J OURNAIL

AGRICULTURAL AND

FOOD CHEMISTRY

pubs.acs.org/JAFC

Tetrahydrofolic Acid Is a Potent Suicide Substrate of Mushroom

Tyrosinase

Francisco Garcia-Molina," Jose Luis Munoz Munoz," Francisco Martlnez-Ortlz, Pedro Antonio Garcia- Rmz,

Jose Tudela,” Francisco Garcfa-Canovas,*'

and Jose Neptuno Rodriguez-Lépez'

*Grupo de Investigacién de Enzimologia (GENZ), Departamento de Bioquimica y Biologfa Molecular-A, Facultad de Biologia,

Universidad de Murcia, Espinardo, Murcia E-30100, Spain

*Grupo de Investigacién de Electroquimica Tedrica y Aplicada, Departamento de Fisica-Quimica, Facultad de Quimica,

Universidad de Murcia, Espinardo, Murcia E-30100, Spain

§Grupo de Quimica de Carbohidratos y Tecnologia de Alimentos (QCBA), Departamento de Quimica Organica, Facultad de Quimica,

Universidad de Murcia, Espinardo, Murcia E-30100, Spain

e Supporting Information

ABSTRACT: The coenzyme tetrahydrofolic acid is the most rapid suicide substrate of tyrosinase that has been characterized to
date. A kinetic study of the suicide inactivation process provides the kinetic constants that characterize it: A, the maximum
apparent inactivation constant; r, the partition ratio or the number of turnovers made by one enzyme molecule before inactivation;
and k., and K,,,, the catalytic and Michaelis constants, respectively. From these values, it is possible to establish the ratio A,/ Kp,
which represents the potency of the inactivation process. Besides acting as a suicide substrate of tyrosinase, tetrahydrofolic acid
reduces o-quinones generated by the enzyme in its action on substrates, such as L-tyrosine and L-DOPA (o-dopaquinone), thus

inhibiting enzymatic browning.
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B INTRODUCTION

Tyrosinase (TYR) or polyphenol oxidase (monophenol, o-
diphenol; oxygen-oxidoreductase; EC 1.14.18.1), which has two
copper atoms in its active site, is ubiquitously present in biolog-
ical systems. It catalyzes the oxidation of o-diphenols (diphe-
nolase or catecholase activity) to the corresponding o-quinones
through the consumption of molecular oxygen. It may also
catalyze the regioselective ortho-hydroxylation of monophenols
to catechols (monophenolase or cresolase activity) and their sub-
sequent oxidation to o-quinones."* In ammals, TYR tr1g§ers the
biosynthesis of melanins in skin, hair, and eyes. 'In plants,” fun
and bacteria,” this enzyme is involved in enzymatic browmng,
phenomenon that also acts as a defense against predators because
of the toxicity of the intermediates of melanogenesis, such as o-
quinones. TYR inhibitors are used as depigmenting agents.’”®

Folic acid or pteroil-L-glutamic acid is also known as B9 or M
vitamin. In vivo, folic acid is reduced to dihydrofolic acid and,
subsequently, to S,6,7,8-tetrahydrofolic acid (THF; Scheme 1).9
Folates are a class of compounds with a similar chemical structure
and nutritional activity to folic acid and are found in vegetables,
such as spinach, lettuce, etc., and fungi, such as mushrooms.'®

The synthesis of many compounds and the regulation of meta-
bolic processes require the addition or elimination of 1-carbon
units (C, metabolism)."! These one-carbon reactions play essen-
tial roles in major cellular processes, including the synthesis of
nucleic acids, methionine, and pantothenate, and other products,
such as choline, lignine, and chlorophyll.'' THF derivatives and
S-adenosylmethionine mediate most of these transfers of C,;
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Scheme 1. Chemical Structure of THF
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units. Only the tetra-reduced form of the folic acid serves as a
coenzyme for C,-transfer reactions.'” Some of the initial steps of
THE synthesis are absent in animals, and the folates required by
these organisms are contributed by the diet.'>'* Folate defici-
ency may have severe repercussions for human health (e.g,
neural tube defects, heart coronary disease, or an increased risk of
cancer). In contrast, mlcroorgamsms and plants are able to syn-
thesize THF de novo.'” Some drugs interfere with folic acid bio-
synthesis and, consequently, with THF, among them many inhibitors
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Scheme 2. Kinetic Mechanism To Explain the Suicide Inactivation of TYR in Its Action on THF, Where E; Is the Inactive Enzyme
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of dihydrofolate reductase that have been used as antineoplastic
agents, such as metotrexate and trimetroxate.”> On the other
hand, THF and its derivatives have been characterized as show-
ing high antioxidant activity.” Moreover, this antioxidant activity
is pH-dependent, as recently demonstrated."

THE can affect the diphenolase and monophenolase activities
of TYR,*® as occurs with reduced nicotinamide adenine dinu-
cleotide (NADH)"” and 5,6,7,8-tetrahydrobiopterin'® when it
acts as a reductant of o-dopaquinone produced from 4-hydro-
xyphenylalanine (L-tyrosine) or 3,4-dihydroxyphenylalanine (L-
DOPA) by TYR. As in the case of NADH" or 5,6,7,8-tetrahydro-
biopterin,"® THE can shorten the lag period of the monophe-
nolase activity of TYR.' Moreover, in humans, serum levels of
THE are related to the level of homocysteine; for example, at low
levels of THF, the concentration of homocysteine increases to
such an extent that it could inhibit TYR, a process that is related
to psoriasis and vitiligo."” '

Recently, the study of TYR inhibitors® and suicide substra-
tes”>”? has intensified the desire to take advantage of its depig-
mentation properties. Among the most powerful suicide sub-
strates described in the literature, there are two isoflavone meta-
bolites, 7,8,4'-trihydroxyisoflavone and $5,7,8,4'-tetrahydroxyiso-
flavone,** although 8-hydroxynaringenin, a biotransformed me-
tabolite of naringenin,” has also been described as a suicide
substrate. On the basis of such studies, it is proposed that 7,8,4’-
trihydroxyl groups on flavonoid skeletons play important roles in
producing the suicide inactivation of mushroom TYR. In this
work, we make a kinetic study of THF as a suicide substrate of
TYR and, at the same time, consider its effect on enzyme browning.

Bl MATERIALS AND METHODS

Enzyme Source. Mushroom TYR (3300 units/mg) from Sigma
(Madrid, Spain) was purified as described in ref 24.

Reagents. L-Tyrosine, L-DOPA, and 4-fert-butylcatechol (TBC)
were obtained from Aldrich (Madrid, Spain). 5,6,7,8-Tetrahydrofolic
acid (THF) and 7,8-dihydrofolic acid (DHF) was purchased from Sigma
(Madrid, Spain). Stock solutions of the diphenolic compounds and THF
and DHF were prepared in phosphoric acid (0.15 mM). Protein concen-
trations were determined using Bradford’s method,* using bovine
serum albumin as the standard. Milli-Q System water was used through-
out this work (Millipore, Billerica, MA).

Monophenolase Activity of TYR. The monophenolase activity
of TYR was followed spectrophotometrically, measuring the accumula-
tion of dopachrome at a wavelength of 475 nm (& = 3600 M ™" cm™')*®
during the oxidation of L-tyrosine, using a Perkin-Elmer A-35 spectro-
photometer connected to a personal computer (PC) (Perkin-Elmer,
Waltham, MA). The conditions of the assay are specified in the corres-
ponding figure captions.

60

30

IDHF, =2:£],
50 |-

«

201

40 |-

[DHF], () O
[
L
1
®
®(}5) (0L x Oy

©

00 01 02 03
[TYR]p (um)

[DHF] (uM)

0 I ! I
0 200 400 600

time (s)

Figure 1. Representation of the variation in the concentration of DHF
with respect to time during the suicide inactivation of TYR in its action
on THF. The data were obtained for various enzyme concentrations.
The conditions were 30 mM sodium phosphate buffer (pH 7.0), [THF],
=0.31 mM, and [O,], = 0.26 mM, while enzyme concentrations (nM)
were (a) 120, (b) 140, (c) 160, (d) 180, (e) 200, (f) 220, and @%3 240.
(Inset) Corresponding values of (O) [DHF]., and (@) Ag_ F for
various concentrations of TYR.

Diphenolase Activity of TYR. The diphenolase activity of TYR
was followed spectrophotometrically, measuring the accumulation of 4-tert-
butyl-o-benzoquinone at a wavelength of 410 nm (& = 1200 M ' cm ™ ')*
during the oxidation of TBC or measuring the accumulation of dopa-
chrome at a wavelength of 475 nm (& = 3600 M 'em 1) during the
oxidation of L-DOPA, using the above-mentioned apparatus. The assay
conditions are specified in the corresponding figure captions.

THF Oxidase Activity. Oximetric Measurements. The values of
Vg—}HF were determined at short reaction times in triplicate at each
[THF],.*” From experiments in which the dependence of Vg—}HF upon
[THF], was studied, V2, and K=F were obtained by nonlinear regres-
sion fitting of the data for VgrszF versus [THF],, using the Sigma Plot
program for Windows.>®

Spectrophotometric Measurements. The initial Voiqir rates were
obtained by measuring the increase in absorbance at 340 nm. The Aés4
values of THF after conversion into DHF were calculated at the different
pH values used, using equal concentrations of THF and DHF and
measuring the absorbance at each pH (pH 9.2, 8.5, 8.0, 7.5, 7.0, 6.5, 6.0,
5.5,5.0,4.5,4.0,3.5,3.2,3.0,2.75,2.5,and 2.2), giving 4270, 4210, 4020,
4005, 3890, 3710, 3440, 2810, 2000, 1950, 1865, 1850, 1810, 1808, 1807,
1804, and 1801 M ' cm™ !, respectively. When the pH was varied, 30 mM
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Table 1. Kinetic Constants That Characterize the Suicide Inactivation of TYR by THF and Values of the Chemical Shifts of THF

Obtained by 13C NMR for the Carbons C, and C,, at pH 7.0

Keat (571)

1.79£021

substrate lon(mm (x10%s7Y)  r= keat/Ag,, .

THF 30£2 59.7 43

K™ (mM)

0.62£0.07

KO (uM)  Ap (mao/Kn ™ (mM 's7') Oy, (ppm) Oy (ppm)

0.031 £ 0.005 0.048 £0.07 81.0 169.78

sodium acetate buffer was used for values between pH 2.2 and 5.0 and
30 mM sodium phosphate buffer was used for values between pH S.5
and 9.2.

Kinetics of the Suicide Inactivation. The kinetics of the suicide
inactivation of TYR in its action on THF can be followed by measuring
oxygen consumption in an oxygraph or measuring the formation of DHF
in a spectrophotometer. These spectrophotometric assays were carried
out as described previously. The experimental data for the formation of
DHEF with time follow the equation

[DHEF] = [DHE]_(1—e %) (1)

where [DHF] is the instantaneous concentration of DHF, [DHF].. is
the DHF formed at the end of the reaction, t — oo, and lE“THF is the
apparent inactivation constant for E,, in the suicide inactivation of TYR
under aerobic conditions (Scheme 2).

Square Wave Voltammograms (SWVs). SWVs were recorded
with a computer-driven three electrode potentiostat constructed in the
“Research Support Service of the University of Murcia” (http://www.
um.es/sai). The reference electrode was a saturated calomel electrode
(SCE), and the counter electrode was a platinum wire. The oxidation
was carried out on a home made graphite disk electrode (0.5 mm diam-
eter), which was used in all of the experiments presented herein.

During square wave voltammetry, the net current was always recor-
ded and a triangular scan was applied from an initial potential to a more
positive potential, followed by a return to the initial potential. This
triangular scan was preferred to the usual linear scan because the formal
potential of a reversible process coincides with the peak potential in both
direct and reverse scans, while for a quasi-reversible process, the formal
potential lies between both peaks, allowing for accurate determination of
this parameter.29 The experimental conditions were 0.5 mM THF in
30 mM sodium acetate buffer (pH 4.5) or 30 mM sodium phosphate
buffer (pH 7.0) at 25 °C, with square-wave potential, Esy, SO mV;
potential increment, AE, 1 mV; and square-wave period, Tsw, S0 ms.

3C Nuclear Magnetic Resonance (NMR) Assays. The *C
NMR spectrum of THF was obtained in a Varian Unity spectrometer at
600 MHz, using 30 mM sodium phosphate as buffer (pH 7.0) and *H,0
as solvent. Chemical displacement () values were measured relative to
those for tetramethylsilane (0 = 0). The maximum line width accepted
in the "*C NMR spectra was 0.06 Hz. Therefore, the maximum accepted
error for each peak of the spectrum was £0.03 ppm.

B RESULTS AND DISCUSSION

Suicide Inactivation of TYRin Its Action on THF. THF can
be oxidized by TYR, a process during which the enzyme under-
goes suicide inactivation. The kinetic mechanism proposed to
explain this suicide inactivation of TYR acting on THF is des-
cribed in Scheme 2 and is based on the mechanism proposed to
explain the action of the enzyme on o-diphenols.* Derivation of
the analytical expression establishing the variation of the product
(DHF) concentration with time when [THF], > [E], is des-
cribed in detail in the Supporting Information of ref 30.

On the basis of the findings of previous studies of the suicide
inactivation of TYR from diverse sources, the process follows
ﬁrst-org{oer kinetics and has a much higher partition ratio (r)
than 1.
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Figure 2. Representation of the variation in the concentration of DHF
with respect to time during the suicide inactivation of TYR in its action
on THF. The data were obtained for various substrate concentrations.
The conditions were 30 mM sodium phosphate buffer (pH 7.0), [0,]o =
0.26 mM, and [TYR], = 220 nM, while substrate concentrations (mM)
were () 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.55, (f) 0.7, (g) 1, and (h) 1.2.
(Inset) Corresponding values of (@) iEMTHF for various concentrations

of THF.

The variation of [DHF] with time is given by eq 1, and
therefore, when t — oo, [DHF] has the following expression:

2kca 2k
[DHE], = —rr (Bl = oL = 2B, (@)
E 12

ox(max)

where k. and AEM(M)THF are the catalytic constant and the

maximum inactivation constant, respectively, and r is the parti-
tion ratio between the catalytic pathway and the inactivation
pathway and also called the number of turnovers realized by 1
mol of enzyme before its inactivation (Scheme 2). Keeping in
mind that K$? values are very low®" and that the initial concen-
tration of O, is 0.26 mM, the enzyme is saturated by O,, and
therefore, the following equation can be deduced for the varia-
tion of the apparent inactivation constant, AEOXTHF, with the
concentration of THF:

THF
THF j'on<maxJ [THF]O

o KTHF 4 [THF],

(3)

The variation in the initial velocity of DHF formation with
respect to the concentration of THF is

DHF  _ 2k [THF], [E] @
o = TN [THE,

where K-PF is the Michaelis constant of TYR for THF.
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Figure 3. Action of THF on diphenolase activity of TYR. Concentrations (4M) of THF. Spectrophotometric recordings of dopachrome accumulation
in the action of 42 nM TYR on 0.5 mM L-DOPA in 30 mM sodium phosphate buffer (pH 7.0) at 25 °C. THF added at (M) (a) 0, (b) 10, (c) 20, (d) 40,
and (e) S0. (Inset A) Action of THF and DHF on diphenolase activity of TYR. Spectrophotometric recording of dopachrome accumulated in the action
of 42nM TYR on 1 mM L-DOPA in 30 mM sodium phosphate buffer (pH 7.0) at 25 °C: (a) I mM L-DOPA, (b) 1 mM L-DOPA and 100 uM THF, and
(c) 1 mM 1-DOPA and 100 #M DHF. (Inset B) Action of THF on monophenolase activity of TYR. Spectrophotometric recordings of dopachrome
accumulation in the action of 170 nM TYR on 0.25 mM L-tyrosine in 30 mM sodium phosphate buffer (pH 7.0) at 25 °C. THF added at (uM) (a) 0, (b)

20, (c) 40, (d) 60, and (e) 80.

The experimental study was carried out in three steps follow-
ing the methodology used to study the kinetics of suicide sub-
strates.”

Step 1: Preliminary Assays in Which the Stability of THF and
DHF in the Experimental Conditions Used Was Investigated
and Which Showed That They Were Stable in the Experimental
Time (Results Not Shown). Subsequently, the enzyme concen-
tration was optimized, so that THF consumed and DHF formed
fulfilled [DHF].. < [0,]o and [THF], (results not shown).

Step 2: Variation in Enzyme Concentration. The concentra-
tions of [E], were varied, while the substrate concentration was
kept constant. The results are shown in Figure 1, while the inset
of Figure 1 shows the dependence of iEOXTHF and [DHF]., with
respect to the enzyme concentration. From the value of the slope
of the relationship [DHF].., versus [E],, the value of (r = 59.7 &
4.3) is obtained, taking into account that, according to eq 2, the
slope is 2r (Table 1) [Note the low value of the parameter r
(Table 1), which is one of the lowest described in the literature
for this enzyme].*”***° The values described for 7,8,4'-trihy-
droxyisoflavone and S,7,8,4'-tetrahydroxyisoflavone are 81.7 +
5.9 and 39.5 + 3.8, respectively,”” and in the case of 8-hydro-
xynaringenin, the value is 283 + 213

Step 3: Variation of the Concentration of THF. With a fixed
concentration of enzyme sufficient to give [DHF]., < [THF],
for the lowest substrate concentration being assayed, the con-
centration of THF was varied, while the concentration of O,
was kept constant at a saturating 0.26 mM (Figure 2). For the
substrate studied, a hyperbolic dependence of the apparent

inactivation constant (Ag_ THF) was obtained with respect to the
concentration of THF (mset of Figure 2)
Nonlinear regression analysis of lE
cording to eq 3 gave the values of A - HE the apparent
maximum inactivation constant, and K, TH(F the Mlchaehs con-
stant of TYR for THF (Table 1). From these values and taking
into consideration eq 2, the catalytic constant, kcat, can be
obtained (see Table 1). The value obtained for Ag_ . F 30+
2 x 1072 57, is the highest described in the hterature,21 22,30
meaning that THF is a powerful suicide substrate for TYR, with a
suicide potency, Ao /K, of 0.048 £ 0.071 mM ™~ sil.

The inactivation mechanism (Scheme 2) is consistent with the
experimental observation that 50% of the copper is lost from the
active site in the form of Cu® during catechol inactivation® and
also with the experiments carried out,** concerning the 1mpos—
sibility of reactivating the inactivated enzyme by adding Cu*"
which, in turn, suggests the need for a “caddie” protein.* ThlS
could be a possible explication of the suicide inactivation of the
enzyme.

Inhibition of Browning through Reduction of o-Dopaqui-
none: Effect of THF on the Diphenolase and Monopheno-
lase Activities of TYR. The product of the action of TYR on L-
tyrosine and L-DOPA (o-dopaquinone) acts as an oxidant of
THE, because the redox potentials are 0-dopaquinone/DOPA =
0.152Vand DHF/THF = —0.332 V at pH 7. At acid values (pH
4.5), both potentials shift approximately 0.18 V toward more
positive values.”” This was observed when both TYR activities
(diphenolase and monophenolase) were studied in the presence
of THF.

HE versus [THF], ac-
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Figure 4. (A) Action of THF on diphenolase activity of TYR. Concentration (mM) of THF. Recordings of the oxygen consumption in the action of 42 nM
TYR on 0.5 mM 1-DOPA in 30 mM phosphate buffer (pH 7.0) at 25 °C. THF added at (mM) (a) 0 and (b) 0.6. (Inset A) Spectrophotometric recordings of
dopachrome accumulation in the action of TYR on 0.5 mM 1.-DOPA in the same experimental conditions. THF added at (mM) (a) 0 and (b) 0.6. (B) Action of
THF on monophenolase activity of TYR. Concentrations (mM) of THF. Recordings of oxygen consumption in the action of 170 nM TYR on 0.25 mM L-
tyrosine in 30 mM sodium phosphate buffer (pH 7.0) at 25 °C. THF added at (mM) (a) 0 and (b) 0.7S. (Inset B) Spectrophotometric recordings of
dopachrome accumulation in the action of TYR on L-tyrosine in the same experimental conditions but with 250 nM TYR. THF added at (mM) (a) O and (b) 0.6.
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The effect of THF, mediated by the reduction of o-dopaqui-
none, depends upon the concentration used. We shall therefore
consider two cases.

Low Concentrations of THF. Figure 3 depicts the effect of
THF at low (M) concentrations on the diphenolase activity, as
seen by measuring dopachrome accumulation (Figure 3). The
lag in dopachrome accumulation (recordings b—e in Figure 3)
was due to the reduction of o-dopaquinone. Once THF has been
consumed, dopachrome is accumulated at a rate (Vg5) equal to
the recording a obtained in the absence of THF. Note that o-
dopaquinone does not oxidize DHF, as seen from inset A of
Figure 3. This figure shows how o-dopaquinone oxidizes THF
but not DHF. Recording a depicts the accumulation of dopa-
chrome in the absence of THF or DHF. Recording b shows that
the presence of THF leads to a lag, as described in recordings
b—e of Figure 3. Recording c depicts the same experiment in the
presence of DHF (no lag).

The effects of low concentrations of THF («M) on the action
of the enzyme on L-tyrosine are depicted in inset B of Figure 3.
For recording a of inset B of Figure 3, THF was not added. When
dopachrome accumulation was measured (recordings a—e in
inset B of Figure 3), the lag period diminished for lower con-
centrations of THF (recordings b and c in inset B of Figure 3),
because o-diphenol accumulated in the medium more rapidly.'*"”
However, at higher concentrations, the lag was longer (recor-
dings d and e in inset B of Figure 3), although the steady-state
rates (VIODI\C,I) were the same as in recording a.

High Concentrations of THF. In the case of TYR acting on o-
diphenol, .-DOPA, when THEF is in the order of millimolar
concentrations, the oxygen consumption rate is inhibited [recor-
dings in the (a) absence of THF and (b) presence of millimolar
THF in Figure 4A]. The dopachrome accumulation rate is 0
(recording b in inset A of Figure 4), because o-quinone (Q) is
reduced to o-diphenol (D) by THF. The reduced oxygen con-
sumption rate (recording b in Figure 4A) may be explained by
THEF acting as a competitive inhibitor or as alternative substrate
to L-DOPA.

When the monophenolase activity was measured following
oxygen consumption at high concentrations of THF (mM)
(Figure 4B), the lag disappeared, as can be seen in recording b.
In recording a, there is no added THFE. When dopachrome accu-
mulation was measured (recording a in inset B of Figure 4), a
zero rate was obtained (recording b) as a consequence of o-
dopaquinone being reduced to L-DOPA by the addition of THF.
On the basis of these experiments, especially that reflected in
recording b of Figure 4B, it is deduced that THF reacts with the
E,, form of the enzyme, thus eliminating the lag, and that the
enzyme reaches a pseudo-steady state with a rate (recording b)
similar that occurring in the absence of THF (recording a).

Behavior of THF as the TYR Substrate: Enzymatic Cataly-
sis. THF may be oxidized (as a substrate) by TYR according to
the kinetic mechanism proposed in Scheme 3, which depicts the
enzymatic steps (Scheme 3a) and the reducing power of THF by
non-enzymatic steps (Scheme 3b), (see Schemes 2 and 4). In this
way, THF behaves as a competitive inhibitor of L-tyrosine and L-
DOPA. This enzymatic activity can be measured by following the
consumption of oxygen or the formation of DHF.

Effect of pH. With regard to the initial velocities, the THF
oxidase activity of TYR increases with pH up to pH 3.2, above
which it decreases, providing a broad peak at pH 3.2—4.0 (® in
Figure 5). The pH dependence of this activity is contrary to that
involved in the action of the enzyme on o-diphenols (M in

Scheme 3. Action of TYR on Monophenols and o-Diphenols
in the Presence of THF

a Enzymatic steps

E,THF

DHF

b Non-enzymatic steps

k13
Q+THF ——» D+DHF

k
2Q —* 5 D+DC+H*

Figure S). Furthermore, the shape of the curve reflects a pK,, close
to that of diphenolase activity (M in Figure S), which suggests
that the catalytic mechanism on o-diphenols and on this coen-
zyme is similar, only differing in the protonation—deprotonation
of the substrate. From the kinetic analysis described in the Sup-
porting Information, the DHF formation rate can be obtained as
a function of [H"], as described in eq 5

pur _ Al (s)
0, THE b+C[H+] + [H+]2

where VOD%EIF is the initial formation rate of DHF from THF.
Equation S shows the analytic expression of the variation in the
enzyme reaction rate versus pH and agrees with the results
shown in Figure S. The expressions of a, b, and c are indicated in
eqs 3SM—SSM of the Supporting Information.

Proposed Structural Mechanism To Explain the Catalysis
and Suicide Inactivation of TYR in Its Action on THF. The
proposed structural mechanism to explain the catalysis and sui-
cide inactivation of TYR in its action on THF is depicted in
Scheme 4.

From studies of the effect of pH on the enzyme activity mea-
sured at short times (Figure S and the Supporting Information),
it can be deduced that the substrate must become protonated for
it to bind to the enzyme. In step 1, the enzyme in the E,, form
binds to the substrate, possibly establishing a hydrogen bridge
between the base B and the hydrogen bound to the nitrogen of
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Scheme 4. Structural Mechanism Proposed To Explain the THF Oxidase Activity and the Suicide Inactivation of TYR Acting on
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(Eoxy—THFH),, oxy-TYR/THFH complex with two possibilities of transferring the H'; (Eox—THE),, oxy-TYR/THF complex axially bound to the two
Cu atoms; (E,,—THF);, oxy-TYR/THF complex axially bound to one Cu atom and the deprotonated hydroxyl group; (E,,—THFH),, met-TYR/
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Figure 5. Effect of pH on the oxidation rate of THF by TYR. (@)
Representation of V§T{§F versus pH. The experimental conditions were
30 mM sodium acetate buffer at pH 2.2, 2.5, 2.75, 3.0, 3.2, 3.5, 4.0, 4.5,
and 5.0 and 30 mM sodium phosphate buffer at pH 5.5, 6.0, 6.5, 7.0, 7.5,
8.0, 8.5, and 9.2, 62.5 M THF, 0.26 mM O,, and 400 nM TYR. ()
Effect of pH on the oxidation of TBC by TYR. Representation of V3 1nc-
versus pH with 2 mM TBC and 2.5 nM TYR. The buffers used were the
same as for tetrahydrofolate oxidase activity.

the pteridin ring. In step 2, the nitrogen of the ring, which is
a powerful nucleophile because C,, has a low value of 0y,
(Table 1) and, therefore, a high electron density, can carry out
a nucleophilic attack on the copper of the active site, binding
axially, while the hydrogen, which is bound to the nitrogen, is
withdrawn by base B. In step 3, OH of the substrate transfers a
proton to histidine, binding biaxially, before oxidation/reduction
processes governed by step 4 originate the form E4. Because of
the low K;;” and the high oxygen concentration in the medium,
E4 becomes E,, (step 5), with Cu*"Cu®" and a peroxide group
co-planar with both copper atoms. Subsequently, the form E,
binds to another molecule of protonated substrate (step 6),
which, through the nitrogen atom, carries out a nucleophilic
attack on the copper atom. In step 7, the proton of the hydroxyl
group is transferred from the substrate to the peroxide and
hydrogen bound to the nitrogen is transferred to the oxygen of
the hydroxyl, while the intermediate formed may transfer hydro-
gen in two ways (steps 8 and 10). In step 8, the most rapid,
hydrogen is transferred to nitrogen of the histidine, with the sub-
sequent nucleophilic attack of oxygen on the copper atom, giving
rise to the intermediate (E,,—THF),. In step 10, the hydrogen
atom is transferred to the peroxide, giving rise to the complex
(Eox—THEF);. This last step is slower than step 8 because the
oxygen atom of the peroxide, as a result of the binding of the first
hydrogen atom in step 7, has a certain positive charge density.
The following reactions arise from these complexes: an oxida-
tion/reduction step through step 9 in the case of complex (E,,—
THF),, releasing the form E,, and the product DHF, and,
through step 11, the reduction of a Cu*" atom to Cu by means
of the electron transport described in (E,,—THF)3, releasing the
inactive form of the enzyme E; and the product DHF.
Inhibition of Browning in the Presence of THF. Browning
and pigmentation may diminish in the presence of THF. Browning
may be inhibited in three ways: first, by irreversibly inhi-
biting the enzyme TYR by acting as a suicide substrate, second, by
acting as a competitive substrate of monophenols and o-diphenols

for the enzyme, and last, by acting as a reductant of 0-quinone. In
the short term, the most effective mechanism for inhibiting
browning could be the reduction of o-quinones by THEF, altho-
ugh the most long-lasting process would be the suicide inactiva-
tion of the enzyme.
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