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ABSTRACT: Chicken ceruloplasmin has been previously reported to display a number of key differences
relative to human ceruloplasmin: a lower copper content and a lack of a type 2 copper signal by electron
paramagnetic resonance (EPR) spectroscopy. We have studied the copper sites of chicken ceruloplasmin
in order to probe the origin of these differences, focusing on two forms of the enzyme: *“resting” (as
isolated by a fast, one-step procedure) and “peroxide-oxidized”. From X-ray absorption, EPR, and UV/
visible absorption spectroscopies, we have shown that all of the copper sites are oxidized in peroxide-
oxidized chicken ceruloplasmin and that none of the type 1 copper sites display the EPR features typical
for type 1 copper sites that lack an axial methionine. In the resting form, the type 2 copper center is
reduced. Upon oxidation, it does not appear in the EPR spectrum at 77 K, but it can be observed by using
magnetic susceptibility, EPR at8 K, and magnetic circular dichroism spectroscopy. It displays unusually
fast relaxation, indicative of coupling with the adjacent type 3 copper pair of the trinuclear copper cluster.
From reductive titrations, we have found that the reduction potential of the type 2 center is higher than
those of the other copper sites, thus explaining why it is reduced in the resting form. These results provide
new insight into the nature of the additional type 1 copper sites and the redox distribution among copper
sites in the different ceruloplasmins relative to other multicopper oxidases.

The multicopper oxidases are a broad class of enzymeshy the lack of intense absorption bands and normal EPR
that couple the four-electron reduction of dioxygen to water features /= (158-201) x 10* cm Y], and a type 3 copper
with four sequential one-electron oxidations of substrate via pair (T3) characterized by an absorption band-6000 M1
a ping-pong mechanisni); This class of enzymes includes cm at ~330 nm and strong antiferromagnetic coupling
the plant and fungal laccases, ascorbate oxidase, cerulopladeading to the lack of an EPR signal. The T2 and T3 sites
min, and other recently characterized enzymes such as Fet3orm a trinuclear cluster, which is the site for dioxygen
protein (the protein encoded by ti&T3 gene, one of the  reduction 8—11), while the function of the T1 site is to
genes involved in the high-affinity iron transport system of transfer electrons from substrate to the trinuclear cluster and
Saccharomyces cerisiae) (2—4) and phenoxazinone syn- thus is the site for substrate oxidation.
thase $—7). They contain copper ions of the following The copper sites oRhuswvernicifera laccase have been
types: at least one blue copper or type 1 site {T1l) extensively spectroscopically characterized. These data,
characterized by an absorption band~&000 Mt cm™ at together with crystal structures of ascorbate oxidase in both
~600 nm and narrow parallel hyperfine splittiny, = (43— the oxidized 11) and reduced 12) forms and of a T2-
95) x 10 cmY] in the electron paramagnetic resonance depleted form of a fungal laccas3), provide a great deal
(EPR) spectrum, a normal or type 2 site (T2) characterized of mechanistic insight into how the trinuclear copper cluster

functions to reduce dioxygen to water and how electrons are
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activity. Human Cp contains six integral copper sites per EXPERIMENTAL PROCEDURES
molecule, with an additional labile copper-binding site that
does not alter the oxidase activity, as early reported by Huber
and Frieden4). The crystal structure of Zaitseva et dl5(

The chloroethylamine used in the derivatization of Sepharose
4B was recrystallized from hot ethanol. Water was purified
: i ; S ; to a resistivity of 15.517 MQ cm ! by use of a Barnstead
confirmed a stoichiometry of copper sites: a trinuclear LT
! stoient y 01 SIX COPPEr SI'es Nanopure deionization system. [Cu(1,2-Mejl(PFs) and

cluster and three coppers bound to the three T1-binding sites ; ;
Early spectroscopi(f) F;tudies of human Cp appearedgto bel(MePY2)Cu(CHCN)](CIO,) were kindly provided by Pro-

inconsistent with this copper stoichiometry6(-22). We fessor Ken Karlin at Johns Hopkins University. All other
recently reexamined the copper sites in human Cp usingChem'C""IS _u_seq were reagent-grade and were used without
X-ray absorption spectroscopy (XAS), SQUID magnetic furthgr purification. . )

susceptibility, and EPR and determined that one of the T1 _Chicken Cp was purified by the rapid one-step method
copper sites, likely the one in domain two that lacks an axial (20 24), and some of it was repurified by a modification of

methionine, stays reduced and is functionally inactive due thiS Procedure23). The 610/280 ratio of resting purified
to a high reduction potential®g). Cp was about 0.060. All samples were kept frozer-80

i _ °C until use. Protein concentration was determined by the
Recently, a rapid one-step procedure was used to purify amicrohiuret assay 28). Total copper concentration was

Cp from chicken that displayed a number of key differences yeatermined by the biquinoline assag9), with protein

relative to human Cp24): the copper content was 5.81  gjiquots containing 178425uM copper and referenced with
0.35, based upon a molecular mass of 140 kDa determined, pjank containing the buffer. The copper content of the

by SDS-PAGE [compared with 132 kDa for human Cp, as pyffers were determined by use of a Perkin-Elmer 2380
first accurately determined by low-resolution X-ray crystal- aiomic absorption (AA) spectrometer with a HGA-400
lography @5)], and the EPR spectrum lacked any detectable graphite furnace: phosphate buffer containegicopper,
low-field hyperfine line of a T2 copper and integrated to ang MES buffer contained 0.66M copper. Copper content
50% of the total copper content. Despite these differences, getermined by the biquinoline assay was checked with the
purified chicken Cp still retained oxidase activity and, in  graphite furnace AA and found to be consistent. Average
fact, was about 5 timemore active than human Cp at the  total copper content (from eight separate batches of protein)
same pH. On the basis of the copper content and EPRwas 5.65+ 0.23 coppers per molecule.
features, it was proposed that chicken Cp contained two T1  paroxide-oxidized Cp was prepared by incubation of
copper sites and a T2/T3 trinuclear cluster that exhibited resting Cp with a 26:30-fold excess of kD, for 1-3 h at
unusual magnetic coupling such that it lacked resolvable 4 °c "This was removed from some of the samples by
hyperfine and quantitated to 0.5 copper by EPR double passage through a G-25 column; the samples were then
integration. Furthermore, upon reduction and reoxidation, all reconcentrated by using Centricon concentrators. The oxidant
of the T1 copper features reappeared quickly, in contrast toyas always removed in samples used for the SQUID
what has been previously reported for human Cp, in which, sysceptibility measurements or reductive titration experi-
in the absence of adventitious iron, 50% of the T1 copper ments. A few samples (for example, the Q-band EPR samples
reappears within 20 ms and the other 50% does not reappeagnd some of the XAS samples) also contained a 50-fold
for >20 h @6, 27). In our previous study of human Cp, we excess of [Fe(CN)®"; these samples showed no differences
found that the apparent discrepancy between the crystal-as compared to those oxidized with,® alone. Protein
lographic results and the earlier spectroscopic results wasconcentrations were in the range of 0-210 mM for most
because of the presence of reduced copper. In human Cmbsorption and EPR measurements; for XAS, SQUID,
isolated by the rapid one-step meth@d)( two of the six Q-band EPR, and MCD experiments, protein concentrations
copper ions are reduced: one reducing equivalent is associwere typically 0.11.0 mM. All samples for all experiments
ated with the reduced, redox-inactive T1 copper, while the were run in 0.2 M potassium phosphate buffer, pH 7.0, except
other is distributed among the redox-active T1, T2, and T3 for samples prepared for SQUID susceptibility. Since potas-
copper sites in an approximate ratio of 0.5:0.3:0.2; this latter sium phosphate buffer contains unacceptable levels of ferric
equivalent could be oxidized by,B,. We have performed  impurities, Cp samples for SQUID susceptibility were
a parallel study on chicken Cp, again focusing on two exchanged into deuterated 0.1 M MOPS buffer, pD 7.0. Cp
different forms of the enzyme, a “resting” form, which is samples in MOPS buffer showed no differences from those
the enzyme as isolated by the rapid one-step method, and an phosphate buffer, except for slight differences in the EPR
“peroxide-oxidized” form, which is the resting form treated line widths.
with a 20-30-fold excess of kD, for 1—3 h? We have used Absorption spectra were recorded on a Hewlett-Packard
copper K-edge X-ray absorption spectroscopy (XAS), ab- HP8452A diode array spectrophotometer in a 1-cm path
sorption, and EPR at liquid nitrogen temperature to quantitate length cuvette. X- and Q-band EPR spectra were obtained
the amount of reduced copper and determine its distribution, with a Bruker ER 220-D-SRC spectrometer. For X-band
and we have used Curie slope SQUID magnetic susceptibil-EPR, sample temperatures were maintained at 77 K with a
ity, EPR at liquid helium temperature, and magnetic circular liquid nitrogen finger dewar or at8 K with an Air Products
dichroism (MCD) spectroscopy to probe the coupling in the Helitran LTR. For Q-band EPR, sample temperatures were
trinuclear cluster. maintained at 98 K with a nitrogen flow system. EPR spectra
were spin-quantitated by comparison with a 1.0 mM aqueous
2Some samples were additionally reacted with a 50-fold excess of copper standard run in the same tube as the sample where

[Fe(CNY]*~; these samples showed no differences as compared to thoseposs_ible 80). EPR spectra were sim_ulated by use of SIM15,
oxidized with HO, alone. obtained from the Quantum Chemistry Program Exchange
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and modified to allow for anisotropic line widths. MCD R L L

spectra were obtained in the WWisible region with a Jasco 121
J-500-C spectropolarimeter, operating with an S-20 photo- i
multiplier tube, and in the near-IR region with a Jasco 10
J-200-D spectropolarimeter and a liquid nitrogen-cooled InSb g

detector. MCD spectra were obtained by use of a sample & os [
cell consisting of two quartz disks Wwita 3 mmrubber spacer. 2 I
All protein samples contained approximately 60 vol % < o6l
glycerol, to form an optical-quality glass upon freezing. The & [
data were corrected for zero-field baseline effects induced g 04 L
by cracks in the glass by subtracting the corresponding 0 T 2 i
scan. oz b

XAS data were measured at the Stanford Synchrotron

Radiation Laboratory on unfocused 8-pole wiggler beamline
7-3 under dedicated conditions (3.0 GeV,-6M0 mA).
Monochromatic radiation was obtained from a Si(220)
double-crystal monochromator, which was detuned 50% for
harmonic rejection. The beam height was defined to be 1 FIGURE 1: Normalized copper K-edge XAS of the fully oxidized
model spectrum-), peroxide-oxidized chicken Cp-¢:-—), resting

mm. The fluorescence signals were measured with an argon- - en Cp €+—) and reduced chicken Cp (- --). Inset. Renor-

filled ionization chamber detector equipped with Soller slits  ,5ji7eq XAS of the reduced T2 copper site generated by subtraction
and a Ni filter @1, 32). Internal energy calibration was of the oxidized T1Hg laccase XAS and two oxidized piastocyanin
performed by simultaneous measurement of the absorptionedges from the peroxide-oxidized chicken Cp XAS){ the
of a copper foil placed between the second and third normalized XAS of known two-coordinate ([Cu(1,2-Mel})Fs)
ionization chambers. The first inflection point of the copper ((:0 ordi%éttgreCeu-E;I())o(r[(é;\ﬂ?&%&?Cﬁcﬁgg&)( . )) Egi‘g Sfog:é
foil spectrum was assigned to 8980.3 eV. The samples wereghown for comparison.
loaded into 2 mm Lucite XAS cells with 63,8m Mylar )
windows, frozen immediately, and kept under liquid nitrogen ©f reductant solution and transferresla 1 cmpath length
prior to measurements. The samples were maintained at s@naerobic cuvette with a Teflon stopcock. Absorption spectra
constant temperature of 10 K throughout the measurements/Vere taken at room temperature after allowing sufficient time
by an Oxford Instruments CF1208 continuous-flow liquid for complete reaction (generally about 15 min). This
helium cryostat. The data represent an average of four scan®rocedure was then repeated with a fresh 2D@liquot of
for each Cp sample. protein and 2 electrpn equiv of reductant solution, then again
Magnetic susceptibility data were taken on a Quantum for 3 electron equiv, and so on up to 7 electron equiv.
Design model MPMS SQUID magnetometer. A palladium S!mulat|ons of the reductive titration data were performed
standard was used as a calibrant. Protein samples were loade¥ith Excel (Microsoft) and Mathcad (Mathsoft).
in polycarbonate capsules sealed with a drop of acetone aanESULTS
with a small hole in the top in order to flush the space above
the sample. These were then loaded into a plastic drinking (l) Quantitation of Cu(l) by XAS, Absorption, and EPR
straw attached to the end of the magnetometer drive rod.To directly quantitate the amount of reduced copper in
Samples were evacuated and flushed with helium gas anddifferent samples of chicken Cp, we used copper K-edge
then loaded into the probe maintained at 10 K. After loading, XAS. Cu(l) exhibits an intense feature #8984 eV in the
the samples were heated to 125 K and maintained at thatX-ray absorption spectrum, corresponding to an electric
temperature for 10 min to removed any condensed oxygen.dipole-allowed 1s— 4p transition 84). The intensity of this
Susceptibility data were collected versug il the temper- feature relative to the normalized Cu K-edge can be used to
ature range of 5.25115 K and at a field of 3.5 T. Sample quantitate the amount of Cu(l), and the shape can give
volumes were 15@L. To account for trace metal impurities  information about the coordination number of a Cu(l) site.
and other extraneous paramagnetic signals, a blank sampl&he XAS spectra for three different samples of chicken Cp
of either buffer or bovine serum albumin (BSA) at the same are shown in Figure 1. Reduced chicken Cp (generated by
mg mL™! concentration in the same buffer was run and addition of~100-fold excess ascorbate) showed a complete
subtracted from the data. All samples were degassed byloss of the absorption features at 330 and 610 nm and no

0.0 [ossogamues® Energy (eV) R
T S S TR

8970 8980 8990 9000 9010 9020
Energy (eV)

pump-purging at-0 °C under argon. EPR signal and, as expected, the XAS exhibits a large feature
Relative reduction potentials of the copper sites were at 8983 eV. The resting sample also shows significant
determined by the reductive titration meth@B), A ~50 intensity at 8983 eV, indicating the presence of a substantial

uM solution of chicken Cp in 0.2 M potassium phosphate amount of reduced copper. The XAS spectrum of peroxide-
buffer at pH 7.0 was degassed by pump-purging &CO0 oxidized Cp (Figure 1) does not show any residual intensity
under argon and brought into an anaerobic wet box. A stock at 8983 eV, indicating that all of the copper is oxidized. In
solution of reductant, Fe(NhL(SOy).:6H,0, was prepared  our previous studie®@), to quantitate the amount of reduced
in the box with water that was previously degassed by copper in resting and peroxide-oxidized human Cp a fully
multiple freeze-pump-thaw cycles. Both the protein solu-  oxidized reference spectrum was constructed with the XAS
tion and the reductant solution were kept cold until use. A of T1Hg derivative of laccase, in which the type 1 copper is
200 uL aliquot of the protein solution was mixed with 1  replaced with mercury leaving just the oxidized trinuclear
electron equiv (assuming 6 coppers per protein molecule) cluster (L0), and the XAS of oxidized plastocyaniBg), a
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Ficure 2: (A) Absorption spectra of resting=) and peroxide-
oxidized (- - -) chicken Cp. (B) EPR spectra of resting) (and
peroxide-oxidized (---) chicken Cp. Experimental conditions:
temperature, 77 K; microwave frequency, 9.5085 GHz; microwave
power, 20 mW; modulation amplitude, 16 G; modulation frequency,
100 kHz; time constant, 0.5 s.

Table 1: Quantitation of Reduced Copper, Paramagnetic Copper,
and Absorption Intensities in Resting and Oxidized Chicken Cp

method resting oxidized
% reduced Cu by XAS 19.25.0 0+5.0
% paramagnetic Cu by EPR 48175.6 53.7+ 5.3
% paramagnetic Cu by magnetic ~ 61.2+ 7.0 72.5+ 6.0
susceptibility
Molar absorptivity at 610 (M*cm™%) 12270+ 560 12 930+ 810
Molar absorptivity at 330 (M* cm™) 4600+ 330 51104 220

Machonkin et al.

peroxide, which appears to correlate with the appearance of
a small amount of radical signal in the EPR spectrum of the
peroxide-oxidized form (vide infra). Note that the ratio of
the blue band relative to the 330 and 280 nm bands differs
in peroxide-oxidized chicken Cp compared to human Cp.
In oxidized chicken Cp, the 604/280 ratio is 0.064 and the
330/604 ratio is 0.40, while in oxidized human Cp, the 610/
280 ratio is 0.045 and the 330/610 ratio is 0.52. From the
change in band intensities upon oxidation with peroxide, one
can obtain an upper limit on the amount of reduced T3 and
T1 copper present in resting chicken Cg13% of the T3
copper and<7% of the T1 copper.

The X-band EPR spectra of resting and peroxide-oxidized
chicken Cp at 77 K are shown in Figure 2B. As previously
reported R4), the resting chicken Cp spectrum clearly shows
the contribution from at least two different T1 copper sites,
while the T2 copper signal normally present in all multi-
copper oxidases is essentially absent, except for trace
guantities of adventitious copper. A small amount of radical
signal is also clearly present in the peroxide-oxidized sample,
the intensity of which was variable and could be reduced by
Centricon dialysis, passage of the protein through a G-25
column, or storage for about a day at@. The ratio of the
low-field hyperfine lines from the different T1 copper centers
in oxidized chicken Cp is about 1:3, considerably different
from the 1:1.5 ratio seen in human Cp. The amount of
paramagnetic copper in resting and peroxide-oxidized chicken
Cp was determined by double integration of the X-band
spectra relative to a copper standard. From this, the fraction
of copper that is paramagnetic by EPR is 48.795.6% in
resting chicken Cp and 53.7% 5.3% in the peroxide-
oxidized form (Table 1).

The XAS of resting chicken Cp indicates that 19.2% of
the copper is reduced. Yet, the absorption data shows that
no more than 13% of the T3 copper is reduced, and both
the absorption and EPR data shows that abeut% of the
T1 copper is reduced, accounting for substantially less than
the amount of reduced copper seen by XAS. The fact that
chicken Cp has oxidase activity provides firm evidence that
it contains an intact T2/T3 trinuclear cluster; therefore, the
reduced copper seen in the XAS of resting chicken Cp must
be the T2 copper site. This explains why the EPR spectrum
of resting chicken Cp lacks any features from a T2 copper

blue copper protein, weighted and normalized to one oxidized site: this site is completely reduced. One would expect that,
trinuclear cluster and three oxidized blue copper sites. This upon oxidation, a normal T2 copper EPR signal should

is shown for comparison in Figure 1. The XAS of peroxide-
oxidized chicken Cp essentially overlays the constructed fully
oxidized spectrum, confirming that in peroxide-oxidized
chicken Cp all of the copper sites are oxidized. The intensity

appear; as seen in Figure 2B, this does not happen. A possible
reason for this will be addressed below.

We can estimate the XAS K-edge spectrum of the reduced
T2 copper site by subtraction of the fully oxidized model

difference at 8983 eV between the model spectrum and fully spectrum from the resting chicken Cp data (Figure 1, inset).
reduced chicken Cp was used to quantitate the amount ofThe shape and intensity of the peak at 8983 eV can be used

reduced copper in the resting and peroxide-oxidized forms.

From this, 0%+t 5.0% of the copper is reduced in peroxide-
oxidized chicken Cp and 19.2% 5.0% is reduced in the
resting enzyme (Table 1).

to probe the coordination number of a Cu(l) site. Two-
coordinate Cu(l) has a peak maximum at 8983.9.3 eV
and an normalized amplitude of 1.880.10, three-coordinate
Cu(l) has a maximum at 89835 0.4 eV and an amplitude

Representative absorption spectra of resting and peroxide-of 0.63 £ 0.05, and four-coordinate Cu(l) has a maximum

oxidized chicken Cp are shown in Figure 2A. The molar
absorptivities of the 330 and 604 nm bands are 46(8B0
and 12 270k 560 M~ cm?, respectively, in resting chicken
Cp and 5110+ 220 and 129304+ 810 Mt cm™ in
peroxide-oxidized chicken Cp (Table 1). A small increase

at 8985.5+ 0.8 eV and an amplitude of 0.72 0.06. The
8983 eV feature of the difference spectrum (Figure 1, insert)
indicates that this Cu(l) is best described as intermediate
between two- and three-coordinagl), consistent with the
crystal structure of the T2 copper center in reduced ascorbate

in intensity at about 412 nm also appears upon addition of oxidase.
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Table 2: EPR Simulation Parameters of Chicken Cp at X- and Q-band Frequencies

gvalue Avalue (G) Line width, X-band (G) Line width, Q-band (G)
Cu site [o N Ox Oy A A A L, Lx Ly L, Lx Ly
T1A 2.2600 2.0570 2.0385 64.0 9.5 9.5 30.0 325 325 52.5 46.0 39.0
T1B 2.2280 2.0570 2.0385 66.0 9.5 9.5 27.0 325 325 475 46.0 39.0
TiC 2.2205 2.0570 2.0385 74.0 9.5 9.5 27.0 325 325 475 46.0 39.0

Previous work indicated that chicken Cp contains 5
coppers per molecule and the copper stoichiometry was
assigned as two T1 sites and a trinuclear cluster, which was
assumed to be fully oxidized24). The EPR spectrum
guantitated to 50% of the total copper content, i.e., 2.5
paramagnetic copper sites per molecule. A nonintegral
number of paramagnetic copper sites was explained by the
presence of magnetic interactions between the T2 and T3
coppers leading to a broad, unresolved EPR signal that
quantitated to less than 1 copper per molecule. We have now
shown that in resting chicken Cp, the T1 copper sites are
nearly fully oxidized and the T2 copper center is reduced, 2800 3000 3200
thus, the EPR spectrum should correspond to an integral Field (G)
number of copper sites. This would argue in favor of a copper
stoichiometry of 3 T1 copper sites out of 6 total coppers per ——— T
molecule, rather than 2 T1 sites out of 5 coppers per
molecule, which is also consistent with the higher copper
content reported herein (5.65 coppers per molecule). An
unambiguous determination of the copper stoichiometry
requires a precise molecule weight, which is not presently
available.

The experimental X-band at 77 K and Q-band at 96 K
EPR spectra of peroxide-oxidized chicken Cp are shown in
Figure 3, panels A and B, respectively. These spectra were
simulated in order to obtain a reasonable estimate of the spin
Hamiltonian parameters for the different T1 copper sites.

3600

Adequate simulations were obtained with three T1 copper 10000 10500 Field (G)

sites with equal double integrated intensities (i.e., equal

11000

11500

12000 12500

; ; ; IGURE 3: Experimental ) and simulated (- - -) EPR spectra of
amounts) but different parameters, as listed in Table 2. Severeg eroxide-oxidized chicken Cp at (A) X-band (temperature, 77 K:

spectral overlap from the three different copper sites microwave frequency, 9.508 GHz) and (B) Q-band (temperature,
precludes unambiguous determination all of the parametersgog K; microwave frequency, 34.08 GHz). Other experimental
in thegs region; however, the Q-band spectrum clearly shows conditions: microwave power, 20 mW; modulation amplitude, 16

a splitting in thegy region, indicating either the presence of G; modulation frequency, 100 kHz; time constant, 0.5 s. Spin
at least two axial copper sites with significantly different Hamiltonian parameters from the simulations are listed in Table 2.
values or at least one copper site that is significantly rhombic. susceptibility versus T/ corresponds to the percent of the
While both possibilities gave reasonable simulations of the copper that is paramagnetiS & %,) multiplied by the
Q-band data, the latter better reproduced the shape afithe theoretical CurieWeiss constant for one Cu(ll), which in
region in the X-band spectrum; for simplicity, we have this case was calculated withgg, of 2.1106 derived from
chosen to model all three copper sites as rhomgic{ gy| theg values determined by EPR simulation (vide infra). The
= 0.0185) with identical parameters in this region. One could Curie slope SQUID magnetic susceptibility data for resting
also simulate the spectra with two T1 copper sites of equal and peroxide-oxidized chicken Cp are shown in Figure 4,
amounts; however, to obtain the proper ratio of the T1 copper along with theoretical lines calculated for two, three, four,
low-field hyperfine lines, the line width in thg, region of and five paramagnetic copper sites out of six for comparison.
one of the sites needed to be 1.75 times larger than the otherThe y-intercept corresponds to the diamagnetic correction
From a combination of the X-band and Q-band EPR data, and was set equal to zero. The error bars show the standard
the upper limit for the parallel hyperfine value of any of the deviation in the slope of the experimental data. From the
copper sites is~78 G, which is well below what is seen for  slope of the lines of best fit, 61.2% 7.0% of the copper in
the fungal laccases and Fet3 protely € 85—95 G). The the resting enzyme is paramagnetic by SQUID magnetic
significance of this result will be discussed below. susceptibility, while in the peroxide-oxidized chicken Cp,
(1) Spectroscopic and Magnetic Probes of the T2 Copper 72.5%+ 6.0% of the copper is paramagnetic (Table 1). There
Center SQUID magnetic susceptibility is a bulk technique was no evidence for the population of a spin quartet state
for the quantitation of paramagnetic centers. Since it is not within the temperature range used in these experiments
affected by relaxation properties, it can detect paramagnetic(5.25-115 K). These results differ from the amount of
sites that may not appear in EPR. The slope of the magneticparamagnetic copper that was determined by EPR quanti-
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Ficure 4: Per-copper molar magnetic susceptibility data for resting
(m) and peroxide-oxidized®) chicken Cp, along with the least-
squares lines of best fitf), error bars at 1 standard deviation unit,
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sites out of six total copper sites per molecule (- - -). Field (G)
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of paramagnetic copper detected by SQUID magnetic € o6k g i i C% g E
susceptibility between the resting and oxidized forms of g_OBE_ ’ :553: ifsh.l' E
chicken Cp: about 11% of the copper became paramagnetic & _ i :gé : ) 3
upon oxidation. This contrasts with the results previously 310 R
obtained on human Cp, in which there was good agreement ' 3 8l X
between the amount of paramagnetic copper detected by EPR '1'4;" R §
. T . . < 16k n.%
and magnetic susceptibility: both techniques showed that o F -
12% of the copper became paramagnetic upon oxida2i#)n ( -1 1858 Y ST 20 a8
This indicates that some fraction of copper in peroxide- Log Microwave Power (LW)
oxidized chicken Cp is paramagnetic wigh= %/, but not Ficure 5. (A) EPR spectra of resting«) and peroxide-oxidized
observed in the EPR spectrum at 77 K. (- - -) chicken Cp at three different microwave powers: 202 mw,

; - .3.1 mW, and 5.0uW (scaled by a factor of 5). Experimental
From the above data, we have established the following: conditions: temperature;8 K; microwave frequency, 9.5115 GHz;

(1) the T2 copper site in chicken Cp is reduced in the resting mogulation amplitude, 20 G; modulation frequency, 100 kHz; time
form, (2) upon oxidation, it does not appear in the EPR constant, 1.0 s. (B) Difference spectra of peroxide-oxidized minus
spectrum at 77 K, and (3) it does contribute to the total resting chicken Cp at 201, 101, 31, 10.1, and 3.1 mW of microwave

amount of paramagnetic copper seen by magnetic suscepPOWer. (C)I '_j‘:""er.t.satwatioq. C“r"ﬁslzae réfortttr;]e ?o”rma_lize? "
T . . . . _ signal Intensites In resting chicken Cp a € 1ollowing Tie
tibility. We pursued EPR studies at liquid helium tempera values: 2910 G@®), 2950 G @), 2980 G @), 3020 G @), and

tures in order to see if the T2 copper signal could be observeds3zsg G ). These field positions are denoted in panel A with
only at lower temperatures due to a fast relaxation rate. arrows. The power saturation curves for peroxide-oxidized chicken
Figure 5A shows the EPR spectra of resting and oxidized Cp at the %arlnel;igweeossgii&gsﬁg;egsgnggtdKV\%? ttrf]l: g%é?:ﬁggding

: ; open symbols.
ggglﬁc\/cﬁ f tmiiNte;nnpderSaﬁt)lU\? (gzgggrgilr:%;ﬂgr %?%)aéf EPR spectra (normalized intensity) at 32309 @nd at 3310 G

. 19 ' . - ) : (+). These field positions are denoted in panel B with arrows.
microwave power. The parallel hyperfine lines in the
spectrum (field positions 0f~2950 and 3020 G), which  power than the T1 copper sites (Figure 5C). To obtain the
correspond to copper sites T1B and C from the EPR spin concentration of the new feature that appears in
simulations above, saturate more easily than the low-field difference spectra, we double-integrated it at high power and
shoulder £2910 G) and the troughs in tlggregion (~2980 back-extrapolated to low power from the shape of the
G), which correspond to the T1A copper site, as also microwave power saturation curve, yielding a rough estimate
observed in the plot of the power saturation behavior (Figure for the spin concentration of the new isotropic signal of 0.5
5C). Thus, at least two of the T1 copper sites have Cu.
significantly different relaxation properties. Upon oxidation, Magnetic circular dichroism (MCD) spectroscopy provides
all of the features of the T1 copper saturate slightly more another probe of paramagnetic metal sites which may be
easily than in the resting samples. Importantly, oxidation of difficult to observe by EPR because of fast relaxation. Since
the enzyme causes the appearance of a new, broad featurenly a negligible amount of T1 copper is oxidized upon
that grows in at higher power, which was not observed at addition of HO; to resting chicken Cp, the only significant
77 K. The difference spectra of the oxidized minus resting new features to appear in the MCD spectrum should arise
samples taken at each microwave power show the appearancéom the T2 copper. The MCD spectra of resting and
of a broad, nearly isotropic signal centered at2.07 (Figure oxidized chicken Cpt5 K and 7 T are shown in Figure
5B), which saturates much less readily at high microwave 6A. The MCD spectrum of resting chicken Cp exhibits the
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(38) and in ascorbate oxidasé", in which fluoride binding
induces a dramatic decrease in the MCD intensities of the
ligand-field transitions of the T2 site, particularly the one at
about 14 000 cmt. We have now extended these results to
human and chicken Cp. Peroxide-oxidized human Cp was
incubated for at least 24 h at’€ with 20 equiv of fluoride.
_ The EPR spectrum clearly showed the superhyperfine
-30F ] splitting of the T2 copper low-field hyperfine line due to
r \ f ] fluoride binding, as previously reported(, 42). The MCD
40¢ v ] spectra 85 K and 7 T ofoxidized human Cp, oxidized
: Y ] human Cp plus 20 equiv of fluoride, and the difference
S0, ey H H HRH
32000 28000 24000 20000 16000 {2606 5000 spectrum are shown in Figure 6B. The spectrum of oxidized
Energy (cm-1) human Cp is again dominated by the spectral features of the
two redox-active T1 copper sites, with ligand-field transitions
W e at 14 500 ), 12 900 @), and 11 500 cmt* (—) and a weak
; B m J ] charge-transfer band at 22 000 ¢nt—). Addition of fluoride
e TS ] perturbs the intense negative band at 14 500'camd the
W ]I weaker, lower energy bands. These changes are seen in the

10r

of
-10F

-20F

Ag (M-1cm-1 T-1)

difference spectrum, which shows the appearance of two
positive features at 14 700 and 12 2007¢éyi.e., as previ-
ously observed in other multicopper oxidases, binding of
fluoride decreases the intensity of the T2 copper MCD bands,
] causing these two negative bands to appear as positive
] features in the difference spectrum. Thus, the energy and
] intensity of the ligand field transitions of the oxidized T2
site in human Cp are similar to those in plant laccase and
ascorbate oxidase. We then performed a parallel series of
i ) experiments on oxidized chicken Cp in order to determine
FIGURE6: (A) MCD spectra of chicken Cpt& Kand 7 T: resting ¢ yhis ynusual T2 site also bound fluoride. From both the
(—), peroxide-oxidized<-—), peroxide-oxidized with 20 equiv of
fluoride (—-+-—), and the difference spectrum of oxidized minus X-Pand EPR at 77 K (data not shown) and the MCD
resting (---). An asterisk denotes a trace amount of a heme spectrum &5 K and 7 T (Figure 6A), incubation with 20
impurity. (B) MCD spectra of peroxide-oxidized human Cp without equiv of fluoride for at least 24 h at 4C has no effect. Up
(—) and with (--—) 20 equiv of fluoride, and the difference o 80 equiv of fluoride also has no effect on the EPR
spectrum of with minus without fluoride (- - -x& K and 7 T. spectrum. These results indicate that the unusual T2 copper
usual features associated with T1 copper, as seen previouslgite in chicken Cp does not bind fluoride, in contrast to all
in plastocyanin36) and ascorbate oxidasg@?: an intense  of the other multicopper oxidases including human Cp.
negative band at 14 500 cth(dy,,, — de - ), a weaker (1) Thermodynamics and Kinetics of Electron Distribu-
negative band at 11 700 ci(dyy, — di - ?), and a weak  tion in Chicken Cp From a combination of XAS, absorption,
band at 22 100 cmt (Npis — Cu de - 2). Upon oxidation, and EPR, we have determined that in resting chicken Cp,
the features at 14 500 and 11 700 érbecome significantly ~ the T2 copper is completely reduced, while only small
more intense. The difference spectrum (Figure 6A) shows amounts of the remaining copper sites are reduced. Overall,
negative bands at 14 800 and 11 000 &mwhich must be about 1.2 coppers out of 6 are reduced in the resting enzyme.
dominantly from T2 copper ligand field transitions. The To understand the origin of this redox distribution, we have
energies and intensities of these new bands are very similamperformed reductive titrations of the peroxide-oxidized
to the features previously assigned to T2 copper: the MCD enzyme to probe the relative reduction potentials of the
spectrum of the T1 mercury derivative (T1Hg) of plant copper centers, and we have examined the reoxidation
laccase exhibits ligand-field transitions at 18 46Q,(14 100 behavior of the copper sites.
(), 12 100 &), and 9400 cm* (+) (38, 39), and ascorbate Reductive titrations allow one to determine the equilibrium
oxidase has a negative band at 13 700 tfhe ~ 7 M1 electron distribution in systems with multiple redox centers,
cm 1 T-1), which was shown to be a T2 copper ligand field such as the multicopper oxidases. In this metimoetjuiv of
transition by use of the perturbation induced upon fluoride a sufficiently powerful reductant is added to a protein sample.
binding (vide infra) 87). Thus, the appearance of these new After enough time is allowed to reach equilibrium, the
bands in the MCD spectrum is consistent with the appearancefraction of each redox center that is reduced is quantitated
of a fully oxidized T2 copper site. on the basis of the change in an associated spectroscopic
In fungal laccase, plant laccase, ascorbate oxidase, andeature. This is repeated, varying the amount of reductant.
human Cp it was previously found that two fluoride ions The resulting curves are then fit to a series of coupled Nernst
bind selectively to the T2 copper site, one with high affinity equations, which gives the relative potentials of the redox
and one with low affinity 40—42). This is seen by EPR, in  sites. In this case, Fe(ll) was used as the reductant, since it
which fluoride-binding induces a superhyperfine splitting of rapidly reduces the copper in Cp. No precipitation of Fe-
about 50x 10~4 cmtin the low-field hyperfine line of the  (lll) was observed, despite the use of pH 7.0 phosphate
T2 copper. This perturbation of the T2 copper site has also buffer. This is likely due to the low concentration of iron
been seen by MCD in nativéd) and T1Hg plant laccase used and the binding of the Fe(lll) by the protein. The

As (M-1cm-1 T-1)

P R R HF U I SR RPNV SR
32000 28000 24000 20000 16000 12000 8000
Energy (cm™)

-40
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T B S monds) is thermodynamically the easiest to reduce, i.e., it

" ] has the highest reduction potential. Quantitation of the

3-0': ] relative redox potentials of the copper sites was obtained
o5k ] from the fits to the data (solid lines, Figure 7). In these

r ] simulations, a number of assumptions are made: (1) the T3

S 20 ] site behaves strictly as a two-electron oxidant, and (2) the

3 - ] potential of any one copper site is not affected by the redox
S 1] 3 state of any of the other copper sites nor by the binding of
é 5 ] Fe(ll) or Fe(lll) to the protein. We obtain the best fit to the
3 108 ] data with the potential of the T2 site about 85 mV higher

than the other sites. All of the other sites appear to have
similar potentials; the best fit has the T3 site with a potential
about 12 mV higher than the T1 sites. The T1 sites were all
‘ ] fit with the same potential. While this is an oversimplifica-
VY] SENEIS S R S S W S S tion, it appears from fits to the data that the T1 copper centers

0 1 2 3 4 5 6 7 . . . L
Equivalents of Fe(ll gg n:\(;; have dramatically different potentials (within

05f

0.0f

Ficure 7: Anaerobic reductive titration of peroxide-oxidized ; it ; ;
chicken Cp with Fe(ll) as the reductant. The number of oxidized We examined the reoxidation by dioxygen of chicken Cp

T1 coppers M) was quantitated from the absorption intensity at '€duced with 6 equiv of Fe(ll) and found results consistent
604 nm; the number of oxidized T3 copp®)(was quantitated by ~ With those previously reported with ascorbate as the reductant
using the absorption intensity at 330 or 360 nm (see text for details); (24): the 330 nm band and approximately 67% of the blue
the number of oxidized T2 copper®) was quantitated based upon phand returns quickly (less than 30 s), and although the
B e e e et afemaining 23% returms more sowy, al o i eappears. Thi
titration data using a different batch of protein. Solid lines were Provides a basis for understanding the redox distribution
calculated from a set of coupled Nernst equations incorporating observed in resting chicken Cp. Upon reoxidation by
the differences in reduction potentials among the different copper dioxygen, four of the copper sites are oxidized, presumably
sites. one T1 copper and the trinuclear copper cluster from analogy
presence of soluble Fe(lll) species was evident from the to laccase. Reestablishment of redox equilibrium among the
presence of an Fe(lll) charge-transfer band at 310 nm and acopper sites would lead to rereduction of the T2 copper site
g = 4.3 signal in the EPR spectrum. Tight binding of Fe- and therefore one reducing equiv distributed among the three
(1) has previously been observed in human @g)( The T1 copper sites, corresponding to what is initially observed
number of oxidized T1 copper sites (assuming three total) by absorption spectroscopy. Over time, the remaining T1
was quantitated from the difference in the intensity of the copper is oxidized by outer-sphere oxidation with dioxygen,
604 nm absorption band relative to that in the fully oxidized which is more rapid than that seen in human Cp. This would
and fully reduced forms. In principle, the number of T3 vyield the redox distribution found in the resting form of the
coppers could be quantitated from the change in intensity enzyme.

of the 330 nm absorption band; however, the Fe(lll) charge-

transfer band interfered with direct measurement of the 330 PDISCUSSION

nm band. Two strategies were adopted to quantitate the Our results provide new insight into the copper and redox

amount of reduced T3 copper: either the intensity of the qqiohigmetry of chicken Cp, which shows a number of key
low-energy tail of the T3 copper band was measured (360 yiterences relative to human Cp. XAS, absorption, and EPR
nm), or after reduction, the sample was exposed to air. SinCegp oy that all of the copper sites are oxidized in peroxide-

the 330 nm band completely returns rapidly upon exposure oyidized chicken Cp and that the T2 copper center is reduced
to dioxygen (vide infra), the difference in intensity between ;, ihe resting enzyme. In human Cp, one of the T1 copper
the redu_ced and_re_oxidized samples at 330 or 360 nm yieldsgjieg (likely the one in domain two, which lacks an axial
the fraction of oxidized T3 copper. These two methods gave methionine ligand) is reduced and cannot be oxidized due
similar results. The fraction of reduced T2 copper was at |east in part to a high redox potenti&@3f, and one
calculated from the difference between the amount of gqgitional reducing equiv in the resting enzyme is distributed
reductant added and the amount of T1 and T3 coppermostly on the two redox-active T1 copper sites. In the initial
reduced. Addition Of?eqUiV of FE(”) y|6|ded an absorption report on the isolation of chicken Cp, the enzyme was
spectrum identical to that of the sample reduced with only 6 proposed to contain five copper sites; however, now that the
equiv of Fe(ll), including the intensity of the Fe(lll) charge- T2 copper site is found to be reduced in the resting enzyme,
transfer bands. This confirms (1) the potential of the Fe(ll)/ an alternate interpretation yields a copper content of six
(1) couple is much lower than that of any of the copper copper sites per molecule: three T1 sites and a T2/T3
sites and (2) all of the copper sites were reduced upon thetrinuclear cluster. This proposal is in keeping with the copper
addition of 6 equiv of Fe(ll), including copper sites that might content of human Cp, with the crucial difference that in
lack intense absorption bands. The results of two separatechicken Cp all of the T1 copper is redox-active. Indeed, the
reductive titration experiments (closed and open symbols) reductive titration experiments indicate that all of the T1
on peroxide-oxidized chicken Cp are shown in Figure 7. copper sites in chicken Cp have similar potentials. Insight
From these data, it is clear that little of the T1 (squares) and into the reason for this difference is obtained from examina-
T3 copper (circles) is reduced upon addition of the firs21 tion of the EPR simulation parameters. The best simulation
equiv of reductant. This implies that the T2 copper (dia- (assuming six coppers per molecule) was obtained with three
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T1 copper sites with parallel hyperfine values of 64, 66, and In resting chicken Cp, 1.2 out of the 6 coppers are
74 G. “Classical” blue copper sites with Cys-His-His-Met reduced: all of the T2 copper is reduced, and most of the
ligation (plastocyanin, the T1 copper site in ascorbate remaining 0.2 reducing equivalent is distributed on the T3
oxidase, and the two redox-active T1 copper sites in humansite. In contrast, resting human Cp contains one extra
Cp) all have parallel hyperfine values of 336 G (1, 44), reducing equiv in addition to the T1PR site, which is
while known redox-active three-coordinate T1 copper sites distributed among the T1, T2, and T3 sites in the ratio of
in which the axial methionine ligand has been replaced in roughly 0.5:0.3:0.2. Two factors contribute to this differ-
the amino acid sequence with either a leucine or a pheny-ence: the relative redox potentials of the copper sites and
lalanine (the fungal laccases and FET3) have parallel the rate at which the T1 sites are reoxidized by dioxygen in
hyperfine values of 8595 G (1, 3, 4). A copper site in an outer-sphere process. In the case of the T1 copper sites
chicken Cp with such a large parallel hyperfine value can jn human Cp, the outer-sphere oxidation rate appears to be
be ruled out by a combination of the X-band and Q-band sjow, since upon reduction of the fully oxidized form and
EPR data. The permanently reduced T1 site (T1PR) in reoxidation with dioxygen only about 50% of the blue band
dom&.l.in 2 in humar-] Cp -iS three-coprdinate and. lacks an axial reappears; the rest does not reoxidize for many h(ﬂﬁ’s (
methionine. Thus, in chicken Cp either copper is absent from 27 3 Therefore, the redox distribution roughly correlates with
this site or_thls site contains qredox-actlve T1 copper V\{|th the relative redox potentials. In chicken Cp, we have
a methionine or other axial ligand. The lack of an axial measured the relative potentials of the copper sites and find
methionine ligand correlates with a higher redox potential it indeed, the potential of the T2 site is higher than that
in T1 copper sites, as has been seen experimentally inqt the other sites, in keeping with the fact that it is reduced
mutagenesis experiments on azudg)(@nd in many of the  j, the resting form. The difference in the relative redox
fungal laccasesig, 47). Other factors, such as the orientation - ,entials of the copper sites in human vs chicken Cp could
of amlde dlpoles.and solyent acceSSIbll[ty, could also efiect the different geometric and electronic structure of the
contribute to the difference in redox potential between the i cjear cluster due to coupling between the T2 and T3
Tl site In domain two in human Cp and an analogous site copper sites in chicken Cp. However, chicken Cp differs from
in chicken Cp._ ) _ human in that all of the T1 upper is oxidized in the resting
Although oxidation of chicken Cp does not lead to the form and all of it reappears upon reduction and reoxidation,

appearance of T2 copper EPR features at 77 K, the fact thats implying a difference in the rate of outer-sphere
the enzyme is active, along with the appearance of an yyiqation.

additional paramagnetic species by SQUID magnetic sus-
ceptibility and MCD, provides direct evidence for a para- . . .
magnetic T2 copper center. The MCD of the oxidized minus QOmam two of hu_man Cp is not c_atalytlcally relevant t_)ecause
resting difference spectrum shows negative bands at 14 godt c@nnot be oxidized due to a high reduction potential. One

and 11 000 cm, which we have assigned as ligand field hypothesis for the existence of such a site is that it is an
transitions of the T2 copper, similar to other multicopper volutionary vestige, since the multicopper oxidases are

oxidases. However, this copper center displays two major believed to have arisen from the duplication of an ancest_ral
differences: a broad, featureless, nearly isotropic EPR featureP?!ue copper gene followed by loss of the blue copper site
centered ay ~ 2.07 at~8 K that is harder to saturate than from some domams, addmon of the trinuclear cluster, gnd
the T1 copper sites, and no evidence of fluoride binding to (for the other.mulucoppgr oxidases) Ioss_of whole domains
this site by either EPR or MCD. The existence of a fast- (51—54). Previously published data on Cp isolated fro_m cows
relaxing, featureless, nearly isotropic EPR signal can be (55, 56), sheep 7, 58), and dolphins §9) are consistent
accounted for by coupling of the T2 copper with the T3 With the copper stoichiometry of human Cp; i.e., they also
copper pair to yield a ne§ = ¥, ground state, as was contain a T1PR site. Spectroscopic data of Cp isolated from
originally postulated by Calabrese et @4). A model for ~turtles 60) and geese(l) more closely resembles that of
understanding the ground state electronic structure andchicken Cp; these likely also contain three redox-active T1
magnetic properties of an exchange-coupled copper trimersites. Thus, some of the properties of a functional T1 copper
in terms of a set of three exchange coupling constants hassite have been retained in the nonmammalian Cps (i.e.,
been previously presented@8). From this, it is possible for ~ physiologically accessible redox potential) but lost in the
an S = Y, copper trimer to have @ tensor with little mammalian Cps.

anisotropy and to have no discernible hyperfine splitting, in - |n summary, in chicken Cp all of the copper is redox-
contrast to the usual case for an isolated CU(”) ion. Likewise, active and all of the T1 copper sites are four-coordinate, in
the greater relaxation rate of such a species may arise fromgontrast to human Cp. The T2 copper site is present and is
the presence of an Orbach mechanism for relaxation due toparamagnetic in the oxidized form of the enzyme but can
the presence of an additionsl= Y/, excited state at low  only be observed in the EPR spectrum at liquid helium
energy. Exchange coupling between the T2 copper and attemperature because it is fast-relaxing and broad, which likely
least one of the T3 coppers |n'ch|.cken. Cp would require the (eflects the presence of coupling with the T3 copper pair
presence of an additional bridging ligand between these (24). It can be directly observed in the MCD spectrum, which

copper sites. Note that a broad, featureless, fast-relaxing EPRg not affected by relaxation properties. The spectroscopic
signal is observed in the native intermediate of laccd8 (

This signal has also been assigned as arising from an oxidized
copper trinuclear cluster with an additional ligand bridging 3 Note that when starting from the native form, in which much of

; e i J~iny the T1 copper is reduced, reduction and reoxidation again leads to much
between the T2 and T3 copper sites. An additional bridging of the T1 copper remaining reducetbj. Also, the addition of chloride

ligand would also provide a possible explanation for the lack 1o human Cp alters the kinetics of reoxidatidit); such an effect has
of fluoride binding. not been explored in chicken Cp.

In our previous work, we proposed that the T1 site in
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differences between human and chicken Cp in their resting
forms stem from differences in the relative redox potentials
of the copper sites and possibly from differences in the rate
of outer-sphere oxidation of the T1 sites by dioxygen. The
differences in the properties of the copper sites in human vs
chicken Cp seem to correlate with mammalian vs nonmam-
malian Cps, thus lending credence to the hypothesis of the
evolutionary origin of the six-domain structure and multiple
T1 copper sites in Cp50—53).
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