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ABSTRACT: The Fet3 protein (Fet3p) is a multinuclear copper oxidase essential for high-affinity iron uptake
in yeast. Fet3p contains one type 1, one type 2, and a strongly antiferromagnetically coupled binuclear
Cu(Ih—Cu(ll) type 3 copper. The type 2 and type 3 sites constitute a structurally distinct trinuclear cluster
at which dioxygen is reduced to water. In Fet3p, as in ceruloplasmin, Fe(ll) is oxidized to Fe(lll) at the
type 1 copper; this is the ferroxidase reaction that is fundamental to the physiologic function of these two
enzymes. Using site-directed mutagenesis, we have generated type 1l-depleted (T1D), type 2-depleted
(T2D), and T1D/T2D mutants. None were active in the essential ferroxidase reaction catalyzed by Fet3p.
However, the spectroscopic signatures of the remaining Cu(ll) sites in any one of the three mutants were
indistinguishable from those exhibited by the wild type. Although the native protein and the T1D mutant
were isolated in the completely oxidized Cu(ll) form, the T2D and T1D/T2D mutants were found to be
completely reduced. This result is consistent with the essential role of the type 2 copper in dioxygen
turnover, and with the suggestions that cuprous ion is the valence state of intracellular copper. Although
stable to dioxygen, the Cu(l) sites in both proteins were readily oxidized by hydrogen peroxide. The
double mutant was extensively analyzed by X-ray absorption spectroscopy. Edge and near-edge features
clearly distinguished the oxidized from the reduced form of the binuclear cluster. EXAFS was strongly
consistent with the expected coordination of each type 3 copper by three histidine imidazoles. Also, copper
scattering was observed in the oxidized cluster along with scattering from a ligand corresponding to a
bridging oxygen. The data derived from the reduced cluster indicated that the bridge was absent in this
redox state. In the reduced form of the double mutant, an N/O ligand was apparent that was not seen in
the reduced form of the T1D protein. This ligand in T1D/T2D could be either the remaining type 2
copper imidazole ligand (from His416) or a water molecule that could be stabilized at the type 3 cluster
by H-bonding to this side chain. If present in the native protein, thid Ebuld provide acid catalysis of
dioxygen reduction at the reduced trinuclear center.

The Fet3 protein (Fet3p) from the budding ye&stccha- ceruloplasmin 13, 14) are multinuclear copper oxidases,
romyces cerasiae, is required for the high-affinity iron  enzymes that couple the four-electron reduction of dioxygen
uptake in this organisml(-4). Fet3p is a type 2 plasma (to water) to the oxidation of four, one-electron equivalents
membrane protein; in the yeast plasma membrane, it appearsf the reducing substratel$, 16). Among these copper
to be directly associated with the high-affinity iron permease, oxidases, which include also ascorbate oxidase (AO) and
Ftrlp 6, 6). Fet3p catalyzes a ferroxidase reaction that is laccase (Lac), only Fet3p and Cp can use Fe(ll) as the
then coupled to the transport of iron into the yeast cell substrateZ, 9, 10, 12). Thus, only Fet3p and ceruloplasmin
through Ftrlp. This ferroxidase reaction, illustrated in eq 1 support the ferroxidase reaction shown in eq 1.

As a class, multinuclear copper oxidases have three distinct
types of copper sited 6, 17). These include one type 1 (T1),

. . L . ._or blue, Cu(ll) site that is characterized by an intense Cys-S
is also an essential reaction in mammalian iron homeostasis

. . : to Cuw* de_,2 charge-transfer adsorption 600 nm ¢
(7, 8); in mammals, the serum protein, ceruloplasmin (Cp) T - .
i ' . = 4000-6000 Mt cm™1) and a correspondingly small
(7=10), catalyzes this reaction. Both Fet3pl{ 12) and parallel copper hyperfine coupling that is evident in the EPR
spectrum gy, = 43—95 x 104 cm™Y). These values for Fet3p
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Scheme 1 site-directed mutants in the gene encoding FeEg, 3 and
\ then in producing the recombinant mutant proteins in yeast
I H489 in a soluble form {1, 12). Here, on the basis of the model
ﬁ of the Fet3 protein illustrated in Scheme 1, we have
y sequentially deleted putative copper ligands to the type 1
H413 and type 2 copper atoms, thus generating a trio of mutant
HyCWS proteins lacking one or more copper atoms, i.e., T1D, T2D,
| cus4 and T1D/T2D Fet3p. This latter mutant protein, which
Has3 Type 1 Cu( contains only the type 3 binuclear cluster, is unique among
LN S the multi-copper oxidases in that this site has never been
KN/,7 C{\ﬁms isolated in this manner previously. With this protein, we have
K oH been able to use XAS to delineate the structure of the
y, N S ~13A oxidized and reduced forms of this site. The results both are

“\\\\\\N

R, ““““ consistent with and extend the current model for how the

H485 .. . . .
type 3 cluster participates in the reduction of dioxygen.
N Paie” Furthermore, the success of the mutagenesis itself strongly
I3 supports the ligand assignments in Fet3p given in Scheme
Type2 Cu(ll)  Type 3 Cu(ll) Cluster 1.

Trinuclear Cluster
EXPERIMENTAL PROCEDURES
oxygenous ligands (for Fet3g,, = 190 x 104 cm™). The
binuclear Cu(ll) cluster is diamagnetic due to strong anti-
ferromagnetic coupling associated with a bridging oxygen
(-OH) atom; however, its presence is reflected in a relatively
strong transition at 330 nm (for Fet3p= 5000 M1 cm %)
that is apparent as a shoulder on the protein absorbance
280 nm.

Expression and Purification of Soluble FetZtrain M2*
carrying plasmid pDY 148 was used as the expression system
for the production of soluble Fet3p. Strain M2* MATa
trp1—63 leu2-3,112 gcn4-101 his3-609 ura3-52 AFTL-

a{}iP (22). The AFT1-1" allele encodes a dominant, gain-of-
nction mutant of the Aftl protein, the transactivator of the

) genes of the iron regulon, includingET3 (23). Plasmid
The crystal structures of human ceruloplasmin (R&B3,  pDy148 is a 2 vector that carries a recombinaRET3

14), AO (18, 19), and Lac g0) have revealed the spatial  gffectively truncated at nucleotide 1666 (at amino acid

relationship between the three copper sites. The type 1 coppefesique 555, below). This truncation removed the apparent

site is separated from the trinuclear clustert3 A, while membrane-spanning domain found in the C-terminal region

the three copper atoms in the trinuclear cluster form a nearly ihat is included in residues 55%86; as a consequence, this

isosceles triangle, 3:54.0 A on a side. The structures also Fet3p was secreted directly into the growth medium rather

confirmed the protein side chain ligand assignments indicated;, 5 being retained in the plasma membrane. Culture growth

by solution studies and sequence alignments among the;nq mytant protein purification were performed as has been
members of this protein family. Scheme 1 illustrates a model yescribed in detail for the wild-type proteiti2).

of the trinuclear cluster in Fet3p based on the hCp and AO .
structures and these alignments, and its spatial relationship Construction of Fet3p MutantMutantFET3alleles were

: . . . constructed directly in pDY148 by site-directed mutagenesis
to the type 1 copper site. This latter Cu(ll) is the site of ~_. : . .

. . using the QuickChange kit from Stratagene. Briefly, comple-
entry of electrons from the reducing substrate, Fe(ll) in the men?ary Simers encgoding the Cys4g48er muta){ion atpthe
case of Fet3p and Cp, while dioxygen reduction occurs att e 1 copper site and those encoding the His81GIn mutation
the trinuclear cluster. yp PP . 9 o

. . L . at the type 2 copper site were used in PCR amplification of
Spectral analysis of a specific copper site in a multinuclear o yector. Following amplification of the mutant-encoding
°X'.d"’?se IS pompllcated by the presence of t_he ot.her SIteS.yactors in bacteria, thEET3 sequences were confirmed by
This is particularly true of X-ray absorbance, in which case dideoxy sequencing (Sequenase 2.0) and the vectors trans-
all four copper atoms would contribute to both the copper

edge absorption and the extended fine structure due to backformed into yeast host strain M2*. The T1D/T2D mutant
) . . allele was generated by a second pass through the Quick-
scattering from neighboring atom&1). On the other hand, was g y s ug Qui

) L Change procedure using the THET3 as a template.
EXAFS has the potential of providing molecular and atom- A gl .p land S gl Methodgh , P
level details of the coordination sites in metalloproteins and . Analytical and Spectral Methodshe protein concentra-

is the only spectral technique that is directly useful in the tion was _determmed by two independent assays, a standard
structural characterization of the diamagnetic type 3 binuclear dye-bmdmg one (I.Br_adfor_d)Zél) and a redox-based one
cIu;te:, particularly in its reduced state which exhibits no ((jcecigfrim t:zcl;r;cfrllgr?:gllgszcgfgié -géesocr%%%irscpoencftigtp;,\\/(;atzm-
optical transitions. d X : .
pThe Fet3p system offers a unique opportunity to employ etryona Perkln-EIr_ner model 1100 instrument equipped with
XAS in the study of this site due to the ease of constructing amodel 700 graphite furnace. Fe(ll) oxidation to Fe(lll) (the
ferroxidase reaction) was followed spectrophotometrically
at 315 nm Ae = 2200 M1 cm™?) (26). Absorbance spectra
! Abbreviations: hCp, human ceruloplasmin; AO, ascorbate acid were recorded on a Beckman model 620B instrument at room

oxidase; Lac, laccase; XAS, X-ray absorption spectroscopy; EXAFS, temperature. EPR spectra were obtained at 77 and 20 K on
extended X-ray absorption fine structure; EPR, electron paramagnetic

resonance; FF, Fourier-filtered; ESEEM, electron spin-echo envelope & Bruker model 300E spectrometer operating at 9.5 GHz (X-
modulation; MCD, magnetic circular dichroism. band).
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X-ray Absorption (XAS) Data Collection and Analysis Scheme 2
XAS data were collected at the Stanford Synchrotron type 1 copper Ligand Alignment
Radiation Laboratory (SSRL) on beam line 7.3, operating

. ' Fet3 481 Phe-Phe- His-Cys-His- lle- Gl Fet3 79 Ser-Met- His- Phe-His- Gly-Leu

at 3.0 GeV with beam currents between 100 and 50 MA. A A0 504 Ala-Phe- His-C§s~Hlis~lle-Glz AO 58 Val-lle- His- Trp- His- Gly-Ile

i i i i hCp 1037 Leu-Leu-His-Cys-His-Val-Thr ~ hCp 118 Thr-Phe-His- Ser- His- Gly-Ile
Si220 monochromator with 1.2 mm slits was used to provide [3¢ "4 1oy Mer His-Cys-His. e Ala  Lac 142 Ser.lle.His. Trp-His. Gly-Met
monochromatic radiation in the 880 keV energy range.
The monochromator was detuned 50% to reject harmonics.

The protein samples were measured as frozen glasses in 25%ngle refinement was correlated with the Debyaller term
glycerol at 1114 K in fluorescence mode using a 13- for that shell, and became increasingly less sensitive as the
element Ge detector. To avoid detector saturation, the countangle decreased from 18@oordination numbers were fixed
rate of each detector channel was kept below 100 kHz by at values consistent with the crystallographic descriptions
adjusting the hutch entrance slits, or by moving the detector of hCp (13, 14), AO (18, 19), and Lac 20), but were allowed

in or out from the cryostat windows. Under these conditions, tg float in some fits to test the consistency between
no dead-time correction was necessary. The summed datapectroscopic and crystallographic results. In the latter case,
for each detector were then inspected, and only thosethe coordination numbers were constrained so as to produce
channels that gave high-quality backgrounds free from pyy factors within reasonable limits (first shell, © 202 <
glitches, dropouts, or scatter peaks were included in the final 0.015; second shett first shell). The goodness of fit was

average. d’udged by reference to the parameferdefined as
Raw data were averaged, background subtracted, an

Type 2 Copper Ligand Alignment

normalized to the smoothly varying background atomic , 12 6 5
absorption using the EXAFS data reduction package EX- F*=—> k’(data — mode})
AFSPAK (27). Energy calibration was achieved by reference Ni=
to the first inflection point of a copper foil (8980.3 eV) placed ESULTS
between the second and third ion chambers. In any series oB
scans, the measured energy of the first inflection of the Production of Mutant Fet3 Protein®lasmid pDY148 is
copper foil spectrum varied by less than 1 eV. Averaged a high-copy vector that carries a recombin&®T3 gene
EXAFS data were referenced to the copper calibration of truncated at nucleotide 1668 or at residue 555 in the wild-
the first scan of a series, since the energy drift in any seriestype Fet3p sequence3)( This truncation removed the
of scans was too small to perturb the EXAFS oscillations. apparent membrane-spanning domain found in the C-terminal
Data analysis was carried out with the least-squares curve-region that is included in residues 55886 and which
fitting program EXCURV98 which utilizes full curved-wave anchors the endogenous Fet3p in the yeast plasma membrane
calculations as described by Gurman and co-work2gs-( in association with the high-affinity iron permease, Ftrip (
30). The application to metalloprotein systems, and particu- As a result of this truncation, this recombinant Fet3p,
larly the treatment of imidazole rings from histidine residues, although produced and processed normally in the vesicular
of multiple scattering analysis has been described in detail trafficking pathway, is secreted into the growth medium from
(31—33). First-shell Fourier-filtered data were used to which it can be readily purifiedl(, 12).
estimate the splitting of the first shell. Next, the single and The T1D, T2D, and T1D/T2D mutants used in these
multiple scattering contributions of the imidazole outer shells studies were derived from the pDY148 system by site-
were included. To ensure accuracy, the outer shell distancedirected mutagenesis. The single-point mutations in the Fet3
and imidazole ring geometry were generated by molecular proteins that were produced were based on the sequence
modeling, using the builder module of INSIGHT 3.0 (Mo- alignments among multi-copper oxidases shown in Scheme
lecular Simulations Inc., San Diego, CA). A model of the 2 that highlight residues that serve as ligands to either the
copper center with a single coordinated imidazole was first type 1 or type 2 copper atoms in these proteins. To construct
built and the Cu-N first-shell bond length adjusted to be the T1D mutant, a Cys484Ser substitution was encoded (a
close to the EXAFS-derived bond length (as determined by G to C transversion at nucleotide 1451), while for the T2D
first-shell analysis using Fourier-filtered data). This model mutant, a His81GIn substitution was encoded (a T to A
was then converted into molecular coordinates and read intotransversion at nucleotide 243). The gene encoding the T1D
EXCURV98 to provide a single Ctimidazole unit with the mutant was subsequently used as a template for production
correct geometry. The coordination number of this unit was of the T1D/T2D double mutant in a second round of
then set within the EXAFS program. Least-squares minimi- mutagenesis. In all cases, the mutant-encoding sequences
zation was performed, varying only the €N(imid) first- were confirmed by sequence analysis. The fact that the single
shell distanceR), its Debye-Waller factor (DW, 2%, and substitutions that were introduced did indeed result in the
the Eo, the photoelectron threshold energy. Finally, the C loss of a specific copper site strongly supported the align-
and C/N, shells were allowed to minimize, but were ments shown in Scheme 2 (and the model in Scheme 1).
constrained so as to remain within 0.1 A of the initially The yields of the three mutant proteins were comparable to
chosen geometry. This latter process was found to be crucialthat of the wild type €5 mg of Fet3 protein isolated per
in obtaining good fits to all data reported herein, and almost liter of growth medium) 12).
certainly reflects the real tendency of coordinated imidazole Catalytic, Spectral, and Redox Properties of the Fet3
rings to distort from ideal geometries in response to tertiary Mutant Proteins.None of the mutant proteins were enzy-
constraints of the polypeptide fold. These ideal geometries matically active with eitheio-dianisidine or Fe(ll) as the
were used as a starting point but were then allowed to float reducing substrate (data not shown). In other respects, in their
with restraint ££10°) in the multiple scattering analysis. The fully oxidized states, ensured by treatment with peroxide (
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Ficure 3: Comparison of the absorbance spectrum of the T2D
mutant before and after treatment with hydrogen peroxide. The
\ before-treatment sample (T2D, no treatment) was this mutant as
3400 obtained directly from the purification procedure. The after-
treatment sample (T2D+H,0;) resulted from the addition of a
FicUrRe 1: Electron paramagnetic resonance spectra of wild-type 10-fold molar excess of D, followed by a 10 min incubation.
and the T1D and T2D mutants of Fet3p. Spectra were obtained atThe protein concentration was 4 mg/mL or 681 Fet3p.
a microwave frequency of 945 0.05 GHz and 120 K. The samples
were prepared in 25% v/v ethylene glycol/50 mM MES buffer (pH
6.0). The instrument settings were constant: microwave power, 10
mW; modulation frequency, 100 kHz; modulation amplitude, 10
G; time constant, 0.02 s; and sweep time, 60 s.
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Ficure 4: Absorbance spectrum of the oxidized and reduced forms
of the T1D/T2D mutant of Fet3p. The T1D/T2D mutant as isolated
was treated with hydrogen peroxide to fully oxidize the type 3
cluster. The protein was resolved from the mixture by dialysis. The
resulting sample (T1D/T2D, oxidized) was at 4 mg/mL or.68
Fet3p in 50 mM MES buffer (pH 6.0). The other sample (T1D/
T2D, reduced) was obtained following a 10 min incubation of the
oxidized sample with a 10-fold molar excess of sodium dithionite
followed by dialysis. The indicated oxidatiemeduction cycle was
repeatable (not shown).
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Ficure 2: Absorbance spectra of wild-type and the T1D, T2D,
and T1D/T2D mutants of Fet3p. All samples were prepared in 50
mM MES buffer (pH 6.0). Spectra were recorded following
treatment of the samples with 0.5 mM hydrogen peroxide to ensure
that all copper atoms present were in the cupric state (see
Experimental Procedures).

300

latter result indicated that the type 3 Cu(ll) site in Fet3p
12), they had spectral properties consistent with the Cu(ll) contributed to this absorbance in the wild-type protein (see
sites remaining in the protein. Thus, the T1D protein below).

exhibited the EPR spectrum previously assigned to the type The wild-type Fet3p that was isolated was obtained in a
2 Cu(ll) in Fet3p (Figure 1, T1Dg, = 2.24,A, = 195 x completely oxidized state. This was shown by the fact that
104 cmY), while it lacked the intense blue color and treatment of the protein with peroxide had no effect on the

absorbance at 607 nm due to the type 1 Cu(ll) in this multi-
copper oxidase (Figure 2, T1D). In contrast, the EPR
spectrum of the T2D mutant exhibited only the narrow
copper hyperfine coupling due to the type 1 Cu(ll) (Figure
1, T2D;g, = 2.19,A; = 89 x 104 cm™1) and, correspond-
ingly, retained the characteristic intens600 nm absorbance
of a type 1 Cu(ll) (Figure 2). Both single mutants exhibited
the type 3 Cu(ll) absorbance at 330 5000 Mt cm™?)

as well as weak absorbance @720 nm (Figure 2). For
reference, the wild-type protein hadyg of 2.20 and arh,

of 91 x 104 cm™! [type 1 Cu(ll)] and ag; of 2.26 and an
A, of 190 x 107% cm* [type 2 Cu(ll)] (Figure 1 and refs
11and12), indicating that in either mutant protein there were

intensity of any near-UV or visible transition, or on the
guantity of spins in the EPR spectrurhl( 12). The same
was true of the T1D mutant which, even with no peroxide
treatment, gave the EPR spectrum shown in Figure 1 that is
indicative of the type 2 Cu(ll), and the type 3 Cu(ll) 330
nm absorbance seen in Figure 2. On the other hand, both
the T2D and the T1D/T2D mutants were isolated in a reduced
state, as indicated by their lack of a characteristic Cu(ll) EPR
spectrum (as in Figure 1, T2D) and/or absorbance (as in
Figure 2, T2D and T1D/T2D). However, these as-isolated,
reduced samples could be readily oxidized by peroxide. This
behavior is illustrated for the T2D mutant protein (Figure 3,
+H,0,). This oxidation was reversible as indicated by the

only subtle differences in structure at the remaining para- subsequent reduction with dithionite (or ascorbate) as shown

magnetic Cu(ll) site.

for the T1D/T2D mutant in Figure 4. Figure 4 also

The T1D/T2D mutant was apparently diamagnetic since demonstrates clearly that the type 3 Cu(ll) binuclear cluster
it gave no EPR spectrum under the same conditions that werdn Fet3p absorbs at720 nm (expanded scale, right axis).
used to obtain the spectra shown in Figure 1 (not shown). The molar extinction coefficient for this transition in the
On the other hand, this double mutant exhibited the 330 nm oxidized T1D/T2D mutant was determined to be 300'M

transition in the near UV due to the type 3 binuclear Cu(ll)
cluster, as well as absorbance~at20 nm (Figure 2). This

cm™L In the spectra of the wild type (and T2D proteins),
this absorbance appeared as a shoulder on the more intense
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Ficure 5: X-ray absorption edges of the reduced and oxidized
forms of the T1D/T2D mutant of Fet3p. See Experimental 0.0 - ‘ ‘
Procedures for details. 1 2 3 4 5 6

R(A)
607 nm type 1 Cu(ll) feature (Figure 2), making determi- pFgyre 6: Experimental (thin lines) and simulated (thick lines)
nation of the intensity of this transition in those two cases Fourier transform and EXAFS (inset) data for the reduced form
imprecise. However, a value of 600 #cm™! was estimated,  the T1D/T2D mutant of Fet3p.
or twice that for the transition(s) assigned to the type 3 cluster
alone (above), suggesting that in the native protein, the typeTable 1: Parameters Used To Simu_late the EXAFS and Fourier
1 and type 3 Cu(ll) sites make similar contributions to the EaSTSfZODmI‘DgLET: Sﬁfa‘i;ed and Oxidized Forms of the Fet3p
absorbance in this region of the visible spectrum.

Significantly, the reduced forms of both the T2D and first shell outer shells
double mutant proteins were stable in air, indicating that the Cu—Na—X
type 2 copper atom that was lacking in each was required__Shell_ R(A) 20°(A%  shell R(A) (deg) 27(A%)
for electron transfer from any of the other copper atoms in ReducedF = 0.472,E, = —3.06
the protein to dioxygen. This result was consistent with 3N(mid) ~1.99 0.013 3C(imid) 293 236  0.013

3C@imid) 3.01 130  0.013

current models for the mechanism of action of the multi- 3CIN(imid) 4.20 201 0.037
nuclear copper oxidases that is based on the binding;of O 3 C/N(imid) 4.27 164 0.037
to the type 2 and one of the type 3 copper atoms3#ednd 10O/N 2.49 0.021

below). Oxidized,F = 0.254,E, = —5.23 eV

X-ray Absorption Spectra of the T1ID/T2D Fet3 Protein. 3N(imid) 2.04 0.014 3C(imid) 296 236 0.03

. o : 3C(imid) 306 126 0.3
The primary objective of this study was to prepare a Fet3 3CIN(mid) 422 202 0.03

protein in which the type 3 binuclear copper cluster would 3C/N(imid) 4.18 162 0.03
be the sole contributor to XAS. This would allow for the 1 O(bridge) 1.91 0.008
use of this spectroscopic technique in the delineation of the 1 Cu 3.33 0.016

structure of this copper site in Fet3p and enable its aEstimated errors in distances at®.01 A for the first shell and
comparison to this site in AO, hCp, and Lac, proteins whose +0.03 A for outer shells. Estimated errors in coordination numbers
crystal structures have been determined. are=25%. Estimated errors in angles at&".

Edge Absorption Analysis of Oxidized and Reduced T1D/
T2D Fet3p.XAS data were collected on both the oxidized float. The best fit converged to dnvalue of 0.68 with an
and reduced forms of the T1D/T2D mutant protein. Figure N of 2.8, anR of 2.00 A, and a DW of 0.0124 A Because
5 compares the K absorption edges for these two forms. Thethe high value of the DW term could be suggestive of a
expected difference in edge energy is clearly visible, with splitting of the first-shell distance, we next investigated two-
the oxidized enzyme exhibiting a nearly featureless edge with shell fits in which the occupancy of the shells was fixed at
a midpoint energy of 8990 eV typical of tetragonally 2N + 1N, butR and DW were allowed to float freely. This
coordinated type 2 Cu(ll) centers. The reduced enzyme gave a slightly improved fitK = 0.6) consisting of 2N/O
absorbs at lower energy with a midpoint energy of 8987 eV. with R values (DW) of 1.96 A (0.0060 A and 2.08 A
Furthermore, the edge exhibits a pronounced shoulder at 89840.0013 &), respectively. Although the DW values in this
eV that can be assigned to the s 4p, plus ligand fit were more reasonable for first-shell distances, the
shakedown transition that acts as a marker for the coordina-improvement inF was not significant. Most likely, the DW
tion number in Cu(l) sites35, 36). The intensity of the  terms indicate heterogeneity between the six-®u(imi-
shoulder at 8984 eV is characteristic of a three-coordinate dazole) distances characteristic of the reduced Fet3p binuclear
site with a significant doming of the Cu(l) out of the trigonal site.
plane, and correlates well with Cu(l) complexes in which a  The first-shell analysis, nonetheless, was consistent with
weakly bound fourth ligand provides a distortion tow&i) the absorption edge data which indicated that in the reduced
symmetry. binuclear cluster each Cu(l) was three-coordinate. To further

EXAFS of Reduced T1D/T2D Fet3pe first examined  substantiate this conclusion, we proceeded with an exact
Fourier-filtered (FF) data for evidence of splitting of the first- simulation of the raw data, including single and multiple
shell distances. Three-coordinate sites are expected to havecattering contributions from coordinated histidine (imida-
Cu—N/O distances in the range of 1:932.95 A, whereas  zole) ligands. This procedure can provide good evidence for
four-coordinate sites are expected to have-®8llO distances  the number of such ligand87, and references therein). The
of >2.00 A. We began by investigating single-shell fits in best fit from such a simulation is shown in Figure 6 with
which the coordination numbelN], the distanceR), and the parameters given in Table 1. The outer-shell scattering
the Debye-Waller factor (DW, 2?) were all allowed to was well-represented with 3 N(imid) at 1.99 Aof2= 0.013),
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FIGURE 7: Experimental (thin lines) and simulated (thick lines) FiGure 8: Experimental (thin lines) and simulated (thick lines)
Fourier transform and EXAFS (inset) data for the oxidized form Fourier transform and EXAFS (inset) data for the reduced form
the T1D/T2D mutant of Fet3p. the T1D mutant of Fet3p.

1.0

although simulation of the full width of the first shell required
an additional O/N at 2.49 A (2 = 0.021). Simulations in
which the first shell was split into an average of 2 N(imid)
at 1.93 A (0.007) and 1 N(imid) at 2.05 A (0.001) also gave

0.8

& 06
an acceptable fit, but thE value (0.59) was greater than g
the simple one-shell fit, providing no justification for the E 04

splitting. No Cu-Cu interaction in theR range of 2.5-4.0
A could be detected by this analysis.

EXAFS of Oxidized T1D/T2D Fet3@ first-shell FF
analysis also was carried out with the data obtained for the
oxidized T1D/T2D mutant. Best fits were obtained with 4

N/O scatters at 2.01 AF(= 0.32), but as for the reduced _ . _ o
Ficure 9: Experimental (thin lines) and simulated (thick lines)

er;zyme, this one-shell fit gave a. large DV\b(2= 0'017. Fourier transform and EXAFS (inset) data for the oxidized form
A?). These results were further refined by including multiple the T1D mutant of Fet3p.

scattering from the imidazole rings of coordinated histidine
residues. This allowed us to assign l@scatters to N (imid) in the cluster contribute to the EXAFS. Because of these
or O (solvent) on the basis of whether that shell had an overlapping EXAFS contributions, spectral simulation cannot
associated set of outer-shell scatterers at the appropriateeadily help to resolve meaningful differences between the
distances for an imidazole ring. Once these latter scattererscoordination of any one of the three copper centers. However,
were assigned, additional first-shell scatterers (solvent) wereone can obtain an average coordination at each copper that
added and allowed to float freely in the fit. This led to the can be compared to the results described above. This
simulation shown in Figure 7 with the parameters given in comparison can indicate whether the removal of the type 2
Table 1. The inclusion of outer-shell interactions with Cu(ll) in the T1D/T2D mutant alters the coordination at the
appropriate constraints led to an excellentFitf 0.25) with type 3 site. Figures 8 and 9 show the best fit simulations for
3 N(imid) at 2.03 A. To complete the average four-coordinate the reduced and oxidized T1D protein, respectively (fitted
case suggested by the first-shell analysis, we included a shelparameters in Table 2). The reduced enzyme can be well fit
of 1 O (solvent) that refined (when floated freely) to 1.91 with 2.7 N(imid) [the average of 3 His ligated to 3 Cu(l)
A. The DW terms for the histidine shells were large32= centers] at 1.96 A. Oxidized T1D could be well fit with 2.7
0.014 &), but fits that split the histidine shell 2+ 1N) N(imid) scatterers at 2.02 A O at1.89 A, and a CaCu
gave no improvement if. We conclude that the large DW interaction at 3.22 A. The 0.1 A decrease in the-Quw
terms arise from heterogeneity among the six-Gifimid) distance in the T1D protein in comparison to that in the T1D/
bond lengths in the oxidized type 3 cluster. T2D one appeared to be significant since the-Cu peak
Last, theF value for this fit was reduced from 0.35 to was well-defined in both mutants. No evidence was found
0.25 by the inclusion of a GeCu interaction at 3.33 A. This ~ for a 2.5 A scatterer in the reduced T1D protein in contrast
marked improvement indicates that the-&u bond distance  to the O/N found at 2.49 A in the reduced T1D/T2D mutant
is well-defined in the oxidized T1D/T2D protein and suggests (above). This latter scatterer could arise from the remaining
the presence of a bridging ligand. The I@gcatterer (O) at “free” histidine imidazole present in the type 2 site in the
1.91 A is a good candidate for a hydroxy bridge between double mutant protein. This and other possibilities are
the two copper atoms. This bridge has been implicated in discussed below.
mediating the antiferromagnetic coupling between the Cu-
(1) in the type 3 site in multinuclear copper oxidases. Thus, DISCUSSION
our data indicate that this site in Fet3p conforms in all general  Single “deletion mutants” have been generated previously
respects to the homologous site in the other members of thisat the type 1 and type 2 copper sites in multinuclear copper
enzyme class. oxidases by chemical means. Thus, metal substitution at the
Reduced and Oxidized T1D Fet3the T1D protein has  type 1 copper, e.g., mercury, to yield T1Hg L&8), or metal
an intact trinuclear cluster, and thus, all three copper atomsdepletion by chelation in the presence of a reducing agent

&
o

0.0

R (A)
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Table 2: Parameters Used To Simulate the EXAFS and Fourier
Transform of the Reduced and Oxidized Forms of the Fet3p T1D
Mutang

first shell outer shells
Cu—N,—X
shell R(A) 202(A?» shell R@A) (deg) 22(A?»
ReducedF = 0.541,E, = —3.18
2.7 N(imid) 1.96 0.013 2.7 C(imid) 2.92 235 0.013
2.7 C(imid)  2.98 130 0.013
2.7 C/N(imid) 4.10 201 0.020
2.7 C/IN(imid) 4.31 164 0.020
Oxidized,F = 0.279,Ey= —4.61 eV
2.7 N(imid) 2.024 0.011 2.7 C(imid) 2.98 237 0.027
2.7 C(imid)  3.01 126 0.027
2.7 C/N(imid) 4.19 202 0.040
2.7 CIN(imid) 4.13 162 0.040
1 O(bridge) 1.89 0.005
0.5Cu 3.22 0.013

a Estimated errors in distances at®.01 A for the first shell and
+0.03 A for outer shells. Estimated errors in coordination numbers
are +25%. Estimated errors in angles at®°.

as in the preparation of T2D forms of LaB9) and AO @0),

Blackburn et al.

to indicate that the double mutant was also wild type in
overall conformation with a “normal” type 3 cluster.
Although our objective in these studies was to generate this
latter mutant to isolate the type 3 cluster for XAS studies,
the T1D and T2D single mutants also afforded the isolation
of the individual paramagnetic copper centers. Indeed, we
have initiated companion studies of these proteins by a
variety of techniques, including ESEEM and MCD. The latter
technique may help to assign the small spectral differences
noted above to specific changes in the electronic structure
of the remaining copper sites in the three mutant proteins.
As expected, none of the mutant proteins exhibited
catalytic activity, including with Fe(ll) as the substrate. This
latter result was important inasmuch as Fet3p, and Cp, in
contrast to Lac and AO, exhibit the ferroxidase reaction (eq
1) that is the apparent molecular basis for the role(s) the
former two enzymes play in iron homeostasis in their
respective organism$,7). However, despite the lack of
turnover capability, the mutant proteins were redox active;
in other words, the remaining copper sites could be reversibly
reduced and oxidized. We did not investigate this redox
process in detail, but two features are important to note here.

has been used to generate protein forms that lacked one oFirst, the reduced forms of the T2D and T1D/T2D mutants
the copper sites. Here, we report for the first time the use of were stable in air, while those of wild type and the T1D

recombinant DNA technology in generating true site-specific

mutant were not. This result was completely consistent with

deletion mutants at the copper sites in a multinuclear coppera current model for dioxygen turnover by multinuclear copper

oxidase. Most significantly, we also report for the first time
the generation of a double mutant in which the type 3

oxidases that has the type 2 Cu(l) as one of the “tethers” for
O binding and subsequent electron transfer from the other

binuclear cluster is the only site remaining. Clearly, the Fet3p Cu(l) sites in the proteini). The relative inertness of T2D

system offers to provide unique protein species that can beforms of Lac @5) and AO @5) in the reduced state toward
used to test specific hypotheses about the structure and the, has been observed previously.

function of this class of copper proteins. Site-directed

The second important redox feature was the fact that the

mutagenesis has been used in the fungal laccase systemp2p and T1D/T2D mutant forms of Fet3p were isolated in
however, the mutations introduced did not cause loss of the overall Cu(|) state while the W||d-type and T1D proteins

copper binding propertied, 42), although in one instance
the coordination of the type 1 Cu(ll) was alteretp)

were isolated completely oxidized. One reasonable explana-
tion for this contrasting behavior is the fact that Fet3p is

One significant outcome of studies on the single mutants produced in the yeast cell in the reduced state. Subsequently,
is confirmation of the sequence alignments used to suggestonly those protein forms that can react (turnover) with
the identity of protein ligands to the type 1 and type 2 copper dioxygen, i.e., only those with an intact trinuclear cluster,
atoms in Fet3p. Absorbance and EPR data for the wild-type will be oxidized within or upon release from the vesicular
protein had already confirmed the prediction that Fet3p was pathway in which the metalation of the apoFet3p occurs.

a multinuclear copper oxidasgl, 12). The mutagenesis that
resulted in the specific loss of either (or both) of the EPR-
detectable Cu(ll) atoms in the wild-type protein is strong

What is appealing about this hypothesis is its consistency
with the mechanism for trafficking of cellular copper into
this vesicular pathway that most likely involves the shuttling

evidence for the correctness of the ligand assignments showrof Cu(l) rather than Cu(l1)46—48). That is, we believe the
in Schemes 1 and 2. Furthermore, the near-UV and visible reduced T2D or T1D/T2D Fet3p that we isolate signals the
absorption properties of the Cu(ll) atoms remaining in either redox state of the copper that was inserted into the apoprotein

single mutant protein were very similar to those of the wild
type. This close similarity, if not identity, indicated that the

in the cell. Note that we found no evidence that the growth
medium had the capacity to reduce any of the Cu(ll) sites

overall structure of the two single mutant proteins was not in wild-type or mutant forms of Fet3p.

markedly perturbed. Also, there were only small differences

in theg andA values (Figure 1 and the text), consistent with
little change in the electronic structure of the remaining Cu-
(I1) site in these two single-mutant proteins. This result was
similar to what has been observed in the T113§,@3, 44)
and T2D Lac 89) and T2D AO @0) species. Also, the type

3 binuclear Cu(ll) cluster in the T1D/T2D Fet3 protein

The most precise structural information about the type 3
site (and by extension, the trinuclear cluster) in a multinuclear
copper oxidase has come from the crystal structures of hCp
(13, 14) and AO (8, 19), and, more recently, from the crystal
structure of the T2D form of a fungal laccag®). The data

for AO, in particular, have been most intriguing with regard
to the mechanism by which dioxygen is bound and then

exhibited a comparable near-UV absorption, as well as reduced at this sitel@). These structural studies have

absorbance at720 nm. The EXAFS analysis also indicated
that this cluster in the T1D and T1D/T2D mutants was very
similar in overall coordination with only subtle bond length

delineated the differences between the oxidized and reduced
states of the trinuclear cluster. Most significantly, the bridging
O seen in oxidized AO is lost upon reduction and the type

differences indicated by the fits. We interpret these results 3 Cu—Cu distance increases from 3.7 to 5.1 A. Upon
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Scheme 3
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the copper atoms in the binuclear cluster; in the crystal-
lographic analysis, the peroxide-bound copper was designated
Cuy and its partner in the binuclear cluster, &u

This notation can be applied to the binuclear cluster from
Fet3p using the sequence alignment shown in Scheme 2. If
we assume in Fet3p that the peroxy intermediate bridges the
type 2 Cu with Cy), the putative HO in the reduced enzyme

N R
Q‘ \‘\\‘\\ N H128
a1 N\ H128 Hai Cuz—
(‘( 3 N
OH,

inferred from the EXAFS data would thereby be coordinated

- Ha8S 485 to Cug). This model for Fet3p is shown in Scheme 3.
The presence of an oxygenous ligand coordinated to one
. NG5y N /Kﬁ“"""w’nm of the type 3 Cu(l) atoms in the reduced state of the wild-
& 0 & 9 type protein, as is possibly the case in the T1D/T2D mutant,
H83 H83 would be a novel finding. Such a ligand was not fit in the
HI26 HI26 electron density map for reduced AQ@9j. As illustrated in
Oxidized Reduced Scheme 3, we propose that the N/O ligand indicated by our

fit could be a water molecule, perhaps resulting from the

reduction and the concurrent loss of the bridging ligand, the protonation of the bridging O(H) upon reduction of the
coordination goes from a tetragonal to a trigonal planar oxidized binuclear cluster. On the basis of the AO data, and
geometry in which the 2 Cu(l) atoms are inequivalent with as indicated in Scheme 3 (reduced form), we propose that
respect to their respective EN (imidazole) bond lengths.  this water molecule is bound to @uand is positioned to
Our EXAFS data are fully consistent with these observations catalyze the two-electron reduction of © HO,™ that occurs
with AO, indicating a similar pattern of coordination change at the type 2 (and other type 3) Cu(l). This water molecule
upon reduction of the dinuclear cluster in Fet3p. would provide essential acid catalysis in the electron transfer

On the other hand, one aspect of our fit is more ambiguous. to dioxygen that is tethered to the type 2 copper atom that is
The data for the reduced T1D/T2D protein were best fit by essential for dioxygen reduction. Hydrogen bonding of this
including a first-shell, N/O scatterer at 2.49 A. The data for H.O to the dioxygen in the reduced enzyrmibstrate
the reduced T1D mutant [which retains the T2 Cu(l)] were complex leading to the peroxy intermediate would stabilize
well fit without this scatterer. One explanation for this this water binding at Gg much as we propose His416 may
difference is that in the T1D/T2D protein, which lacks His81 do in the reduced T1D/T2D mutant protein.
and the type 2 copper, the remaining histidine, His416, forms In summary, we have constructed the first T1D/T2D
a long, yet first-shell interaction with one of the type 3 copper mutant of a multinuclear copper oxidase. The success of the
atoms. This ligand sphere reorganization at the binuclearmutant construction essentially confirms the ligand assign-
cluster has been observed in the T2D formQdprinus ments in Fet3p, as in Scheme 1, based on sequence
cinereudaccase 20). However, since all three copper atoms alignments among the members of this enzyme class. With
of the trinuclear cluster are contributing to the EXAFS of this double mutant, we have obtained unique visible absorp-
the reduced T1D protein, the fit would be relatively insensi- tion and XAS data for the type 3 site in one of these proteins.
tive to a contribution of a single scatterer at only one of the These data indicate that the binuclear cluster in Fet3p is
copper atoms and thus not reveal the presence of an apicasimilar to that in hCp, AO, and laccase, and furthermore,
ligand to one of the type 3 Cu(l) atoms. Thus, an alternative they suggest that the dioxygen binding site that includes the
explanation could be that the 2.5 A scatterer identified in type 2 copper is structurally similar as well. Last, these data
the reduced T1D/T2D is not His416 but is an apically confirm that the various single and double (and triple) copper
coordinated HO. Its presence in the T1D mutant may simply site mutants we have constructed in Fet3p will enable us to
be unable to be resolved by EXAFS. Also, its occupancy of test specific models of the structure and function of this
a coordination site in the binuclear cluster in the T1ID/T2D enzyme in its essential role in iron homeostasis in yeast.
mutant could be e_nhanceo_l by_H-bonding to His416 that_ iN ACKNOWLEDGMENT
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