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Laccase-catalyzed oligomerization of proteins was studied using Trametes hirsuta laccase (ThL) and
coactosin as a model system. The reaction mechanism was elucidated using free amino acids and
the tripeptide Gly-Leu-Tyr as substrates. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) and high-performance liquid chromatography (HPLC) as well as
oxygen consumption measurements and SDS-PAGE were used to study the reactions. Of the 15
selected amino acids, ThL was found to oxidize tryptophan (Trp), tyrosine (Tyr), and cysteine (Cys),
of which the reactions with Tyr and Cys have been described earlier. ThL was able to link four full-
length coactosins, whereas coactosin that was truncated from its C-terminus remained unpolymerized.
Of the four tyrosine residues present in coactosin, only the tyrosine in the C-terminus was found to
be reactive. Polymerization between tyrosine side-chains was unambiguously shown using different
oligomers of Gly-Leu-Tyr as parent ions in MALDI-TOF/TOF MS fragment ion analyses.
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INTRODUCTION (29), whereas only limited food-related applications have been
studied (30—33). Laccases have potential in, for example, food
structure engineering as they can polymerize feruloylated
carbohydrates (3435) as well as tyrosine-containing proteins
and peptides (236, 37). In baking (38), laccases could improve
bread volume (39) by cross-linking different sugars via ferulic
acid side-chains36, 40, 41). It has also been shown that laccases
can cross-link whey proteins in the presence of phenolic acid
T . . (42). In meat applications, myosin heavy chain and troponin T
active in various environments. Some laccases are able to .
catalyze reactions, for example, at high temperatuté3 &nd were the most attractive substrates for Iacca9§$ ( . )
at low pH (17). However, the optimal pH range for most Howevgr, at present, laccase-catalyzed react!ons with proteins
laccases is 4.0 t’5.0 (18). Laccases also have a broad substrate at the residue level are poorly understood. Hitherto, the only
specificity. They are capable of oxidizing various phenolic known chemical bonds resulting from laccase-catalyzed oxida-
Compoundsy aminES, thiols’ and even some inorganic Compoundéion Of dif‘fel’ent amino aCid Side-ChainS have been the dISU|phIde
such as iodine19—25). Laccases oxidize their substrates by bonds formed between cysteindg(45) and the isodityrosine
removal of one electron, which results in the formation of free bond formed between tyrosines (27).

Laccases (EC 1.10.3.2) are multicopper and -domain blue
proteins (MCBPs)J) that utilize the distinctive redox potential
of copper ions 2). They form a multicopper oxidase family
(MCOs) together with the ascorbate oxidasgs gnd cerulo-
plasmins (45). In nature, laccases are mainly found in fungi
and plants §—10), but some enzymes have been also isolated
from bacteria and from insectd1—15). Fungal laccases are

radicals (2126, 27). The radicals can undergo further nonen- In this work, we studied’rametes hirsutdaccase-catalyzed
zymatic reactions including disproportionation, polymerization, reactions with proteins to detect the production of oligomeric
and hydration as well as fragmentatid2Bj. forms as well as to identify cross-links between separate protein

The ability of laccases to function in different conditions is molecules and between different amino acid side-chains in the
important in terms of industrial applications. The application protein. Because even small proteins have complex 3-D
research has so far focused mainly on pulp and textile processestructures, 15 natural amino acids as well as the tripeptide Gly-

Leu-Tyr were used as model substrates in addition to full-length
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IVTT- o o o (Figure 1) consists of fouro-helixes and severg-sheets
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Figure 1. 3-D structures of full-length coactosin from different viewpoints (A-D). In the molecules, four tyrosines are shown in purple, two cysteines in
yellow, and two tryptophans in blue. The figures were produced with the Protein Explorer program.

in the flexible tail and is thus expected to be easily accessible conditions as used in the SDS-PAGE experiments. All enzyme reactions
for oxidation and cross-linking. In the truncated coactosin, the were performed at room temperature. o
C-terminal tail has been removed. Therefore, the full-length and ~ Oxygen Consumption MeasurementsThe ThL-catalyzed oxidation

truncated coactosins form an excellent model protein pair for of selected amino acids as well as the reactivity of the enzyme on the
enzymatic cross-linking studies. full-length and truncated coactosin were analyzed by monitoring the

consumption of dissolved oxygen during the ThL reaction. After

initiation of the reaction by enzyme addition, oxygen consumption was

MATERIALS AND METHODS monitored for 3 h using an oxygen electrode (FIBOX 3 fiberoptic
Enzyme. Laccase from the filamentous fungids hirsuta was oxygen meter, PreSens, Germany). The measurements were carried out

purified and characterized at VTT (47), and its enzymatic activity was under constant mixing in completely filled 1.84 mL sealed flasks to
determined using 2'21zino-bis(3-ethylbenzthiazoline-6-sulfonic acid ~ avoid entry of oxygen into the reaction mixture during the measure-
(ABTS) as a substrate (48). ments.

Substrates. Truncated coactosin (15 kDa, residuesiB1) was SDS-PAGE. Proteins were separated by SDS-PAGE in 12%
cloned to a pRATS5 plasmidiQ) as described elsewhere for cloning of ~ Polyacrylamide (w/v) gels according to Laemn80) and subsequently
the full-length coactosin (16 kDa, residues142) (46). Proteins were  Stained with Blue Stain Reagent (Pierce Biotechnology Inc., Rockford,
expressed ifEscherichia colBL21(DE3) cells in LB media. Boththe ~ IL). Molecular weight standards (6:3%6 kDa, prestained standard,
full-length and the truncated proteins were purified as described broad range, Bio-Rad, Hercules, CA and 1494 kDa, low molecular
previously (46). The vields of the purified full-length and truncated Wweight marker, Amersham Biosciences, Uppsala, Sweden) were used
coactosins were 80 and 100 mg, respectivelynftoL of cell culture. as molecular weight markers. The gel images were analyzed using a
Amino acids used as ThL substrates in oxygen consumption measure-BioRad GelDoc 2000 gel-documentation system equipped with a
ments were of a different origin. Phenylalanine, tyrosine, and cysteine Quantity One program (Bio-Rad Laboratories, Hercules, CA).
were from Merck (Darmstadt, Germany); proline, serine, threonine,  Gel-Filtration. Reaction products resulting from ThL-catalyzed
arginine, asparagine, aspartic acid, glutamine, glutamic acid, histidine, reactions on full-length coactosin were subjected to gel-filtration in a
leucine, and lysine were from Fluka (Buchs, Switzerland); and Superdex 75 16/60 gel-filtration column. Chromatography was per-
tryptophan was from Sigma-Aldrich (St. Louis, MO). The tripeptide formed in 10 mM bis-Tris, pH 6.0, 50 mM NaCl, 1 mM DTT, and
Gly-Leu-Tyr was purchased from Sigma-Aldrich (St. Louis, MO). 0.1% NaN using an ATA Purifier liquid chromatography system

Enzyme Treatment.Depending on the method, enzymatic reactions (Amersham Pharmacia Biotech, Uppsala, Sweden). Fractions of 1 mL
were carried out at pH 4.5 or 6.0 in 25 or 10 mM succinic acid. To were collected and subsequently analyzed by SDS-PAGE.
speed up the reactions to a reasonable level as well as to increase the Trypsin Digestion and Protein and Peptide Separation by RP-
amounts of the reaction products to detectable levels, rather high enzymeHPLC. For trypsin digestion, the fractions from gel-filtration corre-
dosages (784000 nkatkmol of substrate) were used. However, before  sponding to monomeric and dimeric forms of full-length coactosin were
the experiments, it was ensured that the reactions also occurred insubjected to reversed-phase chromatograplayd mmx 20 mm TSK-
catalytic enzyme concentrations (i.e., when the enzysubstrate ratio TMS250 column (TosoHaas, Tokyo, Japan). Chromatography was
was c.a. 1:1000). The pH optimum of ThL is 4.5, and hence, the performed by a linear gradient of acetonitrile{B00% in 60 min) in
catalytic activities of the enzyme on the free amino acids and on the 0.1% trifluoroacetic acid (TFA) at a flow rate of 20Q./min and by
tripeptide Gly-Leu-Tyr were determined at this pH, although the monitoring at 214 nm. The peaks corresponding to the monomeric and
coactosins are not fully stable at pH 4.5. However, when evaluating dimeric forms on the basis of SDS-PAGE were alkylated and digested
the relevance of the 3-D structure of the full-length coactosin for the with trypsin, and the tryptic peptides were separated by reversed-phase
enzyme activity, the experiments were performed at pH 6.0. The chromatography on a 1 mm 150 mm C4 (214TP5115, Grace Vydac,
concentrations of the model substrates varied between 0.06 and 1.5Hesperia, CA) column (51).

mM with incubation times of +24 h. To prevent aggregation of the Mass Spectrometry.MALDI-TOF/(TOF) MS analyses were per-
protein, 1 mM dithiothreitol (DTT) was added to the reaction mixture. formed on an Ultraflex TOF/TOF MS (Bruker Daltonik GmbH,
To perform the gel-filtration experiments with the full-length coactosin, Bremen, Germany) instrument equipped with a nitrogen laser operating
4 mg of pure protein was treated with the enzyme in the same reactionat 337 nm. The mass spectra were acquired in positive ion reflector
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Figure 2. Oxygen consumption vs time in ThL-catalyzed reactions with 0 -
tyrosine, cysteine, and tryptophan as well as with full-length and truncated
coactosin. Treatment conditions for the amino acids were as follows: x10¢ 880.33 B
volume 1.84 mL, ThL dosage 70 nkat/umol, buffer 25 mM succinic acid,
pH 4.5, substrate concentration 1.5 mM. Treatment conditions for the
full-length and truncated coactosin were as follows: ThL dosage 140 nkat/
umol, buffer 10 mM succinic acid, pH 4.5, substrate concentration 1 mM.
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Germany) as the matrix and external calibration with a peptide
calibration standard (P/N 206195, Bruker Daltonik, Bremen, Germany).
For MALDI-TOF/TOF fragment ion analysis of selected parent ions,
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Model Peptide. The suitability of 15 naturally occurring amino 0% 500 750 500 950 1000 1700
acids as substrates for ThL was tested by the oxygen consump-
tion method. Serine and threonine with a hydroxyl group in the o
side-chain were selected from the nonaromatic amino acids. All Fidure 3. Mass spectra measured from ThL-treated Gly-Leu-Tyr tripeptide.
acidic, basic, and aromatic amino acids as well as imino acids Treatment conditions: volume 0.1 mL, ThL dosage 70 nkat/umol, buffer
were tested. Cysteine from sulfur-containing amino acids as well 2_5 m su_ccinic acid, pH 4.5, substrate concentration 1.5 mM, reaction
as leucine from the aliphatic amino acids were also tested. On iMe 30 min. In the MALDI-TOF mass spectrum (A), the Arabic numbers
the basis of the oxygen consumption measurements, ThL couldabove the mon0|so;op|c prptonated Masses _show the pumber of Gly-
oxidize tryptophan, cysteine, and tyrositfégure 2), of which Leu-Tyr monomers in the ollgom_ers, resulting in the o_btamed masses. In
the reactivities with cysteine (445) and tyrosine (27) have the MALDI-TOF/TOF MS experiment (B), the trimeric molecule Wlth a
been reported earlier. Oxygen consumption rates were estimatedietermlned monoisotopic protonated mass of 1050.49 Da (corresponding
from the linear slopes of the curves to be 008012, 0.16 x to three c_ovalently bound GIy-Leu-Tyr monomers)_was use_d_ as the
1012 and 1.4x 1012 mol s nkat™® (27), respectively. The precursor ion and analy;ed in the LID-LIFT mode wn_hout collision gas.
error of the measurements was approximatedy)%. The ability The resulting .fragment ions correspgnd to a sequgntlal I.oss of Gly and
of ThL to oxidize cysteine and tryptophan as compared to Leu fragment ions resulting in a tyrosine fragment trimer with a protonated
tyrosine was weak, and hence, ThL reactivity toward these Mass of 540.05 Da.

model compounds was not further studied. The oxygen con-
sumption rate for the tripeptide Gly-Leu-Tyr (3:810712 mol

s 1 nkat'1) has been published recently (27).

The oligomerization of the tripeptide Gly-Leu-Tyr by ThL oligomer  observed mass (m/z) ~ predicted mass (m/z) ~ difference (m/2)
and the covalent linkages formed between tyrosine residues in gLy, 701.28 701.35 —0.07
[(GLY)sH]* 1050.49 1050.51 -0.02
spectrum measured directly from the reaction mixture after 30 [(GLY)JH]* 1399.67 1399.68 -0.01
min reaction time shows clear oligomerization of the peptide, [(GLY)5:]: %gsgé %gggg :883
and homopolymers up to 11 units were detected from the {EGLY;SH%+ 244710 224717 006

[(GLY)
[(GLY)
[(GLY)
[(GLY)

m/z

Table 1. Monoisotopic Protonated Masses of Oligomers Resulting from
Incubation of Gly-Leu-Tyr Tripeptide with ThL2

solution (Figure 3A ). The covalent bonds between the [(GLY)gH]* 2796.26 2796.33 -0.07
monomers were formed by elimination of two hydrogen atoms  [(GLY)sH]* 3145.46 3145.49 -0.03
as shown previously2(). Hence, the calculated molecular — [(CLY)oHI" 3494.65 3494.66 -0.01
masses for the oligomers are given by [nMW(n — 1)2H + uuH] 384484 3843.48 136
H]*, wheren is the number of monomers and MW is the
molecular weight of the substrate. The observed monoisotopic
masses as well as the corresponding predicted masses of th
oligomers are listed iable 1. The differences are within the
mass accuracy of the used instrument. as shown in the example for the Gly-Leu-Tyr trimer. When the
The nature of the chemical bonds in the formed Gly-Leu- Gly-Leu-Tyr trimer (m/z= 1050.49 Da) was fragmented by
Tyr oligomers was further studied by MALDI-TOF/TOF MS  laser-induced dissociation (LID) and analyzed in the LIFT mode,

@ Corresponding MALDI-TOF mass spectrum is shown in Figure 3A. The
redicted masses of the oligomers are shown for comparison as well as the
ifferences between observed and predicted masses.



8886 J. Agric. Food Chem., Vol. 54, No. 23, 2006 Mattinen et al.

A 1 2 3 4 5 6 T 8 9 10
175 kDa |-
ThL P < tetramer
<—— trimer
B dimer
Full-length 6‘4_"-__'-:_' — e monomer
coactosin
B 1 2 3 4 5 6 7 8 9 10
175 kDa|-
ThL P
Truncated —_—
coactosin O-4 |7 e S ————————F <—1— _MONOMeEr

Figure 4. SDS-PAGE analyses of ThL-treated full-length and truncated coactosin. (A) In lane 1: molecular weight marker (6.5, 16.5, 25, 32.5, 47.5, 62,
83, and 175 kDa); lane 2: full-length coactosin; lane 3: ThL; lanes 4-9: time points (2, 3, 4, 5, 6, and 24 h) from the ThL—full-length coactosin reaction
mixture; and lane 10: sample from the oxygen consumption measurement (Figure 2) of full-length coactosin. (B) In lane 1. the same molecular weight
marker as in panel A; lane 2: truncated coactosin; lane 3: ThL; and lanes 4-10: time points (1, 2, 3, 4, 5, 6, and 24 h) from the ThL-truncated
coactosin reaction mixture. Treatment conditions: volume 0.02 mL, buffer 10 mM succinic acid, pH 6.0 containing 1 mM DTT, substrate concentration
0.06 mM for full-length or truncated coactosin, ThL dosage 4000 nkat/umol.

a sequential loss of Gly and Leu fragment ions was detectedthe gel. These results suggest that oligomerization of the full-
(Figure 3B), with the final product fi/z = 540.05 Da) length coactosin occurred via the flexible C-terminal tail
corresponding to a covalently bound tyrosine fragment trimer. containing the accessible tyrosine residue (Tyr137). To further

ThL-Catalyzed Oligomerization of Model Proteins. Ac- support these findings, equal amounts of the full-length and
cording to the oxygen consumption measurement, ThL could truncated coactosin were mixed together and treated with ThL
also oxidize a small protein, the full-length coactosin, which for 1, 6, and 24 h. As can be seen frdfigure 5, lanes 57,
contains four tyrosine, two tryptophan, and two cysteine residuesthe band of the full-length coactosin decreased as a function of
in its polypeptide chain. The oxygen consumption rate was 0.4 the reaction time, and after 24 h, the band had almost
x 10712 mol s™1 nkat™L. By contrast, truncated coactosin could disappeared, whereas the band of truncated coactosin still had
not be oxidized by ThL (data not shown). As can be seen from its original intensity, indicating that the truncated coactosin
Figure 2, oxygen consumption curves of the model substrates remained unpolymerized in ThL treatment. By contrast, the full-
decayed in the order tyrosine coactosin> cysteine > length coactosin polymerized up to dimers, trimers, and tetra-
tryptophan. Oxygen consumption rate was the highest for
tyrosine, but surprisingly the rate for the full-length coactosin
protein was only 3.5 times slower than that for tyrosine.

The molecular weights of the reaction products of ThL-

1 2 3 4 5 6 7

oxidized coactosin were determined by SDS-PAGE. The degrees 175 kDa |-
of polymerization of the full-length and truncated coactosins Tht — b tetraimer
formed in ThL-catalyzed reactions are shownFigure 4. In <—trimer
the case of full-length coactosiRifjure 4A), molecular weights L dimer
corresponding to oligomers up to tetramers were formed after
a reaction time B2 h (Figure 4, lane 4). After a 24 h reaction  Full-length = = S ——

and truncated 6.4 |- "= monomers

time, nearly all the coactosin monomers had been polymerized
(Figure 4, lane 9). A sample from the end point of the oxygen
consumption measurement (Figure 4A, lane 10) is shown for Figure 5. SDS-PAGE analysis of a ThL-treated mixture of full-length and
comparison. On the basis of the intensities of the bands aftertruncated coactosin. Lane 1: molecular weight marker (6.5, 16.5, 25, 32.5,
24 h reaction timeKigure 4, lane 9), only approximately 10%  47.5, 62, 83, and 175 kDa); lane 2: ThL; lane 3: full-length coactosin;
of the original intensity of the full-length, unpolymerized lane 4: truncated coactosin; and lanes 5-7: time points (1, 6, and 24 h)
coactosin could be detected. In the case of truncated coactosinfrom the mixture of full-length and truncated coactosin treated with ThL.
without the flexible C-terminal tailKigure 4B), no oligomer- Treatment conditions: volume 0.02 mL, buffer 10 mM succinic acid, pH
ization products were observed. Only the bands corresponding6.0, substrate concentration 0.04 mM for full-length and truncated
to the truncated coactosin monomer and ThL were visible on coactosin, ThL dosage 400 nkat/umol.

coactosin
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Figure 6. Separation of the oligomers formed in ThL-catalyzed reactions with full-length coactosin. (A) Gel-filtration chromatogram and corresponding
SDS-PAGEs (B and C) from the main fractions. In panels B and C, the first lanes are low molecular weight markers (94, 67, 43, 30, 20, and 14 kDa)
and the lanes 1-3, 12-19, 26, and 30—34 are from the corresponding fractions of the gel-filtration chromatogram. A sample from the starting point of
the purification is shown in the last lane of SDS-PAGE in panel C. Treatment conditions: volume 1 mL, buffer 10 mM succinic acid, pH 6.0 containing
1 mM DTT, substrate concentration 0.25 mM coactosin (4 mg of pure protein), ThL dosage 4000 nkat/xmol, reaction time 17 h.

mers as expected on the basis of the results shoviigiare MALDI-TOF/TOF fragment ion analysis. In the corresponding
4A. ThL-catalyzed oligomerization of other proteins such as peptide mass fingerprint from the purified coactosin dimer, this
bovine serum albumin (BSA, 67 kDa) and bovigdacto- peptide was completely missing (data not shown). Instead, the

globulin (18 kDa) was also tested, but no oligomerization digest from the full-length coactosin dimer contained a peptide
products were detected by SDS-PAGE (data not shown). with a moleculas mass of 2161.86 D&idure 7), which

For further study of the oligomers of full-length coactosin, a corresponds to the calculated masg¥Z= 2161.85 Da) of a
larger amount of the protein was polymerized by ThL. Separa- tyrosine cross-linked dimer of the C-terminal tryptic peptide.
tion of the reaction products by gel-filtration and analysis of This peptide was poorly visible in the total mass fingerprint
the resulting fractions by SDS-PAGE are showrfigure 5. but could easily be detected in one of the late reversed-phase
The results show that the monomeFsgure 5C, lanes 30— chromatography fractions from the tryptic digest (data not
34) could be separated from the oligomers, which partially shown).
coeluted with each other and with the ThEigure 5C, lanes
12—-19). The monomerHgure 5C, fractions 32 and 33) and DISCUSSION
dimer (Figure 5C, fractions 18 and 19) fractions were further In this work, the ability of ThL to oxidize tyrosine side-chains
purified by reversed-phase chromatography, which resulted in in a small protein was investgated using full-length and truncated
pure monomer and dimer preparations as analyzed by SDS-coactosin as model substrate proteins. The aim of the work was
PAGE (data not shown).The reversed-phase purified coactosinto demonstrate the importance of the accessibility of tyrosine
monomer and dimer were digested with trypsin, and the resulting side-chains in the cross-linking and oligomerization of proteins
peptides were subjected to direct MALDI-TOF peptide mass by laccase. In addition, the simpler tripeptide Gly-Leu-Tyr was
fingerprint analyses as well as separation by reversed-phasaised as a model substrate to prove unambiguously that ThL is
chromatography followed by MALDI-TOF MS analysis of the capable of generating covalent bonds between the aromatic rings
collected peptides. In the tryptic peptide mass fingerprint of the of tyrosines.
full-length coactosin, the C-terminal peptide (residues-116 On the basis of the data presented in this work, ThL could
126, m/z= 1081.43 Da) could be seen and also identified by directly oxidize the small full-length coactosin protein without
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Figure 7. MALDI-TOF mass spectrum of a selected tryptic peptide fraction @ CH—
from purified and digested full-length coactosin dimer. The fraction 0 2
contained the potential dimeric C-terminal peptide (m/z = 2161.86 Da), —cn
)

which cross-links two full-length coactosin monomers to the dimer. For

analysis, the coactosin dimer, purified by gel-filtration and subsequent |

reversed-phase chromatography, was cleaved with trypsin, and the . | laccase

peptides formed were separated by reversed-phase chromatography 02 LR LA — ZHZO
followed by MALDI-TOF MS analysis of the fractions.

any auxiliary substances or mediators, although earlier studies

an]ltrl‘ hllghmmgiletc urlar rW?ght pr(r)te}lnrs rSLtlgi%eSrted malgnsrcv?tlL affected proteins after ThL treatmemt3). However, in that
olecule MedIators are necessary for protein cross 9 study, the substrate solution contained a number of other

Iaccase_s (53). Coa_ctosm_d|mers, trimers, and_tetramers Werecompounds in addition to the different proteins, which made it
formed in the reactions with full-length coactosin, whereas no

. L . impossible to draw any conclusions about the reaction mech-
oligomerization products were observed with the truncated P y

protein lacking the tyrosine-containing C-terminus. These find- anisms of Thi-catalyzed oxidation of proteins.

ings support the conclusion that long flexible tails such as the It can be concluded that proteins, in general, are poor
gs support it 9 - substrates for laccases. Only tyrosine, cysteine, and tryptophan
C-terminal tail in the full-length coactosin are required for cross-

o . . . residues could be oxidized by laccase. Protein folding (i.e., the
IS'EE'Q sfgle(;filﬁ;ottzillr; swbeyreTEI(;t. giﬁsiafé?%togrlﬁf Lilrllr:JL?Cslf[:](?ies accessibility of reactive amino acid side-chains) was the main
The covalent bonding between tyrosin)tla residues in ThL.- factor deter_mlnlng the extent of protein cross-lmk!ng._The size
catalyzed oxidation was unambiguously proved by MALDI- of the protein also_ affectt_ed the degree of polymerization. Th.us,
TOF/TOF MS analysis of the trimer of the tripeptide Gly-Leu- ThL-gathyzed oligomerization of the fuII-Iengt.h coactosin
Tvr. The covalent bonds formed between the tvrosine side- protein is expected to proceed by the same reaction mechanism
yr. 1he . L ey (Scheme 1) as shown recently for short peptid2g)(
chains (i.e., via the aromatic rings of the tyrosines) were more
stable than the ordinary peptide bonds since in laser-induced
dissociation, Gly and Leu fragment ions could be sequentially
removed from the molecule whereas the Tyr fragments remained BSA, bovine serum albumin; Cys, cysteine; 3-D, three-
bound to each other in the fragmentation conditions used.  dimensional structure; DTT, dithiothreitol; Gly, glysine; Gly-

B-Lactoglobulin has been extensively studied during recent Leu-Tyr, glysine-leucine-tyrosine tripeptide; HPLC, high-
years (54—58), and several 3-D structures of the protein have performance liquid chromatography; Leu, leucine; MALDI-TOF
been determined by means of X-ray crystallography (59—61) MS, matrix-assisted laser desorption/ionization time-of flight
and NMR spectroscopyR—64). 8-Lactoglobulin contains five ~ mass spectrometry; MCBP, multicopper blue protein; MOC,
tyrosine residues, only one of which is located on the surface multicopper oxidase; RP, reversed-phase; SDS-PAGE, sodium
of the protein. However, the overall shape of fhkactoglobulin dodecyl sulphate-polyacrylamide gel electrophoresis; TFA,
is highly globular, and the rotating aromatic ring of the tyrosine trifluoro acetic acid; ThL, Trametes hirsutalaccase; Trp,
residue pointing outward from the surface of the protein is not tryptophan; Tyr, tyrosine.
accessible enough for enzymatic oxidation and subsequent
oligomerization as is the tyrosine side-chain in the C-terminal ACKNOWLEDGMENT
tail of the full-length coactosin. In coactosin, most of the reactive
tyrosines are located inside the protein, and their enzymatic
accessibility is poor. This also supports the conclusion that in
ThL-catalyzed reactions, cross-links were formed between
tyrosines in the C-terminal tail. The structure of BSA is heart- LITERATURE CITED
B T re () DaVes G Duco, . Laosse,Handa o el

. DR proteins; Messerschmidt, A., Huber, R., Poulos, T., Wieghardt,

of B_SA is qlso too compact for enzymatic o_X|dat|on of the_ K., Eds.; Wiley Ltd.: New York, 2001; Vol. 2, pp 1359.368.
tyrosine residues and subsequent oligomerization of the protein, (2) Nakamura, K.; Go, N. Function and molecular evolution of
as was the case with truncated coactosin. On the other hand, it multicopper blue protein<ell. Mol. Life Sci.2005,62, 2050—
has been reported that when using a salt-soluble chicken-breast 2066.

myofibril protein mixture as the ThL substrate, the myosin heavy
chain (MHC, 200 kDa) and troponin T (30 kDa) were the most

ABBREVIATIONS USED

We thank Elina Ahola, Gunilla R6nnholm, and Heljd Heikkinen
for their skillful technical assistance.



Effect of Protein Structure on Laccase-Catalyzed Oligomerization

(3) Messerschmidt, A. Ascorbate oxidaseHandbook of Metallo-
proteins; Messerschmidt, A., Huber, R., Poulos, T., Wieghardt,
K., Eds.; Wiley Ltd.: New York, 2001; Vol. 2, pp 13451358.

(4) Lindley, P. F. Ceruloplasmin. IHandbook of Metalloproteins;
Messerschmidt, A., Huber, R., Poulos, T., Wieghardt, K., Eds.;
Wiley Ltd.: New York, 2001; Vol. 2, pp 13691380.

(5) Kosman, D. J. Fet3p, ceruloplasmin, and the role of copper in
iron metabolismAdv. Protein Chem2002,60, 221—269.

(6) Harvey, B. M.; Walker, J. R. K. Studies with plant laccases: I.
Comparison of plant and fungal laccasBsochem Mol. Biol.
Biophys1999,3, 45-51.

(7) Solomon, E. I.; Sundaram, U. M.; Machonkin, T. E. Multicopper
oxidases and oxygenasé&hem. Rev1996,96, 2563—2605.

(8) Mayer, A. M.; Harel, E. Polyphenol oxidases in plariéhy-
tochemistry1979,18, 193—215.

(9) Huttermann, A.; Mai, C.; Kharazipour, A. Modification of lignin
for the production of new compounded materidppl. Micro-
biol. Biotechnol.2001,55, 387—394.

(10) Sato, Y.; Wuli, B.; Sederoff, R.; Whetten, R. Molecular cloning
and expression of eight cDNAs in loblolly pin®ifus taeda).

J. Plant Res2001,114, 147—155.

(11) Claus, H.; Filip, Z. The evidence for a laccase-like enzyme
activity in a Bacillus sphaericusstrain. Microbiol. Res.1997,
152, 209—-216.

(12) Givaudan, A.; Effosse, A.; Faure, D.; Potier, P.; Bouillant, M.
L.; Bally, R. Polyphenol oxidase imzospirillum lipoferum
isolated from rice rhizosphere: evidence for laccase activity in
nonmotile strains oAzospirillum lipoferumFEMS Microbiol.
Lett. 1993,108, 205—210.

(13) Diamantidis, G.; Effosse, A.; Potier, P.; Bally, R. Purification
and characterization of the first bacterial laccase in the rhizo-
spheric bacteriunAzospirillum lipoferumSoil Biol. Biochem.
2001,32, 919-927.

(14) Hopkins, T. L.; Kramer, K. J. Insect cuticle sclerotizatiénnu.

Rev. Entomol1992,37, 273—302.

Kramer, K. J.; Kanost, M. R.; Hopkins, T. L.; Jing, H.; Zhu, Y.

C.; Xu, R.; Kerwin, J. L.; Turecek, F. Oxidative conjugation of

catechols with proteins in insect skeletal systelretrahedron

2001,57, 385—392.

Suzuki, T.; Endo, K.; Ito, M.; Tsujibo, H.; Miyamoto, K;

Inamori, Y. A thermostable laccase fro8treptomyces laven-

dulaeREN-7: purification, characterization, nucleotide sequence,

and expressiorBiosci. Biotechnol. Biochen2003,67, 2167—

2175.

Xu, F.; Berka, R. M.; Wahleithner, J. A.; Nelson, B. A.; Shuster,

J. R.; Brown, S. H. Site-directed mutations in fungal laccase:

effect on redox potential, activity, and pH profilBiochem. J.

1998,334, 63-70.

Johnson, D. L.; Thompson, J. L.; Brinkmann, S. M.; Schuller,

K. A.; Martin, L. L. Electrochemical characterization of purified

Rhusverniciferalaccase: voltametric evidence for a sequential

four-electron transfeBiochemistry2003,42, 10229—-10237.

(19) Xu, F. Oxidation of phenols, anilines, and benzenethiols by fungal
laccases: correlation between activity and redox potentials as
well as halide inhibitionBiochemistry1996, 35, 7608—7614.

(20) Ikeda, R.; Sugihara, J.; Uyama, H.; Kobayashi, S. Enzymatic
oxidative polymerization of 2,6-dimethylphentdacromolecules
1996,29, 8702—8705.

(21) Thurston, C. F. The structure and function of fungal laccases.
Microbiology 1994,140, 19-26.

(22) Ikeda, R.; Uyama, H.; Kobayashi, S. Novel synthetic pathway
to a poly(phenylene oxide). Laccase-catalyzed oxidative polym-
erization of syringic acidvlacromolecule4996 29, 3053-3054.

(23) Xu, F.; Shin, W.; Brown, S. H.; Wahleithner, J. A.; Sundaram,
U. M.; Solomon, E. I. A study of a series of recombinant fungal
laccases and bilirubin oxidase that exhibit significant differences
in redox potential, substrate specificity, and stabilByochim.
Biophys. Actal996,1292, 303—311.

(24) Bollag, J. M.; Sjoblad, R. D.; Minard, R. D. Polymerization of
phenolic intermediates of pesticides by a fungal enzyme.
Experiential977,33, 1564—1566.

(15)

(16)

an

(18)

J. Agric. Food Chem., Vol. 54, No. 23, 2006 8889

(25) Bollag, J. M.; Minard, R. D.; Liu, S. Y. Cross-linkage between
anilines and phenolic humus constituersziron. Sci. Technol.
1983,17, 72-80.

Yaropolov, A. |.; Skorobogatko, O. V.; Vartanov, S. S,

Varfolomeyev, S. D. Laccase. Properties, catalytic mechanism,

and applicability.Appl. Biochem. Biotechnoll994,49, 257—

280.

Mattinen, M.-L.; Kruus, K.; Buchert, J.; Nielsen, J. H.; Andersen,

H. J.; Steffensen, C. Laccase-catalyzed polymerization of

tyrosine-containing peptide§EBS J.2005,272, 3640—3650.

Felby, C.; Nielsen, B. R.; Olesen, P. O.; Skibsted, L. H.

Identification and quantification of radical reaction intermediates

by electron spin resonance spectrometry of laccase-catalyzed

oxidation of wood fibers from beecippl. Microbiol. Biotech-

nol. 1997,48, 459—464.

Xu, F. Fermentation, biocatalysis, and bioseparationThHe

Encyclopedia of Bioprocessing Technolp§lickinger, M. C.,

Drew, S. W., Eds; John Wiley and Sons: New York, 1999; pp

1545—1554.

(30) Gianfreda, L.; Xu, F.; Bollag, J.-M. Laccases: a useful group
of oxidoreductive enzyme®iochem. J1999,3, 1-26.

(31) Minussi, R. C.; Pastore, G. M.; Duran, N. Potential applications
of laccase in the food industryrends Food Sci. Technd002
13, 205—-216.

(32) Labat, E.; Morel, M. H.; Rouau, M. X. Effect of laccase and
manganese peroxidase on wheat gluten and pentosans during
mixing. Food Hydrocolloids2001,15, 47-52.

(33) Micard, V.; Thibault, J.-F. Oxidative gelation of sugar-beet
pectins: use of laccases and hydration properties of the cross-
linked pectins.Carbohydr. Polym1999,39, 265—273.

(34) Ruttimann-Johnson, C.; Lamar, R. T. Polymerization of penta-
chlorophenol and ferulic acid by fungal extracellular lignin-
degrading enzyme#ppl. Erviron. Microbiol. 1996 62, 3890—
3893.

(35) Figueroa-Espinoza, M. C.; Rouau, X. Oxidative cross-linking
of pentosans by a fungal laccase and horseradish peroxidase:
mechanism of linkage between feruloylated arabinoxylans.
Cereal Chem1998,75, 259—265.

(36) Shotaro, Y. Method for cross-linking protein by using enzyme.
European Patent 0947142, 1999.

(37) Feergemand, M.; Otte, J.; Qvist, K. B. Cross-linking of whey
proteins by enzymatic oxidatiod. Agric. Food Chem1998,

46, 1326—1333.

(38) Selinheimo, E.; Kruus, K.; Buchert, J.; Hopia, A.; Autio, K.
Effects of laccase, xylanase, and their combination on the
rheological properties of wheat dougldsCereal Sci2006,43,
152—159.

(39) Si, J. Q.; Sarensen, L. Use of laccases in baking. PCT/DK94/
00232, 1993.

(40) Figueroa-Espinoza, M. C.; Morel, M. H.; Surget, A.; Rouau, X.
Oxidative cross-linking of wheat arabinoxylans by manganese
peroxidase. Comparison with laccase and horseradish peroxidase.
Effect of cysteine and tyrosine on gelatiah.Sci. Food Agric.
1999,79, 460—463.

(41) Figueroa-Espinoza, M.-C.; Morel, M.-H.; Surget, A.; Asther, M.;
Moukha, S.; Sigoaillot, J.-C.; Rouau, X. Attempt to cross-link
feruloylated arabinoxylans and proteins with a fungal laccase.
Food Hydrocolloids1999,13, 65-71.

(42) Feergemand, M.; Otte, J.; Qvist, K. B. Cross-linking of whey
proteins by enzymatic oxidatiod. Agric. Food Chem1998,

46, 1326—1333.

(43) Lantto, R.; Puolanne, E.; Kalkkinen, N.; Buchert, J.; Autio, K.
Enzyme-aided modification of chicken-breast myofibril pro-
teins: effect of laccase and transglutaminase on gelation and
thermal stabilityJ. Agric. Food Chem2005,53, 9231-9237.

(44) Figueroa-Espinoza, M.-C.; Morel, M.-H.; Rouau, X. Effect of
lysine, tyrosine, cysteine, and glutathione on the oxidative cross-
linking of feruloylated arabinoxylans by a fungal laccase.
Agric. Food Chem1998,46, 2583—2589.

(45) Labat, E.; Morel, M. H.; Rouau, X. Effects of laccase and ferulic
acid on wheat flour dough€ereal Chem2000,77, 823—828.

(26)

@7)

(28

~

(29)



8890 J. Agric. Food Chem., Vol. 54, No. 23, 2006

(46) Hellman, M.; Paavilainen, V. O.; Naumanen, P.; Lappalainen,
P.; Annila, A.; Permi, P. Solution structure of coactosin reveals
structural homology to ADF/cofilin family protein&EBS Lett.
2004,576, 91-96.

(47) Rittstieg, K.; Suurndkki, A.; Suortti, T.; Kruus, K.; Guebitz, G.;
Buchert, J. Investigations on the laccase-catalyzed polymerization
of lignin model compounds using size-exclusion HPEGzyme
Microb. Technol.2002,31, 403—410.

(48) Niku-Paavola, M.-L.; Karhunen, E.; Salola, P.; Raunio, V.
Ligninolytic enzymes of the white-rot-fungus Phlebia radiata.
Biochem. J1988,254, 877—884.

(49) Peranen, J.; Rikkonen, M.; Hyvonen, M.;dGdinen, L. T7
vectors with modified T7lac promoter for expression of proteins
in Escherichia coli.Anal. Biochem1996,236, 371—373.

(50) Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage Wature 1970,227,
680—685.

(51) Kerovuo, J.; Lauraeus, M.; Nurminen, P.; Kalkkinen, N.;
Apajalahti, J. Isolation, characterization, molecular gene cloning,
and sequencing of a novel phytase fr&acillus subtilis.Appl.
Environ. Microbiol. 1998,64, 2079—85.

(52) Claus, H. Laccases: structure, reactions, distributiicron
2004,35, 93-96.

(53) Lantto, R.; Schonberg, C.; Buchert, J. Effects of laccase-mediator
combinations on woolTextile Res. J2004,74, 713—717.

(54) Kuwata, K.; Hoshino, M.; Forge, V.; Era, S.; Batt, C. A.; Goto,
Y. Solution structure and dynamics of bovifidactoglobulin
A. Protein Sci.1999,8, 2541—2545.

(55) Kontopidis, G.; Holt, C.; Sawyer, L. Invited reviewf-lacto-
globulin: binding properties, structure, and functidn.Dairy
Sci.2004,87, 785—796.

(56) Farrell, H. M., Jr.; Qi, P. X.; Brown, E. M.; Cooke, P. H.; Tunick,
M. H.; Wickham, E. D.; Unruh, J. J. Molten globule structures
in milk proteins: implications for potential new structure
function relationshipsJ. Dairy Sci.2002, 459—471.

(57) Rytkonen, J.; Valkonen, K. H.; Virtanen, V.; Foxwell, R. A,;
Kyd, J. M.; Cripps, A. W.; Karttunen, T. J. Enterocyte and M-cell
transport of native and heat-denatured boyHactoglobulin:
significance of heat denaturatiod. Agric. Food Chem2006,

22, 1500—1507.

(58) Bhattacharjee, C.; Saha, S.; Biswas, A.; Kundu, M.; Ghosh, L.;
Das, K. P. Structural changes @flactoglobulin during thermal
unfolding and refolding-an FT-IR and circular dichroism study.
Protein J.2005,24, 27-35.

(59) Brownlow, Y. S.; Cabral, J. H. M.; Cooper, R.; Flower, D. R.;
Yewdall, S. J.; Polikarpov, I.; North, A. C. T.; Sawyer, L. Bovine

Mattinen et al.

B-lactoglobulin at 1.8 A resolutionstill an enigmatic lipocalin.
Structure1997, 481—495.

(60) Qin, B. Y.; Bewley, M. C.; Creamer, L. K.; Baker, E. N,;
Jameson, G. B. Functional implications of structural differences
between variants A and B of bovinglactoglobulin. Protein
Sci.1999,8, 75-83.

(61) Oksanen, E. J.; Jaakola, V.-P.; Tolonen, T.; Valkonen, K.;
Akerstrom, B.; Kalkkinen, N.; Virtanen, V.; Goldman, A.
Reindeer-lactoglobulin crystal structure with pseudo-body
centered noncrystallographic symmet?p06, in press.

(62) Sakurai, K.; Goto, Y. Dynamics and mechanism of the Tanford
transition of bovings-lactoglobulin studied using heteronuclear
NMR spectroscopyd. Mol. Biol. 2006,17, 483—496.

(63) Uhrinova, S.; Smith, M. H.; Jameson, G. B.; Uhrin, D.; Sawyer,
L; Barlow, P. N. Structural changes accompanying pH-induced
dissociation of theg3-lactoglobulin dimer.Biochemistry2000,

39, 3565—3574.

(64) Sakurai, K.; Goto, Y. Dynamics and mechanism of the Tanford
transition of bovings-lactoglobulin studied using heteronuclear
NMR spectroscopyd. Mol. Biol. 2006,17, 483—496.

(65) Bos, O. J. M.; Labro, J. F. A.; Fischer, M. J. E.; Witling, J.;
Janssen, L. H. M. The molecular mechanism of the neutral-to-
base transition of human serum albuminBiol. Chem.1989,
264, 953—959.

(66) Carter, D. C.; He, X. M.; Munson, S. H.; Twigg, P. D.; Gernert,

K. M.; Broom, M. B.; Miller, T. Y. Three-dimensional structure

of human serum albumirSciencel989,244, 1195—-1198.

Brown, J. R. Structure of bovine serum albunfied. Proc.1975,

34, 591-591.

Patterson, J. E.; Geller, D. M. Bovine microsomal albumin:

amino terminal sequence of bovine proalbumBiochem.

Biophys. Res. Commuh977,74, 1220—1226.

McGillivray, R. T. A.; Chung, D. W.; Davie, E. W. Biosynthesis

of bovine plasma proteins in a cell-free system. Amino-terminal

sequence of preproalbumikur. J. Biochem1979,98, 477—

485.

Reed, R. G.; Putnam, F. W.; Peters, T., Jr. Sequence of residues

400403 of bovine serum albumiBiochem. J198Q 191, 867—

868.

Hirayama, K.; Akashi, S.; Furuya, M.; Fukuhara, K. |. Rapid

confirmation and revision of the primary structure of bovine

serum albumin by ESIMS and FRIT-FAB LC/M®iochem.

Biophys. Res. Commuth990,173, 639—646.

(67)

(68

~

(69)

(70)

(71)

Received for review August 21, 2006. Revised manuscript received
September 20, 2006. Accepted September 21, 2006.

JF062397H



