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ABSTRACT: This study addresses the spectroscopic properties and reactivity associated with the copper-
loaded form of S100B isolated from bovine brain. Copper(II)-S100B displays EPR features typical of a
type II copper center and is shown here to exhibit catecholase activity, the two-electron oxidation of
catechols. The steady-state kinetics associated with the oxidation of several catecholamines has been probed
in order to further characterize this activity. The evidence provided indicates that the catecholase chemistry
is copper initiated. Superoxide dismutase has no effect on the rates of catecholamine oxidation catalyzed
by Cu-S100B, establishing that superoxide is not produced during this reaction, ruling out an autoxidative
mechanism. Addition of catalase to the Cu-S100B reaction with catechols reduces the amount of oxygen
consumed by 50%, demonstrating that peroxide is released during this reaction. The release of peroxide
is mechanistically distinct from the type III dinuclear copper proteins, catechol oxidase and tyrosinase.

S100B is a small, highly acidic protein and a member of
the S100 family of related proteins (1). It is synthesized
primarily in glial cells of the vertebrate nervous system and
Schwann cells of the peripheral nervous system (2). S100B
is a homodimer (ââ) with a monomer molecular mass of
10565 Da (3). The protein has been detected in a number of
other tissues outside the nervous system including melano-
cytic tumor cells, where its levels are 100 times that of
normal skin cells (4). It is proposed to alter microtubule
assembly (5) and dissociation (6), cause activation of
fructose-1,6-bisphosphate aldolase (7), inhibition of protein
kinase C-mediated phosphorylation (8), and activate guan-
ylate cyclase (9).

S100B, like most other dimeric S100 proteins studied,
binds four Ca(II) ions per protein dimer with binding
constants around 3× 103 M-1 (10, 11). Solution (12) and
crystal (13, 14) structures of S100B isolated from bovine
brain have been recently reported. The structures support
earlier characterization of the protein as having homologies
with the EF-hand calcium binding proteins, such as cal-
modulin. These studies confirm Asp and Glu residues as the
primary endogenous carboxylate ligands that make up the
oxygen-rich coordination sphere of the bound Ca(II). As with
other calcium binding proteins, the extent of calcium loading
depends on the ionic strength and pH environment (15). Each
of theâ monomers that comprise the S100B dimer is capable
of binding 2 equiv of Ca(II) at pH 8.3 or greater. One Ca-
(II) is bound between pH 7.0 and pH 7.5. No Ca(II) is bound
at pH values less than 6.0.

Zinc and copper have also been shown to bind to S100B.
While Zn(II) binds to most S100 proteins with stoichiom-
etries ranging from 2 to 8 Zn(II) per dimer, only S100B has
been reported to bind copper. S100B displays a strong
affinity for Zn(II) (KZn(II) ) 1 × 106 M-1) (11). The Zn(II)
binding sites, which likely incorporate some or all of the
five His residues, are clearly distinct from the Ca(II) binding
sites. S100B can bind 2 equiv of copper per peptide (KCu(II)

) 2.2 × 106 M-1), most of which can be displaced with 1
mM Zn(II), suggesting that they occupy the same binding
site (16). Little is known about the structure and reactivity
associated with the copper-loaded form of S100B.

Copper is known to play a number of vital roles in
neurochemistry, primarily that of a redox-active cofactor in
a variety of metalloprotein active sites. Copper-catalyzed or
-initiated oxidative damage may play a role in the progression
of neurological diseases, such as Parkinson’s (17), Alz-
heimer’s (18), amyotrophic lateral sclerosis (ALS) (19), and
prion-related (20) diseases. Copper concentrations in cere-
brospinal fluid correlate with the severity and rate of
progression of the degradation of dopaminergic neurons in
Parkinson’s disease. The recent report that the upper limit
of “free” or unchelated copper within eukaryotic cells is less
than one copper atom per cell (21) raises important questions
about the bioavailability of redox-active copper. Pall et al.
postulated that the pathology of Parkinson’s disease may
involve a copper-catalyzed oxidative mechanism (17). Hirsh
et al. reported an increase in the presence of dopaminergic
melanin in thesubstantia nigraof Parkinson patients (22).
Quinones are the precursors to melanin formation and can
arise from direct oxidation of a dihydroquinone by Cu(II)
or by an autoxidation mechanism initiated, and subsequently
propagated, by either superoxide or semiquinone (23, 24).

The data reported here demonstrate for the first time that
the copper-loaded form of S100B functions as a catecholase,
catalyzing the two-electron oxidation of catechols. The
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evidence provided indicates that the catecholase chemistry
is copper initiated. Comparison to the reactivities of tyrosi-
nase and Cu(II)-containing metallothioinein III (MT3),1 also
referred to as growth inhibitory factor (25), allows for
mechanistic insight into the catecholase activity associated
with Cu-S100B.

MATERIALS AND METHODS

Protein Purification.The purification method employed
for isolating S100B was an adaptation of that reported (1,
16, 26). All procedures were carried out at 4°C in 10 mM
acetate buffer (pH 6.0), unless otherwise indicated. Bovine
brains were peeled, washed, and homogenized. Following
centrifugation (1 h, 10000g), DEAE-32 resin (Whatman) was
added to the supernatant. The resin was loaded into a column
and washed sequentially with 50 and 100 mM acetate buffer
(pH 6.0). Protein was eluted with 0.5 M buffer. The yellow,
protein-containing fractions were loaded onto a Sephadex
A25 (Pharmacia) column and washed with 0.2 M acetate.
Protein was eluted with 0.4 M NaCl in 0.2 M acetate buffer.
The first protein-containing peak from this elution was pooled
and concentrated using an Amicon concentrator equipped
with a YM-3 membrane prior to being loaded onto a
Sephacryl 100HR (Pharmacia) gel filtration column. Elution
with 0.15 M acetate buffer resulted in four protein-containing
peaks. Peaks 3 and 4 were collected and concentrated. The
protein fractions were treated with trypsin and analyzed by
matrix-assisted light desorption ionization time-of-flight mass
spectroscopy (MALDI-TOF) (Sloan-Kettering Mass Spec-
troscopy Facility). Fragment and total protein masses confirm
the identities of S100â and MT3 contained in peaks 3 and
4, respectively. Protein concentrations were determined
spectrophotometrically using the following extinction coef-
ficients [ε280 ) 3400 M-1 cm-1 for S100B (27) andε250 )
60000 M-1 cm-1 for MT3 (28)]. Apoprotein was prepared
by dialysis of native S100B against 2.0 mM EDTA in 10
mM Tris buffer (pH 7.2) or by addition of 2.0 mM EDTA
followed by elution of apoprotein on a Sephadex G-25
column. Copper(II) addition to apo-S100B was performed
by overnight incubation with Cu(SO4) followed by multiple
dilution/concentration cycles using an Amicon concentrator
equipped with a YM-3 membrane or passing the Cu-protein
solution down a Sephadex G-25 column. Tyrosinase, Mn-
superoxide dismutase, and catalase were purchase from
Sigma and used without further purification. MT3 was
oxidized by dialyzing the protein against ferricyanide.

Catecholase Assay.Steady-state kinetic data were collected
using visible absorption spectroscopy to monitor product
formation. All assays were conducted in 20 mM Tris buffer,
pH 7.2 at 20°C. Concentrations of the oxidized forms of
DOPA (DOPAchrome: ε475 ) 3600 M-1 cm-1) (29),
adrenaline (adrenachrome:ε550 ) 750 M-1 cm-1), and
noradrenaline (noradrenachrome:ε550 ) 2593 M-1 cm-1)
were determined spectrophotometrically. Extinction coef-
ficients for adrenachrome and noradrenachrome were ob-
tained by monitoring the total oxidation of a known amount

of catecholamine by large amounts of tyrosinase. Assay
conditions included 10.4µM Cu-S100B, 25µM MT3, or
0.05µM tyrosinase. Initial rates were recorded for a variety
of substrate concentrations. Solution dioxygen concentrations
were quantified polarographically using a YSI Inc. oxygraph
with a 1.5 mL water-jacketed cell equipped with a Clark
electrode. The oxygraph was calibrated by addition of a
known amount of an anaerobic solution of protocatechuate
to an oxygen-saturated solution containing protocatechuate
3,4-dioxygenase (ca. 5µM) (30). Mn-superoxide dismutase
(800 units) and catalase (10000 units) were added to the
oxygen consumption experiments to monitor superoxide and/
or peroxide release during the oxidation of catecholamines.
Mn-SOD is used because Fe-SOD displays residual catecho-
lase activity.

Spectroscopic Methods.Absorption spectra were collected
on a Hewlett-Packard 8452A diode array spectrometer and
a Shimadzu UV2401-PC scanning spectrometer. Temperature
was controlled with a circulating water bath. X-band EPR
spectra were recorded on a Bruker ESP 300 spectrometer
equipped with an Oxford ESR 910 cryostat for low-
temperature measurements. Spin quantitation was determined
relative to a Cu-EDTA standard. The Oxford thermocouple
temperature was calibrated using a carbon glass resistor
temperature probe (CGR-1-1000, Lake Shore Cryotronics).
The magnetic field modulation was 100 kHz at an amplitude
of 1.0 mT. All experimental data were collected under
nonsaturating conditions. Copper and calcium concentrations
were determined using a Perkin-Elmer 3100 flame atomic
absorption spectrometer.

RESULTS AND DISCUSSION

Copper Binding Sites.S100B has been shown to bind 4
equiv of copper per protein dimer (ââ) (16). Absorption and
EPR spectroscopy have been employed to gain further insight
into the coordination environment of the copper bound to
S100B. The absorption spectrum of Cu-S100B shows an
absorption maximum at 650 nm (ε ) 85 M-1 cm-1) (Figure
1) responsible for the faint blue color of the protein and is
characteristic of Cu(II) bound in a square-based pyramid
coordination geometry (31). The frozen solution EPR
spectrum of Cu(II)-S100B (Figure 1) is typical of a type II
copper center withg⊥ ) 2.06,g| ) 2.28, andA ) 184 ×
10-4 cm-1 (32, 33). These values are consistent with either
two or three N-donors to Cu(II) (34). The concentration of
EPR-detectable Cu(II), obtained by integration of the EPR
signal, is roughly equal to the total amount of copper in the
system, indicating that all of the copper resides in mono-
nuclear Cu(II) sites. It is clear that no strong coupling
between the copper ions bound to S100B is detected, such
as that existing in the type III dinuclear copper centers of
tyrosinase and catechol oxidase (35). The EPR signal is
eliminated following anaerobic treatment with dithionite,
ascorbate, orL-DOPA and reappears following exposure to
dioxygen. Integration of the signal confirms that the con-
centration of Cu(II) has not changed. The EPR and visible
spectra of Cu(II)-S100B are not perturbed by the addition
of Ca(II).

The NMR- and X-ray-derived structures of the Ca-loaded
protein clearly demonstrate the carboxylate-rich binding sites
for Ca(II) (13). No X-ray or NMR structures exist for the

1 Abbreviations: EPR, electron paramagnetic resonance; DOPA,
dihydroxyphenylalanine; MT, metallothionein; SOD, superoxide dis-
mutase; apo, metal free; MALDI-MS, matrix-assisted light desorption
ionization mass spectroscopy; EDTA, ethylenediaminetetraacetic acid;
Tris, tris(hydroxymethyl)aminomethane.
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copper-loaded form of any of the S100 proteins. Copper(II)
binding does not hinder Ca(II) binding, as a full complement
of four Ca(II) are able to bind to the Cu-loaded protein.
Similarly, Ca(II) bound to the protein does not interfere with
Cu(II) binding. Copper and calcium do not appear to compete
for endogenous ligands. It is clear from these studies that
copper binds to two or three nitrogen-containing ligands. The
N-terminus of bovine S100B is acetylated and therefore
unavailable for copper ligation (36). All structurally char-
acterized type II copper proteins have at least two endog-
enous histidines bound to the copper center; therefore, it
appears likely that two or three His residues are coordinated
to the copper centers.

The primary sequence of bovine S100â has five His
residues at positions 15, 25, 42, 85, and 90. A potential
binding site may include His15 and His25, which are shown
in the crystal structure of the Ca(II)-loadedâ peptide to be
located 3.95 Å apart (12-14). No other His residues located
on the same singleâ strand lie closer than 19 Å to another
His. This suggests that the other copper binding sites likely
reside at theââ interface incorporating His residues from
both strands. His15 is located 6.8 Å from His90 on the adjacent
chain (12).

The crystal structure of S100A7 with zinc and calcium
bound is shown in Figure 2 (37). Significant homology exists
in the primary structures of the S100A7 and S100B proteins.
In particular, the ligands shown bound to the calcium and
zinc sites in S100A7 are conserved in the S100B sequence.
The zinc binding site in S100A7 is shown to lie at theââ
interface and is comprised of three His ligands, His86 and
His90 from oneâ strand and His17 from the other. It is likely
that the copper/zinc binding sites in S100B are similarly
constructed. Cysteine residues are also highlighted in Figure
2, illustrating that they are not located near the His-rich metal
binding site. Bovine S100â has two thiolates located more
than 19 Å apart and 9 Å from the closest His residue (14).
It is unlikely that cysteine residues are coordinated to the
copper in S100B.

It is important to note that the Ca-S100B protein used in
the copper binding study has not been treated with EDTA.
EDTA is only used to prepare the calcium-free form of the
protein. The subsequent finding that Ca-S100B is able to
bind a full complement of copper confirms that EDTA does
not play a role in the copper binding properties reported here.
Further, the EPR parameters for Cu-EDTA (g ) 2.32 andA
) 157 × 10-4 cm-1) are sufficiently different from those
reported for Cu-S100B to conclude that the EPR-detectable
copper in these samples is not Cu-EDTA.

Catecholase ActiVity Associated with Cu-S100B.The
cupric form of Cu-S100B reacts readily with DOPA as
determined by an increase in visible absorption arising from
the DOPAchrome product. DOPAchrome is the product of
a nonenzymatic polymerization of DOPAquinone. The red
color associated with DOPAchrome was used to quantify
product formation. Initial rates for this reaction increase in
direct proportion to the concentration of Cu-S100B (data not
shown). The consumption of dioxygen during this reaction
was monitored polarographically with a Clark electrode.
Simultaneous oxygen consumption and visible absorption
measurements enable us to establish the stoichiometry of
catechol oxidation as 1:1 mol equiv of dioxygen consumed
per quinone product produced. Neither the metal-free nor
calcium forms of S100B react with DOPA. Upon completion
of the reaction, a pinkish precipitate forms. Protein quanti-
tation confirms that no protein is lost during this reaction.
The pinkish precipitate is likely a dopaminergic melanin
formed via the polymerization of the quinone product
resulting from DOPA oxidation.

Characterization of the Cu-S100B oxidation ofL-DOPA
under steady-state conditions demonstrates Michaelis-
Menten behavior. Kinetic constants are reported in Table 1.
For comparative purposes, we also report kinetic data for
catechol oxidation by tyrosinase, a dinuclear copper enzyme
which serves a native catecholase function in the production
of melanin, which are comparable to those previously
reported for this enzyme (38, 39). The reactivity of Cu-S100B

FIGURE 1: EPR spectrum of Cu-S100B from bovine brain collected
at 4 K. Insert: Absorption spectrum of Cu-S100B. Protein is in 20
mM Tris buffer, pH 7.2.

FIGURE 2: Three-dimensional structure of S100A7 (37). The two
strands of the homodimer are shown in red and blue, Zn(II) is in
black, Ca(II) is in gray, and Cys residues are in yellow. All Cys
and His residues are shown to illustrate their positions relative to
the bound metal ions.
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with other catechol substrates was examined to determine if
this small protein is capable of substrate specificity. TheKm

and kcat values derived from steady-state kinetic measure-
ments are indistinguishable forL- andD-DOPA, suggesting
that Cu-S100B does not exert stereochemical selectivity.
Similar kinetic data for tyrosinase oxidation ofL- and
D-DOPA demonstrate more than a 2-fold increase inKm for
the D- over theL- stereoisomer (Table 1), establishing the
ability of this enzyme to discriminate between the optical
isomers (38).

Kinetic constants are also reported for the reactions of Cu-
S100B and tyrosinase with adrenaline and noradrenaline
(Table 1). These data provide further evidence that the copper
centers in S100B are accessible to and will react with a
variety of catechol substrates. For tyrosinase,Km andkcat have
been shown to decrease as much as 2 and 3 orders of
magnitude, respectively, as the electron-withdrawing char-
acter of the para substituent on the catechol ring is increased
(40). Greater electron-withdrawing capacity in the para
position results in greater binding affinity and lower turnover
rates. Similar trends are seen for the rates of catechol
oxidation by Cu(II) complexes which have been reported to
correlate with Hammettσp values (40). The hydroxylated
benzylic carbon of adrenaline and noradrenaline is more
electron withdrawing than the corresponding methylene at
the same position in DOPA. Like tyrosinase, S100B is not
as efficient in the turnover of these catecholamines.

The rate constants reported here clearly demonstrate that
the mononuclear copper sites in Cu-S100B are much less
efficient than the dinuclear sites in tyrosinase. Similar trends
have been observed for dinuclear and mononuclear copper
complexes and their reactivity toward catechol oxidation (41,
42). Dinuclear copper complexes routinely show significantly
higher catechol oxidation rates. The close proximity of the
two copper atoms is one of the factors influencing these
enhanced rates. Depending upon geometric and steric
constraints imposed by the ligand, mononuclear complexes
display drastically decreased rates or no reactivity (40, 41).
Nonplanar mononuclear Cu(II) complexes display activity
rates toward 3,5-di-tert-butylcatechol of (0.5-1) × 10-3

µmol of substrate (mg of catalyst)-1 min-1 (41, 43, 44, 45),
comparable to the rates observed here for the reaction of
DOPA with Cu-S100B [0.11µmol of substrate (mg of
copper)-1 min-1]. Planar mononuclear Cu(II) complexes are
generally unreactive toward catechols. Steric match between
the catechol substrate and the Cu(II) complex appears to be
the primary factor determining catechol oxidation rates (41).

The Cu(II)-S100B EPR signal is eliminated following
anaerobic treatment of the protein with DOPA, demonstrating
the direct involvement of the copper center in the initial
oxidation of the catecholamine. However, formation of a
quinone from a catechol is a two-electron oxidation. We see
no EPR evidence of a semiquinone formed during this

reaction. The Cu(II) EPR signal is fully restored upon
exposure to dioxygen, demonstrating that these copper
centers are able to activate dioxygen. Superoxide, however,
is also capable of initiating and propagating the autoxidation
of catechols as outlined in Scheme 1.

Superoxide dismutase (SOD) and catalase catalyze the
following disproportionation reactions, respectively:

SOD and catalase were added to the assay mixtures
independently to probe for superoxide and/or peroxide
production, respectively. Addition of SOD had no effect on
the amount of dioxygen consumed during the reaction of
Cu-S100B and DOPA, indicating that superoxide is not
generated during this reaction cycle. SOD also had no effect
on the amount of dioxygen consumed by tyrosinase during
turnover. This is not surprising, given the efficiency of the
dinuclear copper centers at facilitating the two-electron
reduction of dioxygen during regeneration of the active
cluster.

The SOD control is essential for differentiating a true
catecholase activity from an autoxidative mechanism. For
comparison, we have characterized the kinetics ofL-DOPA
oxidation by Cu-MT3 and found that it also demonstrates
Michaelis-Menten behavior (data not shown). Addition of
SOD inhibits the Cu-MT3 reaction with DOPA by 77%,
suggesting that catechol oxidation is superoxide dependent
and likely proceeds through an autoxidative mechanism.
Superoxide deactivation of catecholamines is well docu-
mented and has recently been linked to the nonresponse of
sympathetic vasoconstrictors associated with septic shock
(46). Moreover, both mechanisms point to the direct involve-
ment of copper in the oxidative generation of dopaminergic
melanin.

Addition of catalase to the Cu-S100B reaction with
L-DOPA results in a 50% decrease in the amount of dioxygen
consumed. This result suggests that hydrogen peroxide is
released at some point during the catalytic cycle. Catalase
has no effect on similar measurements made with tyrosinase,

Table 1: Steady-State Kinetic Constants for Tyrosinase and Cu-S100B with Catecholamine Substrates

tyrosinase Cu-S100B

substrate Km (M) kcat (s-1) kcat/Km (M-1 s-1) Km (M) kcat (s-1) kcat/Km (M-1 s-1)

L-DOPA 4.55× 10-4 19.3 4.24× 104 2.23× 10-4 4.59× 10-4 2.06
D-DOPA 1.16× 10-3 30.4 2.62× 104 2.19× 10-4 3.38× 10-4 1.54
L-adrenaline 2.64× 10-4 2.99× 10-2 1.13× 102 2.39× 10-5 1.48× 10-6 6.19× 10-2

L-noradrenaline 1.01× 10-4 1.87× 10-3 1.83× 101 1.94× 10-5 9.12× 10-8 4.70× 10-3

Scheme 1: Mechanism of Copper-Initiated Catechol
Autoxidation

2O2
- + 2H+ f O2 + H2O2

2H2O2 f O2 + 2H2O
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confirming that peroxide is not released from the type III
dinuclear center during its reaction withL-DOPA.

The results presented here allow us to propose a catalytic
cycle for Cu-S100B (Scheme 2). The 1:1 ratio of oxygen
consumed to quinone produced is consistent with the release
of hydrogen peroxide and is mechanistically distinct from
the type III dinuclear enzymes, tyrosinase and catechol
oxidase, which exhibit a 1:2 ratio and do not release hydrogen
peroxide (47-49). Combined with the lack of superoxide
release, it appears that two independent type II copper centers
work simultaneously to effect the two-electron oxidation of
catecholamine substrates. It should be reiterated that no
evidence exists to suggest that these sites are coupled,
although they may be in close proximity. The lack of
semiquinone observed in the anaerobic treatment of Cu-
S100B and catecholamines also suggests that two copper
centers are close enough to effect oxidation of substrate
before product is released.

CONCLUSION

We report here evidence of catechol oxidation by Cu-
S100B, the first reported catalytic activity associated with
this protein. It is clear from these data that the copper centers
in the protein are directly involved in the catechol oxidation.
The extremely low levels of activity suggest that this protein
likely plays no direct metabolic role in the biodegradation
of catecholamines. However, the insensitivity of the Cu-
S100B reaction to SOD, an antioxidative mechanism em-
ployed by the cell, may implicate this type of oxidative
mechanism in the slow progression of neurodegenerative
diseases (17).
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