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Abstract: Ceruloplasmin is a multicopper oxidase that contains three type 1 Cu sites and a type 2/type 3
trinuclear Cu cluster. All other multicopper oxidases contain only one type 1 Cu and a trinuclear cluster. In
oxidized human ceruloplasmin, one type 1 Cu site is reduced and cannot be oxidized, at least in part due at
to a high reduction potential, which is not catalytically relevant. Here we have examined the thermodynamics
and kinetics of electron transfer among the five redox-active Cu sites to obtain insight into the molecular
mechanism of intramolecular electron transfer and the function of the additional, redox-active T1 Cu site. The
redox potentials of the Cu sites of human ceruloplasmin were determined by reductive and poised potential
titrations. In pH 7.0 phosphate buffer, the potentials of the type 1, type 2, and type 3 Cu sites are 448, 491,
and 415 mV, respectively. Clbinds to the trinuclear cluster and significantly increases the potentials of the
type 2 and type 3 Cu, indicating thatCis a physiologically relevant effector of the redox potentials of the

Cu sites. Reductive titrations monitored by EPR indicate that the redox potentials of the two redox-active type
1 Cu sites are the same. Upon reduction and reoxidation withh® trinuclear cluster and 50% of the redox-
active type 1 Cu are reoxidized. From EPR, this additional electron is distributed equally between the two
redox-active type 1 Cu sites. Rapid freezpiench EPR demonstrated that the rate of electron transfer between
the two T1 Cu sites is*150 s'1, which is faster than the rate of decay of the native intermediate state and
indicates that both sites may be catalytically relevant. After reoxidation, the additional electron does not transfer
to the trinuclear cluster. Addition of-12 equiv of Fe(ll) induces ET to the type 2 and T3 Cu sites, indicating
that the trinuclear cluster requires at least two electrons to be reduced. Kinetics of reduction of the oxidized
enzyme were also studied. Reduction of the type 1 and type 3 Cu sites is fast, while reduction of the type 2
Cu site is slow, indicating that the type 3 Cu pair is reduced by a reduced type 1 Cu and another Fe(ll). These
results provide new insight into the molecular mechanism of intramolecular electron transfer in ceruloplasmin.
Possible electron-transfer pathways among the Cu sites were examined, and the role of two functional type 1
Cu sites is discussed.

Introduction the lack of strong absorption bands and large parallel hyperfine
. . ) [Al = (158-201) x 104 cm™1], typical of tetragonal Cu(ll).
The multicopper oxidases are an important class of ENZYMeSThe 13 or coupled binuclear Cu site is characterized by an

found in bacteria, fungi, plants, and animals. The best studied . -
members of this class are plant laccase (Lc), fungal Lc, ascorbate'mense LMCT at~330 nm and the lack of an EPR signal due

. . . to strong isotropic exchange coupling mediated by a single
oxidase (AO), and mammalian ceruloplasmln (Cp). 'These hydroxide bridge. Together the T2 and T3 Cu sites form a
enzymes couple the four-electron reduction eft@water with trinuclear Cu cluster that is the site fop @duction*~7 Crystal
four sequential one-electron oxidations of substrate via a ping- ; oIL€ Top : y

. o structures now exist for the oxidizéand reduce®iforms of
pong mechanism and use three types of Cu sites: type 1 (T1), o .
L AO, a T2 Cu-depleted form of a fungal Bcand resting
type 2 (T2), and type 3 (T3.The T1 or blue Cu site is IR 11 )
. ; . oxidized® and metal4! organic substrate-, andsNbound
characterized by an intense ligand to metal charge-transferformslz of human C
(LMCT) band at ~600 nm and narrow parallel hyperfine 2 Allondort. M D.S'_ 5.3 Sol E Proc. Nail Acad. Sci
splitting [A; = (43—95) x 10~* cmY] in the electron para- U.é./)A.lgan: 32‘30'63'_’ pira, . 2, solomon, . firoce. Wt Acad. ¢t
magnetic resonance (EPR) spectrum, both of which originate  (5) Spira-Solomon, D. J.; Allendorf, M. D.; Solomon, EJl.Am. Chem.
from the highly covalent Cu,d-,2 Cys S p. bond?® The T1 Soc.1986 108 5318. _ _ _
Cu site in the multicopper oxidases functions in long-range J(%CO'E' J. L Tan, G. O.; Yang, E. K.; Hodgson, K. O.; Solomon, E.
. . J. Am. Chem. S0d.99Q 112, 2243-2249.
electron transfer (ET), shuttling electrons from substrate to the = (7) Messerschmidt, A.; Ladenstein, R.; Huber, R.; Bolognesi, M.;

other Cu sites. The T2 or normal Cu site is characterized by Avigliano, L.; Petruzzelli, R.; Rossi, A.; Finazzi-Agro, A.. Mol. Biol.
1992 224, 179-205.
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723-9104. E-mail: edward.solomon@stanford.edu. 997-1014.
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Plant and fungal Lcs contain one of each of the three types but has been shown to be kinetically competénthe decay

of Cu sites; AO is a dimer but otherwise similar. Fungal Lc

of the native intermediate to the resting oxidized form and the

and AO have a three-domain structure with the T1 Cu site near rate of reduction of the resting oxidized form are too slow to

the surface of domain 3 and coupled via a 13-A cysteine

be consistent with steady-state kinefié3326-24vhile reduction

histidine ET pathway to trinuclear Cu cluster, which resides at of the native intermediate is much fastmdicating that under
the interface of domains 3 and 1. Cp is unique: it consists of turnover the native intermediate is the active oxidized form of
six homologous domains arranged in roughly 3-fold symmetry plant Lc! This work provides a basis for understanding the
and contains two additional T1 Cu sites, the roles of which have mechanism of the other multicopper oxidases.

long been elusive. Like Lc and AO, Cp has a T1 site in the

In Cp, the picture is far less complete and is greatly

C-terminal domain (domain 6) coupled to the trinuclear cluster complicated by the presence of two redox-active T1 Cu &ites.

via a CysHis pathway (Tdshig.1° The other two T1 Cu sites
are found in domains 4 (Rlmot9 and 2. The T1 Cu site in
domain 2 differs from the others in that it lacks an axial
methionine!314We have recently shown by X-ray absorption

The reduction potentials of the two T1 Cu s#¥% and the
relative redox potentials of the T1 and T3 Cu sites have been
reported®23*However, these were often reported under different
conditions and are in some cases apparently contradictory. Musci

spectroscopy, SQUID magnetic susceptibility, and EPR that oneet al. noted that addition of 0.15 M NaCl to human Cp, as
of the T1 Cu sites remains permanently reduced (under all isolated by the method of Calabrese and co-wofReughich

currently known conditions), at least in part due to a high

we have shown to contain one additional electron distributed

reduction potential, and we have assigned it as the T1 Cu sitemostly on the T1 and T2 Cu sit& increased the fraction of

in domain 2 (T3g).1% Since this site cannot be oxidized, it is
not catalytically relevant and is likely a vestige of gene dup-

oxidized T1 Cu and decreased the fraction of oxidized T3%Cu.
Reduction of the T1 Cu by Fe(ll) is very fast1.2 x 10°

lication. The other two T1 Cu sites are both redox-active, and M~1 s7137.38 Upon reduction with ascorbate and reoxidation

both have a divalent metal ion binding V) site adjacent to
them and a trivalent metal ion binding site {W located above
this and closer to the surfaéeThis implies that both may be
involved in the ferroxidase activity of Ci§,1° but this has not
been proven. For TRkmoteto be catalytically relevant, at least

with O,, all of the T3 Cu reoxidizes within 15 n¥8.Evidence
exists for a native intermediate of Cp, similar to that in3£¢°
The behavior of the T1 coppers upon reoxidation withisfar
more complicated and puzzling. Reoxidation of the T1 coppers
is sharply biphasic: 55% of the T1 Cu is reoxidizes in 15 ms,

two factors must be met: (1) its redox potential must be near but the remaining fraction of T1 Cu does not reoxidize for many
that of the other Cu sites, or else it will tend to stay reduced or hours3841 Addition of Fe(ll) enhances the slow phadezrom

oxidized during turnover, and (2) the rate of ET in to and out this, it was proposed that two T1 Cu sites had very different
of this site must be reasonably fast. Neither factor is known. properties: both are rapidly reduced with Fe(ll), but only one

Plant Rhusvernicifera) Lc has been extensively studied, and is rapidly reoxidized upon addition of OReduction of the T1

the key features of its mechanism have been elucidated.Cu sites by pulsed radiolytic reduction of the Cys855/Cys881
Reduction with substoichiometric amounts of reductant yields disulfide bridge followed by subsequent intramolecular ET has
no new intermediates: the electrons distribute among the Cubeen reported® From this it was concluded that there was no

sites based upon their relative redox potenfi&ig® When (and
only wherf) the trinuclear cluster is fully reduced, the enzyme
reacts with @, yielding a peroxide-level intermediat&Cleav-
age of the G-O bond then yields the “native intermediate”,

which lacks a T2 Cu EPR signal but has an unusual high-field

EPR signal only seen &t25 K.25-27 The peroxide intermediate
is trapped by substituton of the T1 Cu site with Hg(ll) (T1HgLc)

intramolecular ET between the T1 Cu sites.

In this study, we have examined the thermodynamics and
kinetics of the electron distribution in Cp in a consistent set of
physiologically relevant conditions in order to provide a
comprehensive picture of the intramolecular ET. We observe
the same biphasic kinetics of reoxidation of the T1 coppers,
but on the basis of rapid freezgquench (RFQ) EPR data, we

(12) zaitsev, V. N.; Zaitseva, |.; Papiz, M.; Lindley, P.F Biol. Inorg.
Chem.1999 4, 579-587.

(13) Ortel, T. L.; Takashi, N.; Putnam, F. \Wroc. Natl. Acad. Sci. U.S.A.
1984 81, 4761-4765.

(14) Messerschmidt, A.; Huber, FEur. J. Biochem199Q 187, 341—
352.

(15) Machonkin, T. E.; Zhang, H. H.; Hedman, B.; Hodgson, K. O;
Solomon, E. |.Biochemistry1998 37, 9570-9578.

(16) Lahey, M. E.; Gubler, C. J.; Chase, M. S.; Cartwright, G. E.;
Wintrobe, M. M. Blood 1952 7, 1053-1074.

(17) Osaki, S.; Johnson, D. A. Biol. Chem.1969 244, 5757-5765.

(18) Ragan, H. A.; Nacht, S.; Lee, G. R.; Bishop, C. R.; Cartwright, G.
E. Am. J. Phys1969 217, 1320-1323.

(19) Roeser, H. P.; Lee, G. R.; Cartwright, G.EClin. Invest.197Q
49, 2408-2417.

(20) Reinhammar, B. R. M.; \fangard, T. | Eur. J. Biochem1971, 18,
463—-468.

(21) Reinhammar, B. R. MBiochim. Biophys. Actd972 275 245-
259.

(22) Andraasson, L.-E.; Reinhammar, Biochim. Biophys. Actd976
445, 579-597.

(23) Andrasson, L.-E.; Reinhammar, Biochim. Biophys. Actd979
568 145-156.

(24) shin, W.; Sundaram, U. M.; Cole, J. L.; Zhang, H. H.; Hedman,
B.; Hodgson, K.; Solomon, E. J. Am. Chem. Socd996 118 3202-
3215.

(25) Aasa, R.; Bmden, R.; Deinum, J.; Malmstro, B. G.; Reinhammar,
B.; Vanngard, T.FEBS Lett.1976 61, 115-118.

(26) Andraasson, L.-E.; Bmaden, R.; Reinhammar, Biochim. Biophys.
Acta 1976 438 370-379.

(27) Clark, P. A.; Solomon, E. . Am. Chem. S0d.992 114 1108~
1110.

(28) Cole, J. L.; Ballou, D. P.; Solomon, E.J. Am. Chem. S0d.991
113 8544-8546.

(29) Peterson, L. C.; Degn, HBiochim. Biophys. Actd978 526, 85—
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find that both T1 Cu sites reoxidize by 50% within 16 ms, all the redox centers were completely reduced. EPR samples were
implying surprisingly fast intramolecular ET between the two prepared the same way, with the additional step of transferring the
T1 Cu sites. This state does not reequilibrate to the electron cuvette back into the glovebox and then transferring the solution into
distribution determined by reductive titrations. From these an EPR tube. Thus, both absorption and EPR data were obtained on
results, together with an examination of the rate at which thz same Samples'bThe SampleshforlegQ EPR .?r for exam'n'?g
electron distribution is achieved in the reductive titrations, we reduction over time by EPR were handled in a similar manner, only

L with higher protein concentrations. Absolute reduction potentials of
have formulated a fundamentally new description of the role e 11 ¢y were obtained by the poised potential method. To a205-

of the Tlremote Cu site in the mechanism of Cp and of the  sample of degassed50.M Cp in a 1-cm path length anaerobic cuvette
mechanism of intramolecular ET in the multicopper oxidases with a Teflon stopcock was added a small quantity of a concentrated

in general. stock solution of degasseds[ke(CN)] to yield a final concentration
of 25 mM. A small quantity of a concentrated stock solution of degassed
Experimental Section K4[Fe(CN)] was added, and absorption spectra were taken 4@ 4

. L . over time until the reaction was complete (generalB0 min.). Another

5_5 1

B Water c\iNellIS purified éo_a TeS'_S“V"V of 1 .Aﬁ MhW crr;] W_'thla aliquot of K,[Fe(CN)] was added to the same solution for each point
arnstead Nanopure deionization system. All other chemicals Were ;, yhe titration. The procedure was also done in reverse: figffd<

reagent grade and used without further purification. Fresh human plasma(CN)G] was added to a final concentration of 25 mM angf€(CN)]
was obtained from the Stanford Blood Center, and Cp was purified was titrated in. All sample handling was done in a glovebox. The

from _this Sby the rapid one-step metﬁédn_odified as previously_ reductive titration data were fit with macros written with Mathcad
described?® The protein was assayed fpr purity, protein concentration, (Mathsoft). Kinetics simulations were performed with Ksim.

and Cu dcontent qnd ‘INaj ox'qt')gﬁ"wm@% (an? the excess_é@z d Calculations of intramolecular ET pathways were performed with
remove ) as previously describedall samples o Cp were oxidize the Pathways program based upon the work primarily of Beratan and
with HaO; prior to addition of any other reagents (e.g., NaCl) and were . -hic and obtained from Dr. Jefffrey Regan at Cal Tech. In

used |mm(_ad|ately or kept frozen &0 °C until use. semiclassical Marcus theory, the ET rate constkat, is dependent
Absorption spectra were recorded on a Hewlett-Packard HP8452A upon the electronic coupling matrix elemehiys, the driving force,

diode array UV-visible absorption spectrophotometer in a 1-cm path - AGe and the reorganization eneréfyDifferent models for calculating
length cuvette. EPR spectra were obtained with a Bruker ER 220-D- = ayist The isotropic model considers the nature of the intervening

SRC spectrometer. Sample temperatures were maintained at 77 K with,o qium with a single scalable paramefieand the distance between
a liquid N, finger dewar or at~8 K with an Air Products Helitran the sitest546

LTR. EPR spectra were spin quantitated with a 1.0 mM aqueous copper

standard run in the same tube as the sample where po¥diliéeynetic Ker = 103 exp(—pd) exp[-(AG® + 2)?147KT] 1)
circular dichroism (MCD) spectra were obtained in the tsible

region with a Jasco J-500-C spectropolarimeter operating with an S-20 The heterogeneous nature of the intervening medium can be explicitly
photomultiplier tube and in the near-IR region with a Jasco J-200-D included using the McConnell superexchange model with a tight-binding
spectropolarimeter and a liquid nitrogen-cooled InSb detector. The Hamiltonian®” A simple application of this for proteins has been
magnetic field was supplied by either an Oxford SM4 or SM4000 7 T developed by Beratan and Onuchic3® in which an ET pathway is
superconducting magnetooptical dewar. The MCD sample cells con- described as a product of decay factors for the individual covalent bonds,
sisted of two quartz disks with a 3-mm rubber spacer, and protein ec, hydrogen bonds (H-bonds),, and space jumpss, along a given
samples for MCD contained 60 vol % of glycerol in order to form pathway:

an optical-quality glass upon freezing. The data were corrected for zero-

field baseline effects induced by cracks in the glass by subtracting the Hpg O Hecl_IeHI_les )
corresponding O-T scan. RFQ EPR samples were made with an Update

Instruments System 1000. The samples were frozen in isopentaneThe coupling decay across one covalent begghas been empirically
maintained at a temperature sf-100°C and then kept in liquid bl been found to be 0.6. Decay across a space jump is exponential with
All other EPR samples were frozen in liquichNMost of the stopped- distanceR. Hydrogen bonds are considered equal to covalent bonds;
flow absorption data were obtained with an Applied Photophysics therefore, from heavy atom to heavy atom the coupling decay’is
RX2000 with a path length of 1 cm. The tubing system was made Since there are no definitive criteria for deciding what constitutes an
anaerobic by washing with a dithionite solution followed by repeated H-bond, we have allowed for exponential decay ofdfaeerm for longer
washings with degassed water and/or buffer;y@s prevented from  hydrogen bonds. Thus:

leaking in by passage of a stream of Mrough the system. The e P -

temperature was 25C. The absorption data were collected on the 325_14) Marcus, R. A.; Sutin, NBiochim. Biophys. Acta985 811, 265
Hewlett-Packard HP8452A diode array spectrophotometer. The kinetics  (45) Different conventions exist for defining the distance; we have used
of reduction of Cp by excess Fe(ll) was obtained with an Applied the convention of Gray and co-workers, in which the distathisethe metal-
Photophysics SX.18MV stopped-flow UWisible absorption spectro- to}rgit)al distance minus 3.0 A to account for van der Waal's contact (see
photometer with a path length of 1 cm. The system was degassed as®' >-)- o .

described above, with the difference that adparged cooling bath 6§46) Gray, H. B.; Winkler, J. RAnnu. Re. Biochem.1996 65, 537

was used instead of a stream of. Nhe temperature was either 8 or (4'17) Newton, M. D.Chem. Re. 1991 91, 767—792.

25°C. (48) Beratan, D. N.; Hopfield, J. J. Am. Chem. S04984 106, 1584
Relative reduction potentials of the copper sites were determined 1594.

by the reductive titration methdd.A ~75 uM solution of Cp was (49) Beratan, D. N.; Onuchic, J. N.; Hopfield, JJJChem. Phys1987,

degassed by pump-purging at’G under argon and brought into an 86, 4488-4498.

. . 50) Beratan, D. N.; Onuchic, J. NPhot th. Resl989 22, 173—
anaerobic glovebox. A stock solution of reductant, FE{M$Os).: 18((5. ) Beratan nuchic otosyn € 8

6H,0, was prepared in the box with water that was preViOUSly degassed (51) Beratan, D. N.; Onuchic, J. N.; Betts, J. N.; Bowler, B. E.; Gray,
by multiple freeze-pump-thaw cycles. Both solutions were kept cold  H. B. J. Am. Chem. S0d.99Q 112, 7915-7921.

until use. A 2054L aliquot of the protein solution was mixed with an (52) Onuchic, J. N.; Beratan, D. N. Chem. Phys199Q 92, 722-733.
aliquot of reductant solution and transferred to a 1-cm path length __(53) Beratan, D. N.; Betts, J. N.; Onuchic, J.3tiencel 991, 252, 1285~
anaerobic cuvette with e_lTeron stopcock. Absorption spectra were taken (54) Beratan, D. N.: Betts, J. N.; Onuchic, J. N.Phys. Chem1992

at 25°C over time until the reaction was complete (generati§0 96, 28522855,

min.). This procedure was then repeated with a fresh a0%diquot (55) Betts, J. N.; Beratan, D. N.; Onuchic, J.NAm. Chem. S02992
of protein and reductant solution for each point in the titration, until 114, 4043-4046.

(56) Regan, J. J.; Onuchic, J. Wdv. Chem. Phys1999 107, 497—
(43) Carithers, R. P.; Palmer, G. Biol. Chem1981 256, 7967-7976. 553.
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€.=0.6 ©)

n
2]

€s= ecexp[~L.7R — 1.4)] 4)

N
=)

e, =€, R=21A

_A
4]

ey =ecexp[-1.7R—2.8), R>21A (5)

o :
o

In eq 5,R is the H-atom to H-bond accepting heavy atom distance.
The Pathways program implements the above model for a protein
structure coordinate file and determines the most favorable ET
pathways. The crystal structure of human Cp was obtained from the r ]
Protein Data Bank (LKCW), and protons were added with Insight II. P EP I P EP U U R
The coupling of the metal d-orbitals in to and out of the pathway was . B Abs EPR ]
set equal to 1. We will consider the effect of differences in metal 2 Ol

L

4

Number of Cu(ll)
4

o
<)

in the Discussion.

Results and Analysis

Thermodynamics of Intramolecular Electron Transfer. 1.
Reductive Titrations in pH 7.0 Phosphate Buffer. The
equilibrium distribution of electrons in partially reduced human
Cp was determined by reductive titratiéd&* under the fol-
lowing conditions: pH 7.0 in either phosphate or MOPS buffer, C
without and with Ct. Fe(ll) was chosen as the reductant. At S 1 2 3
pH 7.0, Cp reacts extremely slowly with other reductants such Equiv of Fe(ll)
as ascorbate, which would introduce artifacts due to the limited Figure 1. Anaerobic reductive titrations of oxidized human Cp with
stability of Cp. Since Cp binds divalent metal iofs;-5759 Fe(ll) monitored by absorption and EPR. Conditions: (A) pH 7.0
the potential of Fe in the system is that of Fe bound to the phosphate buffer; (B) pH 7.0 phosphate buffer plus 0.15 M NaCl.
protein and is therefore not known. However, upon addition of z\"u)m%erczf :’:giiidTgogSeﬁu(:féirrfgif”ggidbi;’e%bs;’;%tg;)dgtle%ih o
>5.0 equiv of Fe(ll), we observed no further spectroscopic ' : LA
changes, indicating that reduction of the Cu sites by Fe(ll) is by EPR: {J) T1 Cu, (©) T2 Cu, and ©) T3 Cu. Solid lines are the

L2 S . - . fits to the absorption data calculated from a set of coupled Nernst
stoichiometric; i.e., the redu_ctlon potential of Fe(lll) is much equations incorporating the differences in the redox potentials among
lower than that of the Cu sites. Also note that although one ha ¢y sites.
might expect the Fe(lll) thus generated to precipitate, this does
not occur, likely due to the low concentrations involved and to distinguishable: the T2 Cu has ar = —3%, hyperfine peak at
the ability of Cp to bind metal ion. The production of Fe(lll) 2755 G and an off-axis turning point a3405 G, and the two
generated a new LMCT band a310 nm, ager = 4.3 signal T1 Cu sites havens = —3/, hyperfine peaks at 2918 and 2954
in the EPR spectrum, and a new EPR feature2800 G. Since G here called T1A and T1B, respectively. The intensity of these
this is the only feature seen in the 25€8700-G range in  features can be used to determine the fraction of each Cu site
samples to which stoichiometric or excess Fe(ll) is added, it {hat is oxidized. The number of the non-EPR-active oxidized
could easily be subtracted from samples withb.0 equiv of T3 Cu can be determined by difference. These results are shown
Fe(ll). in Figure 1A as the open symbols. These data indicate that the

Figure 1A shows the number of oxidized T1, T2, and T3 jntensity of the T2 Cu determined by EPR does not mirror that
coppers present in Cp upon addition of®.3 equiv of Fe(ll)  determined by absorption data. We ascribe this to a freezing
in pH 7.0 phosphate buffer. The results obtained by absorption effect: since the T2 and T3 Cu are in close proximity, small
spectroscopy are shown by the solid symbols. The total numberstryctural changes induced upon freezing would have the greatest
of oxidized T1 coppers was quantitated from the intensity of effect upon the relative redox potentials of these Cu sites.
the 610-nm band. The Fe(lll) LMCT band that grows in&10 Examination of the EPR spectra yields several important
nm obscures the 330-nm band of the T3 Cu pair. However, it results: (1) no new EPR signals are observed, (2) the intensities
is negllglble at 360 nm, where the T3 Cu band is still SUﬁiCiently of the T1 Cu EPR features do follow the room_temperature
intense, so this was used to quantitate the amount of oxidizedabsorption data, and most importantly, (3) both of the T1 Cu
T3 Cu. The amount of oxidized T2 Cu was calculated based features diminish to theame extentpon addition of reductant.

upon the difference between the amount of Fe(ll) added and This indicates that, under these conditions, both T1 Cu sites
the amount of T1 and T3 Cu reduced. Upon addition of 3 equiv haye the same or very similar reduction potentials.
of Fe(ll), all of the T2 Cu is reduced, most of the T1 Cuis  The above provides relative potentials for the Cu sites; to
reduced, and nearly all of the T3 Cu is oxidized. This indicates obtain actual values (ﬁ°' the reduction potential of the T1 Cu
that, in these conditions, the T3 Cu pair has the lowest potential was determined by the poised potential method. The results at
and the potential of the T1 Cu is significantly higher. ~ pH 7.0 in phosphate buffer are shown in Figure 3 as solid
Figure 2A shows the EPR spectra of human Cp upon addition symbols. The experiment was performed both by starting with
of 0—5.3 equiv of Fe(ll). The high-field feature due to Fe(lll)  23.2 mM Ks[Fe(CN)] and titrating in Ki[Fe(CN)] and starting
has been subtracted. The three EPR-active Cu sites are clearlyyith 23.2 mM Ky[Fe(CN)] and titrating in K[Fe(CN)]. From
- - a linear least-squares fit to the data, a reduction potential of
57) Osaki, SJ. Biol. Chem1966 241, 5053-5059. . , ) .
Essg Huber, C. T.; Frieden, El. Biol. Chem197Q 245 3973-3978. 448 + 10 mV was determined. No evidence of sigmoidal
(59) McKee, D. J.; Frieden, BBiochemistry1971, 10, 3880-3883. behavior was observed. Therefore, under these conditions, both

ligand bonding (i.e., anisotropic covalency) in electron-transfer rates
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Figure 2. (A) EPR spectra of human Cp in pH 7.0 phosphate buffer
with 0, 0.9, 1.8, 2.7, 3.6, 4.5, and 5.3 equiv of Fe(ll); microwave
frequency, 9.482 GHz. (B) EPR spectra of human Cp in pH 7.0
phosphate buffer plus 0.15 M NaCl with 0, 2.0, 3.0, 4.0, and 4.5 equiv
of Fe(ll); microwave frequency, 9.478 GHz. Other conditions: tem-
perature, 77 K; microwave power, 20 mW; modulation amplitude, 16
G; modulation frequency, 100 kHz; time constant, 0.5 s.
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Figure 3. Poised potential titration of human Cp af@. Conditions
are as follows: @) pH 7.0 phosphate buffer, starting with 23.2 mM
K3[Fe(CNY)] and titrating in K[Fe(CN)], (l) pH 7.0 phosphate buffer,
starting with 23.2 mM K[Fe(CN)] and titrating in K[Fe(CN)], and
(O) pH 7.0 phosphate buffer with 0.15 M NacCl, starting with 23.2
mM K3[Fe(CN)] and titrating in K[Fe(CN)].

T1 Cu sites have a potential 6448 mV. This is in agreement
with the results from the EPR reductive titration, although the
quality of the poised potential data is insufficient to rule out a
small difference in T1 Cu potentials.

2. Reductive Titrations in pH 7.0 Phosphate Buffer With
Cl~- The same set of experiments was performed with human
Cp in pH 7.0 phosphate buffer with 0.15 M NaCl. Note that
the normal range of Clconcentration in plasma is 0.160.111

J. Am. Chem. Soc., Vol. 122, No. 50, P2RR1

M.6% The numbers of oxidized T1, T2, and T3 coppers upon
addition of 0-5.0 equiv of Fe(ll) as determined by absorption
spectroscopy are shown as the solid symbols in Figure 1B. Upon
addition of 3 equiv of Fe(ll), all of the T2 Cu and most of the
T3 Cu is reduced, while nearly all of the T1 Cu is oxidized.
This shows that a physiologically relevant concentration of Cl
dramatically alters the relative reduction potentials of the Cu
sites: now, the T1 coppers have the lowest potential and the
potential of the T3 Cu is significantly higher. Thus, addition of
CI~ causes the electron distribution in partially reduced Cp to
shift from mostly reduced T1 Cu to mostly reduced T2/T3 Cu.

The EPR spectra of Cp in pH 7.0 phosphate buffer with 0.15
M NaCl upon addition of 6-5.0 equiv of Fe(ll) are shown in
Figure 2B. These data show that the amount of oxidized T1 Cu
in the EPR spectra tracks with the amount observed by
absorption (Figure 1B, open symbols) and that both T1 Cu
features diminish by the same amount (Figure 2B). Thus, in
the presence and absence of (both T1 Cu sites have the
same or very similar redox potentials. However, the EPR spectra
of partially reduced Cp in the presence of Glhow marked
differences in the T2 Cu signal: the off-axis turning point at
~3405 G is largely gone, and tim = —3/, hyperfine line has
become narrower and shifted upfield 5320 G (Figure 2B).
This is similar to what was observed in the EPR spectrum of
as-isolated (i.e., partially reduced) Cp in the presence of ClI
reported by Musci et al. and interpreted as a half-met T3%Cu.
Since the EPR parameters of this signal now differ from that
of the oxidized enzyme, the same features cannot be used to
guantitate the amount of oxidized T2 Cu. Instead, the amount
was determined by double integration and subtraction of the
amount of oxidized T1 Cu. The amount of oxidized T3 Cu was
determined as described above. These results are shown in
Figure 1B as the open symbols. Again, there is a discrepancy
between the amount of oxidized T3 Cu as determined by
absorption and EPR. We find no basis for assigning the new
paramagnetic Cu signal seen in partially reduced Cp in the
presence of Cl as half-met T3. The intensity of this feature
tracks the disappearance of the typical T2 Cu signal (vide infra)
and the reduction of the EPR-nondetectable T3 Cu. Furthermore,
the discrepancy in the amount of oxidized T2 and T3 Cu
between room-temperature absorption and low-temperature EPR
was also observed in the absence of @Ghere no new EPR
signal appeared. The new EPR signal is therefore best ascribed
to an alteration of the T2 Cu that occurs upon reduction of the
adjacent T3 Cu pair.

The reduction potential of the T1 Cu in pH 7.0 phosphate
buffer with 0.15 M NaCl was determined by the poised potential
method (Figure 3, open symbols). A linear least-squares fit to
the data yields a potential of 434 10 mV. As in the absence
of CI~, no sigmoidal behavior was observed, and both T1 Cu
sites appear to have the same potential, consistent with the EPR
data. Therefore, addition of Clinduces a slight decrease in
the redox potential of both T1 Cu sites.

3. Spectroscopic Evidence of Cl Binding. Since the
addition of CI affects the relative potentials of the T1 and T3
Cu sites in Cp, changes in the spectroscopic features of the Cu
sites upon addition of Clto the oxidized enzyme were also
examined. No differences were observed in the absorption
spectrum (data not shown). Figure 4A shows the EPR spectra
of oxidized Cp with and without Cl These spectra clearly show
that addition of Ct induces an upfield shift to both thes =
—3/, hyperfine line (Figure 4A) and the off-axis turning point

(60) Tilton, R. C.; Balows, A.; Hohnadel, D. C.; Reiss, R.Ginical
Laboratory MedicingMosby: St. Louis, MO, 1992.
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1O:'B' o ' ' ' ' ' of T3 Cu that was reduced. Both methods gave similar results,
03 g but neither was entirely reliable due to the intensity of the Fe(lll)
=~ = band and protein instability. These data, without and with 0.15
- M CI~, are shown in Figure S1 of the Supporting Information.
e10F E In the absence of C| the relative redox potentials of the T1
,T" - 1 and T3 Cu sites are intermediate between those in phosphate
=-20r ] buffer (T3 Cu lowest) and phosphate plus €T1 Cu lowest).
g | ] In the MOPS with Cf, the shape of the titration curve for the
301 ] T1 Cu closely mirrors that obtained in phosphate plus Chis
[ 1 demonstrates that Clhas the dominant effect on the relative
'4%:2cl)ob'2écl>ob'221(')06'2660'()'1'660'0‘1'2606' 000" ] Ez}hﬁerltials, shifting them to the same values irrespective of

Energy (cm™1) . .
g 5. Analysis of the Redox Potential Data.The curves

obtained from the reductive titrations were fit to a series of

coupled Nernst equations to determine the difference in redox
potentials among the Cu sites. This, together with the T1 Cu
potentials obtained from the poised potential experiments, were
used to determine absolute redox potentials for each of the Cu
sites (although note that the reductive titration and poised
potential data were obtained at different temperatures, which
may have an effect). It was assumed that there is no cooper-
of the T2 Cu site 0f+20 G. Note that the changes to the T2 Cu ativity, i.e., that the potential of one Cu site is not affected by

Figure 4. (A) EPR spectra of human Cp in pH 7.0 phosphate buffer
without (—) and with (---) 0.15 M NaCl. Conditions: microwave
frequency, 9.482 GHz; temperature, 77 K; microwave power, 20 mW,
modulation amplitude, 16 G; modulation frequency, 100 kHz; time
constant, 0.5 s. (B) MCD spectra of human Cp in pH 7.0 phosphate
buffer without ) and with (- --) 0.15 M NaCl and the difference
spectrum of with Ct minus without (-—). Conditions: temperature,
5.0 K; field, 7.0 T.

EPR signal upon reduction of the T3 Cu in the presence of Cl
are distinct from the change in the oxidized enzyme. Figure 4B
shows the MCD spectra of oxidized Cp with and without ClI

the redox state of the others. The assumption that the Cu sites
do not interact is almost assuredly an oversimplification (note,
for example, the shift in the fraction of oxidized T2 and T3 Cu

as well as the difference spectrum. Significant changes aredetermined by room-temperature absorption and low-tempera-

clearly evident in the ligand field (LF) region below 20 000
cm~L Since the T2 Cu MCD features are much weaker than
and largely overlap with the T1 LF transitions, it is difficult to
ascribe these changes to a single Cu site.

Since, upon addition of C| the largest effect on the redox

ture EPR); however, inclusion of even one such interaction
potential yields a greatly underdetermined problem. The room-
temperature absorption titrations are adequately fit without
cooperativity, so it is not such a defining feature that it is

required to fit the data. Also, each Cu site is assumed to be in

potentials is seen for the T3 Cu and the largest spectroscopicequilibrium with all of the other Cu sites. This issue will be
changes to both the fully oxidized and partially reduced enzymes reexamined in the subsequent sections. Given these assumptions,
are observed for the T2 Cu, it appears that ditectly interacts the four Cu sites, T1A, T1B, T2, and T3 (a two-electron
with the trinuclear cluster, binding to the T2 Cu and possibly acceptor) and the Fe(ll/lll) couple are related by 10 equilibrium
bridging the T2 and T3 in the oxidized state. Note that Musci constants, only 4 of which are needed to define the system.
et al. reported an apparelg of ~4 mM.36 CI~ is expected it These four equilibria, together with mass balance, yield five
to preferentially bind to and stabilize Cu(l) relative to Cu(ll), equations with five unknowns that can readily be solved with
which would explain the increased potential of the T3 Cu pair. Mathcad. The potentials of both T1 Cu sites in phosphate buffer
Also, the greater binding affinity of Clto the reduced T3 Cu  (which are the same from the EPR reductive titrations) are 448
pair would be consistent with the additional changes in the T2 mV versus NHE based upon the poised potential experiment.
Cu EPR features upon reduction of the T3 Cu. From the fits to the reductive titration by absorption (Figure
4. Reductive Titrations in pH 7.0 MOPS Buffer with and 1A, solid lines), the potential of the T3 Cu site is 33 mV lower
without Cl— The choice of buffer has been reported to affect than the T1 Cu, yielding a value of 415 mV, and the T2 Cu is
the reduction behavior of CY;therefore, we examined the 43 mV higher, yielding a value of 491 mV. The shape of the
relative redox potentials of the Cu sites in pH 7.0 MOPS buffer. reductive titration T1 Cu curve cannot be adequately fit if the
In MOPS, the Fe(lll) band obscures the 330-nm band of the difference in potential between the two T1 Cu sites is more
T3 Cu pair. Therefore, to quantitate the number of oxidized T3 than 22 mV. In phosphate buffer plusCthe potential of the
coppers, either the deviations from linearity in the increase in two T1 Cu sites (which are, again, the same from the EPR
the 330-nm band were monitored or, after reduction, the samplereductive titrations) is 434 mV versus NHE based upon the
was exposed to air. Since the T3 band returns upon reoxidation,poised potential experiment. The fits to the reductive titration
the change at 330 nm upon reoxidation measures the fractionby absorption (Figure 1B, solid lines) yield a potential of the
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Table 1. Reduction Potentials of the Cu Sites of Human Cp in L A T T T L
Phosphate Buffer and in Phosphate Buffer Plus CI

E° in phosphate buffer E° in phosphate buffer plus Cl

Cu site (mV vs NHE) (mV vs NHE)
T1A 448 434
T1B 448 434
T2 491 539
T3 415 482

T3 Cu site 48 mV above the T1 Cu (482 mV) and a potential
of the T2 Cu 105 mV above the T1 Cu (482 mV). Since, in
phosphate buffer plus C| the T1 Cu sites have the lowest
potential, the simulation is not very sensitive to differences
between the two T1 Cu site potentials. In both sets of conditions,
the data were best fit with the T3 Cu acting as a two-electron
acceptor. Also, since the potential of the T2 Cu differs the most
from that of the others, the simulations are also not very sensitive
to changes in this value. These results are summarized in Table
1.

The present study successfully combines reductive titration
and poised potential results to obtain the first quantitative
determination of the redox potentials of all the Cu sites in Cp
under a consistent set of conditions (Table 1). This includes an
estimate of the T2 redox potential; the only other reported is
for plant Lc2%21 Most importantly, our EPR data conclusively , T
show that the two T1 Cu sites have the same redox potential, a 2600 5800 3000 3200 3400 3600
result further supported by our other data. This generates a Field (G)
dramatically different picture of the thermodynamics of in-
trar.no.leCUIar ET n _Cp than was preVIOU_SIy suppdsétiand . in the resting oxidized ) and reoxidized with @ (——) states;
satisfies one condition for bth T1 Cu sites to be rglevant N microwave frequency, 9.505 GHz. (B) EPR spectra of human Cp in
the catalytic cycle. The data in phosphate buffer without Cl 117 o phosphate buffer with 0.15 M NaCl in the resting oxidized (
yield the somewhat surprising result that in partially reduced and reoxidized with @(—-—) states; microwave frequency, 9.507 GHz.
Cp the T2 Cuis largely reduced and the T3 Cu entirely oxidized. Other EPR conditions: temperature, 77 K; microwave power, 20 mWi;
Given that the function of the T1 Cu is to transfer electrons modulation amplitude, 16 G; modulation frequency, 100 kHz; time
from substrate to the trinuclear cluster, this means the ET from constant, 0.5 s.
the T1 to the T3 Cu will be slightly energetically unfavorable.

This is the opposite of what was seen in plan£2&t Addition ~?[3 that of the resting oxidized form, indicating thab0% of

of CI~ shifts the trinuclear Cu cluster to higher potential, the T1 Cu has reoxidized, consistent with the absorption data.
resulting in T1 to T3 ET that is energetically favorable. The EPR spectrum in Figure 5A reveals a crucial new result:
Therefore, we conclude that Cis an important physiologically ~ thems = —%, hyperfine lines obothT1 Cu sites are present in

R
AT

Figure 5. (A) EPR spectra of human Cp in pH 7.0 phosphate buffer

relevant effector of the redox potentials in human Cp. approximatelyequalamounts. This indicates that, at relatively
Kinetics of Intramolecular Electron Transfer. 1. Kinetics long times &30 s), both T1 Cu sites have reoxidizedb$0%.
of ET upon Reoxidation With O, The kinetics of intramo- Presumably, this arises fromp©@ompletely reoxidizing one T1

lecular ET after reoxidation of reduced human Cp withvi@re Cu site (Tkyshi9 followed by ET from the other T1 Cu site
examined in order to determine the possible role of thg.Fde (T1remotd- Since the T1 Cu sites have the same redox potential,
Cu site. Since the reduced enzyme contains five reduced redoxthe system equilibrates (in the absence of any ET to the
active coppers and reduction of, @ a four-electron process, trinuclear cluster, vide infra) to yield 50% of the molecules with
upon reoxidation the enzyme will still contain one extra electron, Tlcyshisreduced and 50% with Rimoereduced. This is a very
the distribution of which among the Cu sites can then be different picture of the reoxidation behavior of the Cu sites in
monitored by absorption and EPR. As reported previogfsty, Cp than was earlier presumed based solely on stopped-flow
~50% of the 610-nm band and all of the 330 nm returned very absorptioA* or pulsed radiolysis absorption défa.
quickly (<0.1 s); subsequently, the 610-nm band increased The rate of this intramolecular ET was then studied by RFQ
gradually over the next several hours. The absorption spectraEPR. Representative RFQ EPR spectra of Cp reoxidized with
of resting oxidized and fully reduced Cp, as well as Cp several O, in phosphate buffer at room temperature are shown in Figure
minutes after reoxidation with ©O(volume-normalized) are 6. The EPR spectrum at 77 K, 20 mW of microwave power, of
shown in Figure S2A. This demonstrates that, upon reaction the sample frozen 20 ms after mixing with-8aturated buffer
with O,, the T3 Cu pair and~50% of the T1 Cu are reoxidized. shows the complete absence of the T2 Cu signal and the
EPR spectra were obtained on samples of Cp in phosphatepresence of both T1 Cms = —3%, hyperfine lines in ap-
buffer frozen>30 s after reaction with @saturated buffer. proximately equal proportion (Figure 6A). The EPR spectrum
Representative data are shown in Figure 5A, along with a at ~8 K, 100 mW of microwave power, of this sample is
spectrum of the resting oxidized form (volume-normalized). This dominated by an intense, broad, negative signat3$550 G
spectrum shows that all of the T2 Cu (seen clearly fromnthe  (Figure 6C). This signal is very similar to the native intermediate
= —3/, hyperfine peak at 2755 G and the off-axis turning point signal seen in Lc, which from MCD spectroscopy has been
at ~3405 G) has reoxidized and the EPR parameters of this assigned as an oxidized trinuclear cluster with an additiopal O
site have not changed. Also, the double-integrated intensity is derived bridging ligand between the T2 and T3 Cu sites yielding
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Figure 6. RFQ EPR spectra of human Cp in pH 7.0 phosphate buffer upon reoxidation wii\JOFrozen 20 ms after reoxidation, spectrum

taken at 77 K, 20 mW of microwave power (* denotes Fe(lll) signal). (B) Frozen 1.0 s after reoxidation, spectrum taken at 77 K, 20 mW of

microwave power (* denotes Fe(lll) signal). (C) Frozen 20 ms after reoxidation, spectrum takehkat 100 mW of microwave power. (D)

Frozen 1.0 ms after reoxidation, spectrum taker&t, 100 mW of microwave power. (E) Frozen 20 ms after reoxidation, spectrum taked at

K, 10 uW of microwave power. (F) Frozen 1.0 s after reoxidation, spectrum taker8d€, 10 uW of microwave power. Other EPR conditions

for spectra A and B: microwave frequency, 9.515 GHz; modulation amplitude, 16 G; modulation frequency, 100 kHz; time constant, 0.5 s. Other

EPR conditions for spectra-&F: microwave frequency, 9.517 GHz; modulation amplitude, 16 G; modulation frequency, 100 kHz; time constant,

0.5s.

aS= %, ground state delocalized over all three coppéisie Cu site satisfies a second condition for catalytic relevance: ET
therefore assign it as the native intermediate of Cp. The EPRin to and out of this site is fast.
spectrum at-8 K, 10 W of microwave power, of the 20-ms The effect of Ct on the reoxidation behavior was also

sample shows that the T1 Cu features are more prominent atdetermined. The results were essentially the same: by absorption
low microwave power due to the slower relaxation rate of the spectroscopy;-50% of the 610-nm band and all of the 330 nm
T1 Cu versus the native intermediate signal (Figure 6E). RFQ returned very quickly €0.1 s), and the 610-nm band increased
EPR data were also obtained on samples prepareed&tC only very slowly thereafter (Figure S2B). By EPR, the =
frozen 16 ms after mixing with @saturated buffer and prepared —3/, hyperfine lines of both T1 Cu sites are present in
at room temperature frozen 60 ms after mixing. These spectraapproximately equal amounts (Figure 5B). The RFQ EPR data
were essentially identical to those shown in Figure 6A, C, and were also essentially the same as in the absence ofFf@jure
E (data not shown). Thus, at very fast times{8B® ms), the S3). Thus, Ct does not significantly alter the behavior upon
trinuclear cluster has completely reoxidized, yielding the same reoxidation.
native intermediate signal observed in plant Lc. Furthermore, The rapid ET between the two T1 Cu sites provides
these data demonstrate that, at 16 ms, the extra electron hasonvincing evidence that the ®&dmoe Cu site is able to
already equilibrated between the two T1 Cu sites. Assuming participate in the ferroxidase mechanism. However, this reoxi-
that this event is purely Tbmote Cu to Tleyshis Cu ET (i.e., dation behavior is puzzling in one crucial regard: although the
initial reaction with Q to generate the native intermediate and equilibration between the two T1 Cu sites is in agreement with
reoxidized Tkyshis Cu is extremely rapid and there is no direct the relative redox potentials of the Cu sites obtained from
TlremotelO trinuclear ET), and assuming that the reaction is at reductive titrations, thiack of ET to the trinuclear cluster after
least 90% complete at 16 ms, this puts a lower limit on the rate decay of the native intermediate state is not. One would expect
of this intramolecular ET of 15074. the enzyme to equilibrate to the same electron distribution as
The EPR spectrum at 77 K, 20 mW of microwave power, of seen upon addition of 1 equiv of Fe(ll) to the oxidized enzyme
the sample frozen 1.0 s after mixing with-Gaturated buffer (see Figure 2). This electron distribution is 1.6 oxidized T1 Cu,
shows that the T2 Cu signal has reappeared and that both T10.4 oxidized T2 Cu, and 2.0 oxidized T3 Cu in the absence of
Cums = —3, hyperfine lines are still present in approximately CIl~ and 1.9 oxidized T1 Cu, 0.35 oxidized T2 Cu, and 1.75
equal proportion (Figure 6B), in agreement with the results oxidized T3 Cu in the presence of CISince this is clearly not
obtained on samples frozen afteBO s (Figure 5A). The EPR  the case (the discrepancy is most apparent in the presence of
spectrum at-8 K, 100 mW of microwave power, of this sample CI7), it appears that, upon reduction and reoxidation with O
is dominated by the T2 Cu signal (Figure 6D), as seen in the a “trapped” or nonequilibrium state of the enzyme is generated.
resting oxidized form of Cp (data not shown). In the EPR Since there are no changes to the spectral features of the Cu
spectrum at~8 K, 10 4W of microwave power (Figure 6F), sites in this nonequilibrium state, it appears to arise as a result
the T1 Cu features are again more prominent than at high of poising all of the enzyme molecules in a state in which the
microwave power due to their slower relaxation rate. Given that trinuclear Cu cluster is fully oxidized and only one T1 Cu is
the native intermediate is still present at 60 ms but essentially reduced.
gone by 1.0 s, théy, for decay of the native intermediate of 2. The “Trapped” State. When Cp in phosphate buffer plus
Cpisin the 2068-500-ms range. The fact that the extra reducing CI~ is reduced with excess {@ equiv) Fe(ll) and then
equivalent has already equilibrated between the two T1 Cu sitesreoxidized with Q, a significantly greater fractiom(85%) of
(i.e., in 50% of the molecules, the AdnoteCU site is oxidized) the blue band reappears within a few minutes (data not shown)
before the native intermediate has decayed is important, sincethan in the case of stoichiometric Fe(ll) reduction. This implies
in plant Lc the native intermediate is believed to be the active that when>1 electron is available, ET to the trinuclear cluster
oxidized form of the enzyme under turnover. Thus, theehdie now becomes possible, and the electron distribution among the
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Figure 7. Absorption spectra of Cp in pH 7.0 phosphate buffer plus
0.15 M NaCl in the ) resting oxidized, (- - -) reduced—) reoxidized
with O, and then rereduced with the following: -(-) 0.9, (~-—), 1.8,
(—=+*) 2.8, (—o—) 3.2, (—eee) 3.7, and  —) 4.6 equiv of Fe(ll).
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sites upon reduction of the reduced-reoxidized “trapped” state with Field (G) Field (G)
0—4.6 equiv of Fe(ll), as determined by the absorption data. Figure 8. EPR spectra of human Cp in pH 7.0 phosphate buffer: (A)

oxidized, (B) upon addition of 3.0 equiv of Fe(ll) frozen afted5 s,

. I T . (C) upon addition of 3.0 equiv of Fe(ll) frozen afte30 min, and (D)
Cu sites approaches the equilibrium distribution observed in the upon addition of 6.0 equiv of Fe(ll) frozen afterd5 s. EPR spectra

reductive titrations. To further explore this, Cp in the trapped o hyman Cp in pH 7.0 phosphate buffer plus 0.15 M NaCl: (E)
state in phosphate buffer plus Clwas generated, made oxidized, (F) upon addition of 3.0 equiv of Fe(ll) frozen afted5 s,
anaerobic, and titrated with Fe(ll). Absorption spectra of the (G) upon addition of 3.0 equiv of Fe(ll) frozen afte30 min, and (H)
oxidized, the reduced, the reduce@oxidized trapped state, upon addition of 6.0 equiv of Fe(ll) frozen after45 s. EPR
and the trapped state plus 6-8.6 equiv of Fe(ll) are shown in conditions: microwave frequency, 9.482 GHz; temperature, 77 K;
Figure 7. These data demonstrate that, in the trapped state, thé&nicrowave power, 20 mW; modulation amplitude, 16 G; modulation
trinuclear cluster is fully capable of rereduction. Upon addition frequency, 100 kHz; time constant, 0.5 s.

of >1.8 equiv of Fe(ll) to the trapped state, the electron
distribution among the Cu sites closely mirrors the results
obtained previously in the reductive titration of the resting
oxidized form (Figure 7, inset). Most importantly, upon addition
of 0.9 and 1.8 equiv of Fe(ll), the intensity of the blue band
greatlyincreaseg(to 80 and 75%, respectively) above that of
the nonequilibrium state (60%) (Figure 7, spectra labeled 0.9
and 1.8).Thus, addition of a reductant induces oxidation of the
-Ia-rle C;U;:-lggedfnnlggSst;ztt(;fnt?g;gv;e:ferfed duucéggjéqoux'i\:;lzzrgs that, despite _the very rapid reduct_ion of T1 and_ T3 Cu by excess
trapped state distributed between the two T1 Cu sites and oneF.e(”)' therg 'S still a slow phase n the reduction of the T2 Cu
or more equivalents of added reductant), ET from the T1 Cu to site. Very similar results are obtained for Cp plus @duced

the trinuclear cluster can now occur, thus allowing reequilibra- with 6 equiv of Fe(ll) and frozen at45 s (Figure 8H). This
. . ’ . g reequ EPR spectrum shows that, at 45 s, all of the T1 Cu has reduced
tion among the Cu sites. When the enzyme is poised with only

one reducing equivalent on the T1 Cu, ET to the trinuclear but that ~0.31 T2 Cu remains oxidized. Again, the sample

cluster does not occur. This then explains the unusual behaviorfrozen at~30 min showed no Cu signals. This demonstrates
: P that a slow phase exists in the reduction of the T2 Cu even

observed by de Ley and Osdki. .

3. Kinetics of ET upon Reduction with Fe(ll). To under- upon ao!dmgn of excess Fe(l.l)' .
stand the possible mechanistic origin of this kinetic trapping The kln_et|c behavior of Cp in phospha_lte buffer upon addition
behavior, we examined the reduction kinetics of oxidized Cp of 3 equiv of Fe(ll) was then examlne(_j_ by _stopped-flow
by Fe(ll) under two sets of conditions: substoichiometric Fe(ll) absorption to prqbe the subsequept rgeqwhpramon of electrons
(~3 equiv) and excess Fe(ll-p equiv). The latter probes among the Cu sites. The absorption intensity at 610 and 360
whether slow steps exist in the reduction of the Cu sites. The nm was use_d to quantitate the amount of oxidized T_1_and T3
former condition probes whether a slow reequilibration occurs Cu versus time, respectively, and the amount of oxidized T2

was estimated based upon mass balance (Figure 9A). These

among the Cu sites after the initial reduction event. . .
- . . . results show that all of the T1 Cu is reduced quicki0(1 s)
Reduction of Cp in phosphate buffer with6 equiv of Fe(ll) and that there is a subsequent a slow phage~10 min) in

KZZ;X&”}LT; n?g :;%pt%idéfé%v_vn%bigap(}'gg a-(l—:uici;]%-g msband which a fraction of the T1 Cu is reoxidized. About 0.80 T3
(data not shown). Thus, upon addition of a slight excess of copper is reduced quickly<0.1 s), followed by a very slight
Fe(ll), both the TiCu ISiteS and the T3 Cu pair are reduced in ™ (1) As in the reductive titrations, an Fe(lll) signal was present that was
an extremely rapid initial phaségs > 1600 s? for the T1, used to subtract out the Fe(lll) signal of the other spectra.

Kobs > 23 s! for the T3). Next, the reduction of the T2 Cu
upon addition of 6 equiv of Fe(ll) was monitored by EPR. The
EPR spectrum of a sample frozen-a45 s is shown in Figure
8D. It shows that, at 45 s, there is no oxidized T1 Cu but that
there is still~0.16 oxidized T2 Cu (compare with the EPR
spectrum of the resting oxidized state, in Figure 8A). At 30
min, the EPR spectrum showed no Cu sigfal$his shows
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T T T T T ] followed by a slow phase in which most of the T1 Cu is
LA ] reoxidized. This slow phase is much fastigp(~30 s) than in

I | the absence of Cl Also, these data show that 1.0 T3 copper
reduces quickly €0.1 s), and an additional 0.5 T3 Cu reduces
in a slower phase. Essentially all of the T2 Cu reduces slowly.
Traces F and G of Figure 8 show the EPR spectra of Cp plus
Cl~ reduced with 3 equiv of Fe(ll) frozen afterd5 s and 30
min. The EPR spectrum of the 45-s sample exhibit®.57
oxidized T1 Cu (Figure 8F). Since the T2 Cu EPR spectrum
changes upon reduction of the T3 Cu in the presence of ClI
(vide supra), the amount of oxidized T2 Cu was determined by
double integration followed by subtraction of the fraction of
oxidized T1, as was done for the reductive titrations. From this,
0.51 oxidized T2 Cu remains at45 s. At 30 min, the amount

of oxidized T1 Cu has increased to 1.25 Cu, in agreement with

Number of Cu(ll)
o &)
T T
1 1

o b
&)

po
o0

-
o

= the absorption results in Figure 9B. The T2 Cu signal in sample
a3 t . frozen at 30 min (Figure 8G) shows several changes relative to
S0k ] that of the 45-s sample: the amount of T2 Cu has increased to
S o 1 0.75 Cu, thems = —3/, hyperfine peak has shifted to higher
§ field by ~20 G, and the prominent off-axis turning point seen

o
&)

] at ~3405 G has disappeared. These changes are the same as
] observed in the reductive titration data between the 0-equiv and
i . 1 the 2.0-equiv Fe(ll) samples. Since by mass balance the
0.0~ 355" 766 600" 8001000 1200 reomdgtlon of the T1 and T2 Cl_J sites must be concomitant _W|t_h
Timgs) reduction of the T3 Cu pair, this demonstrates that the shift in

Figure 9. Stopped-flow absorption data of oxidized human Cp upon € T2 Cu EPR signal occurs upon reduction of the T3 Cu.
addition of~3 equiv of Fe(ll). The plots show the number of oxidized 1S, the kinetics of reduction of Cp with Chas several
T1(—), T2 (---), and T3 £-—) Cu versus time. Amounts of T1, T2, features in common with that of Cp withoutCl a fast initial
and T3 Cu before addition of reductant are 2.0, 1.0, 2.0, respectively phase of reduction of the T1 and T3 Cu sites followed by a
(i.e., initial reduction phase is too fast to see on this time scale). slow phase of ET from the T1 Cu to the trinuclear cluster.

Conditions: (A) in pH 7.0 phosphate buffer; (B) in pH 7.0 phosphate  To summarize, the kinetics of reduction of Cp with substo-

buffer plus 0.15 M NaCl. ichiometric Fe(ll) in phosphate buffer both with and without
Table 2. Number of Oxidized T1 and T2 Cu Sites in Human Cp CI~ exhibits a fast reduction of both the T1 Cu and a fraction
in Phosphate Buffer upon Addition of Fe(ll) of the T3 Cu. Subsequently, there is a slow phase consisting of

ET from the T1 Cu to the trinuclear cluster (the T2 and/or T3

conditions oxidized T1 Cu oxidized T2 Cu . " o
o Cu sites, depending upon the conditions).
no
3 equiv of Fe(ll),~45 s <0.25 0.59 DI .
3 equiv of Fe(ll), 30 min 0.37 0.57 IScussion
wit?\ P of Fe(l)~45s 0.0 0.16 The Mechanism of Intramolecular ET. This study provides
3 equiv of Fe(ll),~45 s 057 051 the first comprehensive picture of the thermodynamics and
3 equiv of Fe(Il), 30 min 1.25 0.75 kinetics of intramolecular ET in Cp. We have shown that, under
6 equiv of Fe(ll),~45s 0.0 0.31 physiologically relevant conditions, the redox potentials of the

two T1 Cu sites are the same and that @ an important
increase in the amount of oxidized T3 Cu. By mass balance, effector of the electron distribution between the T1 Cu sites
essentially all of the T2 Cu is reduced very slowly, with the and the trinuclear cluster under equilibrium conditions. Upon
samety/» as the slow reoxidation phase observed for the T1 Cu. reoxidation of fully reduced Cp with 9 RFQ EPR data show
EPR was used to monitor the T1 and T2 Cu signals as a functionthat ET from the TiemoteCU site to the Tdyswis Cu site occurs
of time. Traces B and C of Figure 8 show the EPR spectra of at>150 s . Reduction of the T1 Cu sites by Fe(ll) is extremely
Cp upon addition of 3 equiv of Fe(ll) frozen afterd5 s and rapid (kobs > 1600 s), as is reduction of the T3 Cu pair, as
frozen after 30 min. The EPR spectrum of the 45-s sample shown by stopped-flow absorption. With excess Fe(ll), reduction
(Figure 8B) shows very little oxidized T1 Cx(.25) and~0.59 of the T2 Cu is the slowest step, as shown by EPR. With
oxidized T2 Cu. The EPR spectrum of the 30-min sample substoichiometric Fe(ll), the slow phase of reduction of the T2
(Figure 8C) shows that the amount of oxidized T1 Cu has Cu correlates with the slow reoxidation phase of the T1 Cu.
increased to 0.37 Cu. This is in agreement with the absorption Addition of CI™ increases the rate of this slow phase. When
data, indicating a fast reduction of the T1 Cu sites, followed a the enzyme is poised with only one reducing equivalent on the
slow reoxidation phase. Also, the spectrum in Figure 8C shows T1 Cu, ET to the trinuclear Cu cluster does not occur, despite
that, at 30 min, the amount of oxidized T2 Cu is essentially the favorable driving force for this in the presence of Cl
unchanged (0.57 Cu). These data are summarized in Table 2Addition of 1-2 equiv of Fe(ll) to this trapped stataduces
Since Ct affects the redox potentials of the Cu sites, the ET from the T1 Cu to the trinuclear cluster, leading to a net
effect of 0.15 M NacCl on the kinetic behavior of reduction of oxidation of T1 CuThus>1 electron is required in order to
anaerobic oxidized Cp by Fe(ll) was examined. The amount of reduce the trinuclear cluster.
oxidized T1 Cu versus time upon addition-e8 equiv of Fe(ll) The above large body of thermodynamic and kinetic data can
determined by stopped-flow absorption is shown in Figure 9B. be used to evaluate possible models for the mechanism of
Essentially all of the T1 Cu is reduced quickly@.1 s), intramolecular ET in Cp, yielding important insights that are
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broadly applicable to the class of multicopper oxidases as acluster demonstrates that reduction of the trinuclear cluster
whole. The simplest possible mechanism for intramolecular ET requires two electrons. Given that the T3 Cu acts as a two-
in Cp that includes all feasible steps is shown in Scheme 2. electron acceptor, and that kinetically reduction of the T2 Cu

always occurs after reduction of at least a fraction of the T3

Scheme 2 Cu, it is logical that the T3 Cu pair plays a defining role in the
K, mechanism of reduction of the trinuclear cluster. Thus, the redox
step 1: Fg + TIRmy,=Fe, + T1IRM behavior of the trinuclear cluster is coupled, and the T3 Cu pair

functions in gating ET to the tricopper cluster. Some evidence
for such communication between the T2 and T3 Cu sites already
exists from the change in the EPR parameters of the T2 Cu site
in the presence of Clupon reduction of the T3 Cu pair. Such

step 3: T1Rm + 1'1(;|_|O,—K~_3 T1Rm, + T1CHg a coupling could be either geometric or electronic in nature.
Among the possibilities are a subtle direct geometric perturbation

K
step2:  Fg+ T1CH,==Fe, + T1CH;

Ky to the T2 Cu upon redox of the T3 Cu or a change in the

step4:  Fg+ TICHz; + T3, = Fgy + T1CH, + T34 electrostatic environment due to charge differences. Several
mechanistic steps for reduction of the T2 Cu may be involved.

step 5: T1Rm + T1CH, + T3o‘£‘—5 Step 7, in which a reduced T3 Cu pair reduces the T2 Cu and

the Tleyshis Cu, is a particularly attractive possibility and
provides a direct means whereby the redox behavior of the
K trinuclear cluster is coupled. In this mechanistic step, the
step 6: T1CH+ T2, = T1CH, + T24 reduction of the T2 Cu also requires an oxidized T1 Cu. Upon
addition of excess Fe(ll), at least a fraction of the T2 Cu reduces
K, slowly, even though the T1 Cu was rapidly reduced. Therefore,
step7: T+ T2+ T1ICH, = T3, + T2; + T1CH, in this case, an additional factor generating this slow step must

. ) i be present. An alternative mechanistic step for reduction of the
In this scheme, the Rkmoeand Tlkysis CU sites are abbreviated 15 ¢ site is a slow direct ET from the ks CU (step 6).

as T1IRm and T1CH, respectively, and the subscripts R and Opis would account for the slow reduction of the T2 Cu and

designate reduced and oxidized, respectively. the slow reoxidation phase of the T1 Cu. Modulation of the T2

Step_s 1 and 2 are th? reduction of the T1 Cu sit_es _by Fe(l_l). Cu site by the redox state of the T3 Cu would then explain the
All'available evidence indicates that the T1 Cu site in multi- requirement of two electrons for reduction of the trinuclear

copper oxidases is the site of substrate oxidatiand in Cp, cluster even with such a step operative
the proximity of the divalent metal ion binding &V sites to Intramolecular Electron-Transfer Pathways. Further in-

the T1 Cu sites further supports this id€d! The kinetic data o : . )
show that this site is versprapidly reduced upon addition of sight into the_ nature of |_ntramolecular ET in Cp can be obtained
Fe(ll). Thus, these steps are clearly justified in the mechanism,.from apaly5|s of possible ET pathways. We have us.ed the
and the rates._. (forward rate constant for step 1) - isotropic model (see Experimental Section) to obtain ap-
n proximate theoretical estimates of various ET factors for the

should be very large. Step 3 is the intramolecular ET betwee aiff hanisti dth h
the two T1 Cu sites. From RFQ EPR, we have shown that this lferent mec f"m'St'C .s'_[eps. and the Pathways promto
compare relative efficiencies of ET rates among different

rate is relatively fast, with a lower limit of 150°%

Andréasson and Reinhammar proposed that, in plant Lc, after Pathways for each step.
the T1 Cu site is reduced, another substrate molecule reduces 1. The M*" to the T1 Pathway. In both domains 4 and 6,
the T2 Cu site, and together, these reduce the T3 Cu pair bythe M2+ site is quite close to the T1 site: 8.9 A. In domain 6,
two electrons (reverse of step 7 abo%&Jhe crystal structures  the ligands for the M site are His940, Glu272, Asp1025, and
of the multicopper oxidases show that the T2 Cu site is quite Glu935. The same binding motif is also found in domain 4.
buried, and indeed, we find no evidence for a viable ET pathway The first three ligands are in close proximity to the ligands of
from the MP* site to the T2 Cu in Cp. Furthermore, in Cp upon the Tleyshis Site. Thus, it is not surprising that this ET step is
addition of excess Fe(ll), the T3 Cu reduces<ih00 ms, while fast: in the reduction of the enzyme, the apparent first-order
a significant fraction of T2 Cu is still evident by EPR after 45 rate constant i 1600 s*. The best ET pathway identified by
s. We propose an alternative mechanism consistent with thethe Pathways program travels from Glu2722Qo the other O
data: areduced T1 Cu and another Fe(ll) together reduce theof the carboxylate, then across an H-bond to His1028, land
T3 Cu pair (step 4). Such a mechanism could occur in two then along the imidazole ring to the dynis Cu. This gives a
steps: an equilibrium could exist between a reduced T1 Cu andtotal decay coupling of 2.& 1072 Two alternative pathways
a half-met T3 with the reduced T1 Cu heavily favored (since also give favorable decay couplings: either from Asp1026 or
no half-met T3 Cu is observed by EPR); addition of another His940 across a space jump to His102624These pathways
electron from Fe(ll) drives the half-met T3 to complete are illustrated in Figure 10A. Analogous2¥to T1 pathways
reduction. The presence of the?Msite adjacent to the T1 Cu  also exist in domain 4. Pathways from the?Msite to the
site in Cp makes step 4 particularly appealing. Another possible trinuclear cluster were also examined. All reasonable possibili-
mechanistic step for reduction of the T3 Cu pair would be that ties included the Tdyswis Site or ligands thereof and so this ET
both T1 Cu sites transfer electrons to the T3 Cu pair (step 5), step was not further considered. Relative pathway efficiencies
again possibly in a two-step process. Given that the initial can be compared by converting the total decay coupling into a
reduction of the T3 Cu is quite fast, step 5 is not likely to be nonintegral number of covalent bonds,which in turn can be
the initial reduction step, but could be responsible for subsequentconverted into an effective total covalent bond distamgehy
slower ET steps. multiplying by 1.4 A. This can be compared to the actual

The existence of the trapped state and the requirement of andistance and from there &value can be derivetf:>3 In this
additional equivalent of reductant to allow ET to the trinuclear way, the decay coupling of the above pathway convertsfo a

T1Rm, + T1CH, + T3,
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Table 3. Comparison of CtCu Distances from Crystallography
and Relative Decay Couplings from Pathw&y% Analysis for
Various Intramolecular ET Pathways in Cp

distance exptlrate bestrel bridge calcdj

pathway A (s decay coupling (A1)

M2+ to T1 8.9 >160¢ 2.8x 102 1.18
T1RremotetO Tlcyshis 17.9 >150

His685 to His1026 2.5 10°° 1.40

His685 to His975 1.% 10°°

Cys680 to His975 1.%10°
TlesHistO T3 12.5 >23

down Cys1021 side chain 601073 1.04

H-bond to Cys1021 8 6.3x 1078
T3to T2 4.2 né 1.1x 101 na
Tleyshisto T2 14.4 0.023 1.3x10°3 1.14

a Apparent first-order rate constant at a protein concentration of 10
u#M. P na, not availablet Approximated based upon the slow phase of
reoxidation of the T1 Cu from stopped-flow absorption in the presence
of CI~ and from the EPR data, assuming a purely first-ordefysh
to T2 Cu ET;.

0041, and then an across an H-bond to His 975. This pathway
is longer but still has a decay coupling of x71075. The third
good option travels from Cys680/&cross an H-bond to Thr682
NH, then to Thr682 @, then across a 2.35-A space jump to
Gly969 O, and then to Asn970 NH. From there, the rest of the
pathway is the same as the one above. This pathway yields a
decay coupling of 1.2« 1075 These pathways are illustrated
in Figure 10B, and the relevant information is summarized in
Table 3. Taking the best of the above pathway gives a calculated
: B of 1.40 A1, Using this value off in the isotropic model
Figure 10. Illustration of the various ET pathways in Cp, taken from Yyields a predicted ET rate of 45 which is less than the
the X-ray crystal structure (ref 10, accession number 1KCW) and experimental lower limit but reasonable given the level of theory
calculated with the Pathways program. (A) Thé"Msite to Tlkyskis and the many assumptions made. In particular, one would predict
Cu site ET pathways. (B) The Tkis Cu site t0 TkemoeCU site ET that the reorganization energy of the T1 Cu sites in Cp would
pathways. (C) The Tdstis Cu site to trinuclear Cu cluster ET pathways. o |ower than in Az. The reorganization energy comprises two
terms, an inner-sphere term, dictated by the ligands, and an
of 1.18 A~L. Although the driving force for this reaction is not  outer-sphere term. A major contribution to the latter is solvent
known, the fact that reduction of Cp with Fe(ll) is stoichiometric reorganization. Since in contrast to Az, the T1 Cu sites of Cp
indicates that the redox potential of bound Fe(Il) must be quite are not solvent-exposed, the outer-sphere term is predicted to
low, at least 200 mV lower than the Cu redox potentials. Given be lower. This would offset the less than optimal electronic
the favorable coupling and appreciable driving force, it is clear coupling between the T1 Cu sites.
that this ET step will be rapid even if the reorganization energy 3. The Tlgyshisto T3 Pathway. The stopped-flow absorption
of the bound Fe is large. data on the kinetics of reduction upon addition of excess Fe(ll)
2. The Tlgremoteto Tlcyshis Pathway. Two possibilities exist showed that the T3 Cu reduced in 100 ms. As discussed
for the fairly rapid reoxidation of the TRkmote Cu site: direct previously, the most logical mechanistic step to account for this
T1remotetO trinuclear cluster ET or Tobmoteto TleysHis ET. We fast rate involves a reduced T1 Cu and a bound Fe(ll) together
examined the former possibility using Pathways. The best reducing the T3 by two electrons either in a concerted or a two-
pathways included the Ejshis Cu site or ligands thereof. By  step process. Note that, in plant Lc, the T1 to T3 ET rate upon
deliberately excluding such possibilities, several other possible formation of the native intermediate has been estimated at
pathways were obtained, but all were far worse than thenlok >1000 s based upon comparison of the rates of formation of
to Tlcyshis pathways and were not further considered. Given the peroxide-level and the native intermediates. The Pathways
the Cu-Cu distance of 17.9 A, assumingseof 1.0 A~1 (vide program yielded several good dylisto T3 ET pathways. The
infra) and al equal to that of the blue Cu site of Az, 0.8 eV, best pathway travels from Cys102¥ & Val1023 NH via a
the predicted ET rate is 1500 consistent with the experi-  2.64-A H-bond, followed by an all-covalent pathway to His1022,
mental lower limit of 150 s. The Pathways program yielded a ligand of the T3 Cu (Figure 10C). This gives a total decay
several viable Tdemote t0 Tlcyshis ET pathways. The best  coupling of 6.3x 1073, Alternatively, a slight modification of
pathway travels from His685 to Glu971¢® via an H-bond, this pathway yields the same decay coupling: instead of
then an all-covalent path to the 11e972 O, and then to His1026 traveling from Val1023 NH along the backbone to the side chain
Hel via a 2.58-A space jump. The overall decay coupling is of His1022, an H-bond skips from His1022 O to thé Hatom
2.5 x 1075, This pathway is essentially the same as the T1 to on the imidazole ring. Another good pathway travels from
T1 ET pathway identified by Farver, Pecht, and co-workérs, Cys1021 $, down the side chain of Cys1021 to the backbone
except the latter included a very long 3.37-A 11e972 O to and then down the side chain of His1022. This all-covalent
His1026 H2 H-bond. Another reasonable option travels from pathway yields a coupling of 6.6c 10°3. The analogous
His685 to Glu971 @2, then along an all-covalent pathway to pathway down the side chain of His1020 to the other T3 Cu
Asn970 NH, then to Asp9734&2 via an H-bond, then to Asp973  ion has the same coupling. These pathways are illustrated in
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Figure 10C. These latter two pathways were previously identi-
fied in Cp by Farver et al? and the analogous pathways were
identified in AO several years agd%3The first pathway, which

in Cp includes a Val1023 NH to Cys102% $i-bond, has not
been previously identified in the multicopper oxidases. In the
crystal structures of both AO and fungal Lc, the analogous
pathway indeed exists; therefore, we conclude that this is a
viable T1 to T3 ET pathway in these systems as well. The decay
coupling of this pathway in Cp (6.2 107%) converts to 8 of

1.04 A~ This indicates that even if the reorganization energy
of the T3 Cu site is high, which is implied from the crystal
structure dat&2 this will still be a very fast pathway.

4. Pathways to the T2.Two types of ET paths to the T2 Cu
site must be considered: pathways from the T3 Cu pair and
direct Tlcyshis to T2 pathways. The best T3 to T2 pathway
travels from one of the T3 coppers along its ligand His980 to
the H52 atom on the imidazole ring and then across a 1.6-A
space jump directly to the T2 Cu (Figure 10C). This yields a
very strong decay coupling of 0.11 (Table 3). The best pathway
from the other T3 Cu to the T2 Cu was along the hydroxide
bridge to the first T3 Cu and then into the same pathway. Even

assuming large values for the reorganization energies of the T2

and T3 Cu sites, this would still be a highly efficient ET
pathway.

A good Tlgysisto T2 pathway also exists: from Cys1021
Sy along the Cys side chain to the Cys1021 N, then to the
His1020 O, then across an H-bond to His978 NH, and from
there to the T2 Cu (Figure 10C). This yields a decay coupling
of 1.3 x 1073 (Table 3), which in turn converts toof 1.14
A-L This indicates that the inability of T1 Cu to transfer
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Figure 11. lllustration of the three mechanisms of coupling from the
Cu dz- orbital into the bridge: through the histidinedl, hypercon-
jugation through the Cys;,8to the Cys Hs, or though the Cys)8
across an H-bond to the backbone amide N. The Cu site structure shown
is Pc, and the wave function plot is that of Pc calculated with ADF.
The backbone amide is positioned to be aligned with the-&ys
moiety as the Val1l026 backbone amide is in theydids site of Cp.

character. This has also been directly quantitated by S K-edge
X-ray absorption spectroscopy (XAS) and found to be in
agreement with the DFT resuf&Therefore, in comparing ET
pathways involving the T1 Cu site, pathways through the-Cu
Scys bond will be at least a factor 6f10 faster.

Additional insight can be gained from examining the delo-
calization of the SOMO wave function further out onto the
ligands from both DFT calculations and experimental data on

electrons to the T2 Cu in the trapped state cannot be explainedblue Cu sites. In particular, the coupling of the Cys@bitals

by the lack of a direct ET pathway, which in turn, further shows
that reduction of the T2 Cu site must be directly coupled to
reduction of the T3 Cu pair.

5. The Effect of Metal—Ligand Bonding on ET Pathways.
In the ET pathways of Cp, three types of pathways involving
the T1 Cu were found: through the €iyis bond, through
the Cu-Scys bond then down the Cys side chain, and through
the Cu—Scys bond and then across an H-bond to an amide N.
The anisotropy of the T1 Cu metdigand bonding necessitates
an examination of the effect of these differences on the ET rate.
In the McConnell superexchange mechanism, the effect of
coupling in to and out of the bridge dAag is incorporated
into the prefactor, H12)(Hm+1m+2)/AE12. In comparing mech-
anisms of coupling into a given bridge in which the zeroth-
order final state and the coupling of the bridge to the final state
are kept the same, the term to considadig/AE;,, whereH;;
is the metat-ligand resonance integral amk;, is the ligand
to metal charge-transfer energifdi/AE;, is equal to the
semioccupied molecular orbital (SOMO) wave function coef-
ficient, which, in turn, is equal to the square root of the
covalency. Thus, for a given bridge and final stdtey is
proportional to the metalligand covalency. From density
function theory (DFT) calculations on the blue Cu site of
plastocyanin (Pc3264%5which is structurally and spectroscopi-
cally very similar to the T1 Cu site in the multicopper oxidases,
the redox-active @ y2 orbital has 38% &s and 2-5% Nuis

with the next step in the pathway, either the @methylene

or the H-bonded amide NH, is of interest. Since the Cys S
orbital in the SOMO is a orbital and ET in proteins is assumed
to be viao-type pathways, one possibility is coupling between
the $ & ando orbitals, where the orbital is the S-C bonding
level. Since these are orthogonal, this would have to be through
spin—orbit coupling:

n|LS| (08 2
ST

From DFT calculationsAE is 5.3 eV, so this term is very small
and thus direct $ to o coupling is not a viable means of further
coupling along the Cys pathway. However, very large positive
hyperfine couplings (1628 MHz) have been experimentally
observed for the Cys 6 in Pc and Az from continuous-wave
Q-band electron nuclear double-resonance spectroscopy (EN-
DORY” and paramagnetic proton nuclear magnetic resonance
spectroscopy*H NMR).%8.69 By comparison with the CuS—
C—Hg dihedral angles from X-ray crystallography, the dominant
mechanism of spin delocalization is directlelocalization from

the Cys $, i.e., hyperconjugation, rather than spin polarization.
The magnitude of the hyperfine coupling yields spin densities
of 1.6 and 1.2% for each of the Cy$3bl This compares very
favorably with the total spin density of 2.7% for the CygH
calculated from DFT, pictured in Figure 11. Therefore, hyper-
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conjugation to the Cys bk provides a highly efficient mech-  probably does not dominate. Also, this means that all three
anism for coupling along the Cys side chain. Tlremote t0 Tlcyshis pathways in Figure 10B, two that travel
The final possibility to consider is coupling through the through the His and one that travels through the Cyst®
H-bond to the backbone amide. Comparison of the structuresamide, are probably comparable. Although the ET rate advan-
and amino acid sequences of blue Cu proteins and multicoppertage of the anisotropic covalency of the T1 sites is not being
oxidases yields a notable pattern in backbone amides H-bondeddptimally exploited in this case, this ET pathway need not be
to the Cys $. Az has two H-bonded backbone amides: one as efficient: it is not essential for either the oxidation of Fe(ll)
residue downstream of the His ligand (Asn47) and two residues or for the reduction of @ It may, however, still serve a useful
downstream of the Cys ligand (Phel14). Pc, pseudoazurin, andfunction in the overall ferroxidase activity of Cp.
amicyanin have only one H-bonded amide, one residue down- Implications for the Ferroxidase Mechanism. The RFQ
stream of the His ligand (Asn38 in Pc), while two residues EPR data demonstrates that thexddoweto Tlcyshis ET rate is
downstream of the Cys is a Pro. In Cp, all three T1 Cu sites quite fast ¢ 150 s1) despite the long distance of 17.9 A. The
have two H-bonded amides: one residue downstream of thereductive titration data demonstrated that these Cu sites have
His ligand (Thr976 in domain 6) and two residues downstream the same potential. THey for Fe(ll) from steady-state kinetics
of the Cys ligand (Val1023 in domain 6). AO and fungal Lc, has been reported to be 138 or 550 miff° Therefore, the
and by sequence comparisons all of the other multicopper TlremoteCuU site fulfills both requirements for potential catalytic
oxidases, have only one H-bonded amide: one residue down-relevance. Yet, it is not needed fop @duction. The proposed
stream of the His ligand is a Pro, while two residues downstreamrole of Cp in Fe metabolism puts unique constraints on its
of the Cys is an H-bonded amide (11e509 in AO). The latter function as an enzyme. The concentration of free Fe(ll) in
amide appears as a possible ET pathway in all of the multicopperplasma is generally considered to be vanishingly small. Thus,
oxidases. it has been assumed that Cp obtains Fe(ll) from some as yet
Pulsed W-band ENDOR on globaf§N-labeled single-crystal unidentified membrane-bound Fe(Il) pump. The protein to which
Az has detected spin density on three backbone amides, as welCp delivers Fe(lll) is transferrin (Tf), which is a soluble plasma
as the remotee@) Ns of the His ligand%? The isotropic protein. Unless the delivery of Fe involves a ternary complex,
hyperfine shifts for the two His &2s were 1.30 and 0.87 MHz  this means that the uptake and delivery of Fe by Cp are spatially
and for the three amide Ns were 0.95, 0.55, and 0.22 MHz. separated. Thus, in vivo the overall rate-limiting step for Cp
Those of the His N1s in Pc and Az by Q-band ENDOR are could be Fe delivery to Tf, in which case Cp could be acting as
22 and 22 MHz and 27 and 17 MHz, respectively. From the a short-range Fe(lll) transporter. After Cp is fully reduced by
hyperfine shifts assigned to His46 in Az, 17 MHz fod Nand Fe(ll), it will presumably be rapidly reoxidized by,@nd then
0.87 MHz for Ne2, spin densities of 4.9 and 0.24% were deliver Fe(lll) to Tf. The crystal structure of Cp shows that
calculated, respectiveRp. This compares favorably with spin ~ domains 6 and 4 each contain a T1 Cu site, a divalent metal
densities from DFT calculations on the His Ns of Pc (4.5 and ion binding site (M*) and a trivalent metal ion binding site
0.2%). This shows that the His rings are far less efficient at (M3"). If each domain is capable of tightly binding two Fe(lll)
spin delocalization than the Cysgs. Of the three backbone  ions, either by keeping one in the?Msite or by having both
amides detected by pulsed W-band ENDOR, one was assumed-e(lll) ions bound at the Bt site, as postulated by Lindley
to be the Cys amide N, and the other two were not assigned.and co-workerd} a single molecule of Cp could sequester four
We suggest that these two are the H-bonded amides, Phell4e€ ions in a single interaction event with the membrane-bound
and Asn47. By comparison of the isotropic hyperfines of the Fe(ll) pump. This would minimize the buildup of partially
backbone amides with the HiseRs, the spin densities on the reduced Cp species. Thus, therldoe Cu site is not needed
amides are approximately—%, that of the His N2s. This for oxidase activity, but may be important in increasing overall
indicates that although the H-bond to the Cys [Bovides a Fe metabolism efficiency.
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