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The activity of the type 3 copper enzyme tyrosinase
toward 2-, 3-, and 4-fluorophenol was studied by kinetic
methods and 'H and °F NMR spectroscopy. Whereas
3- and 4-fluorophenol react with tyrosinase to give prod-
ucts that undergo a rapid polymerization process,
2-fluorophenol is not reactive and actually acts as a
competitive inhibitor in the enzymatic oxidation of 3,4-
dihydroxyphenylalanine (L-dopa). The tyrosinase-medi-
ated polymerization of 3- and 4-fluorophenols has been
studied in detail. It proceeds through a phenolic
coupling pathway in which the common reactive fluoro-
quinone, produced stereospecifically by tyrosinase,
eliminates an inorganic fluorine ion. The enzymatic re-
action studied as a function of substrate concentration
shows a prominent lag that is completely depleted in the
presence of L-dopa. The kinetic parameters of the reac-
tions can be correlated to the electronic and steric
effects of the fluorine substituent position. Whereas the
fluorine electron withdrawing effect appears to control
the binding of the substrates (K, for 3- and 4-fluorophe-
nols and K, for 2-fluorophenol), the k_,, parameters do
not follow the expected trend, indicating that in the
transition state some additional steric effect rules the
reactivity.

Tyrosinases (Tys)! are monooxygenating enzymes that cata-
lyze the ortho-hydroxylation of monophenols and the subse-
quent oxidation of diphenols to quinones (1). The reaction is
widespread in nature, from bacteria to fungi, plants, and mam-
mals. In mammals, when L-tyrosine acts as the substrate, the
formed quinones are reactive precursors in the synthesis of
melanin pigments. In fruits, vegetables, and mushrooms, Ty is
a fundamental enzyme in the browning process that occurs
during product storage and upon bruising. Ty contains a
dinuclear type 3 copper center, in which two copper ions are
closely spaced and coordinated each by three histidines
through the N-e nitrogen atoms (1). This type of site has been
found and structurally characterized also in hemocyanins,
which act as oxygen carriers in arthropods and mollusks (2—4),
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and in catechol oxidases, which perform the oxidation of
o-diphenols to quinones (5). The reasons why these proteins
perform different functions, although their catalytic sites
appear to be similar both in structure and oxygen binding
ability, remains to be clarified (6). During activity, the type 3
site of Ty can exist in three main redox forms: (@) Tygex, [Cu(I)
Cu(I)], the reduced species which binds oxygen to give (b) Tyoxy
[Cu(II)-0227-Cu(II)], in which molecular oxygen is bound as
peroxide in a w-n*n? side-on bridging mode, and (c) Ty,
[Cu(ID)-Cu(ID)], the resting form of the enzyme, where the Cu?*
ions are normally bridged by a small ligand (7, 8). The cloning
technique, developed recently, and more detailed kinetic stud-
ies (6—12) have increased the current understanding of Ty
mechanism and structure. Additional studies (8, 13-16) on
inhibitors also provided structural information. The impor-
tance of the latter studies is related to the considerable interest
of Tys from the medical, agricultural, and industrial point of
view. For instance, Ty inhibitors are of great concern in the
cosmetic industry (17) and in food technology as anti-browning
agents (18, 19). Moreover, the tyrosinases present in soil have
been found recently to be involved in the formation of humus
through random coupling of different aromatic compounds.
These findings have attracted interest in the activity of Ty as a
potential detoxifying agent for xenobiotic compounds with phe-
nolic structure (20, 21). In this paper we report a mechanistic
and kinetic study on the activity of Ty from Streptomyces
antibioticus toward the three isomeric fluorophenols, an impor-
tant class of xenobiotic substances. The number of fluorine-
containing environmental contaminants has strongly increased
during the past decade (22), and the polymerization processes
mediated by Tys can therefore contribute to soil clean up and
water treatment.

EXPERIMENTAL PROCEDURES

Chemicals—The enzyme was prepared from the growth medium
liquid cultures of S. antibioticus, harboring the pIJ703 expression plas-
mid, and purified according to published procedures (13). Protein con-
centrations were determined optically using a value of 82 mM™ ' cm™*!
for the extinction coefficient at 280 nm (23). Commercial 2-fluorophenol,
3-fluorophenol, and 4-fluorophenol, obtained from Sigma, were freshly
purified by HPLC as reported below. All other reagents were purchased
from commercial sources and used as received unless otherwise noted.
Electrospray ionization MS spectra were acquired using a Finnigan
MAT system equipped with an ion trap detector. The solution was
introduced into the electrospray source at 10 ul min ! using a syringe
pump instrument. The ESI source was operated at 3.5 kV; the capillary
temperature was set at 180 °C and its voltage at 10 V; and the exper-
iments were recorded both in positive and negative ion mode. HPLC
analysis and purifications were performed loading 1 ml of samples onto
Supelco LC18 semipreparative column (250 X 10 mm). Elution was
carried out at 5 ml/min starting with pure water and continuing elution
with water for 4 min, followed by a linear gradient from 0 to 100%
acetonitrile in 20 min. Spectrophotometric detection of HPLC elution
profile in the range 200—650 nm was performed with a Jasco MD-1510
diode array. °F NMR measurements were obtained on a Bruker
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Fic. 1. '°F NMR spectra of the incubation mixtures, after 6-h
reaction time at 25 °C, of Ty (0.4 um) and p-FP (1 mm) (a); m-FP
(1 mm) (b); o-FP (1 mm) (¢); p-FP (1 mMm) and ascorbic acid (1 mm)
(d); and m-FP (1 mm) and ascorbic acid (1 mm) (e). All the reactions
were carried out in 100 mm phosphate buffer, pH 6.8.

AVANCE spectrometer operating at proton Larmor frequency of 400.13
MHz. The temperature was set at 25 °C. The spectral width was be-
tween 20,000 and 50,000 Hz depending on the sample of interest. The
number of data points was 64,000 for a typical 128 scans experiment.
Fluorine chemical shifts are reported relative to CFCIL,.

Incubation Conditions—The reactions were performed with 0.4 um
Ty (final concentration after 4 additions) and 1 mwm fluorophenol in 100
mM phosphate buffer, pH 6.8, at 25 °C. The mixtures were magnetically
stirred in open vessels in order to maintain the solution saturated with
atmospheric oxygen. In the semipreparative experiments carried out for
6 h, the enzyme was always activated by 0.4 uMm L-dopa, which was
added in four portions in combination with Ty. In the experiments
carried out under reducing conditions, 1 mM ascorbic acid was added.
After 6 h of reaction time, the mixtures were centrifuged for 5 min, and
either trifluoroacetic acid (0.5 mm), for '°F NMR measurements, or
p-hydroxyphenylpropionic acid (1 mm), for HPLC analysis, was added
as internal standard to the solutions. Samples used for NMR contained
5% D,0 for locking the magnetic field. The data are discussed in terms
of the percentage of substrate transformed (%Tr) and percentage of
fluorine released from the aromatic ring (%F). %Tr was determined by
HPLC analysis, in which the unreacted phenols were quantified by
comparison to the internal standard. %F was estimated by F NMR
analysis, by integration of the detected peaks with respect to the inter-
nal standard.

For detection of the polymerization intermediates, the same reaction
conditions were maintained, but Ty concentration was reduced to 0.1
uM. Samples of the reaction mixtures (1 ml) were withdrawn after 30
min, 1 h, and 2 h and were directly injected into the HPLC column. The
standard incubation volume of 1 ml was increased to 10 ml to enable the
isolation of sufficient material for spectral characterization of the cou-
pling products. The reactions were stopped after 30 min, for the first
intermediates (I or III), or after 1 h, for the second intermediate (II or
IV), in the reactions of p-FP and m-FP, respectively, by cooling the
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Fic. 2. a, HPLCs of incubation mixtures of Ty (0.1 uMm) with p-FP (1
mM) and ascorbic acid (1 mm); b, m-FP (1 mm) and ascorbic acid (1 mm),
after a 2-h reaction time, monitored at 280 nm. The peak marked with
an asterisk was identified as the fluorocatechol derivative that forms
under these conditions; the other peaks in @ and b correspond to the
starting phenol () and ascorbic acid (@). The other chromatograms
contain traces monitored at 420 nm corresponding to samples of p-FP
(1 mm) after 30 min reaction time (c), p-FP (1 mm) after 60 min (d), m-FP
(1 mMm) after 30 min (e), and m-FP (1 mMm) after 60 min (f). All incuba-
tions were in 100 mM phosphate buffer, pH 6.8, at 25 °C.

sample in ice and extracting the solutions 4 times with 2 ml of ethyl
acetate. The combined organic extracts were rotary-evaporated to dry-
ness, and the resulting purple solid material was dissolved in 1 ml of
acetonitrile/water, 80:20 (v/v). The solution was further purified by
HPLC, and the fractions containing the intermediate of interest were
collected, dried, and analyzed.

Kinetic Experiments—Kinetic studies on the catalytic oxidation of
fluorophenols were performed in 100 mMm phosphate buffer, pH 6.8,
saturated with air, using a magnetically stirred and thermostated cell
with 1-cm optical path length, at 25 = 0.1 °C. In the experiments where
the oxidation rate was studied as a function of FP concentrations, Ty
was kept at 0.04 uM, whereas the concentration of the substrates was
varied between 1 and 90 mm for p-FP and 0.5 and 60 mwm for m-FP.
Different sets of experiments were performed in order to establish the
dependence of the initial lag of the reaction by L-dopa concentration.
Thus, the concentration of L-dopa was varied between 0 and 1 pMm, for
which the lag phase was completely depleted. Formation of the quinone
moieties (I and III) was monitored through the development of their
characteristic optical band at 420 nm (e = 2000 M~ ' cm ™). The noise
during the measurements was reduced by reading the difference in
absorbance between 420 and 800 nm (at the latter wavelength absorb-
ance change during the reaction was only due to noise). The initial rates
(vo) were obtained by fitting linearly, normally between 100- and 300-s
reaction time, the AA versus time plots. In the inhibition studies, the
concentration of o-PF was kept fixed (at 0, 10, 20, 35, and 60 mm) and
that of L-dopa was varied between 1 and 10 mM, whereas Ty concen-
tration was always kept at 0.04 uM. Dopachrome formation was moni-



44608 Tyrosinase-catalyzed Oxidation of Fluorophenols
TABLE 1
Characterization data for the intermediates isolated in the enzymatic oxidation of p-FP and m-FP
HPLC elution ESImass H NMR IQ(FPEHI}’{R

min m/z ppm (ppm)
I 18.5 [219.1]F 7.03 (m), 6.88 (m), 6.73 (d), 6.46 (d), 6.31 (dd) —124.72(m)
1I 21 [329.7]1%, [851.7]" 7.45 (m), 7.15 (m), 6.5 (s) —125.35(m)
111 18.6 [219.1]" 7.31 (m), 6.71 (m), 6.42 (d), 6.28 (dd) —112.31(m)
v 21.3 [329.7]", [351.7]" NM NM

The abbreviations used are: m, multiplet; d, doublet; dd, doublet of doublets; s, singlet; NM, not measured.
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Fic. 3. Kinetic plots of the initial oxidation rates of the fluoro-
phenols as a function of substrate concentration in the presence
of 1 um L-dopa (@) and without L-dopa (A). Ty concentration was
kept at 0.04 puM, whereas substrate concentrations varied between 1
and 90 mMm for p-FP (a) and 0.5 and 60 mm for m-FP (b).

tored through the development of its characteristic optical band at 475
nm (e = 3600 M~ cm ™).

NMR Spectroscopy—Ty,,.. samples for NMR studies (~0.6 mM in 100
mM phosphate buffer at pH 6.80) were prepared as described before (7).
o-FP was added to the protein samples from concentrated stock solu-
tions prepared by using the same buffer. Protein 'H NMR spectra were
recorded at 600 MHz using a Bruker DMX-600 spectrometer and the
super-WEFT pulse sequence (24). Depending on the required signal to
noise ratio, 4,000 to 32,000 FIDs were recorded, Fourier-transformed
using a 60-Hz exponential window function (LB), and base line-
corrected using the Bruker provided software.

RESULTS

S. antibioticus Ty produces different effects when reacted
with the three isomeric mono-fluorophenols in solution.
Whereas a rapid browning can be observed for 3-fluorophenol
(m-FP) and 4-fluorophenol (p-FP), 2-fluorophenol (0-FP) did not
undergo any apparent reaction. The reaction of m-FP and p-FP
in the presence of Ty for a few hours produced a large amount
of dark brown solid product, which appeared to be insoluble in
common organic solvents like Me,SO, CH,Cl,, and ethyl ace-
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Fic. 4. Double-reciprocal plots of the kinetics of o-FP inhibi-
tion for the Ty-catalyzed oxidation of L-dopa measured in 100
mM phosphate buffer at pH 6.8 and 25 °C and the corresponding
replots of the slopes versus o-FP concentrations.

tate. The HPLC and °F NMR analyses performed on the
supernatant solution, after centrifugation of the insoluble poly-
mer, displayed different product patterns for different sub-
strates. In the case of p-FP, the °F NMR spectrum shown in
Fig. 1la exhibits only the presence of inorganic fluorine (—123.9
ppm), which can be estimated to be about 50% of the starting
phenol. The nearly complete consumption of p-FP was con-
firmed by HPLC analysis, where only 2% of the starting flu-
orophenol was detected after 6 h of Ty reaction. In the same
reaction conditions, almost 30% m-FP remained unreacted.
This is shown in the °F NMR spectrum in Fig. 15, where two
peaks, at —116.54 ppm and —123.86 ppm, are present. The
former peak, with a multiplet structure shape, corresponds to
30% unreacted m-FP, whereas the second peak corresponds
to inorganic fluorine and accounts for 35% of the initial
phenol concentration. Solutions of o-FP are very little
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affected by incubations with Ty. Only about 5% of starting
phenol was consumed after a long reaction with the enzyme,
and only traces of inorganic fluorine were detected in the °F
NMR spectrum (Fig. 1c).

When the enzymatic reactions of m-FP and p-FP were car-
ried out in the presence of ascorbic acid, the browning effect
was completely quenched. The HPLCs of the reaction mixtures
reveal the formation of new species common to both the sub-
strates (Fig. 2, @ and b). No other products were identified even
on extending the reaction times up to 8 h. The °F NMR spectra
of the reaction mixtures show, besides the peak of the starting
phenol, the presence of a resonance at —126.67 ppm (Fig. 1, d
and e), unequivocally assigned to the same o-catechol deriva-
tive in both cases according to the data reported in the litera-
ture (25). The negative ion ESI-MS analysis of both reaction
mixtures from m-FP and p-FP exhibit two clusters of peaks at
127.3 m/z and 149.0 m/z, which can be attributed to the
[F-catechol — H*]™ and [F-catechol — 2H" + Na™]~ species,
respectively. The lack of reactivity of o-FP mentioned above
was confirmed by the experiment carried out in the presence of
ascorbic acid.

In order to characterize the products formed in the early
steps of the polymerization reaction undergone by m-FP and
p-FP, the browning process was followed by HPLC analysis at
different reaction times. Taking into account that significant
scattering of the solution, which indicates the occurrence of
polymer precipitation, normally starts after 2 h of enzymatic
reaction, three samples of the reaction mixture were analyzed
for both m-FP and p-FP reactions after 30-, 60-, and 120-min
reaction times. The optical detection of the products in the
wavelength range between 200 and 600 nm revealed the for-
mation and time evolution of three major species, which share
a broad absorption band at 420 nm. These products were suc-
cessfully separated, and their HPLC traces detected at 420 nm,
reported in Fig. 2, ¢ and d, refer to the products obtained from
p-FP, whereas e and f refer to those resulting from m-FP.
Initially, the enzymatic reaction rapidly gives rise to the prod-
uct with a retention time of 18.5 min (I) for the p-FP reaction
and 18.6 min (III) for the m-FP reaction. These products

evolved in times of the order of 1 h into two different species,
which were still characterized by an optical absorption band at
420 nm but had different retention times as follows: 21.0 min
(II) for the p-FP reaction and 21.3 min (IV) for the m-FP
reaction, respectively. After 2 h of reaction time, polymer pre-
cipitation involved the products associated with peaks II and
IV; these peaks decreased in intensity until they completely
disappeared. The browning processes, related to the formation
of compounds I-IV, were not observed without the enzyme.

In order to define the structure of the four intermediates
detected by HPLC as described above, semipreparative scale
reactions were performed. Samples of the reaction mixtures
were quenched at different times, corresponding to maximum
formation of intermediates I and II (for the p-FP reaction) and
IIT and IV (for the m-FP reaction) and extracted with ethyl
acetate. The extracts were further purified by HPLC and the
products analyzed by ESI-MS, 'H NMR, and °F NMR spec-
troscopy; the data are shown in the Table I. The low concen-
tration in which IV is produced prevented its NMR
characterization.

The dimeric compounds I and III maintain the quinone
structure and exhibit a moderately intense absorption band at
420 nm (e ~ 2000 M~ em™1). The mass peaks at m/z 219.1
observed for these species represent the [I/III + H] ™ ions, and
their '"H NMR spectra contain an ABX pattern that is consist-
ent with the structure shown in Scheme 1.

The trimeric intermediates IT and IV exhibit optical proper-
ties similar to those of I and III but with a maximum shifted to
415 nm. The structure shown in Scheme 1 is consistent with
their spectral data (Table I), where the MS peaks at m/z 329.7
and 351.7 refer to the ions [I/ZIV + H]* and [II/IV + Na]™,
respectively. The 'H NMR spectrum of II, besides the aromatic
envelope, shows a characteristic singlet, which could be attrib-
uted to the equivalent protons of the symmetric quinone
moiety.

Kinetic measurements of the Ty activity toward the reactive
fluorophenols m-FP and p-FP were carried out at 420 nm as a
function of substrate concentration. The absorbance versus
time curves showed an induction period that can last more than
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600 s and decreases with the increase of substrate concentra-
tion. The resulting plots of initial rates versus substrate con-
centration exhibited a sigmoidal shape because of the promi-
nent induction period at low concentration of fluorophenols
(Fig. 3).

When the kinetic analysis was performed in the presence of
at least 25-fold excess L-dopa, with respect to the enzyme con-
centration, the observed behavior changed completely. The lag
phase previously observed in the enzymatic reactions without
L-dopa markedly reduced to less than 100 s. The resulting plots
of initial rates after the induction period versus substrate con-
centrations showed for both p-FP and m-FP a simple substrate
saturation dependence. The kinetic parameters obtained in
these conditions for the enzymatic reactions are shown in Re-
actions 1 and 2,

p-FP, ke = 105 +03s ! K, = 29*04 mMm
REAcTION 1
m-FP, ke, = 3.0+02s! K, = 6.9+09 mm

REACTION 2

As discussed above, o-FP does not react appreciably with Ty
and actually it acts as an inhibitor of L-dopa enzymatic oxida-
tion. The inhibition behavior of o-FP, studied by changing both
the 1-dopa and o-FP concentrations, is reported in Fig. 4. This
analysis allowed us to establish that the inhibition mechanism
is competitive and to estimate the inhibition constant (K;) as
20.0 mM. It is also noteworthy that increasing the o-FP concen-
tration above 40 mM produces reproducible deviation from lin-
earity of the slope versus [o-FP] plot. Although we did not study
this effect in detail, it is possible that more than one molecule
of 0-FP interacts with the enzyme in these conditions.

Fig. 6 shows the effect of saturating concentration of o-FP on
the 'H NMR spectrum of the resting Ty,,., form. Although the
Cu(ID)-Cu(I) ground state of the enzyme is diamagnetic (S =
0), the paramagnetic (S = 1) triplet state is appreciably popu-
lated at room temperature and provides enough paramagnetic
shift to the nuclei in the dicopper environment (26). As reported
previously (7, 8, 13), these signals originate from the nuclei of
the coordinated His residues. Therefore, the region between 15
and 50 ppm represents a detailed fingerprint of the type 3
copper site environment which appears to be very sensitive to
changes in both copper geometry and ligand binding (7, 8, 13).
Binding of the exogenous o-FP ligand to the dicopper(Il) en-
zyme is suggested by the shifts observed for some of the para-
magnetic signals.

Tyrosinase-catalyzed Oxidation of Fluorophenols
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Fic. 5. Hammett plot of K,,, for m-FP and p-FP, and K,, for
0-FP, where the o scale has been calculated as the log (K /K, ;);
with K, and K_; representing the acidity constant of fluoro-
phenols and a nonsubstituted phenol, respectively (31).

DISCUSSION

S. antibioticus tyrosinase reacts differently with the three
isomeric mono-fluorophenols, whereas m-FP and p-FP undergo
extensive browning and precipitation reactions, o-FP does not
react appreciably with the enzyme. The reaction occurring with
the former substrates starts with an initial hydroxylation and
a successive oxidation to form the intermediates indicated as a
and b in Scheme 1.

The quinone initially formed is extremely reactive and un-
dergoes fast (nonenzymatic) coupling reactions with the phe-
nols present in the solution. Through this reaction one mole-
cule of inorganic fluorine is produced. The dimeric compounds
I, from p-FP, and III, from m-FP, represent the major product
species in solution at intermediate reaction times (about 30
min). The early enzymatic steps preceding formation of I and
III can be followed only in the presence of a reducing agent like
ascorbic acid. The isolation and the spectroscopic characteriza-
tion of a common catechol intermediate, a, in the reactions of
p-FP and m-FP indicates that Ty performs a stereospecific
hydroxylation of m-FP in para position to the fluorine substit-
uent. The fluorine dipolar field effect plays a major role in
selecting the position of electrophilic attack, making the other
available site electronically poor. Moreover, detection of com-
pound a indirectly but unequivocally proves that quinone b
acts as the initiator of the polymerization process. The dimeric
compounds I and III are still reactive on their turn. They
accumulate in sizable amount during the initial reaction time,
after which they are partially consumed by the second phenol
insertion reaction. This Michael-type reaction (27) involves
another molecule of starting p-FP or m-FP and occurs without
loss of halogen atom. The polymerization process becomes de-
tectable after a 2-h reaction. It involves directly the interme-
diates IT and IV that progressively disappear from the reaction
mixture.

Comparing the reaction pattern of m-FP and p-FP after 6 h
of reaction time elicits interesting differences in terms of de-
fluorination (%F) and transformation ratio (%Tr). Despite
m-FP remaining partially unreacted in these conditions, the
ratio (%Tr)/(%F) amounts to 2 in both cases. This confirms that
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the polymerization mechanism proceeds through the same in-
termediates and appears to be similar to that reported previ-
ously (20, 21) for the enzymatic oxidation of chlorophenols by
mushroom tyrosinase. In order to maintain the same ratio of
(%Tr)/(%F), the polymerization of II and IV must continue
through a mechanism involving successive incorporation of
molecules of the starting fluorophenols.

The different rate of enzymatic transformation of m-FP and
p-FP is confirmed by the kinetic measurements. The kinetic
profiles of formation of compound I/III in the absence of L-dopa
show a characteristic lag, which has been systematically
encountered in the Ty-catalyzed oxidation of several other phe-
nolic substrates. The initial lag has been accounted for by
considering that enzyme activation is needed when it is used in
the Met form (9, 28, 29). This activation is accomplished using
L-dopa because it reduces Ty,,e; t0 TYgeoxy, Which on binding
dioxygen can react with substrate (Scheme 2).

When a portion of the enzyme is already in the oxy form
and/or when reducing impurities, for instance traces of cat-
echols, are present in the substrate the phenol transformation
can proceed even in absence of L-dopa. The latter effect ac-
counts for the sigmoid curve shown in Fig. 3, because the
impurities increase on increasing the substrate concentration.
The activity enhancement by humic constituents such as cate-
chol, which was reported previously (20, 21), can also be asso-
ciated with these effects. The inhibitory effect of the phenols

(Scheme 2), which blocks the enzyme in the Met form, increases
the amount of L-dopa necessary for complete depletion of the
lag phase. A 25-fold excess of L-dopa with respect to the
enzyme, but still about 1/1000 the minimum substrate concen-

tration used, makes the initial activation fast enough to elim-
inate the lag phase throughout the concentration range of
m-FP and p-FP employed, until saturation is reached. The
kinetic parameters obtained, according to a Michaelis-Menten
treatment, show that &, is three times larger for p-FP than for
m-FP. The comparison of the k., values for m-FP and p-FP
offers some additional insight into the widely accepted mecha-
nism in which the rate-determining step involves an electro-
philic attack of the phenol moiety by the Ty, form (14, 30).
The identity of the catechols formed in the oxidation of the
two phenols implies that insertion of the oxygen atom into the
phenol nucleus occurs in the meta position (to fluorine) for p-FP
and in the para position (to fluorine) for m-FP. Thus, the
fluorine dipolar effect should be much more effective for the
oxygenation in meta position, i.e. it should decrease the rate of
the reaction of p-FP more than for o-FP. The observed k.,
values show, in fact, an opposite trend. This indicates that in
the rate-determining step some steric effect rules the reactiv-
ity. This effect favors the para-substituted phenol, carrying the
same substitution pattern as the natural substrates. The ortho-
substituted phenol is unreactive, but it binds to the active site,
because it competitively inhibits the enzyme reaction (Fig. 4).
To understand whether the binding mode of 0-FP to the enzyme
is similar to that of the reactive substrates, the K,, values
obtained for m-FP and p-FP and the K value for o-FP have
been plotted against a modified o scale that should rationalize
the fluorine substituent effect in the phenolic derivatives in
terms of their relative acidity (Fig. 5) (31, 32). The observed
trend suggests that the binding mode of the fluorophenols to
the Ty active site is similar, and their reactivity depends on the
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electronic effect modulated by the substituent position. Binding
of the phenols to the enzyme is likely stabilized by interactions
with protein residues. Collectively, these interactions result in
weaker binding as the electron density on the phenol is
reduced.

Binding of o-FP results in a relatively modest change in the
paramagnetic 'H NMR spectrum of Ty, (Fig. 6) compared, for
instance, with the effects produced by halide ions and kojic acid
(7, 8, 13). In particular, only a limited number of signals of
Ty, are slightly shifted, and no sharpening of the resonances
occurs. Furthermore, no new peaks likely to belong to the
bonded inhibitor protons appear outside the protein envelope,
even if only a complete assignment of the NMR spectrum,
which is still in progress, will only provide a definitive answer.
Apparently, this electron-poor phenol does not significantly
modify the electronic structure of the copper site and the steric
hindrance of the ortho substituent could even prevent an effec-
tive binding. Therefore, the specific interaction matrix pro-
vided by the protein envelope around the copper site could
assist and enforce the binding mode, providing a rationale for
the different inhibitor behavior of kojic acid and o-FP.
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