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ABSTRACT. Hemocyanin and tyrosinase are dinuclear copper proteins capable of reversibly binding dioxygen.
Despite the great similarity of structure and properties of their active site, the two proteins perform different
biological functions (oxygen transport/storage versus monooxygenase and oxidase activity). In this paper,
we show thatOctopuswvulgaris hemocyanin exhibits a tyrosinase-like activity; namely, it is capable of
utilizing dioxygen for the oxidation o6-diphenol to quinone. The reaction is specific for this isomer of
diphenol, the meta and para isomers being unreactive, and is strongly controlled by steric factors. Dioxygen
represents a cosubstrate of the reaction, and it is involved in the catalytic turnover by binding to the
dinuclear copper site of the protein to form, under steady-state conditions, oxy-Hc, which is the active
species. The generation of semiquinone radicals, detected by EPR and by their reactidNytiN'-
tetramethyl-1,4-phenylenediamine, strongly supports a reaction mechanism in which such radicals represent
the reaction products of one-electron oxidation of the substrate, quinone being generated by dismutation
of semiquinones. Met-Hc is regenerated by the substrate to the deoxy form. To close the catalytic cycle,
the proposed reaction mechanism also involves the participation of two transient protein forms with the
total oxidation state of the active site (V and 1V) intermediate between that of oxy-HcYyO2iCu'|!,

and deoxy-Hc, [C\CuU]". A mathematical model has been elaborated to describe the reaction kinetics.
The differences in reaction mechanisms between hemocyanin and tyrosinase are discussed in terms of
accessibility to exogenous molecules of their active sites.

Hemocyanins (Hc$)are high molecular weight proteins  The coppetcopper distance is about 0.36 nm. The active
in the hemolymph of several molluscan and arthropodan site is deeply buried in the protein matrix and surrounded
species where they play a dioxygen transport and/or storageby hydrophobic residues. The model for subunit Il of
function, based on their capability to bind reversibly mo- Limulus polyphemu@Arthropoda) deoxy-Hc3), also derived
lecular oxygen in an active site containing a pair of copper by X-ray analysis, involves an approximate trigonal planar
ions (dinuclear-coupled copper sitd).( coordination for copper with a metaietal distance of 0.46

The first X-ray crystallography model at 0.32 nm resolu- nm.
tion has been proposed for the deoxygenated form of the The binding of dioxygen occurs via an internal reversible
Hc isolated from the arthropoBlanulirus interruptus(2). electron transfer involving the active site metals and the
Each metal ion is bound to three histidine residues, two of dioxygen molecule. Thus, in the deoxy form, the metal is
which are located at 0.19 nm bonding distance with the third present in the Cu(l) state while in the oxy form the active
one at 0.27 nm. The four nitrogens at shorter distance site contains a [ClO.2~Cu'] complex. In the oxy-Hc crystal
together with the two copper ions are almost coplanar, structure fromLimulus each Cu(ll) ion is five-coordinate
whereas the other two lie on the opposite sides of this plane.in a square pyramidal geometry, the equatorial plane being
defined by two histidine nitrogens and the bound peroxide,
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to-Cu(ll) charge-transfer transitions, the Cu(Ib-d transi- by the protein matrix on the active site reactivity. A reaction
tions contributing to the red-edge of the lowest energy bandsmechanism based on oxy-Hc as active species and on
envelope 1, 7). The almost coincidence of these spectro- substrate radical formation as a result of substrate interaction
scopic properties points to very similar active site structures is proposed.

in the case of molluscan and arthropod species. The results

of a recent X-ray crystallography study on a functional unit MATERIALS AND METHODS

of Octopus dofleinshow that the active site of this Hc can

be superimposed to that bimuluswith remarkable fidelity, Octopusuulgaris He was isolated as described elsewhere

although the overall tertiary folds of the two proteins are (18) from the hemolymph collected from living animals at

rather different@). Furthermore, significant differences exist "€ Zoological Station of Napoli (Napoli, Italy). The Hc
also as far as the sugar content and the copper-to-proteirf©M the crabCarcinus aestuariwas prepared from the
stoichiometry are concerned)( hemolymph obtained b){ injection into the do_rsal lacuna of
The structural and spectroscopic properties of the He active Vg animals collected in the lagoon of Venicedj. The
site were shown to be remarkably similar to those exhibited Protein was stored at20°C in the presence of 18% (w/v)
by the tyrosinase (TY)active site f). Thus, in both proteins sucrose. Before use, Hc was exhaustlvely dialyzed against
each metal ion is bound by imidazole ligands to yield a 20 MM phosphate buffer containing 10 mM EDTA and 5
dinuclear site having approximately the same metaétal mM hydroxylamme hydrochlorlde at pH 7.5. The protein
distance 8, 9, 1Q. Like deoxy-Hc, deoxy-Ty binds revers- Was then dialyzed against 20 mM phosphate buffer. Hc
ibly molecular dioxygen at the dicuprous site to yield the concentrfit_lon was determined slpectf?photometr|cally using
active form of the enzyme, oxy-Ty, containing a dicupric (€ coefficientse . 1-_‘13 mL mg* cm = (for OctopusHc)
peroxide adduct®, 10. Despite the great similarity of the ~and 1.24 mL mg* cm™ (for CarcinusHc). The concentra-
active sites, the two proteins perform quite different biologi- 10N was expressed on a molar basis using the vaities
cal functions: the former is a dioxygen carrier whereas the 20K andM; = 75K relative to the species containing one
latter utilizes molecular oxygen for thehydroxylation of ~ active site in the case oDctopus and Carcinus Hc,
monophenols (monophenolase activity) and for the oxidation "€SPECtively. The degree of oxygenation was evaluated from
of o-diphenols to-quinones (diphenolase activity). On the the absorbance ratifasd/Azs the values 0.25 and 0.21
basis of kinetic, equilibrium, and spectroscopic studies, it CO'responding to 100% oxy-Hc at pH 8.0 in the case of
has been proposed that the enzymatic activity of Ty is Octopusand Carcinusspecies, respectivei§, 19. Oc-
founded on its capability to coordinate phenolic substrates ©OPUSsemi-met- and met-Hc has been prepared according

at the copper site. The transient adduct is suited either to!© (20 21). Absorption spectra were recorded on a Perkin-
chemical attack at the-position (monophenolase activity) Elmer Lambda 5 or on a Hewlett-Packard 8452A diode array

and/or to electron transfer involving the metal (catecholase spect.rophoto_meter. Reagents were of the best grfa_de com-
activity) (10, 19. mercially available and were used without further purification

Comparative studies on the interaction of Hc and Ty with €XCePto-diphenols and benzoic acid. Thediphenols were

exogenous molecules showed that the active site of bothPurified by double-vacuum sublimation, and the white
proteins reacts in the same way with respect to exogenouscr'.Stalllne powder was stored a20°C. Benzoic acid was
species. Thus, beside molecular oxygen, deoxy-Ty and tWice-recrystallized from water.
deoxy-Hc reversibly bind carbon monoxide with concomitant ~ Kinetic MeasurementsThe protein (6-3.0 mg mL™?),
development of a typical red-shifted luminescent2, (13. dissolved in 20 mM phosphate buffer, pH 6.0, was carefully
The site can be chemically modified to yield half-met equilibrated in air at 20C. The reaction was initiated by
derivatives whose dinuclear Cupretmjpric sites d|5p|ay addlng an aliquot of a substrate stock solution to yleld the
essentially the same EPBpectrum ). Cyanide reacts with  final desired concentration {@L5 mM). Quinone formation
the copper active site of both proteins competitively with Wwas followed by continuous recording the absorbance at 400
respect to dioxygen but also is capable of displacing the two "M. Quinone concentration was calculated using the molar
metal ions from the protein. In all different experimental extinction coefficient = 1417 M~ cm™ at 400 nm. The
approaches, however, the reactions on the dinuclear site occufbsorbance was corrected for the contribution due to the
at a much higher rate with Ty than with Hcs4j. Within spontaneous oxidation of the substrate. This, however,
Hcs, the proteins from molluscs are more reactive toward Occurs at a rate low enough to account for no more than 5%
exogenous ligands as compared to arthropod Ac$4, 15. as compared to Hc-catalyzed oxidation. The reaction rates
These results convincingly showed that the Ty active site is Were calculated from the slope of the initial part of kinetic
much more accessible to exogenous molecules. plots. Kinetic measurements by circular dichroism were
Monophenolase and diphenolase activities have beencarried out in the same buffer and temperature following the
reported also for some Hcsl§, 17. These activities, changes of ellipticity at 345 nm. A Cary 61 spectropola-
however, occur with much lower efficiency as compared to fimeter equipped with a termostated sample holder was used.
Ty, although it can be expected that they are related to some The reaction was also followed by recording oxygen
common peculiar properties of their active sites and molec- consumption using a YSI Model 5300 biological oxygen
ular organization. monitor (Yellow Springs Instruments Co., Yellow Springs,
These considerations prompted us to study the interactionOH). The oxygen concentration in air-equilibrated 20 mM
of o-diphenols with the Hc from the mollus©ctopus phosphate buffer, pH 6.0 at 2€, was equal to 0.28 mM.
vulgarisin order to obtain further information on the specific The recorder (LKB 2210 recorder) was calibrated to base
properties of the active site which are relevant for the line by adding an excess of sodium dithionite to the reaction
appearance of catalytic activity and on the modulation exerted mixture.
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Kinetic experiments at different dioxygen partial pressures
were carried out using a tonometer of 250 mL total volume 15 -
equipped with a quartz cuvette. The Hc solution was
equilibrated to the desired dioxygen partial pressure by f
injecting a known volume of pure dioxygen to the nitrogen
atmosphere inside the tonometer, the total pressure being kept
constant at 1 atm. The reaction was initiated by injecting a
volume (5-20 uL) of N,-saturated substrate stock solution.

The reaction was also followed by means of tbe 05 |
diphenol-dependent oxidation BfN,N',N'-tetramethyl-1,4-
phenylenediamine dihydrochloride in 20 mM phosphate
buffer, pH 6.0 at 20C. The process leads to an increase of =
absorbance at 562 nm corresponding with the absorption e 1 \ ; —=7
maximum of the oxidized species £ 11 800 Mt cm™?). 200 400 600 800
The molar extinction coefficient of the product was experi- Time (sec.)
mentally determined according to LambeBeer’s equation S
by fully oxidizing increasing concentrations of the diamine. B A

In all kinetic experiments, the experimental errors where
within +4%. Y

HPLC Analysis. HPLC! analysis was applied in order to 10 4
detect and estimate reaction products different from
quinone. Hc (1 mg/mL) was incubated with 2.5 mM
o-diphenol in Q-saturated 20 mM phosphate buffer, pH 6.0
(total volume 50 mL). After the increase of absorbance up
to 1.2, corresponding to a 0.85 mM quinone solution, 10- .
fold excess ascorbate was added in order to reduce the
quinone. The solution was ultrafiltered on a Pall Filtron ry A
device with a 30 kDa cutoff in order to remove Hc and then 4
brought to approximately 2 mL by flask evaporation at room 10 20 30
temperature. HPLC analysis was performed with a Perkin- [He] (mgimi)

Elmer L-235 instrument using a Lichrom HP-18 reverse- 4. Hc-catalyzed oxidation aj-diphenol. (A) Time courses
phase column and a UV detector set at 258 nm. A mixture 4 quinone formation in the presence ®ttopusHc (1 mg mL %,
of ethanol (containing 1% acetic acid) and water (v/v ratio 13.3 x 108 M) and the following different concentrations of
40:60) was used as eluent. Retention times of standards wer@-diphenol: (a) 1.3x 103 M, (b) 1.7 x 103 M, (c) 2.0x 102
as follows: o-diphenol, 5.4 min; ascorbic acid, 3.7 min; yittjr)ghzx(ﬁgrzsgﬂo (f)lc”cf’axlv}(f(;\ﬂbg) 2h7d>énlccgso¢/|&$g)r§ésof
1,2,3-tr|hydr_oxybenzene (THB).' 4.3 min; methyl—4—hydroxyj quinone formation versus protein co?mentratio..) Hc from
benzoic acid (used also as internal standard), 14.3 min; Octopus and o-diphenol concentration 0.9 mM:a} Hc from
phenol, 7.5 min. Carcinusand o-diphenol concentration 1.4 mM. Buffer: 20 mM

EPR MeasurementsRoom temperature EPR measure- Phosphate buffer, pH 6.0,= 20 °C.

ments have been performed under continuous flow c:ondmonsnot shown). The-diphenol oxidation does not occur in the

in order to produce the steady-state concentrations Ofabsence of dioxygen or with the apo-protein. The time

ramagneti i ventuall nerat ring turnover, ) o .
Rasar;gn eEgspiggstr%rﬁetg? ngs Sstd qI'L\l/vo gs;rin;ei course of the reaction, reported in Figure 1A for different

respectively contained the solution of oxy-Hc (4 mg ThL substrate concentrations and wittopusHc, shows an
in 20 mM phosphate buffer, pH 6.0) and the solution of initial acceleration followed by an almost linear phase and

o-diphenol (80 mM in the same buffer). The two solutions 2?13'hc/)fath%a:g:gt.io:hﬁolmsgg 322??%??0:?;302?% ?é tthhee
were continuously mixed in a reaction chamber placed in ' ' P

o ) L : complete oxidation of substrate; for instance, in the case of
the magnetic field at a 1:1 (v/v) ratio with the aid of a the upper trace (h) of Figure 1A, recorded in the presence

1.0 4

Absorbance

WoO O

V (pmoles xmin)

plunger. of 20.0 mM catechol, the plateau is reached in cor-
RESULTS respondence of 1 mM quinone. The efficiency of Hc
catalysis is very low: in the case above, taking the slope of

Kinetic and Enzymatic Parameters. Octopusgaris Hc the quasi-linear portion, it results in 10 mmol of substrate

is capable of catalyzing the oxidation ofdiphenol to the transformed per minute per mole ©ttopusHc (M, = 50K).
corresponding-quinone. The reaction can be followed by The dependence of the initial rate of quinone production was
the increase of the absorbance around 400 nm observed upostudied as function of Hc concentration (with b@etopus
incubation of the substrate with native oxy-Hc. The cor- andCarcinusHcs) and with catechol as substrate. For both
respondence of the reaction product wathiuinone has been  proteins, a linear relationship is observed (Figure 1B). The
demonstrated by comparison of the absorption spectrum ofreaction efficiency is much higher witBctopusthan with

the reaction product after extraction with benzene with that CarcinusHc. With methylcatechol, the reaction can still
of pureo-quinone in the same solvent. Both spectra exhibit be observed, while upon further increasing the size of the
a single sharp band with a maximum around 390 nm (figure substituent in position 4 on the aromatic ring, the reaction
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Ficure 2: Hc-catalyzed oxidation af-diphenol. (A, B) Time courses of oxygen consumption in the presen@ctafpusHc (1 mg/mL)
ando-diphenol (A) or 4-methylcatechol (B) at the following molar concentrations: X1 802 (a), 2.0x 1073 (b), 2.7 x 1073 (c), 3.3 x

103 (d), 6.7x 103 M (e), 13.3x 1072 (f). In panels A and B, the traces of panels A and B, respectively, are presented in the form of
a semilogarithmic plot wher®,, andO,, are the percent of dissolved dioxygen at time 0 and time &feefdition of substrate. Experiments

in 20 mM phosphate buffer, pH 6.0= 20 °C.

rate drastically decreases with both Hcs. No reaction hasof quinone is followed spectrophotometrically in a tonometer
been observed either withtést-butylcatechol or with other  filled with an atmosphere progressively enriched with
monosubstituted-diphenols (caffeine, mimosine, 3,4-dihy- dioxygen. The traces reported in Figure 3 are obtained at
droxyphenylalanine, 3,4-dihydroxybenzoic acid, 3,4-dihy- constant total pressure (1 atm), temperature @)%, and
droxyphenylacetic acid, 3,4-dihydroxybenzylammonium chlo- substrate (2 mM) and protein (1 mg mfi concentrations
ride). The reaction is specific far-diphenols, the corres-  but when the tonometer contains air (trace a), air plus 20.5%
ponding meta and para isomers being unreactive. (v/v) pure oxygen (trace b), or pure oxygen (trace c). The
In Figure 2A,B, the kinetics of oxygen consumption initial velocity is the same under all experimental conditions.
observed during the oxidation ofdiphenols in the presence  However, when the kinetics are followed for a relatively long
of costant Hc (fromOctopu$ concentration (2x 1075 M) time, it can be seen that the quinone concentration increases
and with substrate (catechol or 4-methylcatechol) concentra-up to the plateau value, in correspondence with the con-
tion ranging from 1 mM to 13.3 mM are shown. In all cases, sumption of dissolved dioxygen. This is followed by a slow
an almost linear decrease of the physically dissolved oxygendecrease of absorbance. The initial rate of quinone formation
to 20—30% of the starting value is observed, followed by is restored after reequilibration of the reaction mixture with
an exponential phase tending asymptotically to zero. Thethe atmosphere inside the tonometer (this step is indicated
slope of the linear phase increases with substrate concentraby the arrow in Figure 3, trace a). The coincidence of the
tion. The complex trend followed by oxygen consumption initial reaction rate under the three experimental conditions
is better evidenced by the semilogarithmic plots of Figure suggests that the active species is the-peroxide adduct
2A,B, obtained from the traces of Figure 2A,B. An upward rather than the physically dissolved dioxygen. The concen-
curvature, proportional to the substrate concentration, is tration of the latter increases 5-fold (from 0.28 mM to 1.37
evident, indicating an apparent acceleration of the processmM) by changing the atmosphere from air (20.5%) @
as the reaction proceeds. 100% pure dioxygen; hence, a faster reaction rate is expected
The observed involvement of dioxygen in the oxidation in the case of a reaction dependent on physically dissolved
reaction suggested an experiment in which the production dioxygen. On the other hand, the concentration of oxy-Hc
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2.200 The involvement of oxy-Hc in the catalytic function is
further confirmed by measuring the changes of oxy-Hc
concentration during turnover. For this measurement, one
can take advantage of the strong negative ellipticity of the
copper-peroxide absorption band, with the maximum near
340 nm, and of the fact that neither catechol aajuinone
are optically active. The traces reported in Figure 5 represent
the time dependence of the decrease of negative ellipticity
at 345 nm due to oxy-Hc, superimposed to the increase of
absorbance due to the reaction product. The consumption
of oxy-Hc is much slower than quinone formation and
suggests that this Hc species is in steady-state and is indeed
regenerated during turnover, the decrease of its concentration
. , . resulting from consumption of dioxygen in the bulk solution.
2000 4000 6000 In Figure 6 the LineweaverBurk plots obtained for
Time ( sec.) OctopusHc on the basis of quinone production or of oxygen
FiGURE 3: Hc-catalyzed oxidation ad-diphenol. Time courses of ~ consumption are reported (S beiogliphenol, Figure 6A,
quinone formation in the presence OttopusHc (1 mg mL™) or 4-methylcatechol, Figure 6B). The intercepts obtained
and o-diphenol (2.0 mM) in 20 mM phosphate buffer, pH 6.0, 1, interpolating the straight lines according to the least-
equilibrated in (a) air, (b) 0.61 mM oxygen, and (c) pure oxygen .
at 20°C. The arrow indicates successive equilibration of the reaction SGUareés method are very sma_ll, and the co_rrespondmg values
of Ky and Vi relative to quinone formation are 35 mM

mixture with the air inside the tonometer.
and 0.37 mmol min! for o-diphenol and 50 mM and 0.45

is almost unchanged since the protein is alread§s% mmol min! for methylcatechol, respectively. Comparison
saturated in air (the ratissd/As7g at pH 6.0 is 0.19). No between the quinone production and the oxygen consumption
significant changes in the reaction rate are, therefore,rates measured under the same experimental conditions
expected in the case of a reaction involving bound peroxide. allowed us to calculate the stoichiometric ratio between
To further sustain this point, the initial rate of quinone quinone produced to oxygen consumed as 2:1.3 (Figure 7),
production has been measured under conditions in which Hcsignificantly lower than the 2:1 stoichiometry found with
and catechol concentrations are kept constant (f-&]mg Ty. The plot of Figure 7 is essentially linear over the whole
mL~1, 20 uM, and [o-diphenol]= 1.2 mM), the dioxygen  range of substrate concentrations because catechol is kept
pressure changing between 10 and 610 mmHg. Figure 4Afar below the formaKy value.
shows that the reaction rate increases with the initial pressure Generation of Radical SpeciesThe oxidation of o-
of dioxygen following a hyperbolic trend with an asymptotic diphenol to quinone produces as intermediate species
value of velocity (0.02Z:mol min~* mg™1). This plot closely semiquinone radicals, detectable by EPR spectroscopy under
resembles the dioxygen equilibrium curve ©ttopusHc flow conditions (Figure 8). The intensity of the spectrum is
under the same experimental conditions. In Figure 4B, the compatible with the hypothesis that the radical species is
data are presented as a Hill plot where the fractional the product of the first step of the interaction between oxy-
saturation of the protein with dioxygen is calculated on the Hc ando-diphenol.
basis of the fractional reaction velocity for eachpfith The production of semiquinone radicals is confirmed using
respect to the asymptotic velocity. The straight line has a N,N,N',N'-tetramethyl-1,4-phenylenediamine. This com-
slopen = 1 and an apparent equilibrium constant for pound is known to undergo monoelectronic oxidation by
dioxygen of 0.08 mM, very close to the value of 0.09 mM suitable electrophilic free radicals to yield a stable cationic
measured from the oxygen equilibrium curve. free radical species exhibiting an intense characteristic
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Ficure 4: Oxidation ofo-diphenol catalyzed byctopusHc. (A) Dependence of the reaction rate versus oxygen partial pressures. The
dashed line represents the asymptotic maximum velocity. (B) Data as in (A) reported in the form of a Hill plot [Hohg mL™,
[o-diphenol]= 1.2 mM, 20 mM phosphate buffer, pH 6.0= 20 °C.
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protein by ultrafiltration. Ascorbic acid was introduced in
507 [ 040 order to prevent further reactions of quinones and to
regenerate the phenols that are more easily analyzed by
. HPLC.
B 8 In addition to the expected peaks corresponding to
2 é o-diphenol and ascorbic acid, the HPLC traces show two
s 0 - 0208 additional peaks. The first peak at 4.3 min could be assigned,
by reference with a standard sample, to 1,2,3-trihydroxy-
benzene (THB)while another peak with a retention time
el of 6.8 min is assigned to some other product. Quantitation
of the THB peak indicates it corresponds to about 5% mol
50 ! ' Lo equiv with respect t@-diphenol. For the peak at 6.8 min,
0 5.0 10.0 assuming its detector response is similar to thatdiphenol,
time (min) an estimate of about 10% mol equiv with respect to catechol

can be made.

Reactions of Oxidized Hc Destives. The semi-oxidized
form of Hc (semi-met-Hc) containing a [€GU] active site
does not react witlo-diphenols. The fully oxidized or di-
cupric form (met-Hc) oxidizes the substrates with an ef-
ficiency comparable to the native form (Figure 10A).

Figure 9 the initial rate of formation of the cationic radical Noteworthy, quinone formation occurs in a single cycle and

is reported as a function @diphenol concentration in the 1N & 1:1 stoichiometric ratio with respect to the protein
presence of oxy-Hc. No reaction has been observed in theconcentration when the reaction is carried out with met-Hc
absence ob-diphenol or in the absence of oxy-Hc. In the anaerobically. _ These observations |nd|c_ate that met-Hc is
same figure, the initial rate of quinone formation, under the réduced byo-diphenol to deoxy-Hc that, in turn, initiates
same experimental conditions, is also reported. In both casesthe catalytic turnover only in the presence of air by binding
linear plots are obtained, the catechol concentration beingdioxygen. In agreement, the incubation of met-He with
kept belowKy, and comparison of the slopes shows that catechol in a CO atmosphere results in the appearance of
the initial rate ofN,N,N',N'-tetramethyl-1,4-phenylenediamine  the typical luminescence spectrum of the adduct of CO with
radical formation is about 2 times higher than the initial rate d€0xy-He (Figure 10B) documenting the reduction of met-
of quinone formation. This result is in agreement with the HC to the deoxy form, concomitant tdiphenol oxidation
hypothesis that the first step ofdiphenol oxidation by oxy- (€ low emission intensity observed with met-Hc before
Hc actually produces a semiquinone radical, which in turn freatment W[tm-d|phenol is attnbutat_)Ie to the presence of
generates quinone upon dismutation. a small fraction of deoxy-Hc present in the met-Hc sample).

HPLC Analysis. The stoichiometric data on quinone
produced per dioxygen consumed (see above) suggested thatf,
in addition to quinone, other products must be formed during  The functional cycle of Hc, involving coordination of
catalysis, thus decreasing the yield of quinone formed with dioxygen to the dinuclear copper site, results in the activation
respect to oxygen consumed. Therefore, we performed anof the ligand as a consequence of metal-to-dioxygen electron
HPLC analysis of the reaction mixture, quenched by the transfer. Thus, in addition to the oxygen transport and/or
addition of excess ascorbic acid and after removal of the storage function, it is conceivable that Hc exhibits other

Ficure 5: Hc-catalyzed oxidation af-diphenol. Time dependence
of ellipticity at 340 nm of oxy-Hc (lower continuous trace, left
y-axis); absorbance at 400 nm of quinone produced (detleshed
trace, first righty-axis). [Hc]= 3.4 mg mL! [o-diphenol]= 0.4
mM.

absorption band at 562 nme & 11800 Mt cm™). In
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Ficure 6: Hc-catalyzed oxidation af-diphenol. LineweaverBurk plots from the data of quinone productio®)(and from the data of
oxygen consumptiond). Substrateso-diphenol (A), 4-methylcatechol (B). [Hek 1 mg mL™%, 20 mM phosphate buffer, pH 6.0= 20
°C.
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FIGURE 9: Hc-catalyzed oxidation of-diphenol. Dependence of

the reaction velocity as a function of substrate concentration. The the reaction velocity as a function of substrate concentration. The

reaction is followed by means of quinone producti@®) (and
oxygen consumptiond). Protein concentration and experimental
conditions as in Figure 1.

EPR intensity

206 —

Ficure 8: Room-temperature EPR spectrum recorded by continu-

ous mixing solutions of Hc and catechol. Modulationx4.1 G.
For details, see Materials and Methods.

reaction is followed by means of quinone productiad) @nd
oxidation of N,N,N',N'- tetramethyl-1,4-phenylenediamine hydro-
chloride @). Conditions: [Hc]= 1 mg/mL, N,N,N',N'-tetramethyl-
1,4-phenylenediaminef 0.33 mM in 20 mM phosphate buffer,
pH 6.0,t = 20 °C.

cycle only upon binding to deoxy-Hc. Thus, the concentra-
tion of oxy-Hc is expected to remain under turnover
conditions unless the physically dissolved oxygen becomes
a limiting factor. The CD data obtained on the negative
band of oxy-Hc confirm this hypothesis.

The efficiency of oxidation is very low as indicated by
the small intercepts of LineweaveBurk plots typical for a
system with low affinity and high/qax

According to the crystallographic model of arthropod Hc
(2) the active site is deeply embedded into the protein matrix,
and the low affinity for the substrate can be proposed to result
from steric hindrance to reach the active site. In line with
this hypothesis are the results on the specificity of the

reactivities in the presence of suitable exogenous moleculesreaction as a function of the presence of substituents in

In this frame, the capability of Hcs to catalypediphenol

position 4 ofo-diphenol. The vicinity of the two hydroxyl

oxidation to the corresponding quinones has to be consideredgroups is a determinant for the reaction as demonstrated by

as a side property of the metadioxygen active site adduct.

the lack of reaction for 1,3- and 1,4-diphenols. The

This reaction is, however, worth studying because it provides importance of active site accessibility in controlling the
useful information for a deeper understanding of the bio- reaction rate results also by comparing the efficiency of
inorganic chemistry of the copper dinuclear site of this class different Hcs. Octopus Hc is far more efficient than

of proteins.

CarcinusHc, as expected on the basis of previous results

Several observations show that oxy-Hc is the active specieson the interaction with CNshowing that the former protein

directly interacting with the substrate. The trend of kinetic

has a much more exposed active sitd)( It is worth noting

plots describing the time dependence of quinone formation that the addition of perchlorate, an agent known to perturb
is consistent with the involvement of dioxygen as cosubstrate, protein conformation by increasing the active site acces-

but it does not allow us to discriminate between the

sibility of CarcinusHc (22), to the reaction medium increases

physically dissolved or Hc-bound dioxygen. In the same the reaction efficiency of the same HE7, 23. Furthermore,

line are the results of the reintroduction of dioxygen when

the dissociated subunit @farcinusis far more efficient than

the reaction reached the plateau and also the dependence dhe aggregated whole molecul&7y.

the position of the plateau itself as a function of the initial

Several experimental results point to a reaction mechanism

oxygen partial pressure. When the reaction is followed from different from that proposed for Ty1L0, 24. The oxygen
the oxygen consumption rate, its kinetics can easily be consumption curves of Ty, recorded during oxidation of
explained by assuming that the reaction is consuming the o-diphenols, show the occurrence of an inhibition reaction

physically dissolved dioxygen only through oxy-Hc. In the
case ofOctopusHc, under our experimental conditions, the
fraction of the oxygenated form is a hyperbolic function of
pO,. The close similarity between the oxygen binding curve
and the curve obtained by plotting the initial rate of quinone
formation as a function of pOdemonstrates that the active

form is oxy-Hc and that dioxygen is brought into the catalytic

resulting in the loss of enzymatic activity and modification
of the active site 10, 29; in contrast, Hc consumes all
dioxygen available (Figure 2A). Flow EPR measurements
allow identification of a semiquinone radical as the first
intermediate in the oxidation reaction with Hc. The results
obtained withN,N,N',N'-tetramethyl-1,4-phenylenediamine
show that the production of radical occurs at a rate 2-fold
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Ficure 10: (A) Oxidation ofo-diphenol (1.2 mM) by met-Hc (1 mg mt) in a nitrogen atmospher®( solid line) and in air @, dashed
line). (B) Emission spectrum of Hc (excitation at 295 nm) under CO atmosphere before (dashed line) and after (solid line) addition of 1.2
mM o-diphenol.

higher than that of quinone. It can be, therefore, concluded Scheme 1

that the quinone is not the primary product of the reaction 0:

with Hc as it would occur in a bielectronic process similar NG

to that proposed for Ty, but it depends on the dismutation He™ Hco,"
of semiquinone radicals, the primary products of a mono- 1)

electronic process.

As far as the mode of substrate interaction is concerned,
we propose that it occurs through bound peroxide rather than
through copper. Supporting this view are the results of 28 .
crystallographic data on arthropod Hc. Although there is ) S ) )

° (Q)

formally an open axial coordination position for exogenous
ligands to the copper, this is oriented toward the opposite 2c (c)
side with respect to the binuclear site, thus precluding
simultaneous coordination of the two hydroxyl groups of c
catechol to the metal ions, as formerly proposed in the case
of Ty (10, 11, 24. In addition, polarographic experiments
(25) have shown that in oxy-Hc the accessible surface of

s°

(3)

. L . . . HcOH, ™ HcOH ¥
the active site is the bound peroxide. It is also conceivable f \
that this electron-rich peroxide extracts hydrogen homolyti-
cally from the hydroxyl groups oé-diphenol, thus leading s ¢

to semiquinone radical formation. In contrast, it has been species (HcgH,) corresponding formally to deoxy-Hc with
shown that the active site of Ty is highly accessible to peroxide or met-Hc [C{{OH™),Cu'] (step 3) or to produce
substrate analogues which bind directly to the copper centera triphenol radical, &°, and deoxy-Hc byo-diphenol
(11, 26. hydroxylation, in a formal three-electron process that may
On the basis of our experimental evidence, we propose proceed through several steps (step 4). The He®pecies
the reaction mechanism given below where the global reacts formally in a bielectronic process witdiphenol to
oxidation numbers of the complex between dinuclear copper give deoxy-Hc (Hc) and a quinone molecule (Q) (step 5,
and activated oxygen ligand are accounted for (Scheme 1).substrate and product in parentheses); the former regenerates
The scheme is reduced to the five steps that account for thethe active oxy-Hc species by binding physically dissolved
generation of protein redox intermediates and does notdioxygen (step 1). Quinone, therefore, results from both the
include transient species coordinating catechol. A more latter reaction and the dismutation of semiquinone radicals.
detailed description is given in the Appendix where the model Step 5 deserves further comments: it involves the direct
is solved kinetically. formation of Q; thus, the overall semiquinone-to-quinone
In this scheme, in addition to a first step consisting of the stoichiometry would be 1:1. Howevel\,N,N',N'-tetra-
reversible binding of dioxygen (step 1) to deoxy-Hc [Cu  methyl-1,4-phenylendiamine experiments show that the ratio
Cu] to yield oxy-Hc [CW'O,?>~CU'], the reaction is initiated  of semiquinone-to-quinone formation rates is 2:1. This step,
by the interaction 0b-diphenol (catechol, C) with Hc-bound  therefore, can be written as two sequential monoelectronic
peroxide to give an activated adduct, H€O This decom- steps (see Appendix) in which met-Hc is likely to be reduced
poses into a semiquinone radicaf8nd a species (HcH) first to semi-met-Hc [CUCU] and then to deoxy-Hc. The
corresponding formally to a protein intermediate containing results reported in Figure 10 demonstrate that met-Hc can
a dinuclear Cu(l) site like deoxy-Hc with a superoxide [Cu  be converted to deoxy-Hc by the substrate. In contrast, semi-
(O,H-)CU], or a met-Hc form with a hydroxyl radical met-Hc could not be reduced loydiphenol. This semi-met
[CU(OH-)(OH")CU] (step 2). This further reacts with a  derivative, however, represents a ligated protein derivative
secondo-diphenol molecule either to give’ &gain and a  in which the copper-bound ligand is likely to compete with
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the substrate, and, therefore, the possibility that met-Hc is Scheme 2

reduced through two successive monoelectronic steps cannot K,'

be ruled out. Step 4 is included to account for the noninteger _~

ratio between the rate of quinone formation versus O He + 0 <~ HeO (a)
consumption (2:1.3), the formation of trinydroxybenzene ko !

(THB) being confirmed by reverse-phase HPLC. By this !

approach, we have shown the presence of other product(s) T '

beside THB. Even though the other product is not identified, e < HeO, * C (k)
its retention time (6.8 min), intermediate between that of L

phenol (7.5 min) ana-diphenol (5.4 min), suggests a less k,

polar structure with respect to either THB@diphenol. This

suggests that it might result from dimerization or further

oligomerization of the radical products. /Hc + 8% + HO0  (d)
k,

HcO, " C ——————>  HcOH + S° (c)

It is worth noting that in the absence of step 4, the quinone-
to-dioxygen stoichiometry would be the same as for a purely
bielectronic process (2:1), while tteediphenol-to-quinone

HcO,H + C

ratio is always formally 1:1 both in the presence and in the ks
absence of step 4. The direct reduction of met-Hc by HcO,H, + S° (e)
o-diphenol and its reconversion to oxy-Hc by binding K,
dioxygen experimentally sustain step 5. s 3

The reaction scheme described above has been mathemati- 7<% * © Hew + 87+ B0 (D)
cally treated (see Appendix), and the kinetic equations Ks
obtained were used to simulate the data of oxygen consump-  Hc, + ¢ — Hc + S° + H0 (g)
tion. The continuous lines in Figure 1B representing the K,
experimental traces are almost superimposed with the curves X

generated according to the model. It is important to 2s® Q+C (h)
underline that in such experimentsdiphenol is in large

excess (1.313.3 mM) with respect to dioxygen (0.28 mM); enzyme. This region shows distinct similarities with the
hence, the reaction is never limited by this substrate. The C-terminal part of arthropod Hc (domain 3) folded as to form
description of the kinetics of quinone formation is more a f-barrel shielding the active sit&1).

entangled because the dioxygen concentration cannot be The coordination of dioxygen as peroxide in a dinuclear
considered constant, being lower than the substrate conceneopper active site as it is found in Ty and Hc has the ultimate
tration, and this drastically limits the reaction befave effect of activating the ligand with respect to redox reactions

diphenol is consumed (see Appendix). involving o-diphenols. The high accessibility of the Ty
Strong similarities exist between the active sites of Hc and active site to exogenous molecules allows the interaction with
tyrosinase, two proteins phylogenetically relat@¥-29) bulky substrates; in contrast, the low active site accessibility

although performing quite different physiological roles. The of Hc allows coordination to copper of molecules only as
tyrosinase-like activity of Hc is peculiar not only for its low  small as dioxygen. These steric effects are expected to play
efficiency but also as far as the reaction mechanism is an important role in modulating the catalytic efficiency by
concerned. In the case of Ty, a reaction scheme wasaffecting the accessibility of the active site toward exogenous
proposed based on concomitant binding of the substrate andnolecules. Thus, the catecholase activity exhibited by
peroxide at the dinuclear copper sittD( 30. In the case  molluscan and arthropod Hcs has to be considered a property
of Hc, our experimental evidence suggests that the substratef the protein resulting from the peculiar coordination of
interacts with the Hc-bound peroxide; the process is mono- dioxygen, strictly controlled by the low accessibility of the
electronic, and the oxidation proceeds following a radical active site to substrate molecules. This activity of Hc,
mechanism. The mechanism proposed for Hc also allowstherefore, can be considered as an intrinsic property of the
explanation of some peculiarities of the reaction in com- copper-peroxide adduct still maintained after the functional
parison with the behavior of Ty. In particular, the ratio divergence of Hc from the more ancient tyrosinase.
between dioxygen consumed and quinone produced is
noninteger (1.3:2), in contrast to tyrosinase (1.0:2). The ACKNOWLEDGMENT
difference is largely significant, being the standard error of
the slopes of the straight lines of Figure 7 withird%.
Furthermore, Hc does not undergo the inactivation reaction
typical of the Ty-catalyzea-diphenol oxidation 10).

In addition to the intrinsic electronic factors that are likely A ppeNDIX
to affect the reactivity of the coppeperoxide active site of
Ty and Hc 80), hence differentiating the biological role of In this appendix, we describe the solution of a kinetic
the two proteins, our results point to the importance of steric model that simulates the experimental curves of quinone
factors. The elucidation of the tyrosinase gene sequence offormation and oxygen consumption during the reaction of
Neurospora crass&as revealed that the protein is synthe- Hc with o-diphenol. The model is based on the reaction
sized in the form of a precursor protein with a C-terminal scheme whose experimental evidences are discussed above
elongation of 213 amino acids as compared to the mature(Scheme 2).

The excellent technical assistance of Mr. G. P. Rocco and
A. Cervellin for the preparation of hemocyanin is gratefully
acknowledged.
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Equations a and b concern the binding equilibria of deoxy-
Hc with oxygen and of oxy-Hc witle-diphenol, respectively.

Equations ef refer to the decomposition of the Ho-

Salvato et al.

The application of the steady-state approximation to the
above system allows obtainment of simpler differential and
mass equations suitable to be integrated to give the time

diphenol adduct and of its intermediates to give deoxy-Hc; course of some reactants and reaction products which can

each step produces a semi-quinone radicatdiphenol (9
and, in one instance (eq d with rate constif of THB

be experimentally determined.
The sum of eqs-13, under the steady-state approximation,

(S71). In the latter case, an ortho-hydroxylation reaction gives eq 12:

occurs together with radical formation. From HPLC analysis,

it is demonstrated that beside THB another product is formed,  d[O] d[HcOz] d[HcOZC]
characterized by marked hydrophobicity. This event is not dt dt dt
considered in Scheme 2 because THB can be considered for

simplicity the only alternative step to semiquinone formation. reduced to

According to eq h, the quinone arises from the dismutation

= —k,[HcO,C] (12)

of the semi-quinone radicals. Dioxygen enters into the do,] = —Kk,[HcO,C] (13)
catalytic cycle only through oxy-Hc, its reduction occurring dt L 2
exclusively within the Hc active site. )
According to the proposed reaction scheme, a system of€iNg
differential equations describing the rate of appearance of
the various intermediates (egs 10) can be written, together d[OZ] d[HCOZ] d[HCOZC]
with a mass equation (eq 11) which accounts for the dt dt dt
distribution of the total Hc between the various intermediates: With the same procedure, we obtain from egsi®:
s diQl_, [k
= —kj[Hc][O,] + HcO 1 =
klHC][O,] + Ky '[HeO,] D) ==k (k Tt l)[HcOZC] (14)
d[HcO,] = kg[Hc][O,] — kg [HcO,] — describing the time course of quinone formation. By
dt combining egs 13 and 14:
ki[HCO,)[C] + ki [HeOLC] (2)
d[HcOC] :[[g] - _(k Tk " 1) (19)
—— 2 = K{HCOJ[C] ~ K, HCO,C] - kHCO,C] 4 Vet
3 Equation 15 represents the ratio between the rate o
(3) i h io b h f
A[HCOH] quinone production and that of oxygen consumption; its value
cOHR] _ is limited between 1 and 2 depending upon the relative values
da 1[HCO,C] = (k; + kg)[HCOHIICT (4) of k. andks, namely, on the relative weight of reactions d
d[HCOH,) and e of Scheme 2. Itis worth noting that from eq 15, when
S _ ks > kp, the value of d[Q]/d[@] approaches 2, which
dt = klHCOHIIC] = Ky[HCOH]ICT  (5) corresponds to that of a formally bielectronic process, as in
dHe] the case of tyrosinase. A noninteger stoichiometry results
_ _ from reaction d responsible for the accumulation of the
dt {[HCOHAIC] = k[He J[C] ©) triphenol detected by HPLC.
The kinetics of oxygen consumption can be analytically
d[HC] described by integrating eq 13 and considering a reduced

= = —KIHCI0,] + ky'HeO;] +
I[HCO,HIIC] + kgHe,JIC] (7)

dis1_ \[HcO,C] + (K, + ky)[HCO,H][C] +

dt
GHCEOHJIC] + KHCIC] — 2[ST” (8)
d
I fHeoIc) + kyiTHeo,C) -
(kp + IQIHEOHIIC] — kHEO,HIIC] —
k[ HC,JIC] + k{[S” (9)
e
A sy (10)
[HC] ot = [Hc] + [HcO,] + [HcO,C] + [HcO,H] +

[HcO,H,] + [Hc,] ~ [Hc] + [HecO,] + [HcO,H] (11)

mass law for the total concentration of Hc having the form:

[HC]iota ~

because the concentration of other protein species can be
considered negligible.

~ [Hc] + [HcO,] + [HcO,C] = constant

Since
B KO[HCOZ]_ _ Km[HcOZC]_
[He] = =157+ HeOd = ==
ko ke
it follows that
KoKm Km



Catechol Oxidation by Hemocyanin

namely:

[HC] ot
(K/[CD(KY[O,] +1) +1

This result allows generation from eq 13 of the following
differential equation:

[HcO,C] = (16)

d[o clio
e ~Haleloie K, +[(K]r£ : cpiog 7
or
Kinko K + [C] d[0,] = —kdt (17)
[He]oCl[O,]  [He]w{C]

having the general form
adx/x+ g dx=gdt

Assuming that [C] is constant, being in large excess with
respect to [@)], the equation can be integrated between time
t = 0 ([O2]o) and t([Q]) to yield

KnKo n[oz]o Km + [C]
[HeliodCl  [O)];  [Cl[HC] o

([Ozo — [OJ) = kit (18)

or
[O2lo
=222+ Y[(O], — [O]) =Wt (18)
(O],
whereY andW are respectively equal to
_ 1 [C] _ [HC]totkl
Y= K, 1+ K. andW—( KoK, [C]
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Ficure 11: Determination oK., andk; values from the kinetic
analysis. Equations 18 and 20 reported in the Appendix have been
applied to kinetic curves of oxygen consumpti@®) @nd quinone
formation ©) obtained in the presence of (&)diphenol and (B)
4-methylcatechol.

t and at infinite time, respectively. [Q]is equal to the
concentration of time 0 af-diphenol, [C}. The combination

A similar procedure can be followed to obtain the time ¢ eqgs 13, 16, and 17 gives

course of quinone production at constant concentration of

oxygen, taking into account that (see eq 14)

dlQ] _ _dicl_, [ K
dt dt ik, + kg

+ 1)[HC02C] = k*[HcO,C]

and that [HcQC] depends oro-diphenol concentration as
indicated in eq 16.
The differential equation, analogous to ed,13

Kim(Ko +[03]) 1 _

Tﬁ + 1{d[C] = —k*[Hc] ; dt (19)
The integrated equation is

[Ql., [0,] K HC] o{O,]

Q=i .+ 0"

(19)

QL — QL Kn(Ke+10)

wherek* is

Kk =k L +1
Yk, + kg

and [Q] and [Q]. represent the quinone concentration at time

In &‘F aY[Q], = Wt

QL. - [QL (20)

where

-1
+1)

Both Y andW contain [C], and the plots = f([C]) andW
= f([C]) allow the evaluation ofk; and Ky, Ko being
independently calculated from oxygen binding experiments
(Ko = 0.09 mM). Furthermore, both eqgs 18 and 20 contain
W; thus,k; andK, can be calculated from kinetic measure-
ments of oxygen consumption and quinone formation. The
plots of W versus substrate concentration are shown in Figure
11 for o-diphenol (panel A) and methylcatechol (panel B).
The obtained values d§, andK, constants aré; = 0.19
s, Ky = 27 mM with o-diphenol and; = 0.18 s, K, =
39 mM with methylcatechol. By comparing these constants,
it can be concluded that the different efficiency of substrate
oxidation @-diphenol versus 4-methylcatechol) does not
depend on the formal first-order rate of electron tran{@r (

a= >
o T Ky
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but on the different equilibrium constant exhibited by Hc
for the two substrateKg,).

Equation 18 (or 18 has been obtained under the steady-
state approximation and, hence, is not suitable to fit the initial
time of the reaction. This period consists of a lag phase
which can be seen both in quinone production and in oxygen
consumption. In order to get an equation describing the
initial production of quinone, eq 8 can be rewritten in the
following compact form:

d[S]
Cdt

where X[Hc,]; stands fork;[HcO.C] + ...
of eq 8. Furthermore, by considering

= 2Kj[Hc,]; — 2kd[so]2 (21)

+ ks[HCcJ[C]

Salvato et al.
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Ficure 12: Simulation of the time dependence of semiquinone
(solid line) and quinone (dashed line) concentration. The time

dependence of the velocity of quinone formation in the reaction

2K-[HCX]- 1/2 course is also shown (dotted line). The equations used are eq 23
— [ X (solid line), eq 24 (dotted line), and eq 25 (dashed line) described
Ky in the Appendix.
one obtains 1 Km' 1 1
== + (27)
d S° V max [C] max
— 5] > = 2Kk, dt (21) . . ,
k*2 —[S] From the LineweaverBurk plots of Figure 6, th&,' values
are 35 mM and 50 mM in the case otdiphenol and
Integrating eq 21 methylcatechol, respectively. Since the value kof is
related toK, one obtains, taking{o = 0.09 mM and [Q]
k* +[ST i = 0.28 mM, K, = 26.5 mM andK, = 37.8 mM (for
In k< — [S] = Ak kit =K't (22) o-diphenol and methylcatechol, respectively), in very good
agreement with the results @ versus substrate concentra-
. 1 tion (eqs 18 and 20).
[ST=K—Fr— (23)
e +1 REFERENCES
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Equations 23 and 25 describe the time dependence of the
semiquinone and quinone concentrations, respectively. Equa-
tion 24 describes the time dependence of the rate of quinone
production. In Figure 12, the results of such simulations
(egs 23-25) are shown: the dependence of quinone produc-
tion from the preliminary formation of semiquinone is
simulated by both the lag of the curve relative to the time
dependence of the former species and the acceleration of
the reaction velocity.

Equation 17 can be arranged in a form giving a linear
Lineweaver-Burk plot for oxygen consumption, withl =

_d[OZ]/dt, Vmax = kl[HC]tota and
K '=K Ko +1
m M 0,]
1_Ky 1 1
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V Vmax [C]

Similarly, from eq 14 substitutiny’ max = ki[Hc]w/a, one
obtains
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