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Structural Basis of the Ferrous Iron Specificity of the Yeast Ferroxidase, Fet3p
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ABSTRACT. Fet3p is a multicopper oxidase (MCO) that functions together with the iron permease, Ftrlp,
to support high-affinity Fe uptake in yeast. Fet3p is a ferroxidase that, like ceruloplasmin and hephaestin,
couples the oxidation of 4 equiv of FFéo the reduction of @to 2H,0. The ferrous iron specificity of this
subclass of MCO proteins has not been delineated by rigorous strufimaion analysis. Here the crystal
structure of Fet3p has been used as a template to identify the amino acid residues that confer this substrate
specificity and then to quantify the contributions they make to this specific reactivity by thermodynamic
and kinetic analyses. In terms of the Marcus theory of outer-sphere electron transfer, we show here that
D283, E185, and D409 in Fet3p provide a'Bending site that actually favors ferric iron; this site thus
reduces the reduction potential of the bound Fecomparison to that of aqueous ferrous iron, providing

a thermodynamically more robust driving force for electron transfer. In addition, E185 and D409 constitute
parts of the electron-transfer pathway from the bountl teethe protein’s type 1 Cu This electronic

matrix coupling relies on H-bonds from the carboxylate OD2 atom of each residue to the NE2 NH group
of the two histidine ligands at the type 1 Cu site. These two acidic residues and this H-bond network
appear to distinguish a fungal ferroxidase from a fungal laccase since the specificity that Fet3p has for
Fe'! is completely lost in a Fet3pE185A/D409A mutant. Indeed, this double mutant functions kinetically
better as a laccase, albeit a relatively inefficient one.

Multicopper oxidases (MCO5are distinguished because reactivity, these MCOs have been described as metallooxi-
they contain at least four copper atoms and the three typesdases %, 3).
of Cu sites found in nature, copper site types 1, 2, and 3. In  The most thoroughly characterized of these metallooxi-
all of the MCOs, these copper sites are positioned using adases are the ferroxidases, MCOs that have high reactivity
series of structurally conserved Greek-kgybarrel cupre- toward Fd as a reducing substratd)( These enzymes are
doxin domains. The Pfam web site (Sanger Institute) lists widely distributed in yeasts, blue-green algae, and mammals;
more than 1200 candidate MCO proteins distributed among also, paralogs are common in many specsHor example,
all three domains which couple the oxidation of 4 equiv of mammals produce both ceruloplasmin (Cp)&), a soluble
a one-electron reductant to the four-electron reduction of ferroxidase found in plasma and interstitial fluid, and
dioxygen, Q, to 2H0 (1, 2). hephaestin (Hp) %4, 8). The paralogs inSaccharomyces

Aromatic phenols and amines like hydroguinone (HQ) and Cerevisiaeare the Fet3g, 10) and FetS {1) proteins. _
p-phenylenediamine are substrates common to all MCOs. AS noted, these MCOs use ferrous iron as their physi-
This substrate reactivity supports the likely physiologic ologlca[ substrate and thus catalyze the ferroxidase reaction
functions of the laccases in wound healing in plants and Shown in eq 1.
pigmentation in fungi. However, among MCQOs, there is a | n I
subclass of enzymes that exhibit specificity toward low- 4Fd + O, +4H —4Fd' + 2H,0 (1)
valent transition metals, e.g., 'FeCu, and Md', in com- ) . L
parison to HQ, for example. On the basis of this unique The ferr_OX|dase activity these enzymes _share is qutlcal to

normal iron homeostasis in their respective organisms. Cp
aids in the trafficking of iron from intestinal epithelial cells
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10.1021/bi061543+ CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/03/2006



12742 Biochemistry, Vol. 45, No. 42, 2006 Stoj et al.

reduction kinetics 14, 15). In the former studies, the rates Construction of Fet3p MutantdutantFET3alleles were
of reduction of the T1 Cliunder single-turnover conditions  constructed directly in pDY 148 (for secreted, soluble Fet3p)
by HQ and by F&in Fet3p and hCp were compared to these and in pDY133 (for the native membrane-associated Fet3p)
rates inCoprinus cinereusaccaseCcLc). With a reduction by site-directed mutagenesis using the QuikChange kit from
potential of 70 mV, HQ is a better reductant tharl' by Stratagene. Briefly, complementary primers were used in
~350 mV at pH 6.0; also, with a reduction potential of 550 PCR amplification of the appropriate vector to generate
mV (16), the T1 CU in Cc Lc is a better oxidant than the Fet3pE185A, -D283A, and -D409A single mutants and then
T1 CU' in Fet3p €° = 427 mV) (17) or the two redox- in two sequential rounds of mutagenesis to produce the
active T1 sites in hCp (448 mV)18). Despite the large  Fet3pE185A/D409A double mutant. MutatdeET3 se-
difference in driving force for electron transfer from HQ in  quences were confirmed by automated fluorescence sequenc-
comparison to that of Peto the T1 CU in Fet3p, reduction ing on an ABI PRISM 377 instrument. Vectors expressing
of Fet3p by F& was at least 5-fold faster than reduction by the mutant proteins were transformed into yeast strain M2*
HQ. Furthermore, reduction of the T1 €in Fet3p by F& for soluble protein expressiod@) and in strain AJS05 for
was >65-fold faster than reduction of the T1 Cin Cc Lc in vivo analyses of protein localization at the plasma
despite the latters~120 mV advantage in oxidation membrane an&Fe uptake 20).
potential. A last thermodynamically significant aspect of the  Protein CharacterizationRoom-temperature U¥Vvisible
hCp and Fet3p single-turnover electron-transfer reactionsabsorption spectra were recorded using a Varian Cary 50
with both reductants was that complete reduction of all four spectrophotometer. The protein concentration was determined
protein Clf atoms (five in the case of hCp) was achieved using the standard dye binding Bradford assay using BSA
with as few as 7 electron equivalents of reductdm (L8). as the protein standar@1). The copper content of each
While for HQ this is reasonable given the400 mV enzyme was determined by absorbance at 546 nm using the
equilibrium driving force, this near-stoichiometric redox biquinoline reagent (0.5 mg/mL 2,2-biquinoline in glacial
reaction with F& as a reductant is at odds with this species acetic acid) compared to Cu$&tandards prepared in 100
E°; as noted, this value is not different from t&& for the mM imidazole/acetate buffer at pH 6.23). EPR spectra
T1 CU' sites in either Fet3p or hCp. These are the kinetic were obtained using a Bruker EMX spectrometer, an ER 041
and thermodynamic characteristics of the intermolecular XG microwave bridge, and an ER 4102ST cavity; samples
electron-transfer reactions that separate the ferroxidases fronwere tested at 77 K. Reduction potentials of the T1 Cu were
the rest of the MCO protein family. obtained by the poised potential methadr)( A 200 uL

The crystal structure of the soluble exocytoplasmic MCO sample of~0.1 mM degassed protein in 100 mM phosphate
domain of Fet3p 19) allows us now to delineate the buffer at pH 6.5 was placediia 1 cmpath length anaerobic
structural origins of these reactivity differences. On the basis cuvette with a Teflon septum, and degassegdF&CN)] was
of this structure, we have targeted specific residues at theadded to yield a final concentration o5 mM. Aliquots of
T1 Cu' site of this protein and quantified the contribution degassed KFe(CN)] were added, and absorption at 608
that each makes to the intermolecular electron transfer atnm was monitored at room temperature over time until
this site. The results described herein provide strong evidenceequilibrium was achieved for each titration point 420
that the iron binding site in Fet3p is comprised of residues min). The absorbance versus potential data were fit to the
E185, D409, and D283. Our kinetic analyses provide specific Nernst equation using Prism 4 from GraphPad (San Diego,
information about how each contributes td'Hending, to CA).
intermolecular electron transfer, and to trafficking of''Fe Steady-State Turner Kinetic Analysis.All O, uptake
to Ftrlp. This work makes clear the structural differences analyses were based on oxygen consumption using an
between a laccase and ferroxidase that confer the metal-Oxygraph (Hansatech, www.hansatech-instruments.co.uk).
looxidase specificity to this specialized member of the MCO Rates of Q uptake were evaluated using the OXYG32
protein family. software provided by Hansatech. All initial velocity,versus

[S] data were subsequently analyzed by direct fitting to the

MATERIALS AND METHODS Michaelis—Menten equation using Prism 4. Ferrous am-

Expression and Purification of Soluble Fet3. S. césme monium sulfate and hydroquinone (HQ) were used for kinetic
strain M2* carrying plasmid pDY148 was used as the analysis of the ferroxidase and oxidase activity of Fet3
expression system for the purification of soluble FetBy).( proteins, respectively. Stock solutions of the substrates were
This strain isMATa trp1-63 leu23,112 gcn4-101 his3-609  freshly prepared in nitrogen-purged 100 mM MES at pH 6.0.
ura3-52 AFT1-1. TheAFT1-1" allele encodes a dominant, All transfers from these stock solutions were carried out using
gain-of-function mutant of the Aftl protein, the transactivator gastight syringes. The buffer used fop Gptake measure-
of the genes of the iron regulon, includifidET3 Plasmid ments was air-saturated 100 mM MES at pH 6.0.
pDY148 is a high-copy vector that carries a recombinant Type 1 Cu Single-Turner Kinetic AnalysesT1 CU'
FET3effectively truncated at nucleotide 1666 (at amino acid reduction rates were obtained using an Applied Photophysics
residue 555). This truncation removed the apparent membraneSX.18MV stopped-flow absorption spectrophotometer
spanning domain found in the carboxy-terminal region that equipped with a Hg/Xe Arc lamp and outfitted with PEEK
is included in residues 55%86. Expression of Fet3p from  tubing; the dead time of the instrument wa® ms. The
pDY148 results in a Fet3p with a carboxy-terminal FLAG stopped-flow kinetic experiments were performed G4
tag that was secreted directly into the growth medium rather in 100 mM phosphate buffer (pH 6.5), with a final protein
than being retained in the plasma membrane. Fet3 proteinconcentration of~50 «M; reduction of the four Cliatoms
production and purification have been described previously in Fet3p was followed by the T1 CGabsorbance at 608 nm
in some detail 10). with a cell path length of 1 cm. The tubing, plungers, and
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7 N ! ’ ! ’ ! 0 ! T ] Table 1: Redox Potential, Copper Content, and Molar Absorptivity
6 - T1 Cu redox
< 4 Fet3p species potential (mV)  Cu (mol) egog(cmM™M )
s 5 T wild type 433 44 5320
1 D283A 439 4.0 5638
€4 1 E185A 433 41 4835
) i D409A 550 4.0 5039
£ 3 N E185A/D409A 549 4.2 3994
8 2 . @ Redox potentials were determined using the poised-potential method
W 4 with the potassium ferri/ferrocyanide couple (data in Figure 2). Copper
1 content was determined by the biquinoline method. Cu stoichiometry

and extinction coefficients were calculated on the basis of the protein
concentration determined using the Bradford dye binding assay.

$00 400 500 600 700 800

Wavelength (nm) = . . .
FiGurRe 1: Absorption spectra of wild-type and mutant Fet3 8 1t WT i
proteins. Room-temperature UWis absorbance spectra of the wild
type (), E185A ( — —), D283A (---), D409A -—), and = = E185A
E185A/D409A ¢ - - —). Absorbance is given as the millimolar t D283A
extinction coefficient calculated from spectra normalized for protein ="
concentration. =1 or

: O
valves were rendered anaerobic when they were washed with_
a dithionite solution followed by several washes with = D409A
degassed water or buffer; the system was operated under &g, -r E185A/D409A 7
positive pressure of No maintain anaerobiosis. A minimum O ) . ! . !
of three reductionrabsorbance traces for a given reaction — 400 500 600
were subsequently fit to equations describing single- or .
parallel first-order reactions using Prism 4. Potential (mV vs. NHE)
FIGURE 2: Poised potential titrations of wild-type and mutant Fet3

RESULTS proteins. The solid lines are the best fits to the Nernst equation for

_ the wild type ), E185A (a), D283A (¥), D409A (#), and E185A/
Characterization of Fet3p MutantBet3p mutants E185A, D409A (@). The solution potential was set by the ferri/ferrocyanide

D283A, D409A, and E185A/D409A were expressed in yeast ratio.

as soluble, secreted proteins as a result of the carboxy-

terminal truncation of their transmembrane domain as T1 Cu sites; for example, changes in redox potential correlate
described previousbf_]_@)_ The UV—vis absorption Spectra with the presence or absence of an axial methionine ||gand
of Fet3p have been shown to contain two dominant fea- With variations inE° of more than 100 mVZ3, 24). The
tures: the intense absorbance at 608 rm=(5500 M data here indicate that the redox potential of the T1 Qu
cmY) as a result of significant S- Cu charge transfer from  Fet3p also can be strongly influenced by second-sphere
C484, aligand to the T1 Cu, and a shoulder at 330 am ( @mino acid residues; as discussed below, D409A is likely
5000 Mt cm?) assigned as a charge transfer from the hydrogen-bonded to H413, one of the two His ligands at
bridging OH group to the two T3 Catoms. These spectra  the Fet3p T1 Cu site.

for the protein samples used in this study showed only minor  Kinetic Analyses of Steady-State Optake.The goal of
variation in their absorptivities with the exception of the this study was to identify amino acid residues within Fet3p
E185A/D409A protein; this Fet3p mutant consistently ex- that contribute to the coordination of ferrous iron. We
hibited an extinction coefficient at 608 nm that wag5% therefore obtained steady-state velocity versus [S] data. These
less than that of the wild type while exhibiting normal data were fit directly to the MichaelidMenten equation, thus
absorbance at 330 nm (Figure 1). This decreased T1 Cu providing Ky values which were taken as a measure of
absorbance was not the result of incomplete copper loading,productive substrate binding. The Gptake velocities using

as all proteins were purified with four copper atoms per Fet3p Fe' as a substrate are shown in Figure 3; the lines are the
molecule (Table 1). The X-band cwEPR spectra for all four theoretical fits based on the kinetic constants given in Table
mutant proteins were comparable to that of the wild type, 2. With Fé', wild-type Fet3p and E185A haKy values
suggesting that any changes in the electronic and geometriccomparable to those reported in the literature, 4.9 and 35.6
features of the T1 Cu site in Fet3pE185A/D409A were too uM, respectively 10, 15). Fet3p mutants D283A and D409A
subtle to be detected by cwEPR at this level of resolution exhibited modest~4-fold increases iy for Fée'. The
(see Figure S1 of the Supporting Information). double mutant E185A/D409A displayed a synergistiB00-

The Fet3pE185A and Fet3pD283A single mutants had fold increase inKy for Fe', indicating a cooperative role
wild-type reduction potentials (Table 1 and Figure 2). In for at least E185 and D409 in kinetically productive'Fe
contrast, the single and double Fet3p mutants containing theinding.

D409A mutation exhibited a dramatie120 mV increase in HQ was used as a control to show that any obsekigd
reduction potential. Alteration of the ligand field has been changes were seen only with ferrous iron as the substrate;
shown to significantly modulate the reduction potential of the data showed this to be the case (Figure 4, fitted values
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FicURe 3: Kinetic analysis of Peturnover by wild-type and mutant ~ FIGURE4: Kinetic analysis of HQ turnover by wild-type and mutant
Fet3 proteins. @uptake data were obtained as a function of Fe Fet3p proteins. @uptake data were obtained as a function of HQ
concentration using an Oxygraph oxygen electrode and the associconcentration using an Oxygraph oxygen electrode system and the
ated OXYGRAPH software. The uptake data, given as molecular associated OXYGRAPH software. The uptake data, given as
velocities, for the wild typeM), E185A (), D283A (¥), D409A molecular velocities, for the wild typel), E185A (a), D283A

(#), and E185A/D409A @), were fit directly to the Michaelis (v), D409A (#), and E185A/D409A @) were fit directly to the
Menten equation generating the traces shown. The data pointsMichaelis-Menten equation generating the traces shown. The data
represent the average of three replicates at each iron concentratiofpoints represent the average of three replicates at each iron

with error bars representing the standard error of the mean. concentration with error bars representing the standard error of the
mean.

Table 2: Steady-State Kinetic Constants and Single-Turnover — -

Reduction Rates with Ité Table 3: Steady-State Kinetic Constants and Single-Turnover
Reduction Rates with HQ

single-turnover
steady-state Peturnover reduction by F& (s™1) single-turnover
steady-state HQ turnover  reduction by HQ (s%)

Fet3p species Km (uM)  kear(min~1)  fast phase slow phase

Fet3p species Ky (MM)  kear(Min~1)  fast phase slow phase

wild type 4.9+0.8 40.1+1.4 =1500 NAP

D283A 19.3+ 15 75.7+19 681.9+23.7 2.46+0.28 wild type 25.5+25 131.3+5.0 0.025+0.000 NA

E185A 356+ 2.8 243+06  2.47+0.04 0.36+0.01 D283A 19.3+ 1.1 169.5+3.5 0.072+0.018 0.00%t 0.101
D409A 18.8+ 1.6 482+1.2 62.03-0.60 1.31+0.07 E185A 182+ 15 91.7+2.6 0.102+0.011 0.003t 0.020
E185A/D409A 3994387 13.9+0.4  0.41+0.01 0.02+ 0.07 D409A 30.3+ 2.4 139.7£ 4.7 1.12440.103 0.105: 0.003

- - - ., E185A/D409A 30.5£2.1 132.8+3.9 2.127+0.085 0.256+ 0.020
aValues for steady-state kinetic constants were obtained using fits

to the Michaelis-Menten equation of the data shown in Figure 3. aValues for steady-state kinetic constants were obtained using fits
Stopped-flow T1 Cli reduction data as in Figure 5 were fit using a to the Michaelis-Menten equation of the data shown in Figure 4.
double-exponential nonlinear regression analysis. The lower limit for Stopped-flow T1 Clireduction data as in Figure 6 were fit using a
the reduction rate for the wild-type enzyme was estimated as reduction double-exponential nonlinear regression analysis for all mutant proteins.
was complete within the 2 ms dead time of the instrumgNtot Wild-type reduction data were fit using a single-exponential nonlinear
available. regression modeP. Not available.

in Table 3). There were changes kg for turnover with sphere electron transfer to the T1 Cu. Both single mutants,
both substrates, however (Tables 2 and 3). Mutation at theD283A and D409A, exhibited decreased electron-transfer
reducing substrate binding site would not be expected to alterrates, also (Table 2). Fet3pE185A/D409A displayed an
the turnoveike since electron transfer from the reductantis ~3600-fold decrease in the reduction rate, indicating that
not rate-limiting in the MCO reaction26, 26). Given the E185 and D409 function cooperatively in the electron-

lack of a strong correlation between mutational effects on transfer process from bound'Fe the T1 CU.

Fe' versus HQ turnoverk{,) and the relatively small fold In comparison to fungal laccase®5, wild-type Fet3p
differences overall, we did not examine the origin of these exhibits very slow T1 Clireduction rates in the presence
variations further. of HQ (Figure 6). Fet3p mutants E185A and D283A

Kinetic Analyses of T1 C!tReduction Rate©ur previous exhibited reduction rates with HQ that were &-fold larger
studies have demonstrated that E185 plays multiple roles inthan that for the wild type, while these rates for Fet3pD409A
both in vitro and in vivo oxidation of ferrous iron by Fet3p and -E185A/D409A were 45- and 85-fold larger, respectively
(14, 15). Having observed alterey values for Fé& in (Table 3). These latter two ET rates reasonably are related
Fet3pD283A, -D409A, and -E185A/D4090A, we quantified to the significant increase in the T1 Credox potential for
the rate of intermolecular electron transfer to the T1' @u Fet3pD409A and -E185A/D409A. However, this phenotype
these mutants by stopped-flow analysis. The kinetic tracesis exactly the opposite of what we observed for ferrous iron
for the reduction by Peof the oxidized enzyme’s four Cu reduction of the T1 Clsite in these mutants, which became
atoms monitored by the reduction of the T1'"Gare shown slower when D409 (or E185) was mutated. This difference
in Figure 5. As reported, reduction of the T1'Ca wild- can be attributed to a direct perturbation of the electron-
type Fet3p is very fask[> 1500 s (14)]. Mutation of E185 transfer route by which ferrous iron, but not HQ, reduces
to alanine drastically slows the electron-transfer process,the T1 Cu. Thus, the increase in inherent driving force
indicating E185 is a major contributor to efficient outer- provided by the increased redox potential in D409A-
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T ' T r T r function of Fet3p irrespective of the uptake conditions. The

L]
0.15 ; ability of citrate to perturb iron uptake is indicative of an
: altered fidelity of iron channeling between Fet3p and Ftrlp
!.\ as a result of these mutatiord7f. Note that none of these
g 0.10F ! e T results can be attributed to variation in plasma membrane
8 | y-v-.“::z‘ | localization of the Fet3pFtrlp iron uptake complex as all
© : N - mutants moved properly as indicated by the correct localiza-
< 0.05H% T I tion of Ftrl:GFP determined by confocal fluorescence
) e 7 microscopy (data not shown; see rdfsand?27).
T DISCUSSION
0.0G 1 " 1 M 1 n 1
0.0 0.5 1.0 1.5 2.0 Of the >1000 proteins identified as MCOs on the basis
Time (sec) of the tripartite cuprodoxin Cu-binding motif, only a few
have been demonstrated or predicted to function as ferroxi-

Ficure 5: Single-turnover reduction of Fet3p €sites by Fé. X . L
Stopped-flow absorbance data for the wild type, (E185A  — — dases; of this subset, only Cp and Fet3p have been kinetically

), D283A (- - -), D409A (- - —), and E185A/D409A - - - —) by characterized, and only Fet3p has been examined in some
8 equiv of Fé at 4°C. The initial 608 nm absorbance=£ 0) was detail by protein engineering approaches. The crystal struc-
~0.13. Each curve represents the average of at least threetyre of hCp indicated the presence of d' Fending site

independent reactions. formed by residues E272, H940, E935, and D1025 between
0.20m . : . : . : . domains 2 and 628, 29). This crystallographic analysis
= . provided some initial insight into the structural features of
[ ] ferrous iron binding by an MCO, but the lack of significant
0.15F 4 sequence identity with Fet3p and the fact that Cp contains
£ [ ] six domains versus three for Fet3p limited the usefulness of
o% : . the hCp structure as a paradigm for the iron binding site
8 0.10_’, ] within Fet3p itself. Indeed, the use of homology modeling
< - tgrznzztzzoozeacszaaes] to identify the structural features in Fet3p that confer this
0 05'_ ________________________ unique substrate selectivity has yielded mixed resul& (
il AN 30). Now, however, the crystal structure of Fet3p allows for
[ Tt sem e e e ] a knowledge-based interpretation of the Kkinetic results
0.004 ! 1 1 1 1 provided here and in previous reporfigd(15, 17, 31).
0 25 . 50 75 100 This structure shows that E185 is positioned near the
Time (SeC) solvent-exposed surface of Fet3p directly above the T1 Cu
FiGURE 6: Single-turnover reduction of Fet3p Esites by HQ. ~ @nd via the OE2 atom forms an apparent hydrogen bond with
Stopped-flow absorbance data for the wild typd,(E185A (~ — — NE2 of H489, one of the histidine ligands to the T1 Cu.

), D283A (- - -), D409A (- - —), and E185A/D409A( - - —) by The structure of Fet3p suggests a similar role for D409,
4-8’ EM E'Q ﬁt 4°C. The initial tGO?h”m absorba”‘;e’@t Ol) Was L eydrogen-bonded via the OD2 atom to NE2 of H413, the
~0U.19. ach curve represents € average or at leas ree PSTORT) .
independent reactions. other histidine ligand to the T1 Cul9). D409 and E185

thereby act as extensions of the T1 Cu coordination sphere

Containing mutants appears to be offset, in the case bf Fe associated with the two His residues. ThlS Study addresses
as the substrate, by the elimination of an electron-transferthe roles of these two complementary residues and of D283
pathway linking the bound iron to the T1 Csite, a pathway in ferrous iron binding, electron transfer, and iron trafficking
apparently not employed by HQ. Data for T1'Qeduction processes within Fet3p; D283 is found above and positioned
in Fet3p consistently fit better to a double-exponential first- Petween E185 and D409 and the solvent at the surface of
order equation irrespective of reducing substrate (cf. TablesFet3p. This model of Fet3p and its binding of "Fs
2 and 3, last columns); the amplitude of the slow process is illustrated in Figure 7.
typically <20% of the total. We have not been able to  The results from our steady-state kinetic analyses dem-
elucidate the origin of this kinetic phenomendr,(17). onstrate the importance of E185, D283, and D409 in
Kinetic Analysis of°Fe Uptake.To assess the cellular kinetically productive ferrous iron binding. Fet3pE185A
significance of these defects in 'Feeactivity with Fet3p exhibited an~8-fold increase irKy for F€'; Fet3pD283A
mutants°Fe uptake assays were performed in cells express-and -D409A also displayed increase<ia with iron of ~4-
ing wild-type or mutant forms of the native, membrane- fold in each case (see Table 2). The double mutant
bound form of the protein in complex with the permease, Fet3pE185A/D409A exhibited a synergistt800-fold in-
Ftrip. Our standard uptake buffer includes 20 mM citrate crease inKy, suggesting that binding of ffeéo E185 and
(27); in this buffer, all of the mutants were defectivefire D409 is cooperative32, 33). In contrast, all of the mutants
accumulation (Table S1 of the Supporting Information). The displayed wild-typeKy values for HQ, all of which are in
severity of the iron uptake phenotype varied among the singlethe low millimolar range. Thus, the alterations in productive
mutants, however, as wild-type uptake is restored in D283A substrate binding in these mutants are specific fdr. Fe
and D409A when citrate is withheld from the iron uptake fact, both E185A and D409A mutations completely altered
buffer. This was not true for mutants containing the E185A the ability of this mutant to discriminate between' Fnd
substitution; this mutation completely disabled the Fe uptake HQ; indeed, Fet3pE185A/D409A is indistinguishable from
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Ficure 7: Proposed Febinding and electron-transfer site in Fet3p.
The iron binding residues E185, D283, and D409 are shown relative
to the T1 Cu site. Residues that coordinate the T1 copper (blue)
include H413, C484, and H489. The crystal structure indicates that
the OD2 carboxylate oxygens of E185 and D409 are H-bonded to
the NE2 NH groups of H489 and H413, respectively. The dashed
arrows indicate the electron-transfer pathways from tiespecies

to the T1 Cu as determined using PATHWAYS7]. The two
carboxylate-imidazole H-bonds are essential components of these
pathways.
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Table 4: Correlation between Observed and Predicted Reduction of
the T1 Cll Rate by F&2

predictedker based
on individual Marcus terms

observed (fold change due to each term) calcld

kET (S_l) llKM =SKyn AG° (Eo) Hpa kET (S_l)
wild type >1500
D283A 682 375(0.25) NC wild type 375
E185A 2.5 210(0.14) NC 165 (0.11) 22
D409A 62 390 (0.26) 18000 (12.2) 660 (0.44) 165
E185A/D409A 0.4 1.5(0.001) 18000 (12.2) 75 (0.05) 0.08

aThe values relate the predictd@dr and fold change for the
individual Marcus terms (see eq 2) relative to the observed wild-type
Fet3p reduction rate with Feas the substrate. The calculated values
for ker were determined as the sum of the individual terms as per the
Marcus equation. The value blba was calculated using PATHWAYS
(37) and the coordinates for Fet3p (PDB entry 1ZPU).

The electronic matrix coupling elemertpa, provides a
measure of the relative conductivity of the combination of
through-bond and through-space jumps the electron must
navigate in its path from donor to acceptor molecular orbital.
The thermodynamic driving force for this electron transfer
is given by AG®, related to the difference in reduction
potentials of the donor and acceptor by the Nernst equation;
for a one-electron transfer process, as in the MCO reaction,
a 60 mV difference in potential is equivalent toA&5° of
approximately—5.8 kJ/mol. Last, the reorganization energy,
A, is the energy required to change the geometry of the T1
Cu with a change in redox state, from Cu(ll) to Cu(l). This
value has not been measured in any MCO, but changes in
this value for the T1 Cu sites in the parental mononuclear
blue copper protein family have been estimat@$);(at the
extreme, these estimates indicate that at most a charnge in
might contribué a a change iker of a factor of 2-fold. Here,

. o . the absorption spectra, redox potentials, and EPR spectra
a laccase with respect to substrate specificity. This reversejngicate that the T1 Cu site is not strongly perturbed upon

engineering (from the point of view of a ferroxidase) is best mytation of either E185 or D283. Therefore, the reorganiza-

illustrated byke../Ku values. For Feand HQ, these values
for wild-type Fet3p are 8.% 10°and 5.1x 10° M~ min™4,
respectively; for Fet3pE185A/D409A, these values are 3.5
x 10° and 4.4x 10° M~ min~?, respectively. In other words,
the ferroxidase specificity of Fet3p (by a factor ofjlBas
been completely suppressed in the double mutant.

The single-turnover, intermolecular reduction rate differ-
ences between wild-type and mutant Fet3 proteins reflect
how the Marcus theory of outer-sphere electron transfer
applies to the ferroxidase reaction catalyzed by any MCO
and this ferrous iron substrate specificity. This theory is
described by eq 2.

4% |M2 2_—(AG*+2)%4/kgT
ket = SKy kT (Hpa)® 2
B

In the Marcus equation3d), the rate of electron transfer,
ket, is governed first by the steric ter@,and the equilibrium
constant for formation of the interaction complex between
the electron donor and acceptdfs. The steric term
represents that fraction of the complex that is competent for
electron transfer, reflecting what the enzyme kineticist would
call productive binding; thus, the produii<a, is equivalent

to 1Ky, since Ky, in effect, is the effective substrate
dissociation constant from a productive Michealis complex.

tion energy is likely unchanged in these mutants. However,

A may be altered in the two Fet3p mutants containing the

D409A mutation. Although the absorption and EPR spectra

of these mutants are similar to those of wild-type Fet3p, the

large increase in redox potential observed could reflect a

decrease in the reorganization energy. Correlations of this
type have been reported in mononuclear blue copper proteins
(39).

Our steady-state and single-turnover kinetic analyses
provide the means to estimate the contribution to each of
the terms in the Marcus equation made by each of the three
Fe'-binding ligands examined here. The role of D283 in
outer-sphere electron transfer from'Fg the most straight-
forward. Due to the location of D283 and its lack of
interaction with the residues coordinating the T1 Cu (Figure
7), and the normal redox potential, absorption, and EPR
spectra exhibited by Fet3pD283A, we anticipated that this
mutation would not significantly alteker. Indeed, this
substitution at residue D283 resulted in a mine2-fold
reduction inkgr with Fe' as the reductant. This change in
the ET rate can be attributed solely to thd-fold increase
in Ky for Fe' in steady-state turnover, equivalent to thBKi/
term in the Marcus equation. This analysis is summarized
in line 2 of Table 4. In other words, D283 contributes to the
ferroxidase specificity of Fet3p by contributing to the
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productive binding of Pefor intermolecular electron transfer;  taining D409A exhibit an~120 mV increase in redox
this residue does not appear to contribute to the electronicpotential which is worth~10.5 kJ/mol toAG® (favorable).
coupling of the donor and acceptor or to their potential The Marcus equation predicts mutants containing the D409A
differences that provide the driving force. mutation should exhibit ar12-fold increase irker relative

In comparison to D283, E185 plays a significantly greater to that of wild-type Fet3p due to this 120 mV increase in
role in electron transfer from feo the T1 Cu; mutation of  redox potential (Table 4, line 4). These apparent inconsisten-
E185 to alanine results i600-fold reduction irkgr from cies can be resolved first by noting that the Fet3p structure
this reductant. The Marcus equation predicts that the 8-fold suggests that D409 is comparable to E185 in ferrous iron
increase inKy for Fe' can account for only 2% of this binding and electronic matrix coupling as shown in Figure
reduction (Table 4, line 3). Also, Fet3pE185A exhibited wild- 7. PATHWAYS predicts a decay coupling for the D469
type absorption and EPR spectra, suggesting thatas H413 pathway of 0.012. If the changekHf for Fet3pD409A
unaltered by this substitution, and a normal T1 Cu redox is neglected, the-2-fold reduction ofHpa? combined with
potential that would suggest a similar driving force. There- the ~4-fold productive substrate binding defect predicts a
fore, a significant alteration in the electronic matrix coupling calculatedker of 165 s for this mutant, or~3-fold larger
(Hpa) between the enzyme-bound'Fand the T1 Cli site than the observekkr of 62 s (Table 4). That the two values
must occur upon mutation of E185. The crystal structure of are on the same order of magnitude suggests that the increase
Fet3p allows for an estimation ¢fpa into the T1 CU via in driving force expected from the change in T1'Cu
the E185-H489 pathway (Figure 7). The efficiency of this  reduction potential is masked by a contribution that D409
coupling was calculated by using PATHWAYS which makes to tuning the potential of the bound Bewn toward
estimates the probability of electron transfer through covalent 190 mV. A change inker due to a possible change in
bonds, hydrogen bonds, and space jumps to identify viablereorganization energy resulting from the D409A substitution
electron-transfer pathways between the donor and acceptowas not taken into account in these calculations.
in an outer-sphere electron-transfer proc83% (The analysis The most dramatic ET defect was seen in Fet3pE185A/
predicted a decay coupling for this route of 0.024. For D409A. The double mutant exhibited ar8700-fold reduc-
comparison, the primary electron-transfer pathway into Cp tion in ker. By factoring in the combined effects of the
from F€' is characterized by a decay coupling of 0.028)( individual E185A and D409A mutations, the calculaied
Mutation of E185 to alanine would effectively eliminate this (0.08 s') was comparable in magnitude to the obserkgd
electron-transfer pathway which in the Marcus equation (0.4 s1) (Table 4, last line). The results indicate that the
appears as an9-fold reduction inHpa? and, therefore, an  E185-H489 and D409-H413 hydrogen bond pairs alone
~9-fold reduction inker relative to that of the wild type.  provide the electronic matrix coupling from bound'Re
By multiplying the deficits in productive substrate binding the T1 Cu that confers the ferrous iron specificity of Fet3p
(Km) and in electronic couplingHpa) in Fet3pE185A, we  in outer-sphere electron transfer. These two residues also
find the calculatedker equals~22 s (Table 4). This make the major contribution to providing the Fe-binding site
compares to the observedr for E185A of 2.5 s Our that favors F# relative to F8. The T1 site in the MCO
analysis apparently fails to account for an additional and CueO also contains a carboxylatenidazole H-bond pair
guantitatively significant contribution that E185 makes to that likely provides a comparable cuprous ion binding site
electron transfer from Peto the Fet3p T1 Cu. and electron-transfer pathwa$§).

A clue to this contribution is that reduction of the T1'Cu The kinetic data with HQ as the substrate (reductant)
by Fé' is stoichiometric; that is, 1 equiv of Feeduces 1  reflect both the Pespecificity that Fet3p has and the specific
equiv of the T1 Cliin Fet3p (and 4 equiv fully reduces the roles that D283, E185, and D409 play with regard to that
protein’s four prosthetic group ®atoms). This thermody-  specificity. First, for wild-type Fet3p, the rate of ET from
namic behavior is inconsistent with the essentially identical HQ is ~1/1C the ET rate with Féas the reductant. Second,
reduction potentials for aqueous'Fat pH 6.5 420 mV) all Fet3p mutants that were tested Hagl values with HQ
and the T1 Cl (433 mV). This similarity in reduction  greater than that of the wild type; Fet3pD409A and
potential also cannot account for the driving force indicated Fet3pE185A/D409A had the largest increases in kiQ
by the fast ET rate with Peas the reductant. These paradoxes ~45- and ~85-fold, respectively. This increase can be
can be resolved if we assume that the Fet3p-boufichee directly attributed in part to the increased driving force for
anE° of <190 mV (14). Thus, Fet3p has a binding site which ET associated with the-120 mV increase in the potential
tunes the bound HBeor ET by providing a binding site that  of the T1 Cu in Fet3 proteins with the D409A substitution.
favors Fé'. In effect, the Fet3g-€' complex “looks like” As discussed above, this expected increase in the ET rate
the transition state for electron transfer. The kinetic data for was not realized when ftgvas used as a reductant, indicating
the E185A mutant support this hypothesis. With respect to that ET from HQ likely does not utilize the electronic matrix
the 10-fold difference between the calculated and observedcoupling provided by E185 and D409. In fact, the increase
effects onkgr summarized above for Fet3pE185A, we can in the ET rate with HQ, which was greater than can be
now propose that E185A contributes to the requirstfiO explained by the change in potential alone, indicates that
mV reduction in theE® of the bound in comparison to the substitution of two acidic residues with a nonpolar (and
aqueous Peand that this contribution is reflected in the smaller) one enhances one or more other factors in the
9-fold difference between the values of 2.5 (observed) and Marcus equation for ET from HQ. One possibility is that
22.5 s (calculated) in Table 4 for this mutant protein. these substitutions expose to solvent the NE2 NH atoms of

As for Fet3pD409A, the-4-fold decrease in the level of E185 and D409, providing a possible docking site for HQ.
productive F& binding does not correlate with the observed Electron transfer from a substrate like HQ to the T1 Cu in
24-fold reduction inkgr. Furthermore, Fet3p mutants con- laccases is almost certainly via an H-bond between a
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substrate OH or NH group and the pyrrole nitrogen of a
coordinating histidine imidazole. A substrate analogue
complex with this bonding pattern has been crystallographi-
cally characterized foiframetesversicolor laccase 39).

Indeed, as a result of our protein engineering, we have

succeeded in turning Fet3p into a laccase, albeit a relatively

inefficient one. If we take the ET ratidyo/kre, as @ measure
of laccase activity, this ratio goes from 0.000017 for wild-
type Fet3p to 5 for the Fet3pE185A/D409A double mutant.
For comparison, this ratio with HQ as the substrateTor
versicolorlaccase, with a T1 CE® of 434 mV also 40), is
~4650 (7).

In summary, E185, D283, and D409 play complementary
roles in the trafficking of Fe from Fet3p to Ftrlp in support
of high-affinity Fe uptake in yeast. With respect to the
ferroxidase reaction that initiates this Fe trafficking process,
their roles differ. Residue D283 contributes to the productive
binding of Fé at the ET site on Fet3p and may help to tune
the potential of this bound Eédor efficient electron transfer;
D283 is not, however, part of the electrical wire (i.e.,
superexchange pathway) that connects tHeté-¢he T1 CUl.
This role is shared by E185 and D409; through their H-bonds

to the two T1 Cu ligands, H489 and H413, respectively, these

two residues contribute to if not define thipa term in the

Marcus equation. In addition, these two residues assist in

productive F& binding and in lowering the reduction
potential of the bound Fe We suggest that these two
residues in particular, conserved in archived fungal MCO
proteins known to oxidize Peor to be required for iron

homeostasis, likely define the difference between fungal and

plant laccases and their ferroxidase homologues.

SUPPORTING INFORMATION AVAILABLE

5%Fe uptake in yeast cells expressing wild-type and mutant

forms of Fet3p (Table S1) and cwEPR spectra of wild-type
and mutant forms of Fet3p (Figure S1). This material is

available free of charge via the Internet at http://pubs.acs.org.
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