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ABSTRACT

Anaerobic stopped flow kinetic studies of the reactions of
=
6

hydroquinone, Fe(CN), , and Fe(EDTA)Z- with Rhus vernicifera

laccase have been performed with the objective of elucidating the
mechanisms by which the three enzymatic copper sites are reduced.
Second order rate constants characterizing the hydroquinone
reduction of laccase Type 1 and Type 3 copper sites at 25.6°, pH 7.0,
r =0.1 (phosphate) are 325 and 457 M sec-l, respectively. All of
the experimental evidence points to the involvement of a common inter-
mediate in the reduction mechanisms of these two functional units, and
pH dependence results indicate that the phenolate monoanion HQ™ is the
active reductant interacting with the metalloprotein in the shared slow
step. A requirement for penetration of HQ into the first coordination
sphere of Type 2 Cu(II) is strongly suggested by pH 6.0 fluoride
inhibition results, and activation parameters (Type 1: AH# =16.0
kcal/mole, AS* = +13 cal/mol-deg; Type 3: AH# =13. 6 kcal/mole,
AS]‘: = +15 cal/mol-deg; pH 7.0, p =0.1) are compatible with rate-
limiting reduction of an essentially axial copper(II) species.
Decolorization of the intense peak with maximum at 405 nm
characteristic of the Type 2 Cu(Il)-N,  laccase derivative is first
order in [N, ], zeroth order in [hydroquinone], suggesting that azide
bridging is involved in an intramolecular Type 1 Cu(I) to Type 2 Cu(II)
electron transfer step. Attack at the Type 2 copper is not a pre-

requisite to reduction of the Type 1 site in the laccase-azide complex,
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but the reactivity of the '"blue" copper is considerably altered from
that in the native enzyme.

Ferrocyanide reduces laccase by a mechanism much different
than that preferred by hydroquinone. The reduction rates of the Type 1
and Type 3 sites are identical (k =42 M~ sec'l, 25°, pH 7.0, pn =0.1;
AH* =18.4 kcal/mole, AS¢ = +10 cal/mol-deg), and only three electron
equivalents are transferred to the metalloprotein anaerobically. The
Type 2 copper atom is not reduced by Fe(CN)64-. Ionic strength and
pH dependence studies suggest that electrostatic factors direct
Fe(CN):- to its initial attack site. At least one histidine residue
appears to be involved in outer-sphere complex formation between
laccase and the highly anionic reducing agent. The rate-limiting step
for ferrocyanide reduction of laccase is reversible; calculations based
on the forward and reverse rate constants indicate that the '"blue"
copper is probably the initial attack site preferred by ferrocyanide.
The unusually high activation enthalpy for the reduction of laccase
"blue'' copper by Fe(CN)64- is attributed to the inaccesibility of this
site to direct attack by external reducing agents.

Preliminary experiments with Fe(EDTA)Z- as reductant have
shown that the laccase '"blue'’ copper site is reduced over 1000 times
slower than that of stellacyanin (k =2.31 X 102 M gec”’ (laccase),
4.2 x 10° M™* sec ™' (stellacyanin); 25.1°, pH 6.0, p =0.5). Activation
parameters for the reduction of laccase Type 1 copper by Fe(EDTA)z-
are: AH:t =13.0 kcal/mole, AS:t = -4 cal/mol-deg; pH 7.0, p =0.1.
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INTRODUCTION

Laccase, a copper-containing glycoprotein, was discovered in

the latex of the Japanese lacquer tree (Rhus vernicifera) by Yoshida in

1883. 1 Early preparations were found to cause the darkening of a
polyphenolic latex fraction with the uptake of oxygen. Further details
of early laccase studies leading to the proof that protein-bound copper
is responsible for enzymatic polyphenoloxidase activity may be found
in Levine's interesting review.

Although laccase was named for its occurrence in the lacquer
tree, it has been isolated from many other plant sources as well. .
The best substrates for laccase are para- and ortho- aryl diamines
and diphenols, oxidation products being the corresponding quinones.
One of the most reactive substrates for Rhus laccase is p-phenylene-
diamine, and hydroquinone is turned over about one-third as fast as
this.4 Unlike tyrosinase, another copper-containing polyphenol-

oxidase, laccase is unreactive with monophenols and meta- diamines

and diphenols.

Nakamura's work in the late 1950's marks the beginning of
modern understanding of laccase. He found the molecular weight of
the enzyme to be 120,000 with 4 Cu/mole5 and established the
stoichiometry of the laccase-catalyzed oxidation of hydroquinone
(H,Q) by O,: 2H,Q are consumed per O, reduced. Water is probably
the only oxygen reduction product, as H,O, or other intermediates

have never been detected. Nakamura's suggested mechanismS:
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2 Cu2+ + H,Q - 2 Cu2+ +Q+ 2HY
2Cu’ +10,+ 20 - 2Cu2++H20
is still thought to reflect the basis for laccase enzymatic activity.

Nakamura subsequently published ESR experiments'7 demon-
strating that semiquinone (SQ) is quantitatively produced from hydro-
quinone during the laccase-catalyzed oxidation of H,Q by O,.
Apparently semiquinone is enzymatically produced from H, Q via one-
electron transfer steps; rather than reacting directly with O, or
remaining oxidized laccase copper sites, SQ was found to dispropor-
tionate to H,Q and Q. Free radical formation and decay has also been
observed in the fungal laccase-catalyzed oxidation of p-phenylene-
diamine.

Reinhammar's recently published tree laccase purification
procedure9 includes a molecular weight estimate (110, 000) in good
agreement with Nakamura's value and a complete amino acid analysis
of the protein. Laccase contains an excess of 38 basic amino acid
residues over acid residues (arginine + histidine + lysine = 56;
aspartic acid + glutamic acid - NH,; = 18), explaining its high iso-
electric point of 8.55. The enzyme contains only about 55% protein by
weight, the remaining 45% being carbohydrate.

Laccase is just one of a number of biologically important cbpper—

1,4l Others include tyrosinase, cytochrome

containing oxidases.
oxidase, ascorbate oxidase, and possibly ceruloplasmin. Within the
past ten years it has become evident that the copper sites within a

large number of metalloproteins may be classified into three categories



(named, for lack of more original titles, Type 1, Type 2, and Type 3)
on the basis of their visible and ESR spectra. Malkin and Malmstrt)m,12
in reviewing the characteristics of these sites, point out that the
classifications are best used when comparing proteins containing the
"blue' (Type 1) copper structural unit. The spectroscopic properties of
cupric proteins are often much different from those of simple Cu(II)
complexes. 13,14
Type 1 copper gives rise to the remarkably intense blue color
of stellacyanin15 (€gq = 4080 M~ 'em™Y), a.zurin16 (€ggs = 3500 M
cm'l), spinach plas’tocyanin”(659.7 = 4900 M 'em”™") and several other
metalloproteins which contain this type of copper alone. Extinction
coefficients are expressed per mole of '"blue' copper. The Type 1
copper site is also found in the multicopper oxidases Rhus (6614 =

5700 M_lcm'l)15 and Polyporus versicolor (€5, = 4600 M'lcm-l)18

19

laccase, and ceruloplasmin (€, = 5600 M” 'em™")."Y The most
widely accepted theories12 concerning the structure of the '"blue"
copper site and the origin of the intense absorption band suggest
strong distortion of the copper coordination environment from axial
symmetry to a more nearly tetrahedral configuration. Charge transfer
and d-d transition assignments have both been proposed for the '"blue"
copper band. =0

Another characteristic of the "blue' copper site is an ESR
spectrum with an unusually small hyperfine constant (A,;). Typical
low molecular weight Cu(II) complexes exhibit [ A, ,| values in the

112

range 0.015 to 0.020 cm™ " “; Rhus laccase Type 1 copper shows
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21,22

-1 13 > “% support the suggestion that

|A,,| =0.0043 cm Model studies
small hyperfine constants are associated with a near-tetrahedral
coordination environment about the copper atom. The low symmetry
of the ""blue' copper site is also indicated by the finding of three
different g-values for laccase and stellacyanin Type 1 copper. 15

Progress towards the determination of the ligand environment
of the "blue' copper has been made very recently. An ENDOR study of
stellacyanin indicated nitrogen coordination to copper at a solvent-
inaccessible site. Fluorescence quenching and p-mercuribenzoate
titration studies have suggested the presence of cysteine and

tryptophan in s’cellacyamin23 and azurin®% 29,26

coordination environ-
ments. Unfortunately, no data elucidating the coordination environ-
ments of Type 2 and Type 3 copper atoms appear to be available.

A second form of copper found in the '"blue' oxidases, Type 2,
has spectral properties resembling those of typical axial Cu(II)
complexes. The presence of strong bands in the visible spectrum has
prevented the assignment of comparatively weak Type 2 d-d transitions
in laccase. The existence of Type 2 copper in this metalloprotein has
been inferred from the appearance of two overlapping components in the
ESR spectrum; one (Type 1) has narrow and the other (Type 2) has
broad hyperfine structure. Computer simulation of composite spectra
assuming two forms of copper are present in equal amounts was
successful for both Iihls_l5 and Polmorus27 laccase.

The importance of the Type 2 copper site has been shown in

experiments relating anion binding to this copper atom to losses in



oxidase activity. In the presence of 0.1 M NaF or NaN,, changes are
observed in the Type 2 ESR spectrum of laccase, but not in the '"blue"
copper component. 13 Fluoride, azide, and other anions have also been
shown to cause dramatic inhibitions in Rhus laccase oxidase activity.4
Fluorine superhyperfine splitting is found in the Type 2 spectrum when
F™ is added to fungal laccase, 2 and again inhibition of activity
accompanies anion binding. Ceruloplasmin Type 2 copper also functions
as a fluoride and azide binding site. 29

That the Type 2 copper atom is essential to enzymatic activity
is perhaps most clearly shown in a study30 with Polyporus laccase in
which the Type 2 copper was specifically removed with bathocuproine
disulfonate. The visible spectrum of the protein is essentially
unchanged with Type 2 removal, but the broad ESR hyperfine component
and oxidase activity are destroyed. Restoration of one copper atom per
mole to the copper-depleted protein brings back the Type 2 ESR signal
and oxidase activity.

Type 3 copper, called "ESR-nondetectable', refers, logically
enough, to protein-bound Cu giving rise to no ESR signal. As Malkin
and Malmstrom point out, Le ESR-nondetectable copper need not be
diamagnetic since extensive line broadening may obscure ESR signals

217

from paramagnetic species. Fungal ' and Rhus15 laccases both

contain 50% of their total copper, or 2Cu/mole, in an ESR-nondetectable
form. Anaerobic redox titrations of laccasesl’ o have shown that the
Type 3 site accepts two electrons and is associated with a near-

ultraviolet absorption band near 330 nm (6333 = 4500 M 'em”™' for
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Rhus 1accase15). Approximately four electron equivalents are

required to fully reduce laccase; Rhus laccase 614 nm and 330 nm
absorption bands disappear and the ESR spectrum vanishes upon full
reduction.

Fee, et a_l.31 have discussed some of the structural alternatives
for Type 3 copper. Two cuprous atoms in conjunction with a reducible
disulfide bond was ruled out because Type 3 copper appears to be too
strong an oxidant to be associated with the disulfide-sulfide couple.
Still, recently completed photoelectron spectra of Rhus laccase indicate
the protein may indeed contain both cupric and cuprous copper.
Another structural alternative, favored by the Swedish workers, is
two antiferromagnetically coupled cupric atoms. The existence of
many low molecular weight copper (II) compounds34 showing spin-
pairing is pointed out. il

The origin of the 330 nm Type 3 absorption band is by no means
certain. One suggestion is that its position and intensity reflect ligand
to Cu(II) charge transfer. 18 However, crystal spectra of copper
acetate dihydrate35 and other dimeric cupric carboxyla’ces36 reveal
bands in this same region characteristic of the dimeric Cu(II)-Cu(II)
unit.

The electrochemical properties of laccase are worthy of special
note. The standard reduction potential of the Cu(II)/Cu(I) couple in
aqueous solution is given by LatimerB’7 to be +153 mv. The wide
variation in reduction potentials among Type 1 copper sites in the

"blue'' copper proteins in spite of strong spectral similarities is an

unexplained and puzzling phenomenon.



Re'mhammar38 has recently titrated laccase and stellacyanin
with ascorbate in an anaerobic optical cell equipped with a combined
metal electrode for simultaneous optical and potentiometric measure-
ments. Potassium hexacyanoferrate was used as an electron mediator.
The reduction potentials determined for Rhus laccase Type 1 and Type 3
copper sites are +394 mv and +434 mv, respectively, at pH 7.5, u =
0.2, 0.1 mediator to protein ratio. Unfortunately, the observed
reduction potentials depend somewhat on the concentration of hexa-
cyanoferrate. With a mediator to protein ratio of 3 instead of 0.1, the
potentials of Type 1 and Type 3 sites are +434 mv and +483 mv,
respectively. ESR evidence was obtained for an interaction, possibly
Type 2 reduction, between Fe(CN):_ and the Type 2 copper site.
Reinhammar's results are in good agreement with those found earlier32
by computer simulation of reductive titration curves. The Type 2
reduction potential was estimated at ~ 390 mv in this earlier study.

The fungal laccase 'blue' copper (E,/ =+785 mv, pH 5.5,

i = 0.2, mediator ratio = 0. 3)38 is appreciably more oxidizing than

its Rhus analog, whereas stellacyanin Type 1 copper is reduced at a
potential (E,/ =+184 mv, pH 7.1, u =0, 3)38 similar to that of aqueous
Cu(Il). The unusual E, values for laccase "blue' copper are
at’cributed38 to interactive communication of this site with other copper
atoms in the molecule. Also, coordination of unsaturated groups, the
presence of reducing ligands such as sulfhydryl, and strong distortions
from tetragonal symmetry all may stabilize cuprous copper relative to

cupric, thus enhancing the value of the Cu(II)/Cu(I) couple. .
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A Cu(Il) - Cu(I) "valence-shuttle' has been suggested many

times as the key to activity in the '"blue' oxidases. Thus, ceruloplasmin
is pictured39’ 0 as being reduced by one-electron steps to the fully
reduced form and then reoxidized by O, in a concerted process involving
all four valence-changing copper atoms. Malkin and Ma.lstrtim12 point
out that the energetic unfavorability of the one-electron reduction of
oxygen to superoxide ion argues against the existence of this kind of

step in the reoxidation mechanism. Indeed, the reoxidation of fully

Al de that cooperativity among the copper

reduced laccase is so fast
atoms almost certainly must lead to multi-electron reduction steps.
This hypothesis is supported by the observation41 that partially
reduced laccase is not attacked by oxygen. ''Blue' copper proteins
such as stellacyanin which lack multi-electron transfer capability
also are very slowly reoxidized by 02.4t2

Only a very few studies dealing with the reduction of laccase
copper sites are available. Ferrocyanide reacts rapidly with fungal
laccase A Type 1 copper (k =1.1 x 10° M 'sec™’, 25° pH 5.4, 0.1 M
acetate buffer),41 and two more electron equivalents subsequently
transfer to laccase at a somewhat slower rate. A second order rate

constant of 7.7 x 10° M lsec”! was obta.ined41

for hydroquinone
reduction of Type 1 copper under the same conditions. Fluoride ion
does not inhibit initial reduction of Type 1 copper by Fe(CN);_, but

does slow subsequent steps.
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Large second order rate constants have been reported recently
for fungal laccase B Type 1 copper reduction by H,Q. and Fe(CN):—.43
The reduction rate of the 330 nm chromophore is independent of
substrate concentration at high concentrations and is equal to 1.0 sec”’
(pH 5.5, 25°) for both reducing agents. Consequently, at least one of
the electrons necessary for reduction of Type 3 copper is thought to
be transferred intramolecularly from Type 1 Cu(I).43 As for fungal
laccase A, F~ does not inhibit the rate of "blue' copper reduction,

but does slow the rate of electron transfer to the Type 3 site to 8 x 107°

sec”’

Another recent paper44 describes stopped flow kinetic studies
of the reactions of reduced azurin and horse heart cytochrome ¢ with
fungallaccase. Again, large second order rate constants were
measured for decolorization of Type 1 copper at room temperature
(k=1.7x 10° M 'sec™! (cyt c(II)), 8.2 x 10° M 'sec™ (azurin); 0.1 M
acetate, pH 5. 3).

The Cu(II)-Cu(II) pair may function not only as a two-electron
acceptor, but also as the oxygen binding site. b5 Reduction of the Type
3 site presumably might produce a copper configuration similar to
that proposed45 for the oxygen carrier oxyhemocyanin. Reoxidation
of fully reduced laccase then might involve intramolecular electron
transfer steps from Type 1 and Type 2 copper to Type 3.

Malkin and Malmstrijm12 appear to minimize the importance

of the Type 2 copper as an electron acceptor, and suggest it may be

present to help stabilize oxygen intermediates as O, is reduced to
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H,O. Thus F~, which blocks the Type 2 site, may prevent the
stabilization of an anionic oxygen intermediate, but should not affect
the initial reduction of Type 1 copper by substrate. Shifts in the
Type 2 ESR spectrum and the appearance of a new spectral band at
400 nm when H,0, is added to fungal laccase suggest that binding of

HOO™ to Type 2 copper is indeed possible.46
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EXPERIMENTAL OBJECTIVES

Spectroscopic characterization of laccase has been the subject of
many papers. Comparatively little attention, however, has been paid
to the mechanisms by which the copper sites cooperate to accomplish
enzymatic oxidase activity. Existent kinetic studies often treat laccase
activity as a whole, reporting apparent Michaelis-Menten parameters
for substrate turnover. These values provide little information about
the function of specific copper atoms in reduction or reoxidation of
the enzyme, and, more importantly, assume a simple mechanism
which may not apply to a two-substrate multi-site enzyme such as
laccase. Specific reduction rate constants, when reported, are
measured only for a limited variety of conditions and thus are of little
use in discussing mechanisms.

The principal objective of studies described in this thesis is
to provide an experimental background extensive enough to permit
meaningful discussion of the anaerobic reduction mechanisms preferred
by Rhus laccase. To achieve an integrated understanding of the
mechanistic relationships among individual copper sites, experiments
were designed to follow reduction rates of all three laccase functional
units. Most of the data pertains to the optically observable Type 1 and
Type 3 copper atoms, but anion inhibition experiments were included
to clarify the function of the Type 2 site as well.

Hydroquinone, ferrocyanide ion (Fe(CN)(:_), and the ethylene-

. o=
diaminetetraacetate complex of iron(II) (Fe(EDTA) ) are the three
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reducing agents considered in this work. A preliminary laccase
kinetic study using chromous ion as reductant has been published, 4
and is not presented in this thesis. Hydroquinone was chosen because
of its obvious similarity to physiological laccase substrates. The
iron(II) complexes are well-characterized inorganic reductants

with properties quite different from those of hydroquinone. Their
laccase reduction mechanisms may be quite different from those
preferred by physiological substrates, and it is hoped that comparison
between H,Q and Fe(Il) reduction data will serve to emphasize the
mechanistic aspects which enable laccase to interact particularly well
with aryl two-electron donors.

The objectives sought in this thesis are based on a fundamental
assumption which should be stated. Anaerobic reduction experiments
were performed in the hope that oxygen is not typically involved in
promoting reduction of the enzyme. In other words, it is assumed
that the overall mechanism of laccase action may be treated as the
sum of separable anaerobic substrate reduction and oxygen reoxidation
steps. One experiment with ferrocyanide was performed in the hope
of supporting this assumption, but more detailed reoxidation experi-
ments will have to be performed before it can ever be fully justified.

Finally, it should be noted that the mechanisms stated in this
thesis stress functional relationships among laccase copper sites.
Chemical arguments have been of necessity limited in view of the
absence of data pertaining to copper coordination environments,

distances between metal atoms, and protein conformation. The
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nomenclature used is as follows. The symbol (2,2, Ox) refers to fully
oxidized laccase. The first and second entries give the oxidation
states of the Type 1 and Type 2 copper atoms, respectively. The
final notation, either ""Ox'" or '"Red', indicates whether the two-

electron acceptor is oxidized or reduced.



References

1. H. Yoshida, J. Chem. Soc., 43, 472 (1883).

2, W. G. Levine, in The Biochemistry of Copper, J. Peisach,

P. Aisen, and W. E. Blumberg, eds., Academic Press, New
York, 1966, p. 371,

3. W. Franke, Handbuch Pflanzen-physiologie, 12, 401 (1960).

4. J. Peisachand W. G. Levine, J. Biol. Chem., 240, 2284 (1965).

5. T. Nakamura, J. Biochem. (Tokyo), 30, 44 (1958).

6. T. Nakamura, Biochim. Biophys. Acta, 30, 538 (1958).

7. T. Nakamura, in M. S. Blois, Jr., H. W. Brown, R. M. Lemmon,
R. O. Lindblom, and M. Weissbluth, eds., Free Radicals in
Biological Systems, Academic Press, New York, 1961, p. 169,

8. C. Broman, B. G. Malmstrém, R. Aasa, and T. Vinngard,
Biochim. Biophys. Acta, 75, 365 (1963).

9. B. Reinhammar, Biochim. Biophys. Acta, 205, 35 (1970).

10. H. S. Mason, Ann. Rev. Biochem., 34, 595 (1965).

11. B. L. Vallee and W. E. C. Wacker, The Proteins, H. Neurath,
ed., Vol. 5, Academic Press, 1970.

12, R. Malkin and B. G. Malmstrém, Advan. Enzymol., 33, 177(1970).

13. C. K. Jgrgensen, in ref. 2, p. 1.

14, A. S. Brill, R. B. Martin, and R. J. P. Williams, in Electronic
Aspects of Biochemistry, B. Pullman, ed., Academic Press,
New York, 1964, p. 519.

15. B. G. Malmstrom, B. Reinhammar, and T. Vinngard, Biochim.

14

Biophys. Acta, 205, 48 (1970).




16.
17,
18.
19,
20.
21,
22,
23.
24,
25,
26,
27,

28,

29,

15

A. 8. Brill, G. F. Bryce, and H. Maria, Biochim. Biophys. Acta,
154, 342 (1968).

S. Katoh, F. Shiratori, and A. Takamiya, J. Biochem. (Tokyo),

51, 32 (1962).

R. Malkin, B. G. Malmstrém, and T. Vinngard, Eur. J. Biochem.,
10, 324 (1969).

W. E. Blumberg, J. Eisinger, P. Aisen, A. G. Morell, and
I. H. Scheinberg, J. Biol. Chem., gﬁ?\, 1675 (1963).

R. J. P. Williams, Endeavour, 26, 96 (1967).
D. C. Gould and A. Ehrenberg, Eur. J. Biochem., 5, 951 (1968).

D. Forster and V. W. Weiss, J. Phys. Chem., 72, 2669 (1968).

L. Morpurgo, A. Finazzi-Agro, G. Rotilio, and B. Mondovi,
Biochim. Biophys. Acta, 271, 292 (1972).

. Finazzi-Agro, G. Rotilio, L. Avigliano, P. Guerrieri,

. Boffi, and B. Mondovi, Biochemistry, 9, 2009 (1970).

. Rotilio, A. Finazzi-Agro, L. Avigliano, A. Lai, F. Conti,

. Finazzi-Agro, C. Giovagnoli, L. Avigliano, G. Rotilio, and
. Mondovi, Eur. J. Biochem., ?\ffl\, 20 (1973).

A
\'
G
C. Franconi, and B. Mondovi, FEBS Lett., 12, 114 (1970).
A
B
B

. G. Malmstréom, B. Reinbammar, and T. Vinngard, Biochim.

Biophys. Acta, 156, 67, (1968).

R. Malkin, B. G. Malmstrém, and T. Vinngird, FEBS Lett., 1,
50 (1968).

L. E. Andreasson and T. Vinngird, Biochim. Biophys. Acta,
200, 247 (1970).




30.

31.

32,

33.
34.

35.

36.

31.

38.

39.

40.

41,

42,
43,

17

R. Malkin, B. G. Malmstrém, and T. Vinngiard, Eur. J.
Biochem., 7, 253 (1969).

J. A. Fee, R. Malkin, B. G. Malmstrém, and T. Vinngird,
J. Biol. Chem., 244, 4200 (1969).

B. R. M. Reinhammar and T. Vinngird, Eur. J. Biochem., 18,
463 (1971).

F. Grunthaner, unpublished observations.

M. Kato, H. B. Johassen, and J. C. Fanning, Chem. Rev., 64,
99 (1964).

S. Yamada, H. Nakamura, and R. Tsuchida, Bull. Chem. Soc.

(Japan), §\9\, 953 (1957).
S. Yamada, H. Nakamura, and R. Tsuchida, Bull. Chem. Soc.

(Japan), 31, 303 (1958).
W. M. Latimer, Oxidation Potentials, 2nd. ed., Prentice-Hall

Inc., Englewood Cliffs, New Jersey, 1952, p. 185,
B. R. M. Reinhammar, Biochim. Biophys. Acta, 275, 245 (1972).

G. Curzon and J. N. Cummings, in ref. 2, p. 545.

E. Frieden and S. Osaki, in Heavy Metals and Cells 2nd. Roch.

Conf. on Toxicity, Wiley, New York, 1970, p. 39.

B. G. Malmstrém, A. Finazzi-Agro, and E. Antonini, Eur. J.
Biochem., 9, 383 (1969).
T. Nakamura and Y. Ogura, J. Biochem. (Tokyo), 64, 267 (1968).

L.-E. Andreasson, B. G. Malmstrém, and T. Vinngird, Eur.
J. Biochem., 34, 434 (1973).



18

44, B. G. Malmstrém, A. Finazzi-Agro, C. Greenwood, E. Antonini,
M. Brunori, and B. Mondovi, Arch. Biochem. Biophys., 145,
349 (1971).

45. K. E.van Holde, Biochemistry, 6, 93 (1967).

46. R. Bridnden, B. G. Malmstrom, and T. Vinngird, Eur. J.
Biochem., 18, 238 (1971).

47, J. W. Dawson, H. B. Gray, R. A. Holwerda, and E. W. Westhead,
Proc. Nat. Acad. Sci. (U.S.), 69, 30 (1972).




19

EXPERIMENTAL SECTION

I. Materials

Reagent grade chemicals were used without further purification,
as were Sephadex ion-exchange and gel filtration resins. Triply
distilled water was used in preparing solutions for kinetic measure-
menfs. Nitrogen gas was passed through two chromous scrubbing
towers to remove oxidizing impurities.

Alfa Inorganics crude K,Cr(CN), was suspended in water,
filtered to remove a large amount of green insoluble material,
recrystallized from water-ethanol, washed with ethanol, and dried
under vacuum. For the recrystallized material: % Cr (calc) = 15.98;
% Cr (found) = 15, 34,

Practical p-benzoquinone was recrystallized from absolute
ethanol, thoroughly dried under suction on a sintered glass filter, and
doubly sublimed. High yields of bright yellow needles with the correct
melting point were obtained.

Chelex 100 resin, obtained from Bio-Rad, was purified by
successive washings with concentrated NH,OH, HC1, NaOH, and
was rinsed thoroughly with water. Before use it was equilibrated with
pH 7 phosphate buffer.

Union Carbide dialysis membrane was boiled extensively in
several changes of distilled water to remove sulfurous impurities,

and was stored immersed in cold distilled water.
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Rubber serum caps were soaked in concentrated base before
use, removing material which might be reactive with proteins or
reducing agents.

M.C. and B. ''fine chemical'" grade NaN,; was used without
further purification after its azide content was found to be better than
99% of the theoretical value. Aldrich 1,4-cyclohexanediol (mixture

of cis and trans) and M. C. and B. resorcinol were used as received.

Sigma Grade III a-D(+) glucose and Type II glucose oxidase (from

Aspergillus Niger) were also used as supplied.

II. Analyses

The purity of commercial hydroquinone1 and potassium ferro-
cyanide preparations was verified by ceric titration using ferroin as
indicator. Ceric titrations also showed that ferrous ammonium sulfate
could be regarded as a primary standard in preparing solutions for use
in Fe(EDTA)z_ experiments. Arnold's ceric procedure2 was used for
the analysis of sodium azide.

Laccase concentrations were evaluated from total copper
analyses of protein solutions by the spectrophotometric biquinoline
method, 2 assuming 4 Cu/mole. Varian Techtron 1000 ppm aqueous
CuSO, was used in the preparation of standard solutions, and was
diluted with dithiazone-extracted pH 6 0.01 M phosphate buffer. Traces
of non-enzymatic Cu were removed from protein solutions by stirring

them in the presence of Chelex 100 resin for approximately 30 min.
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A chromium analysis of recrystallized K,Cr(CN), was

performed by the spectrophotometric peroxide procedure. 4

III. Protein Purification

Laccase and stellacyanin were extracted and purified
essentially by the method of Reinhammar. s Lacquer acetone powder
was obtained from Saito and Co., Ltd., Tokyo. Acetone powder
(100-200 g) was suspended in 0.01 M pH 6 potassium phosphate buffer,
homogenized for several minutes, and stirred overnight at 5° to
liberate the proteins into solution. Insoluble materials were then
removed by passing the suspension through Whatman No. 1 filter
paper on a Biichner funnel. The green filtrate was applied to a CM-
Sephadex C-50 cation exchange column (typically 25 x 6 cm) equilibrated
with 0.01 M buffer. All column work was performed at 5° either in a
deli case or in a cold room.

A large amount of brown-yellow pigments passed directly
through the column while the copper proteins formed a tight blue band
at the top. The column was washed successively with 0.01, 0.05,

0.10, 0.15, and 0.20 M pH 6 buffers. Laccase was eluted Ain several
liters with 0.10 M buffer, although occasionally it started to elute

with 0.05 M buffer. At this point, stellacyanin remained at the top of
the column. Small amounts of greenish material (perhaps a second
form of laccaseB) were eluted with 0.15 M buffer, followed by extremely
dilute stellacyanin. Finally, stellacyanin was completely eluted with

0.2 M buffer.
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The dilute laccase and stellacyanin fractions were dialyzed
against 0.01 M buffer and passed through short DEAE-Sephadex A-50
columns equilibrated with the same buffer to remove small amounts of
brown anionic pigments. Laccase (isoelectric point 8. 555) and stella-
cyanin (isoelectric point 9. 865) passed directly through DEAE columns.

Finally, laccase was added to a short CM-Sephadex C-50 column
equilibrated with 0.01 M buffer, and was eluted much more concentrated
with 0.2 M buffer. At this point, laccase was generally judged to be
chromatographically pure according to the A, /A,,, absorbance ratios
of 15, 2-15, 6 observed. Reinhammar® reports A,g, /A, = 15.2 for
chromatographically pure laccase.

Much of the laccase was further subjected to gel filtration as a
test of its chromatographic purity and as a final purification step.
Sephadex G-150 gel was equilibrated with 0.01 M buffer, and the
protein was run through a ca. 85 x 3 cm column with upward flow.
Much of the laccase so treated did indeed pass through the column in
a single band; excellent separation was achieved with laccase samples
contaminated with stellacyanin. Following the final purification step,
laccase was shell frozen in polyethylene vials and stored in liquid
nitrogen.

A kinetic criterion was also applied for the purity of each new
batch of laccase extracted. A room temperature kinetic measurement
was performed with either ferrocyanide or hydroquinone, and the
observed rate constant was checked against those previously deter-

mined under the same conditions. Remarkably good agreement was
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found among rate constants for samples from all six batches of
laccase used.

Stellacyanin also was usually pure after the DEAE-Sephadex
procedure, Ay, /A, ratios of 5.6-6.1 being observed (literature
value 5. 6) .5 The dilute material was further diluted 1:2 with distilled
water, concentrated on a short CM-Sephadex C-50 column using

0.2 M Na,HPO,, and shell frozen and stored in liquid nitrogen.

IV. Kinetics Measurements

Kinetic measurements were performed on a Durrum Model
D-110 stopped flow spectrophotometer. This instrument contains a
Kel-F flow subsystem leading to a 2 cm path length observation
chamber, a tungsten visible light source, and a grating monochromator.
Kepco Model ABC 1500(M) and Power/Mate power supplies were used
for the photomultiplier tube and tungsten lamp, respectively. Samples
to be mixed are contained in glass drive syringes submerged in water
circulated from a Forma Scientific temperature control unit (temp.
control + 0.2°C). Viton o-rings fitted to the plunger heads provide a
reasonable gas-tight seal against oxygen leakage for anaerobic
solutions contained in the drive syringes. It should be noted, however,
that solutions maintained in the drive syringes for longer than about 90
minutes are likely to be significantly contaminated with O,. The syringes
were soaked in concentrated HCI before the start of a set of runs to

remove trace metal contaminants left from previous use.
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Output voltages proportional to absorbance are obtained from
the stopped flow apparatus; these were displayed vs. time on a
Tektronix 564 B oscilloscope, or, for slower reactions, on a Hewlett-
Packard Model 7004 B X-Y recorder.

The reactant inlet ports on the Durrum instrument were
modified to accept gas-tight Hamilton fittings for a teflon needle,
through which anaerobic solutions were drawn directly into the drive
syringes. Solutions resting in the syringes were allowed at least
20 minutes to come to temperature equilibrium with the bath water
before a kinetic determination was made.

One of the dangers in the stopped flow method6 is that mixed
solutions resting in the observation chamber may diffuse back through
the flow system to interact with unmixed reactants in the small ""dead
space'' between the drive syringes and the mixing jet. Over short time
intervals, this problem need not be considered, but for reactions
requiring over five minutes to be complete, the observation chamber
was isolated by closing valves permitting flow between the drive
syringes and the mixing jet. Even observing this precaution, it was
found that best results were obtained if the '"dead space'' was routinely
filled with fresh solution from the syringes immediately prior to
performing a run. Since the solution in the ""dead space' is moved to
the observation chamber with the subsequent shot, contamination by
back-diffusion will lead to spurious results.

As a test of the reliability of the stopped flow apparatus,

several runs were performed using the redox reaction between



25

chromous ion and the glycinatopentaammine cobalt(III) ion as a
standard. Room temperature rate constants for p =1.0 were found to
be in good agreement with the literature values7 measured on a Cary

14 spectrophotometer.

V. Preparation of Solutions

After removal from liquid nitrogen storage, copper protein
solutions were dialyzed against two chénges of distilled water, the last
being triply-distilled. Phosphate buffer and other solid components
were then added, and a final minor adjustment of pH, if necessary, was
made with sodium hydroxide or phosphoric acid. Buffered laccase
solutions are stable to decomposition for at least several weeks at 5°,
but most measurements were performed on freshly prepared solutions.

Protein solutions were deoxygenated by evacuation through a
needle inserted into a serum-capped bottle. Freeze-pump and N,
bubbling techniques were avoided; repeated freezing and thawing
causes denaturation, as does the foaming induced by bubbling a gas
through the solution. Evacuated protein samples were packed in an
ice bath and purged with a stream of nitrogen flowing over the top of
the liquid.

Hydroquinone and potassium ferrocyanide solutions were made
up in serum bottles either by weight, or by diluting fresh stock solutions
using Hamilton gas-tight syringes and stainless steel needles. Before
introduction of the reducing agents, buffer solutions were purged with

nitrogen for at least 30 minutes. Reducing agent solutions were
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always used on the same day as their preparation.

Ferrous (ethylenediaminetetraacetate) solutions were prepared
in similar fashion. A stock solution was prepared in a bubbler with an
inlet at the bottom to allow continuous purging of the air-sensitive
material. A Brinkman glass combination electrode was placed in one
neck of the flask and a rubber serum cap covered the other. The
bubbler initially contained Na,H,EDTA (10% excess over stoichiometric
amount) , phosphate buffer, and enough standard NaOH to neutralize
hydrogen ions liberated upon the reaction of H2EDTA2_ with Fe2+.
Iron(II) was introduced from a deoxygenated ferrous ammonium sulfate
solution, and the pH of the bubbler contents was compared with the
expected value using a Brinkman pH 101 meter. In no case was

further adjustment of the pH necessary.

VI. Other Equipment

Visible and ultraviolet spectra reported in this thesis were
recorded on a Cary 17 spectrophotometer. Routine measurements on
protein solutions and for analyses were performed on a Cary 14
instrument.

Corning Model 12 and Brinkman pH 101 meters were used to
make pH measurements. The combination electrode used in conjunction
with the Brinkman instrument was fitted with a ground glass joint so it
could be seated tightly in the vessel used to prepare Fe(EDTA)z-

solutions.
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VII. Data Analysis

Pseudo first order conditions for the metalloprotein were used
in all kinetic experiments, 50- to 10,000-fold excesses of reducing
agent typically being present. Laccase concentrations usually were
ca. 1lx 10™° M, yielding about a 0.1 absorbance change at 614 nm in
the 2 cm stopped flow observation chamber.

Analysis of laccase absorbance decay curves is complicated by
the presence of small amounts of oxygen in solutions mixed in the
stopped flow apparatus. Oxygen slowly leaks into the drive syringes
in spite of precautions against this occurrence. An initial steady-
state period is observed when laccase and substrates are mixed
aerobically. This phenomenon has already been documented for the
laccase-catalyzed oxidation of hydroquinone. o Since reoxidation of
Rhus laccase is much more rapid than reduction, 3 the steady-state
absorbance levels at 614 and 330 nm are close to that expected for
fully oxidized enzyme.

Following the steady-state period, net reduction of the copper
sites commences.Asoxygenwas completely consumed, plots of log
(At - A ) vs. time invariably became linear, indicating reduction
reactions first order in the total oxidized protein concentration. At
and A_represent the absorbance at time t and after completion of the
reaction, respectively. A set of typical analytical plots is included in
the next section of this thesis.

Observed first order rate constants (kob S) were obtained

routinely by performing least squares analyses on the linear regions of
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log (At - AO() vs. time plots. Two duplicate runs at least were
performed and analyzed for each solution considered; agreement
between duplicate runs was generally good.

To determine the effect of steady-state substrate consumption
and product formation on observed rate constants, rigorously anaerobic
conditions were achieved in several experiments through the addition
of trace amounts of glucose and glucose oxidase to both reductant and
oxidant solutions. No steady-state period for H,Q or Fe(CN):-
reduction of laccase was observed, as expected, and k obs values
were found to be in good agreement with those calculated from runs
where no oxygen scavenger other than laccase itself was present.
The large excesses of reducing agent employed thus are sufficient to
make the effect of steady-state substrate concentration depletion
on k . negligible.

The stopped flow system was modified in June 1973 to
accumulate voltage vs. time data in an analog input buffer for
transmission to the Caltech PDP-10 computer. Data readouts,
analytical plots, and observed rate constants all were obtained through
the program "IDC' developed by Tom Dailey of the computing center
staff. Very few of the data contained in this thesis were analyzed
through this program (unfortunately), so further discussion of it will
not be included here.

An important point to consider in analyzing 614 and 330 nm

kinetic results is whether or not the absorbance changes at the two
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wavelengths are truly independent. Redox titrations have

demonstrated that 330 nm and 614 nm absorptions correspond to distinct
copper sites, and the separation between the two peaks is large enough
that changes in protein absorbance at one wavelength should not affect
absorbance at the other. Absorbance changes accompanying oxidation
of the reducing agent may serve to indirectly couple 614 and 330 nm
rate processes, however. Consider ferrocyanide as an example.

The oxidized minus reduced difference spectrum for hexacyanoferrate

ions10 is essentially zero at 614 nm, but the quantity (eFe( 3= -
6

CN
eFe(CN);_) is approximately 500 M~ '¢cm™' at 330 nm. Observ)ations
at 614 nm will pertain to '"blue' copper reduction alone, but the overall
330 nm absorbance change will include an increase originating from
ferricyanide produced in the reduction of Type 1 copper. The observed
rate of absorbance decrease at 330 nm thus should be influenced
significantly by simultaneous changes in 614 nm absorbance. The ferro-
cyanide kinetic results have been interpreted with this effect in mind.
Hydroquinone is an ideal reductant for use in this laccase study
because the benzoquinone minus hydroquinone absorbance is zero at
614 nm and also is negligibly small at 330 nm (Ae < 100 M™’ cm'])11
compared with the protein absorbance change at this wavelength.
Consequently, no absorbance correlation between 614 and 330 nm results
need be considered in interpreting the hydroquinone data.
Only 614 nm measurements of the Fe(EDTA)Z_ reduction of

laccase are reported in this thesis. The near-ultraviolet absorbance

of FeHI(EDTA)' is such that it poses a major interference to the

evaluation of Type 3 reduction kinetics. 12
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HYDROQUINONE REDUCTION OF LACCASE:

NATIVE PROTEIN

I. Hydroquinone Concentration Dependence

Typical 614 and 330 nm absorbance-time curves for the
reaction between hydroquinone and laccase at pH 7.0, u =0.1 are
illustrated in Figure 1; corresponding plots of log (At - A ) vs. time
are given in Figure 2. Logarithmic plots were usually found to be
linear for at least the last 50% of the total absorbance change at both
wavelengths. In no case was evidence detected for apparent auto-
catalysis due to the reaction of semiquinone with the protein.

The relationship between 614 and 330 nm observed rate
constants and the hydroquinone concentration was evaluated at several
temperatures using phosphate buffer (0.0463 M, pH 7.0) alone to
maintain the ionic strength at 0.1. Observed rate constants are
collected in Tables 1 and 2, and the room temperature results are
pictured in Figure 3.

The variation of 614 and 330 nm k , . values with [H,Q] is
first order over the range 5 x 10™* < [H,Q] = 1 x 107® M and for all
temperatures considered. The rate law for laccase reduction at

pH 7.0 thus is:

-dICu(33g% or 614) It - K [H,Q][Cu(330 or 614) [, ¢

where [Cu(330)]t0t and [Cu(614)]tot refer, respectively, to total

concentrations of oxidized protein species absorbing at 330 and 614 nm.
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Table 1

Observed Rate Constants for the Reaction

[H,Q] x 10°(M)

0.50

0.75

1.25

2.50

5.00

7.50

10.00

of Hydroquinone with Laccase;

614 nm, pH 7.0, p=0.1

k g (sec™)

11.17° 17.1° 25,6° 35.7°

0.167

0.167

0. 247

0. 246
0.072 0.156 0.418 0.951
0.074 0.156 0.430 0.962
0.142 0.818 1,702
0.145 0.806 1,752
0.292 0.614 1,692 3.530
0. 295 0.637
0.450 5.150
0.423
0.576 1,239 3.186
0.577 1,180 3.319
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Table 2

Observed Rate Constants for the Reaction

[H,Q] x 10 (M)

0.50

0.75

1.25

2.50

2.00

7.950

10.00

of Hydroquinone with Laccase;

330 nm, pH 7.0, p=0.1

-1
kobs(sec )

11.7°

o O O O O o O o o o

.125
.125
.233
. 232
.464
. 457
. 690
.700
.923
.919

17.1°

0.476
0.471

1,377
1,378

25.6°

0.
.225
.343
.334
.582
.599
.135

N DN = = O O O O

223

.189
.261
.301

.021
.142
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Values of the second order rate constant k, evaluated as the slopes of
25.6° k p. vs. [HQ] plots are:
k,(614) = 325+ 16 M 'sec”l;

5

k,(330) = 457+ 23 M 'sec”’.

II. pH Dependence

A series of ionic strength 0.1 phosphate buffers in the range
pH 5-8 was deyeloped and employed in determining the hydrogen ion
dependence of laccase reduction rates. Rate constants were measured
at room temperature for two different hydroquinone concentrations at
each pH. Separate protein solutions were made up in the appropriate
buffer for each pH considered to be sure that hydrogen ion equilibration
would not compete with the redox steps of interest. Results are
illustrated in Figure 4 as a plot of log k, vs. pH and are tabulated in
Table 3. The two k., values for each pH (calculated as kobs/[HZQ]
for each hydroquinone concentration) are in good agreement, indicating
a first order [H,Q] dependence is followed over the entire pH range.

Type 3 reduction follows on inverse hydrogen ion dependence in
the region pH 5-7. Measurements at higher pH were complicated by the
appearance of slow downward instability in the baseline following fast
decay of most of the 330 nm absorbance. To check the possibility that
the downward drift might correspond to a slowly-reacting high pH form
of laccase, a series of runs was performed at pH 7.8. Native laccase
was reduced quickly enough to allow observation of most of the

absorbance change for the slow component. Linear log (At - A«), VH.
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——-4.0f

— 3.0

log k,

| l I

9.0 6.0 7.0 8.0
pH

Figure 4. Plot of log k, vs. pII for the reaction of hydroquinone:

with laccase; 25.1°, 1 =0.1; O; 614 nm; A, 330 nm.
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5.93

6.46
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Table

3

pH Dependence of Observed Rate Constants

for the Reduction of Laccase by Hydroquinone;

25.1°, ju=0,1*

[H,Q] =1.22 x 107°M (A), 2.38 x 107°M (B).

614 nm kObS
A B

0.0056 0.0097
0.0062 0.0100
0.015 0.029
0.015 0.029
0.048 0.094

0.091
0.140 0.261
0.141 0.253
0.726 1,321
0.713 1,384
1,594 3,225
1,675 3.243
2,380 4,252
2. 685 4,227

(sec™)
330 nm
A B
0.028 0.054
0.029 0.052
0.050 0.093
0.051 0.097
0.120 0.211
0.120 0.212
0. 284 0.510
0.291 0.511
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time plots were obtained for the slow process, suggesting it may
correspond to reduction of an alternative form of laccase which inter-
converts slowly with the native enzyme. Results of several runs at
varying [H,Q] (Table 4) indicate that the reduction rate of the high pH
form of laccase is independent of the reducing agent concentration over

the range 2.5 x 107° < [H,Q] = 1.0 x 107" M (kO g =0.161+ 0.008

b
sec™’; 25,1°, pH 7.8, u=0.1). Approximately 30% of the overall 330
nm absorbance change is attributable to the high pH form at pH 7. 8.
The extent of this component increases with increasing pH, and its
reduction rate appears at first inspection to be nearly pH-independent.

The rate of reduction of laccase "blue' copper by H,Q also is
essentially inverse first order in [H"]. Between pH 6.5 and 8.1 a
linear log k vs. pH relationship holds; below pH 6.5 hydrogen ion
inhibition is even stronger. At high pH, no indication of a slower-
reacting form of laccase was found in 614 nm measurements.

It is suggested that ionization of hydroquinone is responsible
for the kinetic inverse hydrogen ion dependences of Type 1 and Type 3
reduction:

H,Q = HQ + H' Kn,Q

The phenolate anion then is considered to be the actual reductant
interacting with laccase. The rate law expected for this circumstance

is:

-d[Cu] . k/[HQ"|[Cu(w)]
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Table 4
Rate Data for the Reaction of Hydroquinone
with the High pH Form of Laccase;
330 nm, 25.1°, pH 7.8, 1 =0.1

3 -

[HQ] x 10'M k ps(sec™)
2.50 0.164
0.153

5.00 0.141
0.173

7.50 0.167
0.162

10.00 0.172

0.158
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ky' Ky o [HQ][ Cu(m)]
[H]

k,” [Cu@m)]/[H]

sok, = K/ KHZQ/(H+)' The value of KHZQ under conditions similar

to those employed here (25°, 1~ 0.04) is 9.95 x 107, 1 Plotting
+ ; g : "
k, vs. 1/[H"] to obtain k; Ky 2nd using Baxendale et al. 's Kn,Q
value yields the following estimates of k,” (25.1°, 4 =0.1):
k,” (614)
k / (330)

1.48 x 10° M"* sec™!

4.04 x 10° M~ sec”!

III. Temperature Dependence

The data in Tables 1 and 2 were analyzed to yield kK, values at
each temperature as previously described for the 25.6° C data. These
k, values were then used in constructing an Eyring plot (Figure 5) to
obtain activation parameters for laccase reduction. The slopes of the
lines obtained are proportional to the enthalpy of activation, AH* Y
Knowing AH# and the hydrogen ion-independent quantity K ,” from the
pH dependence study, it is possible to evaluate the entropy of
activation AS# (k,”) referred to the (H") = 1.0 M standard state. In
addition, if it is assumed that k,” = K/’ KHzQ’ activation parameters
pertaining to the reaction of the hydroquinone anion with laccase may
be obtained. Table 5 lists activation parameters based on both K~

and k,’. The latter figures were calculated from the equations:

ART (k") = AH”HZQ + aH' (k")
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log (k,/T)

3.0

3.2

3.4

1/T x 10° (°K™)

3.6

Figure 5. Eyring plot of rate data for the reaction of hydroquinone

with laccase; pH 7.0, u=0.1; O, 614 nm; A, 330 nm.
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Table 5
Activation Parameters for the

Hydroquinone Reduction of Laccase*

AHT (k") AST(1,") aET(k)  asFk)
330 nm 18.9 + 0.5 -15.4+ 2.0 13.6 +1.3 15+ 4
614 nm 20.3+£ 0.5 -12.7+1.8 15.0+1.3 13+ 4

*anf in kcal/mol; as¥ in cal/mol-deg. Values pertain to p =0.1,
laccase in its structural state at pH 7.0.
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AS# (k") = AS® Q + Asi(kll)

H,
where AH H,Q and AS H,Q are standard enthalpy and entropy changes,
respectively, for the ionization of hydroquinone. Values for AH OH Q
2
(5.5 kecal/mole) and AS OH Q (-28 cal/mol-deg) were taken from the
2

study mentioned earlier.

IV. Effect of Benzoquinone

A series of runs at £ =0.1, pH 7.0 was performed to deter-
mine the effect of added benzoquinone (Q) on laccase reduction rates
with hydroquinone. Reoxidation of reduced copper sites by benzo-
quinone is not expected on the basis of the comparatively low (ca.

0.27 volt)2 reduction potential for the Q/H,Q couple at pH 7. Benzo-
quinone may, however, compete for enzymatic binding sites needed by
hydroquinone, and the rapid equilibrium between H,Q and Q producing
semiquinone (SQ) must also be accounted for in interpreting kinetic

results 3:

HQ + Q = 28Q KSQ

Pseudo first order conditions for semiquinone as reductant are
established by maintaining constant high concentrations of benzoquinone
and hydroquinone simultaneously.

Observed rate constants obtained holding [ H,Q] constant at
2.5 x 10> M and varying [Q] are included in Table 6. Benzoquinone
causes modest increases in both 614 nm and 330 nm rate constants;

inhibition at high [ Q] was found at 330 nm but not at 614 nm.
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Table 6
Effect of Benzoquinone on Observed Rate Constants

for the Reaction of Hydroquinone with Laccase;

26.1°, pH 7.0, u=0.1, [H,Q] =2.5 x 107°M

k. ps(sec™)

[Q] x 10°(M) 614 nm 330 nm
0.00 0.871 1.483
0.872 1.478
0.376 0.970 1,557
0.952 1.527
0.975 1,584
0.941 1.132 1.646
1,087 1.623

1,127

1.070
1,88 1,199 1.630
1,248 1.674
1,562
1.564
3.4 1,333 1.613
1.325 1.653
7.48 1.540 1.448
1.522 1.423
1.479
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The '"blue'" copper reduction results may be interpreted
attributing benzoquinone-induced rate increases to the reaction of
semiquinone with laccase. The rate law expected for this circum-

stance is:

-d[célt(ﬁm)l tot = (k\[HQ] + ko[SQ])[Cu(614)], .

= ([HQ) + koK [HQI? [Q]7)[ Cu(614)]

For constant [H,Q], a plot of k , . vs. [H:Q] %[ Q]% should be linear
with slope k‘zK%SQ and intercept k ;[ H,Q]. A linear plot is indeed
obtained with the experimental data (Figure 6) and the intercept
(0.874 sec” ) agrees very closely with the k,[H,Q| value predicted
from earlier measurements (0.872 sec™’). From the slope of the line
(152 M 'sec™; 26.1°, pH 7.0, 1 = 0.1) and the literature value® of
KSQ at pH 7.1, room temperature (ca. 1 x 1079 k, is estimated to be
1.5 x 10" M 'sec™’.

The 330 nm data show an initial rise in rate as benzoquinone
is added followed by significant inhibition at larger concentrations
(Figure 6). The overall quinone dependence may reflect a combination
of rate enhancement from semiquinone contributions to laccase
reduction and rate inhibition from association of Q with the Type 3 site.
A rate law may be derived for this situation, but no attempt was made
to fit the data to it quantitatively in view of the small magnitude of the

benzoquinone effect at 330 nm (10% maximum acceleration). Error

limits in the data may easily amount to 25-50% of rate changes caused
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by benzoquinone. Again, the apparent intercept of the k‘obs VS.
[HZQ]%[Q]% plot agrees with the predicted k,[H,Q] value.

The benzoquinone experiments show that small concentrations
of Q generated in kinetic runs with large excesses of H,Q have
negligible influence on observed rates. This is indicated by the
excellent agreement between k,[H,Q] values evaluated from runs with
no added benzoquinone and from extrapolating the kinetic benzoquinone
dependence data to [Q] =0. Furthermore, it is evident that semi-
quinone does not contribute significantly to the reduction of laccase
"blue' and ESR-nondetectable copper sites in experiments with no
added benzoquinone. This confirms Nakamura's conclusion3 based on

ESR studies of SQ formation and decay.

V. Effect of Potential Competitive Inhibitors and EDTA

Organic molecules structurally similar to hydroquinone
potentially may inhibit laccase activity by competing for binding sites
involved in substrate oxidation. This possibility was checked in
several experiments at pH 7.0, 25° with added 1,4-cyclohexanediol
and 1, 3-dihydroxybenzene (resorcinol). However, with [H,Q| =1.25 x
10"° M and concentrations of added organic molecules up to and over
100-fold in excess, no appreciable variations in rate were found at
either 614 nm or 330 nm.

The possibility of trace metal catalysis of protein redox
reactioﬁs is distinct, especially with a two-electron organic reductant

such as hydroquinone. Inhibition with EDTA has pointed to Fe(III), Fe(II)
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catalysis of ceruloplasmin redox reactions, % but no effect was

observed in an analogous experiment with Rhus laccase. 3 This result

was confirmed by finding 1 x 107* M Na,H,EDTA has no influence on

Y -3
330 nm and 614 nm kK jpg values with [H,Q] =1.25 x 107" M at pH 7.0,
25°. Consequently, no special precautions were taken against trace

metal contamination of kinetics solutions.

VI. Ionic Strength Dependence

A series of pH 7.0 phosphate buffers in the range 0.024 <
[phosphate]total = 0.211 M was prepared for use in a study of the
ionic strength dependence of laccase reduction rates with H,Q. In
view of the sensitivity of laccase to anion binding and the fact that
phosphate is by no means a non-complexing anion, : these experiments
may also be seen as a phosphate concentration dependence study.
Substantial stability constants have been reported6 for the association
of mono- and dihydrogen phosphate ions with aqueous copper (II) (log

K - =1.30.1, loggpo? =3.3+0.1;37°, 0.15 MK
4

NO,*
Rate data collected over the range 0.05 =y <0.50 are tabulated

H,PO,

in Table 7 and illustrated in Figure 7. Laccase in ionic strength 0.05
buffer was mixed with hydroquinone solutions containing enough phosphate
to give the final concentrations indicated in Table 7. As the ionic

strength increases from 0.05 to 0.50, 330 nm and 614 nm observed

rate constants for [H,Q] = 2.5 x 107°M both are enhanced by approximately
40%.
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Table 7
Ionic Strength Dependence of Observed Rate Constants
for the Reaction of Hydroquinone with Laccase;

25.5°, pH 7.0, [H,Q] = 2.5 x 107*M

kobs(sec"l)

[phosphate] tot v 614 nm 330 nm
0.0241 0.050 0.1796 1,317
0.803 1,292

0.0836 0.192 0.989 1.606
1,023 1.607

0.125 0.294 1.054 1.728
1.054 1.746

0.167 0.399 1.093 1.724
1.066 1.869

0.211 0.509 1,110 1.830
1,145 1,801
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HYDROQUINONE REDUCTION OF LACCASE:
ANION-INHIBITED PROTEIN

I. Spectrum of the Laccase Type 2 Cu(ll)-Azide Complex

Addition of NaN, to laccase causes a fast color change from blue
to green, but no significant change in the protein visible-ultraviolet
spectrum results when NaF is added. Difference spectra between
azide-complexed and native laccase (Figure 8) reveal an intense new
band with maximum at 405 nm. Little absorbance change in the
vicinity of 330 nm occurs, but the "blue' absorption becomes appreciably
more intense in the presence of azide ion. Formation of the laccase-
azide complex is reversible, as the new absorption peak was abolished
by dialysis against a large volume of distilled water. High concentra-
tions of azide were also added to stellacyanin in one experiment, but
no change in the visible spectrum was observed even for [N; | =

0.2 M at pH 6 (0.01 M phosphate).

II. Rate of Formation of the Laccase-Azide Complex

Preliminary kinetic studies of the reaction of laccase with
azide at pH 7.0 showed very complicated behavior. For 0.01 < [N; |
< 0.05 M and [laccase] = 1 x 10™° M, very small absorbance
increases occur at 405 nm at an azide-independent rate of 0.26 +
0.01 sec”'. Both fast and slow rate processes are found at 405 nm for

higher azide concentrations, and the total absorbance changes at this
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wavelength are not consistent with formation of a 1:1 laccase-azide
complex.

The kinetics and stoichiometry of azide binding to laccase are
much more straightforward at pH 6.1. A single first order relaxation
process is observed at 405 nm for all azide concentrations up to at
least 0.15 M. Observed rate constants were obtained from the least
squares slopes of log (Ae - At.) vs. time plots where A, and A,
represent absorbances at equilibrium and at time t, respectively.
Total absorbance changes, A o A " (A at time 0), were evaluated from
the intercepts of log (A " At) vs. time plots. All solutions were made
up in 0.0387 M phosphate buffer, pH 6.1, and the ionic strength was
maintained at 0.2 using sodium nitrate. Azide ion contributes over
96% of the value of [azide]tot at pH 6.1, (vpKa = 4,75 for HNSI), S0
reaction of laccase with hydrazoic acid need not be considered.

It may be easily shown that a plot of (Ae - AO)_IX_S_. [N,7] -1
is expected to be linear only if laccase and azide form a 1:1 complex
exclusively over the entire range of azide concentrations employed.
Figure 9 indicates that the pH 6.1 data are consistent with 1:1
stoichiometry over the concentration range of 0.0125 < [N; | <
0.15 M used in the kinetic measurements. The formation constant Kf
of the complex (Kf =45+ 2 M'l; 25.1°, pH 6.1, u=0.2) is given by
the ratio of intercept to slope in the (Ae - AO)-1 Vs. [Ns']'lplot. It was
possible to estimate A€y, the azide complex minus native protein
molar extinction coefficient at 405 nm (A€y;=1.6 + 0.1 x 10° M~ lcm_l),

using the relationship: slope =K; £ A€,q [laccase]tot where ¢ is the
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spectrophotometric path length.

A typical log (Ae - At) vs. time plot for the azide anation of
laccase is shown in Figure 10. Observed rate constants are presented
in Table 8 and are displayed as a function of azide concentration in
Figure 11. For a simple anation mechanism of the form:

MM . 1 o mr®@-1)+
L
the expression characterizing observed rate constants is simplyz:

-

kKps = KlL] + kg

Figure 11 shows that the anation of laccase by azide ion is not
susceptible to this simple analysis. As [N, | increases, k g Values
tend towards a saturation value. Sutin and Yande113 observed similar
behavior for anation reactions of cytochrome ¢, and have pointed out
two mechanisms consistent with their data. The first possibility
requires an SNl protein-dependent step, most likely dissociation of

of a ligand, followed by attack of the incoming anion. For laccase this

mechanism may be written:
k,

Laccase ———> Laccase*

k

=1

k,
Laccase* + N, ———= Laccase - N3
k
-2
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-1.60

-2. 60 | 1 1 | l
10 20 30 40 50
Time (sec)

Figure 10. Typical first order plot for the anation of laccase by
azide ion; 405 nm, 25.1°, pH 6.1, p = 0.2, [N,”] =0.02 M.
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Table 8
Rate Data for the Anation of Laccase by Azide Ion;
405 nm, 25.1°, pH 6.1, p=0.2

[N;"] x 10°(M) k. x 10 (sec™?)

obs

1.25 .06
.90
.03
.19
.12
.22
.99
.95
.95
.45
.05
.02
.06
.82
.84
L1
. 63
.96
.27
.83
.97
.34
.13
.14
.08
.01

1.54

2.00

3.33

5.00

7.50

10.00

12,5

OO Ul OO OO R R WW W W W W DN DNDDNDDNDDNDDNDDNDDND = DN
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Table 8 (Continued)

[N,"] x 10°(M) k

S 102(sec'1)

15.0 6.28
6.15
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where Laccase* represents the Sﬁl intermediate and Laccase -N; the
species absorbing at 405 nm. The observed rate constant expected for

a reaction following this scheme is3:

k)kg[Ns | + kg kg

ObS i kg + k[Ns] + ko,

Making the steady state approximation for Laccase* yields the

analytically useful expression:

1 1 1
= TeE s
ks KU kRN, ]

where @ = K[N,"]/(1 + K¢[N,"]). Plotting (ok 1) vs. [N,"]" then
should give a line with slope (k_sz)'1 and intercept (k_;)”".

The other mechanism consistent with saturation in k i requires
fast pre-equilibrium formation of an outer-sphere complex (Laccase -
N, ) followed by rate-determining dissociative interchange of azide with

a native laccase ligand to give the inner-sphere complex Laccase - N; :

Laccase + N;° = Laccase - Ny K g

Laccase - N; ——= Laccase - N;
k_,

The apparent first order rate constant implied by this mechanism is

easily shown to be:

KK [N ]
kopg = Kop + —B i
1+ K g[N5]

if a large excess of azide over laccase is present. This expression may
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be rearranged to:

1 1 . K¢
obs ' (Kf + KOS)[N3-] (Kf + KOS) ks

where o’ = (K; + KOS)[N;]/(I + (Kp+ K G)[Ng]). If K o < K; this

f
equation reduces to an expression of the same form as that expected
for the SNl anation mechanism.

Figure 12 is a (ak o) ' vs. [N;7] ~! plot for the laccase-
azide complex formation data. The excellent line obtained indicates
that the data are consistent with either one of the proposed mechanisms.
Least squares analysis of the linear plot allows estimation of the
dissociation rate of the azide complex (k-2 =1.36 + 0.08 x 10~ sec”)

and k, (or k, for the outer-sphere comp lex interpretation) (1.94 + 0,10

x 107! sec™Y).

III. Attempts to Measure Thermodynamic and Kinetic Parameters for

the Laccase-Fluoride Complex

Complex formation between laccase and fluoride ion gives rise
to no new absorptions in the region 300-700 nm which may be used to
estimate formation constants and anation rate parameters. One attempt
to measure formation constants at pH 7.0 involved a potentiometric
fluoride titration using an Orion fluoride sensitive electrode (AgCl/Ag
reference electrode). The detection limit of this electrode exceeds
10™° M, but for easily attainable laccase concentrations (107" - 107" M)
it did not prove to be sensitive enough to accurately measure uptake of

F~ by the protein.
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A competition experiment with azide ion was run in the hope of
characterizing the reaction between fluoride ion and laccase at pH 6.0.
Under virtually the same conditions employed in the azide anation study,
NaF solutions were mixed with ca. 1 x 10™°M laccase pre-equilibrated
with 0.02 M NaN,. Displacement of laccase-bound azide by fluoride
was followed through the decay in 405 nm absorbance. A constant first
order rate of 1.6 + 0.3 x 10™% sec™ (25.2°, pH 6.0, 1 =0.2) was
observed over the interval 0.02<[F"] < 0.12 M, preventing the
calculation of any rate parameters pertaining directly to the reaction
of laccase with fluoride ion. Fluoride ion appeared to quantitatively
displace azide from coordination to laccase for all concentrations
employed, but a value of Kf for the laccase-fluoride complex has not
yet been obtained. Results of the trial competition experiment between
azide and fluoride provide very little information about the reaction of
laccase with F~, but they do demonstrate that the two anions compete

for the same laccase binding site.

IV. Reduction of the Laccase-Azide Complex by Hydroquinone, pH 6.1

The reaction of the laccase-azide complex with hydroquinone at
pH 6.1 was followed at 330, 405, and 614 nm using the same conditions
as were employed in the anation study. Laccase was pre-equilibrated
with NaN, or NaF in all experiments described in this and subsequent
sections. In view of the limited stability of laccase-azide solutions
against copper reduction, these were used within several hours after

their preparation.
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Hydroquinone solutions in the range 2.5 x 10™%t0 5.0 x 10™*M
were used in making kinetics measurements. Native laccase is
reduced rapidly using reducing agent concentrations in this range,
leaving a slower-reacting component at 614 nm presumably attributable
to reduction of the azide-complexed protein. Observed rate constants
for "blue'" copper reduction are presented in Table 9. The rate is
essentially independent of the reducing agent concentration and the
azide concentration (0.02 < [N; ] = 0.15 M). Actually, k pg Teaches
a shallow maximum at ca. [H,Q] = 2.0 x 10™° M, but deviations from
the average value of the observed rate constant over the twenty-fold
concentration range (0.13 + 0. 02 sec™') are not large enough to be
considered outside the limits of experimental error. The rate law for

reduction of the '""blue' copper in the laccase-azide complex thus is:

-d[ Cu&il‘*)l tot = k[Cu(614)],

Following a fast small decrease, most of the 405 nm absorbance
decays slowly by a first order process when hydroquinone is mixed
with the laccase-azide complex. Rate data are accumulated in Table 10,
and a plot of k as a function of [N, ] is given in Figure 13 for
[H,Q] =1.0 x 107" M. The 405 nm rate is independent of reducing
agent concentration over the interval 2.5 x 107" < [HQ] = 1.0x 107" M
(K, pg =56 0.4 sec™; 25.1°, pH 6.1, n=0.2, [N,"] =0.05 M) but

first order in the azide concentration. The rate law for bleaching of

the 405 nm absorbance may be written:



[H,Q] x 10 (M)
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Table 9
Observed Rate Constants for the Reduction

of the Laccase-Azide Complex;

614 nm, 25.1°, pH 6.1, p=0.2

[N7] x 10°(M)

0.

25

.90

0.0

10.0

15.0

kobs

o O O O O O O O O O o o o o o o

(sec” 1)

.098
.095
.122
.123
. 157
.161
. 155
.132
. 140
. 160
.163
.168
175
. 175
. 165
.153
.162
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Table 10
Observed Rate Constants for the Reduction
of the Laccase-Azide Complex;

405 nm, 25.1°, pH 6.1, p=0.2

[H,Q] x 10°(M) [N,"] x 10°M kg % 10°(sec™)
0.25 5.0 5.0
5.1
0.50 5.0 5.4
5.3
1.0 5.0 6.1
6.3
2.5 5.0 5.6
5.9
5.0 5.0 6.0
6.1
7.5 5.0 5,3
5.2
10.0 5.0 5.3
5.0
10. 0 2.0 2.2
1.9
1.8
10.0 4.0 4.0
4.1
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Table 10 (Continued)

[H,Q] x 10 (M) [N,"] x 10°M kg x 10°(sec™)

10.0 6.0 6.0
6.2
6.4
10.0 8.0 8.8
8.9
8.5
8.8
10.0 10.0 13.0
10.7
11,3

12.3"
10.0 15,0 15.5
15,7
15.4
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-d[03£405)] tot = k,[ Ny ][ Cu(405)],

where k, =0.106 + 0.006 M ~sec™" (25.1°, pH 6.1, p =0.2).

The small initial absorbance decrease at 405 nm takes place on
the same time scale as 614 nm absorbance decay. It probably appears
because the absorbance changes at the two wavelengths are not totally
independent of each other. A small decrease in A,, does accompany
reduction of native laccase. Absorbance changes at 614 nm were
complete before the first data points for the considerably slower 405 nm
reaction were taken, so these do not pose a potential interference in the
evaluation of 405 nm results.

The 330 nm absorbance actually begins to riseafter a small initial
decrease when hydroquinone reacts with the laccase-azide complex.
Absorbance changes at this wavelength appear to follow those at 405 nm
very closely, but slow upward absorbance drifts continue long after the
decay in 405 nm absorbance is complete. No attempt was made to
quantitatively derive rate parameters from 330 nm absorbance-time
curves. An increase in 330 nm absorbance also occurs if azide is

added to laccase already fully reduced by hydroquinone.

V. Reduction of the Laccase-Fluoride Complex by Hydroquinone, pH 6.0

Reduction of the laccase-fluoride complex by hydroquinone was
followed at 614 and 330 nm, again using the same conditions as were
employed in the pH 6 anation experiments. Absorption at both wave-

lengths decreases normally upon the addition of hydroquinone; Table 11
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Table 11
Rate Data for the Reaction of Hydroquinone

with the Laccase-Fluoride Complex;

25.1°, pH 6.0, 1 =0,2

K bs 102(sec-1)
[H,Q] x 10°(M) [F7] x 10°(M) 614 nm 330 nm
0.25 5.0 3.0 4.1
2.8 4.2
0.50 5.0 5.1 5.7
4.8 5.7
1.0 5.0 7.2 7.7
7.5 7.6
2.5 5.0 8.7 8.7
8.8 8.7
5.0 5.0 10.5 9.0
9.2 8.8
9.5
8.0
10. 0 5.0 -

10.0 2,0 e

10.

10.0 10.0 ---

10.0 15.0 -—-

o

-3

i

]

1

]
U O = a3 = =3 =3 =3 =3 =3
N DN LW = DN = O DN D
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Table 11 (Continued)

2 =
K s X 10" (sec™ )
[H,Q] x 10°(M) [F~] x 10°(M) 614 nm 330 nm
1.0 2.0 7.7
7.6
1.0 10.0 7.4 e
7.0
1.0 15.0 7.6 e

7.6
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contains observed rate constants derived from the absorbance-time
data. The absence of any fast reduction component in the absorbance-
time profiles suggests that laccase is present only as the fluoride
complex for all concentrations of NaF employed.

Figure 14 illustrates the dependence of K bs (330) on [H,Q] for
[F'] =0.05 M. Rate saturation with increasing hydroquinone concen-
tration occurs, and slight apparent substrate inhibition is evident as
[H,Q] is raised above the minimum level required to saturate the rate.
Observed rate constants at 614 nm approach the same saturation rate,
but kobs (614) values at lower reducing agent concentrations invariably
are somewhat smaller than corresponding 330 nm results. Reduction
rates at both wavelengths are independent of the fluoride ion concentra-
tion over the interval 0.02 < [F] = 0.15 M.

Rate saturation with increasing substrate concentration in enzyme
systems has been treated in many instances using the Michaelis-Menten
formalism. 4 A mechanism based on the Michaelis-Menten approach is
proposed here to quantitatively account for the laccase-fluoride complex
reduction results:

(2,2F", Ox) + HQ==(2,2F", Ox) - HQ K/

(2,2F7, Ox) - HQ<—(2,2F", Ox) * 2HQ K/

k -

(2,2F, Ox) * HQ—>(2,1, Ox) ¢ SQ + F
kl -
(2,2F", Ox) * 2HQ—>(2,1, Ox) * HQ + SQ + F

‘ fast
HQ + (2,1, Ox) —>(2,2, Red) + SQ
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HQ + (2,1,0x) - HQ —fi—si-) (1,2, Red) + 285Q
The species (2,2F , Ox) refers to the oxidized laccase Type 2 fluoride
complex, and the successive binding constants KS’ and KS” pertain to
fast pre-equilibria involving enzyme-substrate complex formation at
two independent protein sites. The symbol HQ is used to indicate either
HQ™ or H,Q as it is not possible to tell which form of the reductant is
participating on the basis of experiments at constant pH.

The rate laws derived from the above mechanism are:

-d[Cud0)] KK [HQ)[Cul330)]

tot =
dt 1+ K/[HQ]
= Kk ;5(330)[ Cu(330)]
-d[ Cu(614)] KKy K"[HQ] [ Cu(614)]
at )

- 2
j K, [HQ| + K. K, [HQ]

I

kobs(614)[ Cu(614)] Yot

Several assumptions required to reach these rate laws should now be
mentioned. First, it is assumed that all redox transformations
subsequent to the slow k, step are fast. Second, only the hydroquinone
molecule associated with KS’ is thought to be involved in fluoride
displacement and reduction of the Type 3 copper site. Third, it is

suggested that the hydroquinone molecule associated with KS” has no
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effect on the rate of fluoride displacement and is situated in a position
enabling it to attack the 'blue' copper site only.

Rearranging the expression for kobs(330) gives:
1 1 1

—

kps®30) " kKTHQ *

so a plot kobs(330)'l vs. [ HQ] “! is expected to be linear on the basis of
the proposed mechanism for reduction of the laccase-fluoride complex.
A linear plot is obtained with the experimental data (Figure 15), and the
parameters derived from the least squares slope and intercept are:
k,=9.8 + 0.2 x107"sec™’, K/ =293 M ' (25.1°, pH 6.0, 1 =0.2).
Rearranging the expression for kobs(614) gives:

, [HQ] +K/[HQ]

1 1
= = (
Kops®® k& kK K_'[HQ|®

Using the k, and KS’ values evaluated in the 330 nm experiments, the
quantity on the right hand side of the equation may be plotted against
(kobs(614)'1 - kl"l) (Figure 16). As expected from the equation, a
reasonably good line with intercept essentially zero (0.26 sec) is

obtained. Taking the slope to be (leS”)—l’KS” is estimated at 396 M,

VI. Reduction of the Laccase-Fluoride Complex by Hydroquinone,pH 7.0

The reactivity of laccase-anion complexes with hydroquinone
changes dramatically as the pH is altered only one unit from 6 to 7.
A series of runsat[F | =0.02 M, p=0.1, pH 7.0 are discussed in

this section; phosphate buffer and NaF alone maintained the ionic strength.
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. =1 -1 2
Figure 16. Plot of (k , .= -k~ ) vs. ([L,Q] +Kg'[HQ] )/
KS'[HQQ] ® for the reaction of hydroquinone with the laccase-
fluoride complex; 614 nm, 25.1°, pH 6.0, £ =0.2, [F] =
0.05 M.
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Figure 17 illustrates a typical oscilloscope trace found for the
hydroquinone reduction of laccase ''blue' copper. The absorbance
initially decays rapidly to a first baseline (1). Following a short
period, the absorbance again begins to drop and ultimately reaches the
final baseline (2). For the purpose of clarity, the second slower Agig
decrease is not included in the illustrated example. We suggest that
the initial absorbance drop corresponds to reduction of 'blue' copper
in a laccase-fluoride complex which does not dissociate rapidly to
give the native enzyme; the second compment is assigned to reduction
of native laccase. This interpretation implies that the reduced laccase-
fluoride complex is not rapidly reoxidized by oxygen, permitting
reduction of the oxidized laccase-fluoride derivative to be observed
while the native enzyme :8 participating in steady-state oxygen
consumption.

Laccase absorbance typically drops to a steady-state level in
the presence of oxygen and a reducing agent, and then falls to the value
characteristic of fully reduced protein when oxygen is fully consumed.
Absorbance decay towards the steady-state value is exponential, so it
is conceivable that this phenomenon might be mistaken for reduction
of a non-oxidizable laccase species. It is easily shown that the steady-
state 614 nm absorbance value will decrease as the hydroquinone
concentration increases if the initial oxygen concentration is held

constant from one experiment to the next. No variation in the absorbance

level of baseline 1 was observed as the hydroquinone concentration was
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A614
Baseline 1
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0 L2 .4 .6 .8 1.0
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Figure 17. Typical oscilloscope trace for the reaction of
hydroquinone with the laccase-fluoride complex; 614 nm,

26.3°, pH 7.0, p=0.1, [£,Q] =2.5x 107" M, [F7] =
0.02 M. '
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varied over a ten-fold range in making stopped flow kinetic measure-
ments of the reduction of laccase in the presence of added fluoride at
pH 7.0. The initial absorbance decrease always accounts for 73 + 3%
of the total 614 nm absorbance change at room temperature, ruling out
the possibility that relaxation to the steady-state condition accounts for
the observed two-step reduction pattern.

Accurate rate parameters for reduction of the slower-reacting
laccase component could not be ebtained inview of the small extent of the
second A,,, decrease. Approximate observed rate constants are in
reasonable agreement with values expected for native laccase at the
same temperature, ionic strength, and pH.

Analytical plots based on the fast absorbance change yield the
observed rate constants given in Table 12 and plotted as a function of
hydroquinone concentration in Figure 18. An Eyring plot constructed
as described previously is shown in Figure 19. The reaction is_
first order in the hydroquinone concentration, and the room tempera-
ture second order rate constant k, is approximately five times
larger than that found for the native protein under the same

conditions-

k, (614) = 0,394 + 1,62 x 107 H,Q] (26.3°, pH 7.0, 1 =0.1)
Plots of k obs(614) vs. [ H,Q] for data taken at several temperatures
show small positive intercepts. These are large enough to be
considered outside the limits of experimental error from zero, but
too small to justify firmly assigning them to a parallel reduction path-

way zeroth order in [ H,Q]. Even if the intercepts do correspond to an
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Table 12
Rate Data for the Reduction
of the Laccase-Fluoride Complex;

614 nm, pH 7.0, p=0.1, [F"] =0.02 M

kobs(sec’l)

[H,Q] x 10°(M) 10.7° 18,3° 26.3° 37.3°
1.25 0.496 1.21 2.39 6.3
0.483 1.18 2.52 6.2
2.50 0.845 1.91 4,44 12.1
0.1783 2.11 4,52 13.8
12.5
5. 00 1.56 8. 24 26. 3
1.53 8.42 28, 2
27,8

10. 00 2.86 16. 66
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log
(k,/T)
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4 l ] |
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Figure 19. Eyring plot of the rate data for the fast phase of
the 614 nm absorbance change in the reaction of hydroquinone with
the laccase-fluoride complex; pH 7.0, u=0.1, [F7] =0.02 M.
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alternative reduction pathway, its contribution to the overall rate is so
small as to be neglected at all but the lowest hydroquinone concentrations.

The activation enthalpy for reduction of the pH 7.0 laccase-
fluoride complex '"blue' copper site is 19.5 + 0.5 kcal/mole (referred
to [ H,Q] = 1M), only about 1 kcal/mole smaller than the value recorded
earlier for the native protein. If the dependence of k , . on [H'] is not
changed by association of F~ with laccase at pH 7 (a reasonable expec-
tation based on the proposed origin of the kinetic [H+] dependence),
then AS:k for reduction of the fluoride complex is essentially identical
with the native protein activation entropy.

The reactivity of laccase '"blue'' copper is almost unchanged in
the presence of fluoride ion at pH 7. In contrast, reduction of the
Type 3 site is severely inhibited and the rate law for reduction is
considerably altered. Following the usual steady-state period, a fast
absorbance decrease accounting for ca. 25% of the total 330 nm
absorbance change occurs. Considering observations at 614 nm, this
fast change most logically corresponds to reduction of native laccase.
The remaining 330 nm absorbance change occurs by a very slow first
order process, attributed to reduction of the ESR-nondetectable copper
site in fluoride-inhibited laccase. The kinetic results based on the slow
process (Table 13) are consistent with an essentially zeroth order
variation of kobs(330) with [ H,Q] at several temperatures. Observed
rate constants actually fall off significantly with increasing hydro-
quinone concentration. The 25.5° reduction rate is 1.0 + 0.2 x 10”2

sec lfor 1.25 x 107% < [H,Q] = 7.5 x 10" M. An Eyring plot
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Table 13
Rate Data for the Reaction of

Hydroquinone with the Laccase-Fluoride Complex;

330 nm, pH 7.0, u=0.1, [F'] =0.02 M

kK. X 103(sec-1)

obs

[H,Q] x 10°(M) 12.0° 18.9° 25.5° 35.9°
1.25 6.6 10.7 19.7
7.2 11.5 20. 3

2. 50 5.8 7.9 9.2 18.4
6.2 8.3 9.4 18.5

5. 00 5.0 7.8 10.0 17.8
5,4 7.6 9.6 17.9

7.50 5.7 8.5 17.1
5.5 8.4 17.3
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constructed from the 330 nm data is non-linear, and no attempt was

made to extract activation parameters from it.

VII. Reduction of the Laccase-Azide Complex by Hydroquinone, pH 7.0

In view of the apparent complexity of laccase-azide equilibria
at pH 7.0, only a few hydroquinone reduction experiments were
attempted with azide-inhibited protein at this pH value. Qualitative
comparisons are stressed in this section rather than quantitative
results.

One set of kinetic runs with [N; | =0.02, p =0.1 was performed
for comparison with the fluoride results at the same anion concentration.
Reduction of 614 nm absorbance again takes place in two steps, but the
baseline for the initial fast process is not well defined. Observed rate
constants were estimated by the Guggenheim method, o and an order of
magnitude value for the room temperature second order rate constant
was obtained (k, = 1.0 x 10° M~ sec™)).

The similarity between results of kinetic experiments with
added NaF and NaN; at pH 7 extends to observations at 330 nm. Although
an absorbance increase develops after hydroquinone is mixed with dilute
laccase containing 0.02 M NaN, at pH 6.1, normal reduction of 330 nm
absorbance occurs at pH 7.0 using the same azide concentration. The
rate of absorbance decay at 330 nm is independent of [H,Q| over the
interval 1,25 x 10™°< [HQ] = 1.0 x 107 M (Table 14) with kobs =
9.1: 0.2x107%sec™ (25.1°).
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Table 14
Observed Rate Constants for the
Reaction of Hydroquinone with the
Laccase-Azide Complex;

330 nm, 25.1°, pH 7.0, p=0.1, [N,"] =0.02 M

[H,Q] x 10°M k% 10°(sec™)
1.25 8.0
8.4
2.50 9.0
8.8
5.00 9.1
9.1
7.50 9.3
9.1
10. 00 9.3
9,2
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Finally, a few points were taken at 25°, 4 =0.2, pH 7.0 for
azide concentrations higher than 0,02 M. Under conditions where the
concentration of the species absorbing at 405 nm is appreciable,
pH 7.0 results for the reaction of hydroquinone with azide-inhibited
laccase strongly resemble the pH 6.1 observations presented earlier.
Increases in 330 nm absorbance are again noted, and 405 nm absorbance
decay takes place even slower than at pH 6.1, For example, with
[HQ] =[Ny ] = 1.0x 107" M, k_; (405) is 3.1 x 107" sec™" at pH 7.0
compared with 1.2 x 107% sec™' at pH 6.1. Observed 405 nm rate
constants increase with increasing azide concentration, but the

dependence on [N; | is greater than first order.
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DISCUSSION

The fact that first order absorbance decreases occur at both
614 and 330 nm when hydroquinone is mixed with Rhus laccase implies
that the Type 1 and Type 3 reduction pathways are parallel rather than
consecutive. 1 Reduction of the Type 1 site is somewhat slower than
Type 3 reduction for the native enzyme, but this does not necessarily
indicate that the faster process is a prerequisite to the slower one.
If '"blue' and ESR-nondetectable copper reduction pathways were
consecutive then two cases would be possible: (1) reduction of Type 1
occurs rapidly subsequent to attack on Type 3, or vice-versa, and the
observed first order rate constants at 614 and 330 nm are identical, or
(2) Type 1 reduction is governed by two slow steps and decay in Ay,
is not first order. Neither one of these cases is consistent with the
experimental observations. Indeed, it is obvious from several experi-
ments reported above that rate effects observed at 330 nm need not be
reflected in 614 nm results. For example, drastic inhibition in the
Type 3 but not the Type 1 reduction rate is observed in pH 7.0 experi-
ments with added NaF and NaN,. Similarly, high concentrations of
benzoquinone produce rate inhibition at 330 nm, but the reactivity of the
Type 1 site appears unaffected.

All of the experimental evidence clearly points to the involve-
ment of a common intermediate in the reduction mechanisms of laccase
Type 1 and Type 3 copper sites. Trends in observed rate constants for

the native protein found at one wavelength invariably are reflected in
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results at the other, and the absolute values of 614 and 330 nm rate
constants are always comparable. Only small differences are evident
in the activation parameters for Type 1 and Type 3 reduction, strongly
suggesting that the two reduction pathways depend on a shared slow step.

The inverse hydrogen ion dependences of 614 and 330 nm rates
are consistent with Omura's observation2 that Rhus laccase activity
rises with increasing pH up to pH 7.5, Variations in the oxidizing
strengths of laccase copper sites are not a likely source of the kinetic
pH-dependence since the standard reduction potential of '"blue' copper
actually decreases as solutions become more basic. . Furthermore,
the reduction rate laws are not of the form expected if ionization of
laccase amino acid side chains were responsible for the rate increase
with increasing pH. We conclude that the inverse hydrogen ion depend-
ences reflect participation of the hydroquinone monoanion HQ in the
shared slow step governing Type 1 and Type 3 reduction.

Several experimental observations support this hypothesis. It
is expected that the phenolate anion HQ and the free radical SQ ought
to have similar reactivities with laccase. Rate constants calculated
assuming HQ™ to be the reactive species in solution are indeed in close
agreement with those found for semiquinone as reductant in experiments
with added benzoquinone. The ionic strength dependence of k ; o (614,
330) at pH 7.0 is consistent with a mechanism requiring approach of
the hydroquinone anion to a negatively charged protein site in the rate-
determining step. However, a more attractive rationale for the ionic

strength dependence results is that rate changes are linked to modifica-
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tions in the hydroquinone acid ionization constant induced via the
secondary salt effect. Since k, is postulated to have the form k,’ KH Q/
2

[H], variations in Ky Q28 well as in k,’ at constant [H"] should be

2
reflected in observed rate constants. Baxendale and Hardy4 have
-10

reported KHzQ =1,41x 1077 Mat 25°, u=0.65. Comparing this
value with the one given above for . =0.04 reveals a 42% increase over
the interval 0.04 < u < 0.65. This correlates very well with the 40%
enhancement in k , (614, 330) found over approximately the same range
in ionic strength.

Preferential binding of azide and fluoride to Rhus laccase Type 2
copper has been suggested on the basis of perturbations in the ESR
spectrum of this component induced by the anions. ? That high
concentrations of fluoride promote Type 2 coordination seems clear
from experiments in which 19F superhyperfine splitting was detected in
the fungal laccase Type Z ESR signal. 8 This assignment has also been
made for ceruloplasmin. ! Alterations in the ceruloplasmin Type 2
spectrum induced by azide, however, are thought to reflect anion
binding at a Type 3 site closely linked to a Type 2 copper atom. e There
seems to be disagreement on whether or not fluoride and azide compéte
for the same coordination position in ceruloplasmin. Byers et 'cll_.g
claim they do not, and suggest that the new visible spectral features
accompanying azide coordination have their origin in drastic structural

perturbations in the Type 3 site. Andreasson and Vinngird, 7 on the

other hand, state that the addition of large excesses of fluoride to the
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ceruloplasmin-azide complex yields the ESR spectrum characteristic
of the fluoride derivative. A correlation was found between the
appearance of the new absorption band around 390 nm and changes in
the Type 2 Cu(II) ESR spectrum, and this is taken as strong evidence
for Type 2 Cu(ll)-azide complex formation. Recently completed
experiments in Rome9 have demonstrated that a similar correlation

exists for Rhus laccase when the azide concentration is higher than

stoichiometric; Type 2 Cu(II) again is thought to be involved in the
appearance of the new band. Correct assignment of the laccase-azide
complex absorption with maximum at 405 nm is clearly essential to the
interpretation of kinetic results reported here; we feel that the available
evidence favors the Type 2 Cu(Ill)-N,  formulation.

The pH 6.1 study of laccase anation by azide shows that absorbance
changes at 405 nm are consistent with formation of a 1:1 complex over
the entire range of azide concentrations employed. This finding,
coupled with the observation that fluoride and azide compete for the
same binding site, indicates that the pH 6 results for hydroquinone
reduction of anion-inhibited laccase may be safely interpreted in terms
of fluoride and azide blocking the Type 2 site. As will be seen later,
this is apparently no longer true when the pH is changed to 7.0 and low
concentrations of anions are used.

The fluoride inhibition study at pH 6.0 makes it even more clear
that the Type 1 and Type 3 reduction mechanisms are closely related
and provides an important clue to the nature of the proposed inter-

mediate. Type 1 and Type 3 reduction rates are still similar when



100

hydroquinone attacks the Type 2 Cu(II)-F~ laccase complex, but
saturation in observed rate constants at 614 and 330 nm to a common
value indicates that a new protein-dependent slow step is operating.
In view of the demonstrated specificity of laccase for HQ , we propose
that fluoride ion inhibits laccase reduction under these circumstances
by occupying a labile inner-sphere coordination position of the Type 2
copper ordinarily competed for rapidly by the phenolate anion. The
slow step in the presence of fluoride then probably involves intra-
molecular dissociative interchange, releasing fluoride back into the
solvent. It has already been seen that the experimental results are
consistent with rate laws calculated on the basis of a mechanism
requiring slow breakdown of an enzyme-substrate complex between
the Type 2 Cu(Il)-F~ derivative and hydroquinone.

A requirement for inner-sphere penetration of HQ at the
Type 2 copper site is strongly suggested by the pH 6.0 fluoride inhibition
results. The logical inference to make is that the shared slow step
governing reduction of the Type 1 and Type 3 sites in native laccase
involves inner-sphere electron transfer from HQ to Type 2 Cu(Il),
producing the intermediate (2,1,0x). Type 2 reduction is not required
for the derivation of rate laws consistent with all of the experimental
results, however, and a substrate-induced protein conformational
change may also be the feature which activates the intermediate for
subsequent electron transfer steps. This possibility will be explored
further later in the discussion. The following mechanism is one of

several closely related possibilities for reduction of laccase Type 1
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and Type 3 copper sites by hydroquinone:

H,Q =——=HQ + H' K

H.Q
- kl
HQ™ + (2,2,0x) —>(2,1,0x) + SQ
Ky
HQ + (2,1,0x) —>(2,2,Red) + SQ
k

HQ + (2,1,00) —> (1,1,0%) + SQ

As before, HQ may refer either to H,Q or HQ . If the k, and k, steps

are fast compared with k;, then the steady-state approximation may be
made for (2,1, 0x) and the calculated rate laws for 614 nm and 330 nm
absorbance decay are:

-d[Cu(614)], . _ klkBKHZQ[HzQJ[@,z,OX)]

[HY] (&, + k)

-d[Cu(330)], ; . k Ky o[ HQ][(2, 2, 0%)]

[H+] (k + ky)

The simplified mechanism given above is intended to imply that Type 1
and Type 3 reduction steps subsequent to formation of the intermediate
are fast and totally independent'of each other, regardless of possible
oxidation state changes in the Type 2 copper after completion of the
slow step.

The mechanism suggested above accounts for many of the experi-
mental findings for the hydroquinone reduction of laccase: first order

oxidizing and reducing agent dependences, inverse hydrogen ion
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dependence, and similarity of 614 and 330 nm observed rate constants.
If k; and k; are very large compared with k,, then it is clear that the
observed activation parameters for both Type 1 and Type 3 reduction
will effectively be measures of contributions to AH# and AS3F for the k,
step. The apparent agreement between calculated and observed rate
laws for this one mechanism does not rule out the consideration of
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