
AutoDock 3.0.5[26—28] All non-protein compounds
were removed from structures during MS docking
calculations. Atomic interaction energy grid maps for
HSA were calculated with 0.25A grid spacing and
120 grid points forming 30 A cubic boxes centered
on TIB binding pockets. The pocket in domain | was
formed by lle 142, His 146, Phe 149, Leu 154, Phe
157, Tyr 161, Arg 186, Gly 189 and Lys 190 and
the pocket in domain Il Lys 199, Leu 219, Phe 223,
Leu 234, Leu 238, Val 241, His 242, Leu 260, Ala
261, lle 264, lle 290 and Ala 291. The space of the

cubic boxes covered the binding pockets of HSA and
the space beyond. The electrostatic interaction energy
grid used a distance-dependent dielectric function

of Mehler and Solmajef29]. The docking was ac-
complished using Lamarckian genetic algorithm. The
number of individuals in population was set up to

50. The maximum number of energy evaluations was

(4)

3. Results and discussion

3.1. Laccase-catalyzed oxidation of methyl

K syringate

The oxidation of MS catalyzed by rPpL showed
typical Michaelis—Menten kinetics, as monitored by
concomitant @ consumption Fig. 1). The apparent
Km value was 11 + 0.3 mM (Table J).

The initial rate of rMtL-catalyzed MS oxidation
reached steady-state level at larger MS concentration;
an apparenkK,, was determined t0.8 = 0.5 mM.

The kinetics of total oxygen consumption was dif-
ferent for the two laccases. In the case of rPpL the rate
did not change up to 95% oxygen use (data not shown).
In contrast, the oxygen consumption decreased if rMtL
was usedKig. 2). The rate indicated rMtL inactivation
during the reaction. Inactivation of rMtL was depen-
dent on the MS concentration. The inactivation was
faster at higher MS concentration. During reaction of
rMtL with MS the activity of the enzyme decreased up
to 39% after 40 min. TC calculated as ratio of molar
concentration of oxidized substrate to molar concen-
tration of inactivated enzyme was 1025. Dialysis of
inactivated laccase solutions against buffer did not re-
store the activity which showed the irreversible charac-
ter of the inactivation of laccases during MS oxidation.

The addition of HSA to rMtL solution increased the
total oxygen consumptior{g. 2). At 50 .M of HSA

500000 and maximum number of generation was e 1

27000. The number of the top individuals that are

Kinetic parameters of laccases-catalyzed MS oxidation determined

guaranteed to survive into the next generation was from the initial rate of the reaction at pH 6.0

one. Crossover rate and mutation rate were 0.02 and| zcase
0.80, respectively. A total of 120 automated runs were

calculated for each compound and for every binding

pocket environment sets with cluster analysis. Clus-
ter tolerance was set up to 1A. Local pseudo-Solis

& Wets search was performed. The number of
iterations for search was 300, and the probability

HSA  Km (mM) keat (571 kox (MMs)™h)
(nM)
rPpL — 1.1+ 0.3 11.2+ 1.0 10.6+ 3.9
rPpL 10 0.4+ 0.08 19.3+ 1.0 47.1+ 120
rMtL - 3.6+ 05 21.64+ 1.3 6.1+ 1.2
rMtL 10 96+ 24 23.94+ 3.7 254+ 1.0
rMtL 50 11.2+ 4.4 19.4+ 5.0 1.7+ 1.1
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Fig. 1. The dependence of rPpL-catalyzed initial MS oxidation rate on substrate concentration in préseacel (n absence of HSA
(@): 20mM acetate buffer, pH 6.0, 2&, 100nM rPpL, 1M HSA.
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Fig. 2. Oxygen consumption during rMtL-catalyzed MS oxidation: 500 nM rMtL, 1 mM MS (solid bold), 1 mM MS apdlBISA (dot
bold), 1 mM MS and 5@M HSA (broken bold), 2mM MS (solid), 2mM MS and 1M HSA (dot), 2mM MS and 5@M HSA (broken).
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all oxygen was consumed during 4 min. The estimated to the oxidized MS, i.e. to radical of MS that has a
TC was more than 10 maximum of absorbance at 287 nfid. 3). At begin-
Inactivation of rPpL during oxidation of MS was ning of the reaction 2 isosbestic points may be indi-
much slower even in HSA-free solution. The enzyme cated at 258 and 280 nm. The decrease of absorbance
activity decreased up to 71% after prolonged (2.5h) during prolonged incubation indicated the splitting of
incubation of the MS solution in the reactor. The cal- the radical and the formation of a compound, with low
culated TC for rPpL was 0O absorbance at 287 nm. As such the compound possess-
The addition of HSA into a rPpL-catalyzed pro- ing o-quinone structure may be suggesiil].
cess increased the initial rate of oxygen consump-  During rMtL-catalyzed MS oxidation the spectrum
tion, whereas in the case of rMtL the rate decreased changed in different mannefig. 4). At beginning the
(Fig. 2). This caused the changes of appat€qt Keat decrease of absorbance at 274 and 287 nm may be ob-
andkoy; kox increased for rPpL and decreased for rMtL  served. This can be explained by slower MS oxidation.

(Table 1. Deconvolution of intermediate spectra also revealed
two spectra corresponding to MS and its radical as in
3.2. Spectra of methyl syringate during oxidation the case of rPpL-catalyzed process.

At pH 6.0, solution of MS shows absorbance maxi- 3.3. The absorption of syringates in presence
mum at 274 nm. During MS incubation with rPpL, the of albumins
absorbance shifted to longer wavelendtig( 3). This
spectrum is a result of overlapping of two spectra. One  The addition of BSA to MS solution did not
spectrum belongs to MS and other may be attributed change the spectrum at pH 3/g. 5. However, the

0,6
B 2 0,6
8 04
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3
2
0.4 <
(]
Q
§ Lo S e e
5 260 280 300 320 340 360
8 Wavelength, nm
<
0,2
0

260 280 300 320 340 360
Wavelength, nm

Fig. 3. The absorbance of MS (0.05mM) in 20mM acetate buffer, pH 6.0 (bold). The other spectra correspond to the reaction mixture
obtained after addition of 46 nM rPpL. Spectra were recorded every 2.5min (2-11) and 5min (12-14). Inset shows the spectrum of
intermediate at 5min conversion: (a) MS, (b) MS radical.
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Fig. 4. The absorbance of MS (0.05mM) in 20mM acetate buffer, pH 6.0 (bold). The other spectra correspond to the reaction mixture
obtained after addition of 415nM rMtL. Spectra were recorded after every 2.5 min (2—6), 5min (7), 10 min (8) and 20 min (9). Inset shows
deconvolution of the spectrum of intermediate at 5min conversion: (a) MS, (b) MS radical.

spectrum changed significantly at pH 6.0 with for- The control experiments of MS binding made by

mation of new absorption band at 330nm. At pH using other proteins at pH 6.0 showed thatpMd

10.0 BSA caused a small spectrum shift from 323 to of chymotrypsinogen A, glucoamylase;amylase or

330 nm. Similar changes of the spectra were observedinsulin did not show any absorbance increase of MS at

in presence of HSA for other syringate esters (ES, PS). 330 nm. At the same BSA concentration 17% of MS

At pH 6.0 ES and PS solutions with BSA showed new was complexed.

absorbance peak at 334nm, and at pH 10.0 a small The spectrum changes during rMtL-catalyzed MS

shift of absorbance maximum from 323 to 327 nm was oxidation in presence of BSA are shown kig. 7.

indicated Fig. 6). The absorbance at 330 nm decreased and absorbance
To explain the absorbance changes, the spectra ofat 265 nm increased during the reaction.

pure MS solution was recorded at different pH. It was

indicated that the spectra were the same at pH 3.0 and3.4. A scheme of albumin action

6.0, but the peak shifted from 274 to 323 nm at pH 10

(Fig. 5). Kinetics of rMtL-catalyzed MS oxidation revealed
MS spectrum changes in presence of albumins al- inhibition of the reaction. The inhibition was irre-

lowed to measure binding parameters. The titration versible since dialysis of inhibited rMtL did not

of albumins solution with varied MS concentration restore the activity. TC calculated from experimental

gaven = 1.06 £ 0.04 and 058 + 0.01 for BSA and data Fig. 1) was 1025. The constant oxygen con-

HSA, respectively. The calculated dissociation con- sumption rate of the rPpL-catalyzed process and the

stants were 12+5.4 and 187+0.4 uM, respectively. larger TC may be explained by a higher resistance
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Fig. 5. The absorbance of MS at different pH and in presence of albumins: 0.05mM MS (solid bold) with 0.01 mM BSA (solid) in 20 mM
citrate buffer, pH 3.0; 0.05mM MS (broken bold) with 0.01 mM BSA (broken) in 20 mM acetate buffer, pH 6.0; 0.05mM MS (dot bold)

and with 0.01 mM BSA (dot) in 20 mM carbonate buffer, pH 10.0.

to MS action. Calculations show that at TC more
than 10 the inhibition could not been detected in the
experimental scheme used.

Unexpected finding of this investigation was that al-
bumins prevent laccase inhibition. To explain albumin

not combine with MS. The albumins are known as
fatty acids carriers in blood, but they also form a com-
plex with aromatic compound81,32] For example,
HSA-myristate complex can bind two molecules of
triiodobenzoic acid (TIB]25]. The titration results of

action, the absorbance spectra of MS were analyzedMS indicated that BSA can bind 1 mol of MS, whereas

in albumin free solution at different pH. The shifting
of absorbance maximum to longer wavelength at al-
kaline pH must be attributed to MS dissociation:

Ph—OH<> PhO™ + H* (5)

HSA binds 0.6 mol of MS. Since crystallographic data
of HSA/TIB complex are available, the docking of MS
in the albumin structure was performed. The calcula-
tion showed that MS may, indeed, form a complex in
domains | and Il of HSA in the same way as T5).

where Ph—OH corresponds to the non-dissociated form The hydrophobic interaction is a main driving force

of MS.

PhO™ formed at alkaline pH and absorbed at longer
wavelength in comparison to non-dissociated phenol
[30]. In presence of albumins, however, the similar
spectrum was generated at pH 6Fgs. 5 and &
This indicated that MS (ES) formed a complex with
albumin and that MS in the complex was dissociated.
In contrast to albumin other investigated proteins did

of the complexes formation. In domain | the interac-
tion of the phenol group with His 146 may be realized
in addition. In domain Il the phenolate group inter-
acts with Lys 199 and His 24F{g. 8). Mean docking
energy of the complex in domain | was30.2 kJ/mol
and in domain 1I-30.5 kJ/mol.

From docking calculations followed that HSA
may combine more than 1 mol of MS. However, the
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Fig. 6. The absorbance of ES at different pH and in presence of albumin: 0.05mM ES (solid bold) with 0.01 mM BSA (solid) in 20 mM
citrate buffer, pH 3.0; 0.05mM ES (broken bold) with 0.01 mM BSA (broken) in 20 mM acetate buffer, pH 6.0; 0.05mM ES (dot bold)
and with 0.01 mM BSA (dot) in 20 mM carbonate buffer, pH 10.0.

titration indicated 0.6 mol of MS binding. This can
be explained that calculations were performed with
myristate/TIB structure of HSA, whereas experiment
was performed with purified albumin. Fatty acids,
as it was indicated in many publications, form the
side of the aromatics complexatig85,33,34] The
amount of residual fatty acids, however, will vary for
HSA and BSA. This may explain the difference of
stoichiometry of HSA and BSA.

The binding of MS with albumins permits to

albumins may be explained by radicals trapping. The
calculations show that radical of MS may form the
complexes with albumins in the same sites as MS.
The docking energy of radical was very similar to
MS, i.e.—29.3 and—30.0 kJ/mol for domains | and Il
of HSA, respectively. In contrast to MS, the complex-
ation of the radical can be irreversible due to it fast
reaction with polypeptide. The complexation and re-
action of radicals with albumin will prevent laccases
inactivation.

explain albumins action on laccases-catalyzed MS The low concentration of albumins used for re-

oxidation. In literature, the mechanism of oxidore-
ductases inhibition is not completely clear, but sug-

tarding of laccases inactivation can not explain ini-
tial rate change due to decrease of free (unbound)

gestion was made that peroxidases inactivation in MS concentration. Preliminary experiments show
the presence of phenol substrates occurred by irre-that laccases form complexes with albumins, and
versible reactions between the enzyme and phenoxylthe complexation decreases activity of laccases.

radicals formed by one electron oxidation of the phe-
nol substrates during the catalytic cygli]. If this

mechanism-based enzyme inactivation involving rad-

Therefore, the change of initial rate of MS oxida-
tion might be associated with complex of albumin/
laccase formation, rather than with MS concentration

ical intermediates is valid for laccases, the action of decrease.
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Fig. 7. Absorbance change during rMtL-catalyzed MS oxidation in presence of BSA solution at pH 6.0; 20 mM acetate buffer, 415nM
rMtL, 0.05mM MS, 0.01 mM BSA. Solid bold curve shows initial absorbance of MS and BSA solution, the arrows indicate the directions

of change in absorbance.
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