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ABSTRACT. Ceruloplasmin is unique among the multicopper oxidases in that in addition to the usual copper
stoichiometry of one Type 1 copper site and a Type 2/Type 3 trinuclear copper cluster, it contains two
other Type 1 sites. This assignment of copper sites, based on copper quantitation, sequence alignment,
and crystallography, is difficult to reconcile with the observed spectroscopy. Furthermore, some chemical
or spectroscopic differences in ceruloplasmin have been reported depending on the method of purification.
We have studied the resting (as isolated by a fast, one-step procedure) and peroxide-oxidized forms of
human ceruloplasmin. Using a combination of X-ray absorption spectroscopy, a chemical assay, magnetic
susceptibility, electron paramagnetic resonance spectroscopy, and absorption spectroscopy, we have
determined that peroxide-oxidized ceruloplasmin contains one permanently reduced Type 1 site. This
site is shown to have a reduction potential-e1.0 V. Thus, one of the additional Type 1 sites in
ceruloplasmin cannot be catalytically relevant in the form of the enzyme studied. Furthermore, the resting
form of the enzyme contains an additional reducing equivalent, which is distributed among the remaining
five copper sites as expected from their relative potentials. This may indicate that the resting form of
ceruloplasmin in plasma under aerobic conditions is a four-electron oxidized form, which is consistent
with its function in the four-electron reduction of dioxygen to water.

The multicopper oxidases are a broad class of enzymesT2 and T3 sites form a trinuclear cluster, which is the site
that couple the four-electron reduction of dioxygen to water for dioxygen reductiond—5). Spectroscopic studies have
with the four sequential one-electron oxidations of substrate shown that a fully reduced T2/T3 trinuclear cluster is the
(1). They are widely distributed in nature, occurring in minimum structural unit required for reaction with dioxygen
bacteria, fungi, plants, and animals. They contain copper (1). The function of the T1 site is to transfer electrons from
ions of the following types: at least one blue copper or Type substrate to the trinuclear cluster and thus is the site for
1 site (T1} characterized by an absorption band~&8000 substrate oxidation. Therefore, the multicopper oxidases
M~1cm™tat~600 nm and narrow parallel hyperfine splitting operate via a ping-pong mechanisfy 6):

[A; = (43—95) x 10* cm™] in the electron paramagnetic

resonance spectrum (EPR), a normal or Type 2 site (T2) 4S+ (:u(||)4—»4§r + Cu(l), (1)
characterized by the lack of intense absorption bands and
normal EPR feature#\ = (158-201) x 10~“cm], and a 4H" + 0, + Cu(l), — 2H,0 + Cu(ll), )

Type 3 copper pair (T3) characterized by an absorption band

of ~5000 M"* cm™ at ~330 nm and strong antiferromag-  the pest studied members of this classRheisvernicifera
netic coupling leading to the lack of an EPR signal. The |5ccase and ascorbate oxidase. Crystal structures exist for
ascorbate oxidas®), human ceruloplasmiry), and a fungal
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T2, Type 2; T3, Type 3; XAS, X-ray absorption spectroscopy. can efficiently catalyze the oxidation of Fe(ll) to Fe(lll) under
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close to physiological conditions28—34). Kinetic and and X-ray crystallography, and to elucidate the possible
equilibrium dialysis studies demonstrate a high affinity for functions of the additional copper sites. In our earlier studies
divalent metal ionsK < 10 mM) 28, 30-32, 35, and two on laccase, it was observed that much of the confusion
putative labile divalent cation-binding sites have been surrounding the spectroscopy of that enzyme was due to
identified by recent crystallographic worl8g). Although reduced copper which could be oxidized by the addition of
the ferroxidase activity appears to be the primary function H,O, (56—59). We have followed a similar strategy with
of Cp, a role in copper transport has also been proposed,Cp, focusing on two different forms of the enzyme: a form
mostly based on studies of intravenously injected radiola- of the enzyme as isolated by the method of Calabrese and
beled copper 37—40). Studies on the genetic disorder co-workers $3), which we designate as the “resting form”;
aceruloplasminemia shed further light on the function of Cp. and a “peroxide-oxidized form”, which is the resting form
Patients who have aceruloplasminemia show extensivetreated with 26-30-fold excess of kD, for 1-3 h? We
deposition of iron in a number of organs, particularly the have used copper K-edge X-ray absorption spectroscopy
liver and brain, providing substantial evidence that cerulo- (XAS) and a chemical assay to quantitate the amount of
plasmin is involved in iron metabolisrd{—46). However, reduced copper in these samples, Curie slope SQUID
there is no evidence for disruption of copper metabolism, magnetic susceptibility and EPR double integration to
such as copper loading in the liver, thus casting doubt on quantitate the amount of paramagnetic copper, and EPR
the role of Cp in copper transport. simulations and absorption intensities to probe the distribu-
Ceruloplasmin is unique among the multicopper oxidases tion of reducing equivalents among the copper sites.
in that it contains additional copper sites beyond the four
required for oxidase activity. Huber and Frieden were among EXPERIMENTAL PROCEDURES

the first to establish that human Cp contains six coppers per  The chioroethylamine used in the derivatization of Sepharose
molecule, with an additional labile copper-binding site that 4g \yas recrystallized from hot ethanol. Water was purified
does not alter the oxidase activityd). Ortel et al. 47) and to a resistivity of 15.517 MQ cm* using a Barnstead
later Messerschimdt and Hube&8j examined the sequence Nanopure deionization system. [Fe(bigy)SO4]s and [Fe-

homology among the various multicopper oxidases and (inyy,(CN),JNO, were synthesized by literature procedures
plastocyanin and noted that there are three putative Tl‘(GO, 61. [Cu(1,2-Melm)](PF:) and [(MePY2)Cu(CHCN)]-

binding sites, one with a leucine in place of methionine. The (CIO,) were kindly provided by Professor Ken Karlin at
crystal structure of Zaitseva et al. confirmed this basic jgnng Hopkins University. All other chemicals used were
stoichiometry of six integral coppers (a trinuclear cluster and reagent grade and were used without further purification.

three COppers bound to th? three T1-binding sites) af.‘d 8 Human Cp from plasma withdrawn the previous day was
sgeventh Igblle copper distributed between the two cation- purified by the method of Calabrese et #3), with the
binding sites {, 36. following modifications. The conductivity and the pH were

However, it has been difficult to reconcile the basic ,q aqiusted. After loading Cp onto the derivatized Sepharose
stoichiometry of six copper ions per molecule in mammalian 45 the column was washed with a small amount of MES

Cp with the observed spectroscopy and chemistry. Diff(_arent buffer (pH 7.0, 0.1 M) containing 0.1 M 6-aminohexanoic
authors have reported that -480% of the copper is g to remove nonspecifically bound proteins. The column
paramagnetic by EPR double integratid®<52), which is was then washed with MES buffer (pH 7.0, 0.1 M)
inconsistent with the 67% expected for six Cu(ll), two of containing 36-40 mM CaC}, until the eluent showed an
which (the T3 copper pair) are antiferromagnetically coupled. jpcorbance at 280 nm of less than 0.05. This was then

Also, Deinum and Vangard repo_rted that the number of repeated with MES buffer containing 560 mM CaC}. This
electrons accepted by the protein equaled the number Ofiemayed other proteins that adhere to the derivatized

coppers, implying that all of the copper was oxidiz&d)( Sepharose 4B. The column was then washed with MES
Furthermore, Calabrese and co-workers have purified Cpp ter to remove the Cagl Finally, pure Cp was eluted
from humans, sheep, and other mammalian sources by gyt potassium phosphate buffer (pH 7.0, 0.2 MJhe 610/
rapid, one-step affinity columrb@). The mammalian Cp g rafig of resting purified Cp was generaiyd.0344 Al

they obtain is pure and still contains the six integral copper samples were used immediately or kept frozen-80 °C

ions (no labile copper), but has even less paramagnetic,ntj| yse and only used or frozen and thawed once. Protein
copper (als “ttl? as 32%5p#), a lower absorption intensity ;o centration was determined by the microbiuret asgy (
(8000 M™* cm™) (53), and a variable but consistently Iow 15| copper concentration was determined by the biquinoline
amount of T2 Cu as detected by the Iovv_-fleld_hype_rf_lne line assay 63). Cu(l) concentration was determined by the
in EPR 64, 59. They propose that their rapid, minimally — iq inoline assay as modified by McMillin and co-workers
destructive isolation procedure yields protein which differs (64). Average total copper content was 6-£2.12 coppers
from that obtained by the longer, traditional means, and per molecule. Oxidase activity on a few samples was

which has a magnetic interaction between the T2 and T3 a55red spectrophotometrically by theianisidine assay
sites not seen in the other multicopper oxidases that reduces

the T2 Cu signal in EPR. Since only four coppers are 2Some samples were additionally reacted with a 50-fold excess of
_requ'red for the four-electron reduction of dl_qugen, itis [Fe(CN)]®~; these samples showed no differences as compared to those
important to understand the role of the additional copper oxidized with HO, alone.

centers in Cp’s physiological function. 3 The use of CaGlto remove other proteins bound to the derivatized

; e ; ; Sepharose 4B was developed by Musci and Calabrese.
This study is intended to reconcile the spectroscopic and 4The low 610/280 ratio is due to partial reduction of the T1 copper

magnetic data on human Cp with the stoichiometry of SiX (yige infra). The peroxide-oxidized form has a 610/280 ratio-6f045,
coppers per molecule as determined by copper quantitationin agreement with what has previously been reported.
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(65 and found to be consistent with previously reported ‘ "
values. Gel electrophoresis was run on representative T2 r '
samples using a Mini-PROTEAN Il cell, 7.5% Tris-HCI gels,
and protein standards obtained from Bio-Rad. This showed 10
a pair of strong bands at132 kDa, and a series of weak
bands which increased in intensity if the protein was stored
at 4°C for long periods of time; thus, the protein was pure
but contained a small amount of proteolytically cleaved
enzyme, as seen previously. Peroxide-oxidized Cp was
prepared by incubation of resting Cp with a-280-fold
excess of HO, for 1—3 h at 4°C. This was either left in or j
removed by passage through a G-25 column and reconcen- o2 - o

06

Normalized Absorption

04 -

trated using Centricon concetrators. No differences were 00 g, ‘ L]

. . . Ll 8970 8980 8990 9000 9010 9020
observed in fresh samples prepared by either method; in all o9 foreees=="" ‘ ey ]
of the SQUID susceptibility samples, the® was removed. 8970 2980 2990 9000 9010 9020
A few samples (specifically the XAS and Q-band EPR Energy (sV)

samples) also contained 50-fold excess of [Fe@PN)these £ e 1 Normalized copper K-edge XAS of the fully oxidized
samples showed no differences as compared to those oxidizeghodel spectrum—t), peroxided-oxidized Cp---—), resting Cp

with H,O, alone. Protein concentrations were in the range (—+—), and reduced Cp+). Inset: Renormalized XAS of the TIPR
of 0.05-0.10 mM, except for SQUID, XAS, and some EPR  copper site generated by subtraction of the oxidized T1Hg laccase
; ; ; ; : XAS and two oxidized plastocyanin edges from the peroxide-
experiments, in which protein concentrations were-L.%® ~ ) .
. . oxidized Cp XAS ¢); the normalized XAS of known two-
mM. All samples were run in potassium phosphate buffer ¢qorginate ([Cu(1,2-Melm)PFy) (—+++—), three-coordinate (T1Hg
(pH 7.0, 0.2 M), except for samples prepared for SQUID laccased) (——), and four-coordinate Cu(l) ([(MePY2)Cu(GH
susceptibility. Since potassium phosphate buffer contains CN)]CIOy) (+++) sites are shown for comparison.
unacceptable levels of ferric impurities, Cp samples for
SQUID susceptibility were exchanged into deuterated MOPS Differences between these methods of background subtrac-
buffer (pH 7.0, 0.1 M). Cp samples in MOPS buffer showed tion were minimal.
no differences from those in phosphate buffer. XAS data were measured at the Stanford Synchrotron
Absorption spectra were recorded on a Hewlett-Packard Radiation Laboratory on unfocused 8-pole wiggler beamline
HP8452A diode array spectrophotometer in a 1-cm path /-3 under dedicated conditions (3.0 GeV,~&D0 mA,).
length cuvette. X- and Q-band EPR spectra were obtainegMonochromatic radiation was ob_talned using a Si(220)
with a Bruker ER 220-D-SRC spectrometer. For X-band double-crystal monochromator which was detuned 50% for
EPR, sample temperatures were maintained at 77 K using dharmonic rejection. The beam height was defined to be 1
liquid nitrogen finger dewar. For Q-band EPR, sample MM. The fluorescence signals were measured with an argon-
temperatures were maintained at 96 K using a nitrogen flow filled ionization chamber detector equipped with Soller slits
system. EPR spectra were spin-quantitated using a 1.0 mmand a Ni filter 67, 63. Internal energy calibration was
aqueous copper standard run in the same tube as the Samp@erformed by smultaneous measurement of the absorppon
where possible66). EPR spectra were simulated using Of @ copper foil placed between the second and third
SIM15 obtained from the Quantum Chemistry Program [onization chambers. The first inflection point of the copper
Exchange and modified to allow for anisotropic line widths. foil spectrum was assigned to 8980.3 eV. The samples were
Magnetic susceptibility data were taken on a Quantum '0aded into 2 mm Lucite XAS cells with 63,6m Mylar
Design Model MPMS SQUID magnetometer. A palladium windows, frozen immediately, and kept under liquid nitrogen

standard was used as a calibrant. Protein samples werdriOr to measurements. The samples were maintained at a
loaded in polycarbonate capsules sealed with a drop of constant temperature of 10 K throughout the measurements

acetone and with a small hole in the top in order to flush by an Oxford Instruments CF1208 continuous-flow liquid
the space above the sample. These were then loaded into helium cryostat. The data represent an average of four scans
plastic drinking straw attached to the end of the magnetom- for €ach Cp sample.

eter drive rod. Samples were evacuated and flushed WithRESULTS

helium gas, and then loaded into the probe maintained at 10

K. After loading, the samples were heated to 125 K and |. Detection and Quantitation of Cu(l) by XAS and
maintained at that temperature for 10 min to removed any Biquinoline Assay. To obtain direct information on the
condensed oxygen. Susceptibility data were collected versusamount of reduced copper in different samples of human
1/T in the temperature range of 52815 K and at a field Cp, we used copper K-edge XAS. Cu(l) exhibits an intense
of 3.5 T. Sample volumes were 15Q.. To account for feature at~8984 eV by XAS, corresponding to an electric
dissolved oxygen, trace metal impurities, and other extrane-dipole-allowed 1s— 4p transition $9). The shape and
ous paramagnetic signals in the data, several approaches weliatensity of this feature can be used to determine the
used. Either a blank sample of aerobic bovine serum coordination number of Cu(l) sites in proteins. The XAS
albumin (BSA) at the same mg mLconcentration was run  spectra for three different samples of Cp are shown in Figure
in the same buffer and under the same conditions as the Cpl. The reduced protein sample was generated by addition
samples, or both the Cp sample and a blank sample of eitherof ~100-fold excess of ascorbate. It showed a complete loss
BSA in buffer or just buffer were degassed by pump-purging of the absorption features at 330 and 610 nm and no EPR
at ~0 °C under argon and run under the same conditions. signal. As expected, the XAS of this sample has a large
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Table 1: Quantitation of Reduced Copper, Paramagnetic Copper,
and Absorption Intensities in Resting and Oxidized Cp

method resting oxidized 0.281 ]
% reduced Cu by XAS 33.25.0 12.1+ 5.0 024l T
% reduced Cu by biquinoline assay 305 20.3+1.0 ' 24
% paramagnetic Cu by magnetic 40.2+ 6.2 51.7+ 6.2 o000k
susceptibility ’
% paramagnetic Cu by EPR 35485.9 47.6+ 2.2

molar absorptivity at 610 (Mtcm™?) 7320+ 630 9590+ 680
molar absorptivity at 330 (Mt cm™) 4470+ 170 4950+ 300

°
o
T
1

Molar Magnetic Susceptibility
<o
>
T
L

©
o
@
T
Il

feature at 8983 eV relative to the normalized Cu K-edge.
The resting sample also shows significant intensity at 8983 [
eV. This indicates that there is a substantial amount of P
reduced copper in Cp isolated by the one-step method. The ©.00 : ‘ J

XAS spectrum of peroxide-oxidized Cp (Figure 1) shows 0-00 009 1%1?,0 018 020

that there is St'l_l some residual mtensny at 8983 eV. FiIGURE 2: Molar magnetic susceptibility data for restirs)(and
Therefore, a portion of the copper in the sample was not peroxide-oxidized®) Cp, along with the least-squares lines of best
oxidized, even by a large excess of a powerful oxidant.  fit (—), error bars at one standard deviation unit, and theoretical
To quantitate the amount of reduced copper present in thelines for two, three, and four paramagnetic sites per moleete (
resting and peroxide-oxidized samples described above, a. o ] ]
fully oxidized reference is required as a base line. This was tion (vide infra). The Curie slope SQUID magnetic suscep-
constructed from the XAS of the T1Hg derivative of laccase, tPility data for resting and peroxide-oxidized Cp are shown
in which the Type 1 copper was replaced with mercury, N Figure 2, along with theqretlcal lines for two, three, gnd
leaving just the oxidized trinuclear cluste#(and the XAS ~ four paramagnetic copper sites per molecule for comparison.
of oxidized plastocyaning9), a blue copper protein. Ap- The y-intercept corresponds to the diamagnetic correction
propriately weighted (50% oxidized T1Hg laccase and 50% and_w_as set equal to zero. The error bars show the standard
oxidized plastocyanin), summed, and renormalized, this deviation in the slope of 'Fhe experimental data. From the
model spectrum was used as a fully oxidized Cp base line Slope of the line of best fit, 40.2 6.2% of the copper in
along with the fully reduced Cp sample to quantitate the the resting enzyme is paramagnetic by SQUID magnetic
amount of reduced copper in resting and peroxide-oxidized SUSceptibility. In the peroxide-oxidized enzyme, Si7
Cp (Figure 1). The intensity difference at 8983 eV between 6-2% of the copper is paramagnetic (Table 1). There was
the peroxide-oxidized sample and the fully oxidized model NO evidence for the population of a spin quartet state within
spectrum relative to the reduced protein is 12.5%. For  the temperature range used in these experiments{325
the resting sample, the intensity difference is 325%
relative to the reduced protein (Table 1). This corresponds The X-band EPR spectra of resting and peroxide-oxidized
to 0.73 Cu(l) per molecule in the peroxide-oxidized sample Cp at 77 K are shown in Figure 3A,B. The amount of
and 2.0 Cu(l) per molecule in the resting sample. paramagnetic copper in resting and peroxide-oxidized Cp was
To further evaluate the above results, the biquinoline assaydetermined by double integration of the X-band spectra
as modified by McMillin and co-workerss@) was run on  relative to a copper standard. By EPR, the amount of
both resting and peroxide-oxidized samples of Cp. This is paramagnetic copper was 3%i86.2% in resting Cp and
a spectrophotometric assay for the amount of Cu(l) in protein 47.6+ 2.2% in peroxide-oxidized Cp (Table 1). The larger
samples. This assay showed that 32.0.5% of the copper  €rror bars in the amount of paramagnetic copper by EPR in
in the resting sample is reduced, consistent with the resultresting Cp as compared to peroxide-oxidized Cp may reflect
by XAS. Both methods show that two of the six copper Some heterogeneity in resting Cp from different batches, as
sites in Cp as isolated by the procedure of Calabrese andpreviously reported54).
co-workers are Cu(l). The chemical assay yields 20.3 These results are consistent with the amount of paramag-
1.0% Cu(l) in the peroxide-oxidized protein samples. Al- netic copper that was observed previously by EPR quanti-
though consistently higher than the result by XAS, the tation 49-52, 54. Furthermore, these data are consistent
chemical assay confirms that roughly one of the six coppers within experimental error with the values obtained by SQUID
stays reduced even in the presence of large quantities ofmagnetic susceptibility. Thus, all of the paramagnetic copper
oxidant. in human Cp is EPR-detectable. This rules out the possibility
[I. Quantitation of Paramagnetic Copper by SQUID that there is some coupling between the copper sites that
Magnetic Susceptibility and EPRSQUID magnetic sus-  might lead to a fraction of paramagnetic copper not appearing
ceptibility is a bulk technique for the detection of the amount in the EPR spectrum, due to fast relaxation or very large
of paramagnetic centers; as such, it can detect paramagnetitine widths. The observation that50% of the copper is
sites which do appear in EPR. The slope of the magnetic paramagnetic in peroxide-oxidized Cp indicates that no
susceptibility versus T/corresponds to the number of copper fraction of the 1 reducing equiv, as observed by XAS and
sites per molecule which are paramagnetic with= 1/2 the modified biquinoline assay, is distributed on the T3
multiplied by the theoretical CurieWeiss constant for one  copper pair, since that would have led to more than 50% of
Cu(ll). This constant was calculated usingsg. of 2.1152 the copper being paramagnetic. Thus, of the six coppers
that was derived frong values determined by EPR simula- per molecule in peroxide-oxidized Cp, three are Cu(ll) with
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A ' A ' Table 3: Distribution of Reduced Copper in Resting Cp
copper site by EPR by absorption
redox-active T1 0.56 0.47
T1PR 1.00 1.00
T2 0.29 0.33
T3 0.13 0.19
total 2.00 2.00

s ‘ s | a By difference.
2600 2800 3000 3200 3400 3600

that the one reduced copper seen in the XAS corresponds
uniquely to one of the three T1 sites. These parameters were
then used to simulate the resting Cp EPR spectrum to
determine the distribution of reduced copper over the T2 and
two redox-active T1 sites (Figure 3A). From this simulation,
we determine that the fraction of reduced copper in resting
Cp was 0.20 Cu(l), 0.36 Cu(l), and 0.29 Cu(l) in sites T1A,
T1B, and T2 respectively (Table 3). From the difference in
the amount of paramagnetic copper in resting Cp as
determined by EPR double integration and the amount of
reduced copper by XAS and the biquinoline assay, the
amount of reduced T3 coppers in resting Cp is 0.15 (Table
3).

The molar absorptivities of the 330 and 610 nm bands of
resting and peroxide-oxidized Cp are listed in Table 1. The
.. molar absorptivities of the 330 and 610 nm bands in
10000 0500 17000 17500 {2000 12500 peroxide-oxidized Cp are 495D 300 and 959Gt 680 M

Field (Gauss} 1 . .
cm . These values are consistent with what has been

E}G(K';Erss:tifg%ﬂi“;egg'&)m ?Qr% \fg‘/:'f#:g;};'c;)955585&‘_9'%@(8) previously observed for one oxidized T3 copper pair in
R » I ! i ~ 1emtL
peroxide-oxidized Cp, X-band (microwave frequency, 9.497 GHz); laccase and ascorbate oxidasgd~ 5000 M * cm™) and

and (C) peroxide-oxidized Cp, Q-band (microwave frequency, 34.08 tWO ox_id_ized T1 copper sitesedpo ~ 5000 'Wl_ cm* for
GHz). Experimental conditions: microwave power, 20 mW; one oxidized T1 site) in laccase, ascorbate oxidase, and blue
modulation amplitude, 16 G; modulation frequency, 100 kHz; time copper proteins. From this, the change in band intensities

constant, 0.5 s. Spin Hamiltonian parameters from the simulations j, going from the resting to the peroxide-oxidized form can
are listed in Table 2. The fraction of each site that was reduced as . . . L
determined by the simulation of the resting Cp spectrum is described be correlated with an increase in the amount of oxidized T3

L L L
2600 2800 3000 3200
Field (Gauss)
T

in the text and summarized in Table 3. and T1 copper sites. Given negligible absorption intensity
in the reduced enzyme and using the molar absorptivities
Table 2: EPR Simulation Parameters of Oxidized Cp at X- and observed above for the peroxide-oxidized samples;o =
Q-Band Frequencies 2270 Mt cm and Aezzp = 480 Mt cm? correspond to
line width,  line width, the oxidation of 0.47 T1 Cu and 0.19 T3 Cu. Thus, this
Avalue X-band Q-band indicates that the remaining reduced copper in resting Cp,
Cu gvalue  (x10“%cm) (x10cm™) (x10*cm™) 0.33 Cu, is on the T2 copper site (Table 3). These values
site g o A Ag Ly Lo Ly Lo are consistent with the results from EPR simulations: most

T1A 22620 2.0520 625 100 420 390 850 530 (~0.5)ofthe additional reducingequivalentin resting Cpis
T1B 2.2130 2.0410 74.0 120 42.0 39.0 750 53.0 distributed on the T1 sites, and only a small amoum.Q)
T2 2.2650 2.0555 180 32.0 104 85.0 140 160 is on the T3 copper pair.
Combining the data from all of the different methods used,

S = 1/2, two are an antiferromagnetically coupled Cu(ll) it is clear that one of the six coppers present in peroxide-
pair with Sot = 0, and one is Cu(l) witts = 0. Likewise, oxidized Cp is reduced and localized on a single T1 site,
the decreased amount of paramagnetic copper present in thevhich we designate as the T1 permanently reduced site
resting samples indicates that not all of the additional (T1PR). We can estimate the XAS K-edge spectrum for
reducing equivalent is distributed on the T3 copper pair. this unique Cu(l) site by subtraction of the oxidized T1Hg

[ll. Distribution of Reducing Equialents among the laccase XAS (i.e., oxidized trinuclear cluster) and two
Copper Sites.The experimental X-band and Q-band (run oxidized plastocyanin edges (appropriately normalized) from
at 96 K) EPR spectra of peroxide-oxidized Cp are shown in the peroxide-oxidized Cp XAS shown in Figure 1. This is
Figure 3B,C. These spectra were simulated in order to obtainshown in the insert in Figure 1. The shape and intensity of
a reasonable estimate of the spin Hamiltonian parametersthe peak at 8983 eV compared to those of known two-, three-,
for the different copper sites. The simulated spectra are and four-coordinate Cu(l) sites indicate that this Cu(l) is best
shown in Figure 3B,C, and the parameters are listed in Tabledescribed as three-coordina&9). Three-coordinate Cu(l)
2. The experimental spectra could be adequately simulatedspecies typically have a peak maximum at 8988.6.4 eV
with one T2 Cu site and two T1 Cu sites with different with an normalized amplitude of 0.68 0.05.
parameters, but equal double integrated intensity (i.e., equal V. Attempts To Oxidize the T1PR Cu Sifhe different
amounts of the three different copper sites). This indicates spectroscopic and magnetic studies discussed above dem-
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Table 4: Oxidants Used in Attempts To Oxidize T1IPR Cu copper sites. _The Iong_ _aXial coppe_th_ioether bond present
in plastocyanin destabilizes the oxidized state more than the

E° vs fold ET'S;nT“lJ;,nR reduced state, therefore contributing to the higher reduction
oxidant NHE (V)  excess Cu (V) ref potentials seen among blue copper sites relative to normal
H,00 1349 30 a 69 copper. EI|m|nat|_on _Qf the_aX|aI I|ga_nd altogethe_r WOl_JId
S0 201 15 ab 70 cause a further significant increase in the potential, since
Fe(CN)* 0.433 500 0.708 71 the lower coordination number favors Cu(l). Experimentally
::eC(IbZIQy)z(CN)z+ 8-;2% ig 2-8?2 % this has been observed in azurin, where replacement of the
rClg ) . ; S . o :
Fe(bipy)** 1074 9 b 74 axial methionine ligand with a noncoordinating hydrophobic

residue can increase the potential by as much as 138 mV
(77). Among wild-type blue copper sites, the fungal laccases
) lack an axial methionine ligand by comparison of their
onstrate that one of the T1 copper sites (T1PR) stays reducechrimary amino acid sequences with those of other blue
in Cp even in the presence of 280 equiv of HO; and 50 copper sites. Indeed, some of the fungal laccases have the
equiv of [Fe(CN|*>~. We tried to oxidize the T1PR copper pighest potentials previously observed for T1 copper sites
sites with larger amounts of oxidant and with several more (~0.780 V), although the range of potentials is quite large
fold excess of HO, caused significant protein degradation, sjte has been previously observed in the low-pH form of
we also tried 80¢°~, a powerful two-electron oxidant, atup  pjastocyanin, in which one of the histidines is protonated
to 15-fold excess. Although it caused some protein degrada-and thus no longer bound to the copper, which moves further
tion, no change in the 610 nm absorption band or in the EPRntg the plane of the remaining three ligandgo{81);

aTwo-electron oxidant? Caused significant protein degradation.

spectrum is observed. Since;® and SOg*~ are two-  however, this site has a very different ligand seti{NSve,
electron inner sphere oxidants, we also tried a series of one-s., from the putative three-coordinate T1 site of the fungal
electron outer sphere oxidants: [Fe(GR) (E° vs NHE= laccases (2 Ns, Scy9. From this, it is clear that the lack of

0.433 V) (72), Fe(bipy}(CN)," (0.781V) (73), IrCls*~ (0.867  an axial ligand in the T1PR site could at least partly explain
V) (74), and Fe(bipy*" (1.074 V) (75). Fe(bipy}*" caused  an extremely high potential. From examination of the amino
large amounts of protein degradation, even at low concentra-5cid sequence and crystal structure of Cp, we assign the
tions; however, the others did not at up to the number of T1pRr copper to be the T1 site in domain 2, in which the
equivalents listed in Table 4. In none of these experiments ysyal axial methionine is replaced by a noncoordinating
was there any evidence of copper oxidation either by |eycine residue. Other possible factors which could con-
absorption, by EPR quantitation, or by the appearance oftripyte to the very high potential of this site are the dipole
new EPR features, even after an incubation of several hoursenyironment of the protein matrix and specific interactions
with the oxidant. _ . . with nearby residues. For example, Lindley et al. have noted

There are two possible explanations for the inability to hat two of the cation-binding residues found in domains 4
oxidize this copper site: either a very high reduction ang 6, namely, a histidine and an aspartate, have been
potential, or the lack of any good electron-transfer pathway replaced by a tyrosine and an asparagine in domain 2,
from the surface of the enzyme to the copper site. This latter respectively 6).
possibility will be addressed later. Assuming that thereisa  apother possible contribution to the redox inactivity of
pathway for electron transfer to this copper site, one can yne T1PR copper site is that there is no good electron-transfer
estimate a lower limit for the potential for this site. Using pathway from the surface. However, examination of the
the data for Fe(bipyJCN);" and assuming that oxidation  crystal structure of Cp shows that there is a solvent-exposed
of up to 10% might be missed in either the absorption or agparagine (Asn 323) adjacent to one of the histidines ligated
the EPR spectrum,_ the Nernst equathn was used to calculatgq the copper (His 324) (Figure 4). This would provide an
a minimum potential fqr the T1PR site of 0._960 V versus approximately 10 A, allo-bond electron-transfer pathway
NHE (Table 4). Applying the same calculation to &€l from the surface to the copper. This is roughly the same
yields a minimum potential of 1.077 V versus NHE for the  gjstance as from the labile cation-binding sites to the T1 sites
T1PR. Therefore, we conclude that the minimum potential j5 gomains 4 and 6, and, indeed, Asn323 is at the same
of the T1IPR site is-1.0 V. Since this is in the range of the  sequence position in domain 2 as the cation-binding residues
redox potenpals for tyrosine reS|dL_Jes, this explains _why more jn domains 4 and 636). For comparison, the distance from
powerful oxidants, such as Fe(big}), cause protein deg-  hound ascorbate to the T1 site in ascorbate oxidase i&
radation but do not oxidize this copper site. (5). Thus, although 10 A is relatively long for electron

transfer and histidine provides poor coupling with the copper

DISCUSSION (this bond is only 2% covalent in plastocyani@P{-84), it

A naturally occurring T1 copper site which cannot be is clear that a lack of accessibility for electron transfer cannot
oxidized at physiological pH is highly unusual. Several be the dominant reason for the inability of this site to be
factors contribute to the potential of a metal site in a protein, oxidized by exogenous oxidants, although it may contribute
most notably the contribution of the electronic structure of to some extent. Thus, a very high potential, due to some
the oxidized and reduced states and the dielectric propertiescombination of electronic structure and protein matrix
of the protein matrix. Contributions of electronic structure contributions, appears to play the key role in why this copper
to the reduction potential of blue copper sites have beensite is permanently reduced.
examined in detail{6). This work showed that the axial In resting Cp, the form as isolated by the rapid one-step
ligand is a key factor in modulating the potential of blue procedure, an additional one copper per molecule is reduced.
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FiGURE 4: View of the crystal structure of human Cp within 10 A of the TLPR Cu(l) in domain 2. The copper ion, its three ligands (Cys
319, His 276, and His 324), Leu529, and the solvent-exposed Asn 323 are shown in white. A Connelly surface showing the regions of the
protein which are solvent-exposed is also shown in white. This figure was created using crystallographic coordinates taken from the Brookhaven
Protein Data Bank§2), entry code 1KCW.

Unlike the one reduced copper per molecule in peroxide- common theme; thus, it is possible that the T1PR site adds
oxidized Cp, in the resting enzyme, this 1 equiv is distributed to the structural integrity of the enzyme. However, previous
among the remaining five copper sites. The observation thatstudies have shown that the Cu(l) state is generally more
resting Cp is a four-electron oxidized form of the enzyme is labile in blue copper sites than the Cu(ll) state, so it would
interesting, since it is consistent with the stoichiometry of be unusual if this site had a major structural role. (2) Copper
dioxygen reduction, which is a four-electron process. Thus, transport. This has long been proposed as a possible function
this may indicate that under turnover conditions, one-fifth of Cp, so if correct, then a non-redox-active copper might
of the five redox-active coppers stays reduced. The observedstill be functionally significant; however, Cp’s role in copper
distribution of the additional reducing equivalert(.5 T1 transport has been recently questioned (vide supra). (3)
Cu(l), <0.2 T3 Cu(N)] is roughly what is expected given the Evolutionary vestige. It has been previously proposed that
relative reduction potentials of the copper sites at pH 7.0 in Cp arose from the duplication of an ancestral blue copper
phosphate buffer: the redox-active T1 coppers have thegene, since its six domains show such a large amount of
highest potentials, and the T3 copper pair has the lowestinternal homology 47, 48. It is possible that Cp has
potential 85, 89. retained a blue copper-binding motif in domain 2 that is only
The identification of a unique permanently reduced T1 partially functional; i.e., it still binds copper but has lost its
site in Cp raises the question of its possible functional axial methionine and can no longer be oxidized, thus
significance. These results would seem to indicate that theeliminating any physiological role.
T1PR copper site is not involved in the ferroxidase activity  In summary, we have established that one of the three T1
of Cp, since its potential is beyond the range that would be copper sites in Cp is permanently reduced. The inability of
physiologically accessible. Furthermore, the crystal structure this site to be oxidized is due predominantly to a very high
shows that while the other two T1 sites still have an adjacent potential and not the lack of a suitable electron-transfer
labile divalent metal-binding domain, the T1PR site lacks pathway to the surface. In the absence of any data suggesting
this structure. Thus, with respect to the physiological role an allosteric regulation of this site’s potential, one must then
of the two additional T1 sites in Cp, one of them appears conclude that this site is not involved in the enzyme’s
not to be catalytically relevant. This does not preclude the ferroxidase activity. The spectroscopic and magnetic dif-
possibility that some allosteric effector might dramatically ferences observed between the resting and peroxide-oxidized
perturb the reduction potential, bringing it into the range in enzyme are due to an additional reducing equivalent which
which it could be oxidized under turnover conditions. is distributed among the five redox-active copper sites
However, there is no evidence which suggests that thisroughly according to their relative reduction potentials. This
occurs. Also, this does not preclude the possibility that the suggests that the physiological form of Cp under aerobic
T1PR site might have some other functional significance. conditions might be a four-electron oxidized form, consistent
Three explanations for the existence of a permanently with its function in the four-electron reduction of dioxygen.
reduced, noncatalytic copper site in Cp seem possible. (1)Given this, the role of the other additional T1 site remains
Structural. A structural role for metal sites in biology is a to be examined.
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