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Summary. We have studied the enzymatic derivatization of amino acids
by use of the polyphenol oxidase laccase. Derivatization of L-tryptophan
was achieved by enzymatic crosslinking with the laccase substrate
2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide. The main product (yield
up to 70%) was identified as the quinoid compound 2-[2-(2-hydroxy-
ethylcarbamoyl)-3,6-dioxo-cyclohexa-1,4-dienylamino]-3-(1H-indol-3-yl)-
propionic acid and demonstrates that laccase-catalyzed C—N-coupling
occurred on the amino group of the aliphatic side chain. These enzyme
based reactions provide a simple and fast method for the derivatization of
unprotected amino acids.

Keywords: Laccase — Cross-coupling — Derivatisation — Tryptophan —
Unprotected amino acid — Pycnoporus cinnabarinus

Introduction

Amino acids are of basic biological concern as the most
important building blocks for proteins. Furthermore, in
nature they and their derivatives play roles as hormones
and co-factors or inhibitors of enzymes (Gander-Coquoz
and Seebach, 1988) or as toxic amino acid antagonists like
L-mimosin or L-canavarin (Steinegger and Hansel, 1992).
Their different characteristics permit their wide application
e.g. as agricultural chemicals, feed supplements, cosmetics,
food additives and pharmaceuticals. The annual world
production of amino acids increases continuously and is
currently estimated at 2.5 million metric tons per year.
Around 20% of the total is manufactured for various med-
ical applications (Mueller and Huebner, 2003). During the
last years the potential of amino acids and their derivatives
as active ingredients for pharmaceuticals was the object of
many investigations and this has resulted in numerous pat-

ent applications for derivatisation of amino acids. Among
these are amino acid derivatives directed against neurode-
generative disorders such as epilepsy, Alzheimer’s disease,
depression, Parkinson’s disease, AIDS dementia or against
diabetes or cancer (Bryans et al., 2002; Konradi et al.,
2005; Pfizer et al., 2004; Seko and Kato, 2001; Stiirzebecher
et al., 2004). D-phenylglycine and p-hydroxy-D-phenylgly-
cine have been widely applied as side chains for f-lactam
antibiotics (Rozzell and Wagner, 1992); alicyclic f-amino
acids in medical chemistry (Kuhl, 2005).

For drug development, the screening of synthetic pep-
tides or amino acid analogues is important to determine
metabolic stability as well as to maximize biological re-
sponse while minimizing toxicity. Furthermore, amino-
acid based polymers including polypeptides have been
developed as biocompatible materials and for other uses
(Erhan, 1997; Kaplan, 1998). Yamamoto and co-workers
investigated chemical cross-linking using bifunctional
cross-linking reagents, photoinduced crosslinks, and enzy-
matic methods to produce such synthetic co-polypeptides,
(Ohkawa et al., 2001). Beside lysyl oxidase (Smith-
Mungo and Kagan, 1998) and transglutaminase (Piacentini
et al., 2000) the use of tyrosinases (Michon et al., 1998;
Oudgenoeg et al., 2001) and peroxidases (Burzio and
Waite, 2000; Jee et al., 2000) have been studied inten-
sively. The last two enzymes are known to oxidize the
phenol moiety of tyrosine in proteins which is then sub-
jected to crosslinking by formation of carbon—carbon or
carbon—oxygen bonds.
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Because of the low affinity of laccases (EC 1.10.3.2) to
the monophenolic compound tyrosine or the other amino
acids, this polyphenol oxidase seemed not to be useful for
the derivatization or cross-coupling reactions of these com-
pounds. Figueroa-Espinoza and Rouau (1999) reported
that crosslinking of feruloylated arabinoxylans to proteins
with a fungal laccase was not successful.

In this study we show that L-tryptophan, a pure amino
acid without any protected groups, can be derivatized by a
laccase catalyzed reaction.

Materials and methods

Chemicals

L-tryptophan was purchased from Reanal Finechemical Co. (Budapest,
Hungary). 2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide was obtained
from Sigma-Aldrich Fine Chemicals (Taufkirchen, Germany); N-acetyl-
tryptophan from Bachem AG (Weil am Rhein, Germany).

Fungal strain

Pycnoporus cinnabarinus SBUG-M 1044 was isolated from an oak tree in
northern Germany. The white rot fungus is deposited at the strain collection
of the Department of Biology of the University of Greifswald (SBUG).

Cultivation of Pycnoporus cinnabarinus SBUG-M 1044

P. cinnabarinus was initially cultivated on malt agar plates that were
incubated for 7 days at 30°C and then kept at 4°C. The culture was
prepared by inoculating a nitrogen-rich medium containing 5g glucose,
1g KH,PO,, 0.52¢ L-asparagine, 0.5g yeast extract, 0.5g KCI, 0.5¢g
MgSO, - 7H,0, 50ml mineral salt solution and 50ml FeSO, solution
(0.2g-17") with three 1cm?® agar culture fragments. The mineral salt
solution contained 1g Ca(NOs),-4H,0, 0.06g CuSO,-5H,0, and
0.04 g ZnSO, - 7TH,0 per liter (modified according to Braun-Liillemann,
1997). Incubation was performed without shaking at 30°C for 7 days.
A uniform inoculum was obtained by homogenization of this culture with
an Ultra-Turrax homogenizer T25 (IKA Labortechnik, Staufen, Germany)
at 8000rpm. For the production of the ligninolytic enzyme laccase,
40ml medium inoculated with 2ml of the homogenized pre-culture was
incubated in 100 ml Erlenmeyer flasks for 7 days with 3,4-dimethoxyben-
zyl alcohol (10 mM), a known inducer of laccase. Cultures were shaken in a
water bath (GFL model 1092, Burgwedel, Germany) at 30 °C and 158 rpm.

Crude preparation of laccase

Pycnoporus cinnabarinus SBUG-M 1044 was cultivated as above. The
culture medium was filtered through a glass fiber filter in a Biichner funnel
to separate the medium from whole cells. The cell-free culture medium
was stirred with DEAE-Sephacel (Sigma, Steinheim, Germany) for 1 h and
the adsorbed enzymes were eluted from the DEAE-Sephacel with 20 mM
sodium acetate buffer (pH 5). This enzyme extract was desalted using a
Sephadex G-25 Superfine column (Pharmacia, Freiburg, Germany).

Measurement of laccase activity

The activity of laccase was determined spectrophotometrically at 420 nm
with ABTS (2,2-azino-bi-(3-ethyl-benzthiiazolin-sulfonate)) as substrate
(Bourbonnais and Paice, 1990) using the method described by Jonas
et al. (1998).
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Experimental procedures

For analytical experiments the substrates L-tryptophan (1 mM) and 2,5-
dihydroxy-N-(2-hydroxyethyl)-benzamide (1 mM) were incubated with
laccase (activity 287 nmolml~' min~') in 20mM sodium acetate buffer,
pH 5. The reaction mixture was incubated in 1.7-ml-brown-glass vials
with 1-ml-sample volumes at room temperature with agitation at
200 rpm.

Analytical HPLC

For routine analysis, the reaction mixtures were analyzed using an HPLC
system (Hewlett-Packard GmbH, Bad Homburg, Germany) on an end-
capped, 5-um, LiChroCart 125-4 RP 18 column (Merck, Darmstadt,
Germany) at a flow rate of 1 ml/min. A solvent system consisting of
methanol (eluent A) and 0.1% phosphoric acid (eluent B), starting from
an initial ratio of 10% A and 90% B and reaching 100% methanol
within 14 min, was used.

Isolation of transformation product by solid phase extraction

A RP18 silicagel column (polypropylene 6 ml, 2000 mg adsorbent mate-
rial, Merck, Darmstadt, Germany) was charged with the reaction mixture.
The products of single incubation of 2,5-dihydroxy-N-(2-hydroxy-
ethyl)-benzamide with laccase (hereafter denoted as homomolecular
products) were eluted with 10% methanol in water. The cross-coupling
product was eluted with 100% methanol. For nuclear magnetic resonance
(NMR) spectroscopy the isolated product was dried by lyophilization.

Characterization

The product was characterized by liquid chromatography /mass spectrom-
etry (LC/MS). Atmospheric pressure ionization (API) mass spectrometry
experiments were performed using an Agilent Series 1100 HPLC
system and an Agilent 1946C quadrupole mass spectrometer (Waldbronn,
Germany). The MS was used with both, atmospheric pressure chemical
ionization (APCI) and electrospray ionization (API-ES) sources.

APCI/API-ES conditions (positive and negative ion mode) were as
follows: nebulizer and drying gas, nitrogen; nebulizer pressure, 30 psig;
drying gas flow, 101/min; vaporizer temperature (for APCI), 350°C;
drying gas temperature, 250 °C; capillary voltage, 4kV; corona current
(for APCI), 4 pA; LC-MS eluent (MeOH) flow rate, 0.5 ml/min.

HPLC-MS separation was performed on a LiChroCART® 125-4,
LiChrosphere® 100 RP-18e column (Merck, Darmstadt, Germany) at 25 °C
at a flow rate of 1 ml/min within a 14-min gradient from 10 to 100%
methanol in 0.1% aqueous formic acid.

All FT-ICR MS high-resolution mass spectrometry experiments were
performed on a Bruker Daltonics APEX III FT-ICR mass spectrometer
(Karlsruhe, Germany) equipped with a 7.0T tesla shielded superconduct-
ing magnet. The vacuum was maintained by means of a sliding vane rotary
pump followed by turbomolecular pumps in two different regions; ion
source (~4.3 x 1077 mbar) and cell region (<3.5 x 107! mbar). The flow
rate for the eluent (H,O/ACN/HCOOH 49/49/2; all HPLC-grade) was
2 pl/min, using a syringe pump (Cole-Palmer 74900 series). The ions
were generated from an external electrospray ionization source (Bruker
Apollo ESI-Source) with nebulizing gas pressure at 20 psi, heated drying
gas at 20psi and 150°C, and a capillary entrance voltage of —4500V
negative ion mode and +4500V positive ion mode (Marshall and
Schweikhard, 1992; Amster, 1996; Marshall et al., 1998). Mass spectra
were acquired with both, positive and negative, ion modes with broad-
band detection (32 scans each experiment) from 100 to 2.000 Da using
1,024 K data points. All experimental sequences, including scan accumu-
lation and data processing, were performed with XMASS 6.1.2 on
‘Windows 2000.

The '"H nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker ARX 300 instrument (Karlsruhe, Germany) at 300 MHz
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Table 1. "H-NMR data of the substrates 2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide (1) and L-tryptophan (2) and the product (3) formed due to the

coupling by laccase; with MeOH-d, as solvent

Product 3 Substrate 1 Educt 2 Proton assignment
(product; substrate/educt)
3 [ppm] J [Hz] 3 [ppm] J [Hz] 3 [ppm] J [Hz]
3.14 ’J=145 3.14 2J=15.25 dd, 1H, CH,, C3
31=96 351=95
344 T=55 344 T=54 t; m, 2H, CH,, CH,NH
3.54 2J=145 3.52 2J=15.1 dd, 1H, CH,, C3
31=38 31=41
3.66 3j=55 3.62 3j=54 t, 2H, CH,, CH,OH
5.39 ’J=96 3.86 2J=94 dd, 1H, CH, C2
37=38 31=41
6.75 37=8.8 d, 1H, CH, (C4"—CgH,; C3-CgHs)
6.11 31=102
6.9 37=89 d; dd, 1H, CH, (C5”-Cg¢H,; C4-C¢Hs)
6.40 31=102 i1=26
/ / /
7.01 1=27 d(s), 1H, CH, C6-C¢H;
7.01 351=15 7.04 2J=17.45 dd, 1H, CH, C5’
T=1.0 I=1.0
7.09 31=15 7.12 2j=722 dd, 1H, CH, C¢’
T=1.0 351=13
7.17 / 7.19 / s, 1H, CH, C2’
731 31=102 7.36 31=8.0 d, 1H, CH, C7’
7.54 31=102 7.70 31=78 d, 1H, CH, C4’'

in MeOH-d; and on a Bruker Avance 600 instrument (Karlsruhe,
Germany) at 600 MHz in CDCIl;. Tetramethylsilane was used as an
internal standard.

Table2. '"H-NMR data of product 3 formed due to the coupling by
laccase; with CDClj3 as solvent

S [ppm] J [Hz] Proton assignment

3.31 2J=144 dd IH, CH, am C3
31=94

3.57 m 3H
37=38 1H, CH,, am C3
31=144
/ 2H, CH,, CH,NH

377 =56 m 2H, CH, am CH,OH
/

3.91 =56 t 1H, OH, CH,0H

5.37 31=63 m 1H, CH am C2
31=94
37=338

6.35 31=10.1 d IH, CH am C5”

6.59 31=102 d IH, CH am C4”

7.13 37=8.1 dd 1H, CH am C5'
351=15

7.19 37=8.1 m 1H, CH am C6
351=75

7.24 s 1H, CH am C2’

7.34 37=8.1 d 1H, CH am C7'

7.62 37=8.1 d IH, CH am C4’

8.29 / S 1H, NH, aromatic

9.96 =56 t 1H, NH, NHCH,CH,OH

12.70 31=63 d IH, NH, NHCH(COOH)CH,

FT-IR spectra of starting materials and the product 2-[2-(2-hydroxy-
ethylcarbamoyl)-3,6-dioxo-cyclohexa- 1,4-dienylamino]-3-(1H-indol-3-yl)-
propionic acid were recorded as KBr pellets on a Nicolet Magna 550
spectrometer.

2-[2-(2-Hydroxy-ethylcarbamoyl)-3,6-dioxo-cyclohexa-
1,4-dienylamino J-3-(1H-indol-3-yl)-propionic acid

This compound was recovered as a transformation product of L-trypto-
phan and the quinonoid form of 2,5-dihydroxy-N-(2-hydroxyethyl)-ben-
zamide. Isolation from the reaction mixture was achieved by use of a
RP18-silicagel column. Purification was carried out as described before:
yield 0.186 mgml~! (about 15%). After optimization the yield was more
than 70%. 300 MHz "H NMR (MeOH-d,) see Table 1; 600 MHz '"H NMR
(CDCls) see Table 2.

MS (LC/MS): m/z (relative intensity): APCI, pos. ion mode 398
(IM+H]*, 14), 352 (IM-C,H,OH]*",100); APCI, neg. ion mode 352
(IM-C,H,4OH]*~, 100); API-ES, pos. ion mode 420 ([M+ Na]*, 100),
398 (M + H] ™, 19), 352 (IM-C,H,0H]* ", 23), 337 ((M-NHC,H,OH]**,
20); API-ES, neg. ion mode 352 ([IM—-C,H,OH]*", 100).

HRMS for 3 (C50H;9N30g): caled: 397.1274; found: 397.1275.

FT-IR (KBr): 3404 (s), 2929 (m), 1720 (m), 1685 (m), 1638 (s), 1543
(vs), 1458 (s), 1422 (s), 1339 (s), 1231 (s), 1127 (m), 1066 (m), 848 (m),
745 (s) cm™!.

Results

By incubating the reaction mixture containing equi-
molar amounts of 2,5-dihydroxy-N-(2-hydroxyethyl)-
benzamide and L-tryptophan (substrates 1 and educt 2
each at 1 mM, Fig. 1) with a crude preparation of
laccase the initially colorless mixture changed to red
within 20 min.
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Fig. 1. 2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide (substrate 1), L-tryptophan (educt 2) and the product 2-[2-(2-hydroxy-ethylcarbamoyl)-3,6-
dioxo-cyclohexa-1,4-dienylamino]-3-(1H-indol-3-yl)-propionic acid (3) formed due to a laccase catalyzed reaction

The analysis of the reaction mixture with high-perfor-
mance liquid chromatography (HPLC) demonstrated the
decrease of the two starting substances and simultaneously
four products were formed. Comparison of the results with
those of an assay with 2,5-dihydroxy-N-(2-hydroxyethyl)-
benzamide as the only substrate showed that three of
the products (retention times tg = 2.51 min; tg = 3.81 min;
tg =5.63min) arose from the homomolecular transfor-
mation of substrate 1 by laccase. Only one product
(tr =9.82 min) resulted from crosslinking to L-tryptophan.

After an incubation time of 90min 2,5-dihydroxy-
N-(2-hydroxyethyl)-benzamide was no longer present in
the reaction mixture, whereas L-tryptophan was still
detectable (Fig. 2a).

The major part of 2,5-dihydroxy-N-(2-hydroxyethyl)-
benzamide (around 75%) was transformed by laccase into
homomolecular products and consequently not available
for the cross-coupling reaction with L-tryptophan.

After formation of the product a large fraction of the
L-tryptophan was still present and the product yield was
only 15% (Fig. 2b). To enhance the consumption of L-
tryptophan and to increase the product yield, the substrate
2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide was added
stepwise to the reaction mixture during incubation
(0.25 mM every 20 min). The yield of cross-coupling pro-
duct was increased by more then a factor of 4 (product
yield 70%) after an incubation time of two hours.

Separation and purification of the coupling product was
performed by solid phase extraction. The isolated product
was dried by lyophilization. Comparison of proton—proton
spin systems of the "H-NMR-spectra and mass spectra of
the compound 3 with those of the substrates 1 and educt 2
showed structural similarities and led to the later identi-
fication of product 3 as 2-[2-(2-hydroxy-ethylcarbamoyl)-
3,6-dioxo-cyclohexa-1,4-dienylamino]-3-(1H-indol-3-yl)-
propionic acid (Fig. 1).

The identification of the cross-coupling product is
based on the following data:

The HPLC-MS analyses of compound 3 specifies it un-
ambiguously as a quinonoid structure, arising from oxida-
tion and coupling of 2,5-dihydroxy-N-(2-hydroxyethyl)-
benzamide and tryptophan. In the API-ES positive ion mode
(Fig. 3b), the anticipated quasi-molecular ions [M + H]*
at m/z =398 and [M + Na]™ at m/z =420 (most intense
signal) were found. Furthermore, fragment ions like
[M-C,H4OH]*" (m/z=352) and [M-NHC,H,OH]**
(m/z =337) were present with a moderate relative intensity.
The appendant spectra in negative ion mode (Fig. 3a)
showed only the signal of the fragment ion [M-C,H,OH]*~
at m/z =352 with a relative intensity of 100%. Additional
measurements with atmospheric pressure chemical ioniza-
tion (APCI) in positive ion mode showed the fragment ion
[M-C,H,OH]** (m/z=352) as the 100% intensity sig-
nal, whereas the [M + H]" ion at m/z =398 was detected
with less than 15% relative intensity (Fig. 3d). The mea-
surements in APCI negative ion mode showed some inter-
esting characteristics of the examined quinonoid compound.
Besides the fragment ion [M-C,H4OH]*~ which is the
strongest signal in this spectrum (Fig. 3c), there are three
more significant signals which can not directly be associat-
ed with the structure of compound 3. Due to the detailed
mass spectrometric investigations (Figs. 4, 5a—d) of the
corresponding hydroquinonoid form of compound 3, the
signals m/z =380 (40%) and m/z =398 (19%) can be as-
signed to the hydroquinone form. The occurrence of the
latter signals must be the result of an intra mass spectro-
meter reduction process caused by the conditions during
APCI negative ion mode measurements.

Due to the occurrence of the hydroquinone form 2-[3,6-
dihydroxy-2-(2-hydroxy-ethylcarbamoyl)-phenylamino]-3-
(1H-indol-3-yl)-propionic acid of product 3 in the course of
the HPLC-MS measurements (Fig. 4), a direct comparison
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Fig. 2. a Kinetics of substrate depletion, 2,5-dihydroxy-N-(2-hydroxy-
ethyl)-benzamide 4 (substrate 1), L-tryptophan @ (educt 2) during the
laccase catalyzed coupling reaction, substrates in equimolar amounts
(1mM). b Kinetics of formation of the product 2-[2-(2-hydroxy-ethyl-
carbamoyl)-3,6-dioxo-cyclohexa-1,4-dienylamino]-3-(1H-indol-3-yl)-
propionic acid (3) during the laccase catalyzed coupling reaction with
substrates in equimolar amounts (1 mM) A; formation of the product 3
when 2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide was added stepwise
@ (every 20 min 0.25 mM) to reaction mixture

of MS data between both structural variations was pos-
sible. In contrast to the quinonoid product 3, the most
intense signals in the API-ES modes are the deproto-
nated [M-H]~ (m/z =398) respectively the protonated
[M+H]" (m/z=400) quasi-molecular ions (Fig. 5a, b).

Fragment ions like [M-C,H,OH]*" (m/z=354) and
[M-NyC,H,OH]*" (m/z=339) were detected with an
increased relative intensity compared with the corre-
sponding fragment ions shown in Fig. 3b. The measure-
ments in APCI mode showed a similar pattern (Fig. 5c, d).
Moreover, all fragments and quasi-molecular ions were
directly assignable to the hydroquinone structure. No evi-
dence was found for an intra mass spectrometer conver-
sion, for example partial oxidation of the hydroquinone
functionality or comparable changes. All measurements
are in full accordance with the expected values and rein-
forced the definite identification of product 3.

High-resolution mass spectrometry of product 3 in the
positive ion mode showed a signal at m/z=398.1358 for
the quasi-molecular ion [M + H]*, which was in good con-
formity with m/z=398.1352 as the calculated value for
[M + H]* of the expected product 3 (CoH;9N3Og). Further-
more, the strongest signal in the FT-ICR spectrum was at
m/z=420.1167 and is typically related to the [M + Na]™*
ion, with a calculated value of m/z=420.1172. All
results were within a deviation of less than 2 ppm to the
calculated values and are therefore in excellent accor-
dance to the proposed structure. The negative ion mode
was not informative for the high-resolution mass spectro-
metric analysis of the desired product.

"H-NMR spectral analysis of compound 3 documented
the existence of 12 proton signals (Table 1, MeOH-d, as
solvent; amino and hydroxyl protons were not analyzed with
the method used). Comparison of 'H-NMR spectral data of
product 3 with those of the starting compounds 1 and 2
revealed the loss of one proton signal of the three proton
signals of the aromatic moiety of the substrate 2,5-dihy-
droxy-N-(2-hydroxyethyl)-benzamide (C3, C4, C6). Only
two proton signals (formerly C3, C4; now C4”, C5") could
be detected. Therefore it is highly probable that coupling
with L-tryptophan occurred at carbon atom 6 of 2,5-dihy-
droxy-N-(2-hydroxyethyl)-benzamide. The chemical shift
of the proton located at carbon 2 of L-tryptophan to the
lower field gave evidence for changes around this proton.

By 'H-NMR analysis with CDCl5 as solvent (Table 2),
all of the three amino protons and one aliphatic hydroxyl
proton were detected. The two aromatic hydroxyl protons
were not visible confirming the formation of quinonoid
product structure. Due to the lower solubility of 2,5-dihy-
droxy-N-(2-hydroxyethyl)-benzamide in CDCl; as sol-
vent a comparison of the data with those of compound
3 was not possible. After 14h at room temperature the
same 'H-NMR spectrum of the product were detected.

'H-NMR analysis with DMSO-d, as solvent was carried
out for educt 2 and product 3 to make N-bound protons
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Fig. 4. HPLC-chromatogram of product 3 dissolved in methanol after 1 h: Rt =9.84 min coupling product 3 and Rt = 8.02 min hydroquinone form 2-
[3,6-dihydroxy-2-(2-hydroxy-ethylcarbamoyl)-phenylamino]-3-(1H-indol-3-yl)-propionic acid; appendant UV-spectra

visible and to identify where the coupling took place on
the L-tryptophan molecule. Both spectra showed the
same signal for the proton located at N1 whereas a pro-
ton signal at N2 was only detectable for the substrate
L-tryptophan.

13C-NMR analysis or other NMR experiments were not
possible, because of the low stability of highly concen-
trated solutions of compound 3 in methanol and its insuf-
ficient solubility in chloroform.

Coupling of 2,5-dihydroxy-N-(2-hydroxyethyl)-benza-
mide at the amino group of L-tryptophan was confirmed
by use of N-acetyl-tryptophan in the coupling reaction.
This L-tryptophan derivative contains an amino group
protected by an acetyl residue and in consequence no
comparable cross-coupling reaction occurred.

After lyophilization compound 3 retained its dark-red
colour and was stable for more than ten months at +4 °C.
The coupling product was completely soluble in methanol
and tetrahydrofuran, incompletely soluble in water, aceto-
nitrile and chloroform. In chloroform the solubilized
product was relatively stable for about 20 hours; in the
other solvents the coupling product 3 transformed into the
corresponding hydroquinonoid form 2-[3,6-dihydroxy-2-
(2-hydroxy-ethylcarbamoyl)-phenylamino]-3-(1H-indol-3-
yl)-propionic acid (Figs. 4, 5a—d).

Discussion

The results show in case of L-tryptophan that pure amino
acids can be derivatized by crosslinking reactions cata-

lyzed by laccase. Structure and chemical data imply that
the derivative is formed by nucleophilic attack of the
radical cation formed from the para-dihydroxylated phe-
nolic compound by laccase. Substrate oxidations by lac-
case are one-electron reactions, which create radicals
(Ciecholewski et al., 2005; Bourbonnais et al., 1995;
Potthast et al., 1996; Thurston, 1994; Heinzkill et al.,
1998). These radicals can be transformed into quinones.
In this way oxidation of the diphenols resulted in the
formation of quinones, which can undergo nucleophilic
attack by substances having amino groups (Figueroa
et al., 1998). As a result C—N-coupled quinonoid products
are generated. Such laccase-induced aminobenzoquinones
were described recently with 4-aminobenzoic acid as
amino partner (Manda et al., 2005). Until now laccases are
known to catalyze polymerization reactions, and have been
used for pollutant detoxification, textile dye transforma-
tion, biosensing and diagnostics (Xu, 1999, Tominaga
et al., 2004; Young and Qing, 2004; Chakar and Ragauskas,
2004; Gianfreda et al., 1999; Mayer and Staples, 2002;
Balakshin et al., 2001). Only a limited number of applica-
tions in organic synthesis have been described (Agematu
et al., 1993a, 1993b; Schaefer et al., 2001; Anyanwutaku
et al., 1994; Potthast et al., 1996; Fritz-Langhals and
Kunath, 1998; Mikolasch et al., 2002; Manda et al., 2005;
Baiocco et al., 2003).

In this study we show the enzymatic derivatization of
a typical, natural occurring proteinogenic amino acid with
a p-hydroquinone by use of laccase, to form a quinonoid
C—N-dimer as product. Chemical structure and functional
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groups of quinonoid compounds define their physico-
chemical properties, which are important for many biolog-
ical processes. Natural benzoquinone derivatives like
vitamin K and plastoquinone are well-known (Vaccaro
and Scola, 1999) and quinonoid compounds such as mito-
mycins, anthracyclines, lapachols etc. are approved anti-
cancer drugs (Brunmark and Cadenas, 1989). In the past
much effort has been expended in the synthesis of deri-
vatives of quinones like aminobenzoquinones (Kehrmann
and Cordone, 1913; Trautner and Roberts, 1950;
Nithiandandam and Erhan, 1998; Vaccaro and Scola,
1999; Kallmayer, 1978; Vaideeswaran, 1999; Machocho
et al., 2003). Such quinones modified with amino-
compounds are of interest for example as anti-corrosive
coatings (Nithiandandam and Erhan, 1998; Vaccaro and
Scola, 1999) or adhesion promoters (Vaccaro and Scola,
1999). However, derivatives of quinones and amino acids
have also received attention. Most of the aminobenzoqui-
nones are synthesised chemically. This usually involves
harsh conditions, for example with sodium periodate
(Nithiandandam and Erhan, 1998), with peracetic acid or
high temperatures (Vaccaro and Scola, 1999; Kallmayer,
1978). Coupling of amino acids with quinones were
described also in cold alcoholic solutions (Fischer and
Schrader, 1910). In this case the chemically synthesized
product of p-benzoquinone and glycine ethyl ester was
identified as a 2,5-diamino-1,4-benzoquinone-derivative.
The chemical synthesis of quinones containing an amino
acid ester have also been reported (Cranwell and
Haworth, 1970). Glycine and alanine or their esters can
react with p-benzoquinone to form disubstituted quinonyl
derivatives (Osman et al., 1995).

In contrast to chemical synthesis, the use of enzymes
has advantages in the production of aminobenzoquinones.
Laccase as a biocatalyst distinguishes itself by high sta-
bility and substrate selectivity. In addition, all reactions
take place under mild conditions, at room temperature,
without high pressure and in aqueous solution. Because
of the use of nontoxic substances it offers an environmen-
tally friendly possibility to create aminobenzoquinones.

However, some examples are given for the formation of
coupling-products of quinones and amino acids during
enzymatic reaction. The formation of intensely coloured
products of catechol and glycine with tyrosinase was
reported (Trautner and Roberts, 1950). Also tyrosinase-
catalyzed formation of Dopa-Leu-containing quinones
was described (Rosei et al., 1999). Furthermore, experi-
ments on the coupling of amino acids and phenolic com-
pounds with laccase in the context of amino acid linkage
to lignin in soil have been described (Liu et al., 1985).
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Only attempts to isolate hybrid products of amino acid
esters with protocatechuic acid or syringic acid have been
reported; but isolation of products from nonderivatized
amino acids was not possible. Likewise attempts to cata-
lyse the reactions of amino- and tyrosyl groups of proteins
with ferulic acid using laccase of Pycnoporus cinnabarinus
were not successful (Figueroa et al., 1998). Our results
show that enzymatic derivatization of a pure amino acid
with p-hydroquinone compound by use of laccase is pos-
sible and can be performed with good yields.

The yield of product formed in the presence of
equimolar concentrations of the substrates was at first
roughly 15%. The major part of 2,5-dihydroxy-N-
(2-hydroxyethyl)-benzamide was transformed by laccase
into homomolecular products and consequently not avail-
able for the cross coupling reaction with L-tryptophan.
Homomolecular coupling of the hydroxylated coupling
partner was also described for a hybrid dimer formation
from 3,4-dichloroaniline and syringic acid (Tatsumi et al.,
1994) as well as for various cross-coupling reactions with
hydrocaffeic acid (Mikolasch et al., 2002). These undesir-
able reactions diminished product yields up to 50%.

By courtesy of the stepwise addition of the substrate
2,5-dihydroxy-N-(2-hydroxyethyl)-benzamide to the re-
action mixture during the incubation, the consumption of
L-tryptophan could be enhanced and the product yield
increased up to 70%.

In case of laccase-catalyzed reactions the present data
show for the first time the contemporaneous presence of a
quinone and its corresponding hydroquinone form of a
coupling product in one solution. The occurrence of both
forms can be directly associated with the solvent used and
the consequential stability of the product in it. Up to now,
all published studies stated only the exclusive occurrence
of either the quinonoid (Leonowicz et al., 1984; Bhalerao
et al., 1994; Manda et al., 2005) or the hydroquinonoid
(Anyanwutaku et al., 1994; Mikolasch et al., 2002;
Nicotra et al., 2004) form.

During the last few years the potential of amino acid
derivatives as active ingredients for pharmaceuticals has
been recognized and considerable growth can be pre-
dicted. Further studies shall provide additional data and
clarify if all proteinogenic amino acids and also free
groups of peptides can react in a similar manner.
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