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Summary. N-Aryl-N-hydroxy urethanes (AHUs), which are promising N±OH mediators for

oxidoreductase catalysis, are electrochemically active redox compounds with a redox potential of

0.35±0.40 V vs. SCE (0.59±0.64 V vs. NHE). Alkyl substituents in the carbamic acid residue have, as

expected, only little in¯uence on the redox potential. The highest potential was noticed for N-

hydroxy-N-(4-cyanophenyl)-carbamic acid methyl ester. Recombinant Coprinus cinereus peroxidase

(rCiP) catalyzes oxidation of the AHUs with apparent bimolecular constants kox of 2.5 � 104±

7.5 � 104 Mÿ1sÿ1 at pH� 8.5 and 25�C.

Structure-function connectivities of the substrates were analysed within the framework of the

Marcus cross relationship and by using ab initio quantum chemical calculations. An excellent

correlation of the redox potentials and the HOMO energies could be found. However, no correlation

of log(kox) with redox potential and HOMO energy was indicated as predicted by theory. This was

explained by speci®c docking of the substrates in the active center of rCiP.
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Introduction

A large variety of different organic redox compounds have been suggested as
mediators for peroxidase and laccase catalyzed oxidations [1]. In these reactions,
the enzyme catalyzes the oxidation of an organic molecule, the so-called mediator
(MH). The oxidized mediator then chemically oxidizes the target molecule (non-
substrate) and is in turn reduced, thus switching the mediator between its oxidized
and reduced states according to Eqs. (1)±(3). In these equations, Ered and Eox

represent the oxidoreductase in its reduced and oxidized state, MH the enzyme
substrate, and M� its oxidized state.

Ered � oxidizer! Eox �1�
Eox �MH! Ered �M� � H� �2�

M� � target molecule� H� ! product�MH �3�
� Corresponding author



Phenols and aromatic amines are typical substrates for peroxidases and laccases
[2, 3]. These enzymes catalyze the oxidation of single electron donors, e.g. phenyl-
enediamines, phenothiazines, and phenoxazines [4, 5]. Heterocyclic phenols, e.g.
aromatic compounds containing an N±OH group, have been suggested earlier as
mediators in peroxidase and laccase catalyzed dye and lignin bleaching as well as
lignin degradation [1]. The kinetics of the enzymatic oxidation of N-hydro-
xybenzotriazole (HBT) has been investigated [6], and the unexpectedly low
reactivity of HBT found has been attributed to the large redox potential of this
substrate. Derivatives of N-aryl hydroxamic acids, i.e. compounds containing an R±
CO±N(OH)±Ar group, represent another type of N±OH mediators, investigated only
very recently [7]. The aim of this work is to explore redox and mediator properties
of a new type of redox compounds, the N-aryl-N-hydroxy urethanes (AHUs) 1±5
[8]. The kinetics of the oxidation of 1±5 was investigated using a recombinant
Coprinus cinereus peroxidase (rCiP) with an emphasis on establishing structure-
activity relations by using ab initio quantum chemical computations and substrate
docking calculations.

Results and Discussion

The structures of the investigated AHUs 1±5 are depicted in Fig. 1. The redox
activity of compounds 1±5 was explored by cyclic voltammetry (CV). The CV
curves of 1±4 showed oxidation-reduction peaks which were almost symmetrical,
thus revealing the reversible character of the electrochemical conversion and the
rather high stability of the oxidized species (shown for 1 in Fig. 2). The calculated
redox potentials of 1±4 varied in the range between 0.33 and 0.35 V vs. SCE
(Table 1).

In contrast to 1±4, the cathodic peak of 5 was such smaller than the anodic peak
at potential scan rates of 50 and 100 mV/s (Fig. 3). A possible explanation for this
behaviour could be the low stability of the oxidized species of 5. Therefore, the
formal redox potential of 5 was calculated at a higher scan rate.

The absorption spectra of 1±4, which all contain an unsubstituted phenyl ring,
showed an absorbance at 240±250 nm in their UV/Vis spectra; the absorbance of
their oxidized products was found at 282 and 307 nm (Fig. 4). The differences of
the extinction coef®cients (�") of oxidized and reduced compounds at 307 nm are
listed in Table 2.

The absorbance of the products showed signi®cant similarity with that of
nitrosobenzene (NB, Fig. 4). The formation of NB can be explained by single-

Fig. 1. Structures of N-aryl-N-hydroxy urethanes 1±5
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electron oxidation of the respective substrate by the oxidized enzyme (Eq. (4))
followed by disproportionation of the formed radical (Eq. (5)) and reaction of the
intermediate with water (Eq. (6)).

PhÿN�OH�ÿC�O�OMe! PhÿN�O��ÿC�O�OMe� eÿ � H� �4�
2 PhÿN�O��ÿC�O�OMe! PhÿN�OH�ÿC�O�OMe� PhÿN��O�ÿC�O�OMe

�5�
PhÿN��O�ÿC�O�OMe� H2O! PhÿNO� HOC�O�OMe� H� � eÿ �6�

Compound 5 showed absorption maxima at 269 and 322 nm. The oxidation of this
substrate generated a product with a decreased absorbance at 269 nm and an
increased absorbance at 307 nm (Fig. 5).

Fig. 2. Cyclic voltammograms of 1 at potential scan rates of 50, 100, and 200 mV � sÿ1 at pH � 8:5

Table 1. Cyclic voltammetry of 1±5 in 0.05 M borate buffer solution (pH � 8:5)

Scan rate/mV � sÿ1 Ep�a�/mV Ep�c�/mV E1=2/mV

1 50 370 312 341

1 100 378 312 345

1 200 372 306 339

2 50 366 304 335

2 100 370 304 337

2 200 372 298 335

3 50 350 290 320

3 100 366 290 328

3 200 374 284 329

4 50 370 322 346

4 100 378 322 350

4 200 380 322 351

5 50 414 ± ±

5 100 422 368 395

5 200 428 370 399
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The kinetics of the rCiP-catalyzed oxidation of 1±5 was monitored by the
absorbance increase at 307 nm. The initial rate increased linearly up to 200mM of 1
and 3 (Fig. 6). Apparent oxidation constants (kox) were calculated as slope/[E] and
are listed in Table 2. The initial oxidation rate of 2, 4, and 5 showed saturation

Fig. 3. Cyclic voltammograms of 5 at potential scan rates of 50, 100, and 200 mV � sÿ1 at pH � 8:5

Fig. 4. Absorbance of 2 at pH � 8:5; the ®rst spectrum corresponds to 0.1 mM of 2, the others to the

mixture obtained by addition of 40 nM rCiP and 0.1 mM hydrogen peroxide (recorded at t � 10, 20,

and 35 min); o: 50 mM nitrosobenzene

Table 2. Electrochemical and kinetic parameters of 1±5 at pH� 8.5 and 25�C

E1=2

mV vs: SCE

�max

nm

�"

mMÿ1 � cmÿ1

�rCiP�
nM

kox

Mÿ1 � sÿ1

1 345 307 4.9 250 2.3�0.2 � 104

2 337 307 4.8 250 7.5�0.5 � 104

3 328 307 4.3 250 3.2�0.2 � 104

4 351 307 3.6 250 4.2�0.2 � 104

5 396 307 9.0 125 2.5�0.5 � 104
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behaviour (Fig. 7). Kinetic parameters for these substrates were calculated
according to the Michaelis-Menten equation. The apparent Km values were
336mM for 2, 409mM for 4, and 415mM for 5.

The electrochemical investigations of 1±5 demonstrated that all compounds are
redox active. The alkyl substituents in the carbamic acid residue had only little
in¯uence on the redox potential (Table 2). The highest redox potential could be
observed for 5 which contains an electron-withdrawing cyano group in p-position.
The rate constants of the rCiP-catalyzed oxidation of 1±5 changed in the range of
2.3 � 104 to 7.5 � 104 Mÿ1sÿ1 (Table 2). The Marcus theory of electron transfer
predicts a correlation of log(kox) with the free energy of reaction [9]. However, no
satisfactory correlation could be found between log(kox) and the redox potential for
all substrates.

In an attempt to explain the electrochemical behavior and enzymatic reactivity
of 1±5, ab initio calculations with respect to 1 and 4 were performed. The
calculations showed that the geometries of the reduced states of 1 and 4 are almost

Fig. 5. Absorbance spectrum of 5 at pH � 8:5 after addition of 0.1 mM 5, 40 nM rCiP, and 0.1 mM

hydrogen peroxide; time between measurements: 10±20 min

Fig. 6. Dependence of oxidation rate on substrate concentration of 1 (o) and 3 (*) at pH � 8:5; rCiP:

250 nM, hydrogen peroxide: 0.1 mM
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planar; in the radical state, the structures became completely planar. The calculated
energies of the HOMOs were in the range of ÿ0.3054 au and ÿ0.3305 au.The
LUMOs changed in the range between of 0.0897 au and 0.1424 au. In accordance
with the molecular orbital coef®cients, the HOMO structures of 1 and 4 are mainly
derived from the N-aryl fragments (Fig. 8). The largest contributions result from N,
C6, and C9. The calculations showed a strong conjugation of the �-electrons of the
N-aryl and N±OH group; the carbonyl group contributed very little. The results
presented in Fig. 8 show that the phenyl substituent in ester groups, as e.g. in 4, does
not make an essential contribution to the HOMO. The calculations also showed that
during the oxidation the main rearrangements in geometry and electronic structure
take place in the nearest vicinity of the N±OH fragment. As a consequence, the

Fig. 7. Dependence of oxidation rate on the concentration of 2 (*), 4 (&), and 5 (o) at pH � 8:5;

rCiP: 250 (2, 4) and 125 nM (5), hydrogen peroxide: 0.1 mM

Fig. 8. Contribution of the atomic orbitals to the HOMOs of 1 and 4
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N±O bond length becomes shorter by about 0.06±0.08 AÊ and it is more similar to a
double bond.

The electrochemical oxidation of AHUs was associated with electron transfer
from the HOMO. Therefore, the values of redox potential were correlated with the
HOMO energy. The high value of the correlation coef®cient (R2 � 0:9900)
demonstrated good coincidence between experimentally determined and calculated
parameters. In contrast, no signi®cant correlation was found between log(kox) and
the HOMO energy. This fact, in combination with the bad correlation of log(kox)
with the redox potential, permits to hypothesize that the enzymatic reactivity is
determined by speci®c docking of the substrates in the active center of rCiP.

The docking of benzhydroxamic acid (BHA) in the active center of Arthromyces
ramosus peroxidase (ARP) has been investigated recently [10]. A crystal structure
of ARP and rCiP has been found to be similar [10, 11]. Therefore, a possible
docking of AHUs in the active center of rCiP was analyzed analogously to the
docking in the active center of ARP. To test whether a program can correctly predict
the experimentally determined binding mode, we ®rst investigated the binding mode
for BHA. The calculated docking completely ®tted the ARP and BHA structure if the
X-ray structure of ARP in the complex with benzhydroxamic acid was used [10].

The docking of 4 to both 1ARP (ARP structure) and 1HSR (structure in the
complex ARP and benzhydroxamic acid) produced three clusters near Pro91 and
Ile153 (Fig. 9). The mean docking energy of these clusters was ÿ30.2, ÿ28.9, and
ÿ27.1 kJ �molÿ1 (Table 3). An additional cluster was found to be located at the
entrance to the heme pocket; its mean docking energy was ÿ27.90 kJ �molÿ1.
Docking of 4 to the 1HSR structure resulted in the formation of analogous clusters;
however, the docking energy was larger. In both structures the clusters are located at
the distal side of heme at the entrance to the active center. The N-aryl fragment in
the 4/1ARP complex was spaced by about 9.2 AÊ from the water molecule, the O-
aryl fragment being closer to the heme than the N-aryl fragment. The distance of the
meta-carbon atom in the O-aryl fragment was 3.73 AÊ from the heme and 4.72 AÊ

Fig. 9. Docking of 4 in the ARP structure
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from the water molecule in the 4/1HSR complex. For 1ARP, the respective distances
were 3.73 and 3.71 AÊ .

The calculations of the docking of 1 in 1ARP and 1HSR structures revealed that
about 95% of the substrate combines in a small pocket at Pro91 and Ile153. The
mean docking energy of these clusters changes from ÿ21.87 toÿ26.77 kJ �molÿ1 or
from ÿ21.83 to ÿ25.39 kJ �molÿ1 (Table 3). A small amount of the substrate can
also combine at the residues of Asp98, Thr99, and Lys49. In this complex, the N-
aryl fragment is located at a distance of 14 AÊ from the heme and the water molecule.

The docking results show that N-aryl fragments of 1 and 4 are located far away
from the heme. Since the HOMO of the AHUs is located mostly on this fragment,
the low reactivity of the substrates may be explained by the large electron transfer
distance. Since the redox potential of the substrates changes little, their docking in
the active center determines the electron transfer rate.

Experimental

N-Hydroxy-N-phenyl carbamic acid methyl ester (1) [12], N-hydroxy-N-phenyl carbamic acid ethyl

ester (2) [13, 14], N-hydroxy-N-phenyl carbamic acid 2-propyl ester (3) [15, 16], and N-hydroxy-N-

phenyl carbamic acid phenyl ester (4) [17] were all synthesized according to literature procedures.

They were identi®ed by 1H NMR and 13C NMR spectroscopy (Varian Mercury 400) and by their

melting points. Elemental analyses (C, H, N) were determined by PD Analytical Laboratories (Novo

Nordisk A/S, MaÊlùv); they agreed satisfactorily with the calculated values. Melting points were

determined on a BuÈchi 510 apparatus and are uncorrected. All chemicals used were obtained from

commercial sources (Aldrich, Fluka, Avocado). Thin-layer chromatography was performed using

Alugram SIL G/UV254 TLC plates from Macherey-Nagel.

N-Hydroxy-N-(4-cyanophenyl)-carbamic acid methyl ester (5; C9H8N2O3)

A solution of 3.13 g N-4-(cyanophenyl)-hydroxylamine (21.1 mmol) in 30 cm3 THF was synthesized

following the procedure described for the preparation of N-4-phenylhydroxylamine [7, 18]. A slurry

of 4.6 g NaHCO3 in 7 cm3 H2O was added to the solution. The mixture was cooled to ÿ0�C, and

1.43 cm3 methyl chloroformate (21.1 mmol) were added dropwise. Stirring was continued overnight;

then, 30 cm3 of 8% NaOH were added over a period of 45 min. The aqueous phase was separated,

petroleum ether (60 cm3) was added to the THF-phase, and the aqueous phase was separated again.

The organic phase was extracted twice with 40 cm3 8% NaOH. The combined aqueous phases were

washed with CH2Cl2 and neutralized with HCl under cooling. The acidi®ed H2O-phase was

extracted 3 times with 60 cm3 CH2Cl2. The combined organic phases were dried over MgSO4,

®ltered, and the solvent was removed in vacuum to give crude 5. The compound was crystallized

from toluene/heptane to afford 2.69 g of white crystals (66%).

Table 3. Docking energy of N-aryl-N-hydroxy urethanes in the active center of ARP

E1ARP

kJ �molÿ1
Location

E1HSR

kJ �molÿ1
Location

4 ÿ30.25 Pro91, Ile153 ÿ29.54 Pro91, Ile153

4 ÿ28.95 Pro91, Ile153 ÿ28.99 Pro91, Ile153

4 ÿ27.07 Pro91, Ile153 ÿ27.70 Pro91, Ile153

4 ÿ27.90 Entrance ÿ26.90 Entrance

1 ÿ21.87 to ÿ26.77 Pro91, Ile153 ÿ21.83 to ÿ25.39 Pro91, Ile153

1 ÿ22.25 Asp98, Thr99, Lys49 ÿ22.08 Asp98, Thr99, Lys49
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Mp.: 118±121�C; 1H NMR (400 MHz, �, CDCl3): 7.71 (d, 2H), 7.63 (d, 2H), 3.93 (s, 3H) ppm;
13C NMR (100 MHz, �, CDCl3): 154.16, 143.89, 132.52, 119.01, 118.54, 107.17, 54.22 ppm.

Recombinant fungal peroxidase from Coprinus cinereus (rCiP) was a highly puri®ed product of

Novo Nordisk A/S, Denmark; its Reinheit-Zahl (A405=A280) was 2.61. The concentration of rCiP was

determined spectrophotometrically at 405 nm assuming a molar absorbance of 1.08 � 105 Mÿ1 � cmÿ1

[19]. Solutions of H2O2 were prepared from perhydrol (30%), and concentrations were established

using a molar absorbance of 39.4 Mÿ1 � cmÿ1 at 240 nm [20].

The steady-state kinetic measurements of the oxidations were performed by a spectrophotometric

method. Kinetic curves and absorption spectra were registered using a computer-assisted

spectrophotometer (Gilford Instrument model 2600, Gilford Instrument Lab., USA). The substrates

were dissolved in methanol with the exception of 1 which was dissolved in buffer solution. The

amount of methanol in the ®nal solution was 0.5% (v/v). The reaction was initiated by addition of

H2O2. The measurements were carried out at 25�0.1�C in 0.05 M borate buffer (pH � 8:5). The

kinetic data (absorbance change) were approximated by a third order polynomial function; the

relative error of approximation did not exceed 0.2%. The calculated initial steady-state rate was used

for further analysis. If the initial rate was a linear function of the substrate concentration, an apparent

bimolecular rate constant (kox) was calculated from its slope. If the rate showed a saturating

character, an apparent Michaelis constant (Km) and a catalytic constant (kcat) was calculated

according to the Michaelis-Menten equation. In this case an apparent bimolecular rate constant (kox)

was de®ned as the ratio of kcat/Km. All data are presented as mean values � standard deviation.

The cyclic voltammograms were recorded in a three-electrode circuit using a computer-

controlled electroanalytical system (Cypress Systems Inc., USA) and a glassy carbon electrode

(model Cs-1087, Cypress Systems Inc., USA). A saturated calomel electrode (SCE, saturated with

KCl, mod. K-401, Radiometer, Denmark) was used as a reference. As an auxiliary electrode, a Pt-

wire (diameter 0.2 mm, length 4 cm) mounted on the end of the reference electrode was used. The

electrode potential was varied from 200 to 800 mV, the potential scan rate was 100 mV/s. The formal

redox potential (E1=2) was estimated by using the relationship E1=2 � �Ep�a� � Ep�c��=2, where Ep�a�
and Ep�c� are the anodic and cathodic peak potentials, respectively.

Ab initio calculations of electronic structures and the energies of 1±5 were performed using the

Gaussian 94 W package [21]. The optimization of geometry was accomplished using HF (Hartree-Fock)

theory and the 3-21 G basis set. The optimized geometry of molecules was used for the further ab initio

HF calculations with the 6-31 G basis set. The geometry of the radicals was optimized under the ROHF

theory and 3-21 G, the energetic parameters were calculated employing the ROHF/6-31 G model.

The simulations of substrate docking in the active center of Arthromyces ramosus peroxidase

(ARP) were performed with AutoDock 3.0 [22±24]. The crystal data of ARP (1ARP) and the ARP/

benzhydroxamic acid (1HSR) complex [25, 26] were downloaded from the Protein Data Bank. All

water molecules in the active center of ARP were removed with exception of the water molecule at

the distal side of heme.

The energy grid maps of atomic interaction were calculated with a 0.25 AÊ grid spacing and 120 grid

points forming a 30 AÊ cubic box centered at the active site of peroxidases on the heme side exposed to

water. The space of the cubic box covered the active site of peroxidases and the space beyond. The

electrostatic interaction energy grid used a distance-dependent dielectric function of Mehler-Solmajer

[27]. The docking was accomplished using the Lamarckian genetic algorithm. The number of

individuals in populations was set to 50. The maximum number of energy evaluations of this algorithm

is 250000; the maximum number performed was 27000. The number of top individuals guaranteed to

survive into the next generation was 1, the crossover and mutation rates were 0.02 and 0.80.
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