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ABSTRACT: In high-affinity iron uptake in the yeaSaccharomyces cersiae, Fe' is oxidized to F& by

the multicopper oxidase, Fet3p, and thé'Reoduced is transported into the cell via the iron permease,
Ftrlp. These two proteins are likely part of a heterodimeric or higher order complex in the yeast plasma
membrane. We provide kinetic evidence that the Fet3p-productdsReafficked to Ftrlp for permeation

by a classic metabolite channeling mechanism. We examiné&®Beeuptake kinetics for a number of
complexes containing mutant forms of both Fet3p and Ftrlp and demonstrate that a residue in one protein
interacts with one in the other protein along the iron trafficking pathway as would be expected in a
channeling process. We show that, as a result of some of these mutations, iron trafficking becomes sensitive
to an added Fé& chelator that inhibits uptake in a strictly competitive manner. This inhibition is not
strongly dependent on the chelator strength, however, suggesting thadissociation from the iron

uptake complex, if it occurs, is kinetically slow relative to iron permeation. Metabolite channeling is a
common feature of multifunctional enzymes. We constructed the analogous ferroxidase, permease chimera
and demonstrate that it supports iron uptake with a kinetic pattern consistent with a channeling mechanism.
By analogy to the P& trafficking that leads to the mineralization of the ferritin core, we propose that
ferric iron channeling is a conserved feature of iron homeostasis in aerobic organisms.

In iron uptake by most organisms, reduction of environ- contributes the remaindeB); The high-affinity uptake of
mental F& to Fé' by metalloreductases serves to labilize this reductase-generated'"Fis due to the Fet3 and Ftrl
the more insoluble, exchange-inert ferric ion. This reductive proteins (0, 11). Biochemical and genetic data suggest that
mobilization makes the iron more bioavailable to an organ- Fet3p and Ftrlp form a complex in the yeast plasma
ism’s extracellular or plasma membrane iron trafficking membrane that could be a heterodimer or higher order
components, e.g., a siderophore or a divalent metal ionoligomer (L1—13). Fet3p is a multicopper oxidas&4, 15)
transporter like DMT1/Nramp21{3). Reoxidation then  and, like ceruloplasmin1@) and hephaestinl{), two
converts the more labile Feo the ferric ion that can be  multicopper oxidases required for mammalian iron metabo-
stably transported (siderophore, transferrin) or stored (fer- lism, exhibits specificity toward Peas substrate, thus
ritin). This reoxidation must be tightly coupled to metal- catalyzing what is known as the ferroxidase react@rig,
loreduction since Feis a prooxidant that has the potential 18). Ftrlp functions as the iron permease in this high-affinity
to produce the one-electron reduction products of dioxygen, iron uptake pathwayl({, 13).
the superoxide and hydroxyl radicals, and the two-electron Fet3p is a type 1 membrane protein with a single
reduction product, hydrogen peroxide, that itself is a prime transmembrane domain. The topology and orientation of
source of the cytotoxic hydroxyl radicad,(5). The oxidase Fet3p is amino-terminal out and carboxyl-terminal in; the
step in this iron metabolic process must be tightly coupled multicopper oxidase (MCO®)motifs are within the 555 amino
to the iron handling component, also; if it is not, thé''Fe  acid residue amino-terminal, exocellular domair8,(19)
produced will likely be lost to hydrolysis, thereby setting (Figure 1). As a multicopper oxidase, Fet3p possesses the
up a futile cycle of reductive solubilization followed by an three distinct types of copper sites that have been character-
autoxidation leading to re-formation of insoluble ferric ized in copper proteinslé, 15, 19—22). Thus, Fet3p has
hydroxide(s). one type 1, or blue copper site; one type 2, or nonblue copper

The redox nature of iron metabolism is well illustrated site; and one binuclear copper cluster, designated a type 3
by the mechanism of high-affinity iron uptake in the yeast site, in which the unpaired electrons on the two cupric ions
Saccharomyces cerisiae S. cereisiae produces several in the cluster are spin-coupled. The T2 and T3 copper atoms
metalloreductase${8). The Frel protein contributes 90 form a trinuclear cluster. Oxidation (ferroxidation) of'Fe
95% of plasma membrane reductase activity while Fre2p
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E185 kinetic data for iron uptake that fit to a thermodynamic model
4Fe! D283 for a functional interaction between residues on the two
- D409 - proteins in support of iron permeation. Kinetic evidence is

shown also that P& produced by Fet3p can be trapped by
Fe'' chelators but that this inhibition of uptake is conditioned
by the presence of mutations in exocytoplasmic residues in
g Fet3p and in Ftrlp required for iron trafficking in the
& complex. We show that the effectiveness of a chelator in
659 inhibiting iron uptake in this way does not correlate strongly
gga to its Fd'" chelator strength, indicating that chelating agents
g
)

~
=
0—-

are possibly accessing 'ffdound to the permease complex
and not scavenging Fereleased to bulk solvent. Last, a
Fet3p, Ftrlp chimera is described for which these kinetic
tests demonstrate that an artificial, bifunctional ferroxidase:
permease fusion exhibits the features common to metabolite
channeling in other bifunctional proteins.

MATERIALS AND METHODS

Strains Media, and Culture Conditionsl'he strain used
Ficure 1: Structural models of Fet3p and Ftrlp in the yeast plasma in these studies was AJS05, which was derived from
membrane. Fet3p has a single tranﬁﬂeqﬂobrglrg)e doargflinF-eatlgd FIIDEY1457 MATa canl his3 leu2 trpl ura3 ade@®3). The
residues E185 8283, S o egzyngg’s e 1 C'Lz)pperAJSOS genotype iIMATo canl his3 leu2 trpl ura3 ades6 fet3:
ferroxidase site contribute to Fe trafficking from Fet3p to Ftrip HIS3 firl:TRP1 aftl:AFT1-PKAN. The AFT1-1P allele
(28) as do Ftrip residues E89, D246, and E249. Ftrlp contains codes for a constitutively active form of the Aftlp transcrip-
REXLE motifs in transmembrane domains 1 and 4; the R and E tion factor that drives expression of th&T3 (and FTRY)
residues in each motif are essential to Fe permeati@h ( locus @4). In this background, expression of episomally
] o ) expressed wild-type and mutant allelesFriET3 and FTR1

occurs at the type 1 copper site, while dioxygen is reduced g of the chimeric genes was maximized, affording cultures
to 2H,0 at the trinuclear cluster, 22). that contained the protein partners in the plasma membrane

Ftrlp has seven transmembrane domains and an aminogs described. Overnight cultures were grown in selective
terminal exocytoplasmic, carboxyl-terminal cytoplasmic media (6.67 g/L yeast nitrogen base without amino acids,
(NexdCey) Orientation {3). A cartoon depicting this model 204 glucose plus the appropriate drop-out mixture of amino
is included in Figure 1, which also indicates two REXLE acids). Early log phase cells (Q& nm= 0.8—2.0) were used
motifs found in two of the predicted transmembrane domains for all experiments.
and a***DASE** motif in exocellular loop 6. Each of the Plasmid ConstructionThe plasmids containing the wild-
four glutamic acid residues in the former two motifs is type and mutanFTR1 coding sequences were based on
required for iron uptake through Ftrlp while the D246 and plasmid p703FTR1; this plasmid and the construction of
E249 residues in the loop 6 motif together make a significant these mutants have been describd®).( The plasmids
contribution to iron permeationl). Ftrlp residue E89 at  containing the wild-type and mutaRET3coding sequences
the interface of the plasma membrane and exocellular spaceyere based on plasmid pDY133 and have been described
also is required for full Fe uptake activitg§). These data  (25). Both plasmids are maintained at low copy in yeast,
indicate that each of these motifs is part of the Fe permeationgng each contains the saffET3promoter element to ensure
process that chaperones the'Reroduced by Fet3p in the  relatively equivalent expression. Plasmids for expressing
exocytoplasmic space into the cytoplashi, (13). Fet3pMCO:Ftrlp-GFP chimeras were constructed in the

The fact most fundamental to the elucidation of the plasmid pJBS04-01. pJBS04-01 contains the comBigR1
mechanism of iron uptake through the Fetjirlp complex transcription unit modified by the addition of a YyEGFP
is that uptake per se is absolutalgupledto ferroxidation coding sequence fused in-frame to theeBd of FTR1(13).
(3, 10, 15). As much as iron binding to transferrin or iron  Both chimera 1:GFP (C1:GFP) and chimera 2:GFP (C2:GFP)
accumulation in ferritin requires the oxidation of ferrous to were produced by subcloning a fragment of tRET3
ferric iron, iron permeation through Ftrlpequires that promoter and ORF that encodes Fet3pMCO residuesbb
ferroxidation catalyzed by Fet3p is ongoing. While Frelp/ into the 3 terminus of pJBS04-01. This Fet3pMCO coding
Fre2p can be by-passed by presenting the yeast cell withsequence was derived from the plasmid pDY148 which
exogenous P Fet3p cannot be by-passed by presenting the encodes a truncated form of Fet3p (amino acid residues
cell with exogenous Fé This coupling suggests a model 1-555) that is secreted from yeast cells but maintains
in which the F& product of the Fet3p ferroxidase reaction ferroxidase activity 19). Fet3pMCO fragments including the
is channeled to Ftrlp for subsequent uptake. This model, in5'UTR were inserted in-frame into pJBS04-01 such that a
turn, suggests that there are residues in both proteinssingle open reading frame encoding Fet3pMCO:FTR1p:GFP
associated with this trafficking process, e.g., the glutamic was created under the control of tRET3 promoter. In the
and aspartic acid residues in Ftrlp noted above. case of C1:GFP, an 11 amino acid linker region (including

The objective of the current study was to obtain evidence a FLAG epitope) joins Fet3pMCO residue G555 to residue
in support of this channeling model for the trafficking of M1 of Ftrlp. In the case of C2:GFP, a 29 amino acid linker
Fe' in the Fet3p-Ftrlp complex. Specifically, we provide region (including a FLAG epitope, »6His, and thrombin

g
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cleavage site) was used to connect the Fet3pMCO and FtrlpRESULTS

encoding DNA sequences. Subcloning was performed by
Quickchange mutagenesis (Stratagene, La Jolla, CA) and

standard molecular biology techniques. All DNA products

were confirmed by automated fluorescent sequencing on an

ABI PRISM 377 instrument.
Fluorescent Imaging of Yeast Cells (18nages of live

Iron Trafficking Residues on Fet3p and Ftrlp Interact in
Iron Uptake: Kinetic Eiidence for Iron ChannelingResi-
dues in both Fet3p and Ftrlp that are required for wild-type
iron trafficking and uptake by this iron permease complex
have been identified by site-directed mutageness; 25,

27, 28). For example, Fet3p(E185A) exhibits a 10-fold

cell (GFP and YFP fusion) fluorescence were obtained by increase in théy, for Fe! in ferroxidation, showing that this
confocal fluorescence microscopy using a Bio-Rad MRC residue contributes to iron binding to Fet3p5)(. This
1024 confocal system equipped with a 15 mW krypton/argon contribution has been demonstrated directly by magnetic
laser and operating on a Nikon Optiphot upright microscope circular dichroism measurements with wild-type and mutant

and an oil immersion 6& 1.4 NA objective. Optical sections
were acquired at 0.am, and the XY resolution was set at

Fet3p species in the presence of' Hee' binding to wild-
type Fet3p is clearly observed whereas no such binding to

>0.2um using Bio-Rad's Lasersharp V3.0 software and later Fet3p(E185A) can be detecteddj. Fet3p(E185A) has an

processed using Confocal Assistant V4.02.

Fluorescence Quantification of Fet3 and Ftrl Fusion
Proteins (13) Cells producing wild-type and mutant forms

even more dramatic phenotype in iron uptake; although this
mutant Fet3p assembles with Ftrlp in an uptake complex in
the yeast plasma membrane, this complex is inactivéFe

of Fet3:CFP and Ftrl:YFP were grown as above and then@ccumulations). This difference suggests that E185 plays
washed twice with 25 mM Tris, pH 6.8; cells were assayed & role in F& binding for ferroxidation and in trafficking Fe

at 6 x 1P cells/mL of the same buffer. Fluorescent protein

production in these cells was determined by scanning
fluorescence emission spectroscopy using a Perkin-Elmer
Model LS50B luminescence spectrometer. The FL-Win Lab
software, Firmware E5, was used to collect the emission
spectra and then to correct these spectral envelopes for th
autofluorescence of cells expressing nonfluorescent protein
controls. The resulting difference spectral envelopes, which
were the signal-averaged values from four scans, were

e

to Ftrlp for permeation as well. D283 and D409 appear to
play comparable roles; all three acidic residues are part of
the ferroxidase site in Fet3p as is apparent in the crystallo-
graphically determined structure of the prote28); Several
glutamate (and one aspartate) residues in Ftrlp are essential
for iron permeation, alsal@). These include four glutamate
fesidues in two transmembrane domains, a glutamate residue
(EB9) at the exocytoplasmic spagglasma membrane
interface, and a DASE motif found in exocytoplasmic loop
6. These elements were noted in the model of the Fet3p

quantified to yield the relative abundance of the several Ftrip complex illustrated in Figure 1.

fluorophore-tagged protein species. As shown in Supple-

mentary Information (Figure S1) only one sample differed
from wild type by more than 20%.

Iron Uptake Assayiron uptake assays were performed as
described 13, 25). Briefly, cells were washed and resus-
pended in uptake buffer [0.1 M MES, pH 6.0, containing
2% (wi/v) glucose and Fechelator as indicated]. Cells (40
mL of uptake buffer) were added to uptake buffer containing
20 mM ascorbate and incubated with shaking for 15 min.

We used mutants of these several motifs to obtain evidence
consistent with a channeling mechanism of Fe trafficking in
the Fet3p-Ftrlp complex in the following way. First, on
the basis of a standard velocity versa%-g] analysis, we
obtained the fitted kinetic constants for iron uptake through
wild-type and mutant complexes. There were three of the
latter chosen for this analysis: Fet3p(E185Bjrlp; Fet3p-
Ftrip(D246N/E249Q), designated also Ftrip(NASQ); and the
double mutant complex, Fet3p(E185EHtrip(NASQ). Us-

%Fe (to the concentration indicated in the figures) was addeding the values forKy and Vmax provided by this kinetic

to initiate the uptake reaction. Triplicate samples (1 mL each) analysis, values fo¥ma/{Ku Were calculated as a standard
were quenched in 3 mL of an ice-cold solution of 0.1 mM measure of the uptake efficiency of the various complexes
Tris—succinate (pH 6.0) containing 1 mM EDTA and then (30). These were then analyzed further in regard to whether
washed four times with this quench buffer. Samples were the thermodynamic change(s) reflected by a change in this
counted on a Wallac model 1480 Wizapdcounter with constant for the two single mutants was (were), in the double
correction made for nonspecific cell accumulation®%fe mutant, simply additive or, possibly, synergistic. As reviewed
using the uptake values measured for the parental AJS05N more detail in the Discussion, a greater than additive effect
strain fet3Aftr1A). The uptake values given are taken from IS evidence for a functional if not physical interaction
a linear uptake range;-1L0 min; for a given uptake condition between the residues mutated in the Fe uptake “transition
triplicate samples were quantified. Curve fitting and statistical State” Vmax effect) 31—34).

analyses of three to five sets of such data for each experiment The experimental velocity versu®fe] values for these
were performed using Prism3 software (GraphPad, Sanfour uptake complexes in the yeast plasma membrane are
Diego, CA).Vmax andKy values were obtained by fitting shown in Figure 2. The lines in the figure are the nonlinear,
versus [Fe] data to the MichaelisMenten equation. theoretical fits of these data to the Michaelldenten
Inhibition of uptake at§Fe] = 0.2 uM (~Ky) by added equation using the fitted constants given in Table 1; the

Fe'' chelator was analyzed by fitting versus [chelator] to values forVm./Kyu are given there, also. These latter values
the equation for simple competitive inhibitio@8): show that the complexes containing a single mutation were

as efficient as wild type in Fe uptake. In contrast, the double
mutant exhibited an efficiency that was60% of the wild-

type value with the caveat that this difference was marginally
significant (see footnote to Table 1). This apparent synergy

= Vma(3PP)
1+ [chelator]K,

(1)
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FIGURE 2: Kinetic analysis of°Fe uptake in wild-type and mutant
Fet3p-Ftrlp complexes. Thiet3AftrlA-containing strain, AJS05,
episomally produced combinations of wild-type or mutant forms
of Fet3p and Ftrlp as indicatedFe uptake was programed with  FIGURE 3: Plasma membrane localization of Fet3p, Ftrlp species.
the P9e] indicated in the presence of 20 mM ascorbate (reductase-Fluorescently tagged fusions of the wild-type and mutant forms of
independent uptake) at pH 6.0 and 5Q«M MES containing 2% Fet3p and Ftrlp used in these studies were produced in the
glucose (w/v).5%Fe accumulation was determined over 10 min fet3AftrlA-containing strain, AJS05. These transformants were
(linear uptake); the values were corrected for uptake in the examined by confocal fluorescent microscopy to ensure the correct
untransformed AJSO05 control. Each data point is the mean of plasma membrane targeting of the uptake complex in all cases.
replicate measurements € 3). Each line was generated by a fit These images showed also comparable abundance of the various
of a complete data set to the Michaeliglenten equation; the fitted ~ combinations in the plasma membrane; protein abundance was
constants and their SEM are given in Table 1. The Fefplp quantified directly by scanning spectrofluorometric analysis of these
combinations used were as follows: Fet3firlp (wild type), open cells in suspension (Materials and Methods). The representative
circles (solid line); Fet3p(E185B)trlp, filled circles (dashed line);  samples shown here are as follows: (A) Ftr1:YFP alone (no Fet3p,
Fet3p-Ftrip(D246N/E249Q), open squares (solid line); and Fet3p- negative control for complex assembly and targeting); (B) Ftrl:
(E185D)-Ftrip(D246N/E249Q), filled squares (dashed line). YFP—Fet3p (wild-type positive control); (C) Ftr1(D246N/E249Q):
YFP—Fet3p; (D) Fet3:GFP alone (no Ftrlp, negative control); (E)
Fet3:GFP-Ftrlp (positive control); (F) Fet3(E185D):GFFtrlp.

Table 1: Kinetic Constants f&°Fe Uptake through Wild-Type and

Mutant Fet3p-Ftrlp Complexes quantification by scanning solution fluorescence of cells in

Fet3p-Ftrlp Vma;x(pm0| of *Fe per suspension 13, 25). Representative confocal images are
incomplex 10" cells per 10 min)  Kw (M) VimadKu shown in Figure 3; these demonstrate the correct PM
VWV?\’(IV;SQ Zg%-gi 211-8 g-fgi 8-8923 %‘%% illé localization of the mutants kinetically characterized in Figure
E185D-WT 2461+ 23.8 035t 009 7031t 247 2 anld Tablg 1. :jnbaddltlon_, the fluo;?scence _emlssllon
E185D-NASQ 07378 0.25+ 0.06 389 2% 1285 envelopes obtained by scanning spectrofluorometric analysis

a Strain AJS-05fet3Aftr1AAFT1-1°F) was cotransformed with low- OI Cellste;((}:))g/eSSéng thet&?e slevferal thJ_SIOH IgrOtelnséi/arlgthy
copy empty vectors (negative control) or vectors containing either wild- at mos o (Supporting Information, Figure ). Bo

type (WT-WT, positive control) or mutant alleles BET3andFTR1 findings support our conclusion that thén.. differences
as indicated. Fe uptake in these transformants was determined as aletermined for uptake complexes containing mutant forms

function of P°Fe] (Figure 2); the rate data in the figure have been of ejther or both proteins reflect real differences in activity
corrected for uptake in the negative control. These corrected data Were, o4 not relative abundance or PM localizatit®y, values

fit to the standard MichaelisMenten equation; the fitted constants are d | | . ind d
given in the table £SEM). The relative values O¥ma/Ku are with (and K, values, see later) are concentration-independent

reference to the wild-type Fet3ftrlp complex. NASQ refers to the ~ constants in this context.
Ftrlp(D246N/E249Q) mutant.Note that in taking into account the Conditional Citrate Inhibition of Iron Uptake in Fet3p
propagation of error inVma/Ky, one-way ANOVA comparison of  Ftr1p Trafficking MutantsThese results suggested a corol-
difference in the WT-WT and E185D-NASQ values yield8 & 0.056. |5y " hamely, that this less efficient trafficking of iron in
ferroxidation and uptake for the double mutant could result
of effect seen when two otherwise “silent” mutations are in a conditional sensitivity to a ferric iron chelator added
combined, which can be quantified in terms of binding exogenously to the ferroxidas@ermease complex. Me-
energy (Discussion), suggests that, in the binding and tabolite trapping like this, or lack thereof, is a classic test of
trafficking of iron, E185 in Fet3p and the DASE motif in  a channeling mechanisn3%, 36). To test this hypothesis,
Ftrlp interact. A reasonable explanation for this behavior is we first quantified®*Fe uptake by several of these mutant

that they interact via their simultaneous binding of'Fa complexes in the presence of citrate as the potential iron
the same state or states along the ferroxidation, permeatiorchelator. In this experiment, we combined either a mutant
pathway. Ftrip with wild-type Fet3p or the inverse; we also examined

A concern in comparinymax values for a cellular process the citrate effect on iron uptake through a complex in which
involving recombinant, episomally encoded proteins is the both proteins carried specific amino acid substitutions. Two
relative concentrations of the proteins associated with the types of Ftrlp mutants were used in this screen: those with
process being quantified. We have addressed this issue irsubstitutions in exocytoplasmic domains and those with
our previous work by the use of fluorescent protein fusions substitutions in transmembrane ones (cf. Figure 1). The
of Fet3 and Ftrl proteins. GFP, YFP, and CFP fusions to uptake data as a function of [citrate] for complexes containing
Fet3p and Ftrip are fully wild type in activity and allow a single mutant protein are shown in Figure 4A whereas the
visualization by confocal fluorescent microscopy of the data for inhibition of uptake through complexes in which
fusion proteins’ localization to the PM and these proteins’ both proteins carried mutations are shown in Figure 4B; the
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[5%Fe]= 0.2uM ~ Ky, for Fe uptake through the wild-type Fet3p
Ftrip complex (cf. Table 1). The velocity of uptake was determined
as a function of [citrate] as indicated. Wild-type and mutant forms
of Fet3p and Ftrlp were produced in the combinations indicated
below in thefet3AftrlA-containing strain, AJS05. The raw data
(corrected for the negative control) were derived from replicate
measurement(= 3) while the data points and error bars in the
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or a mutant Ftrlp in combination with a wild-type partner. The
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ited <10% wild-type uptake activity at thi¥e], a fact
that reflected the smalléVy./Ky for this double mutant
species. This latter kinetic behavior was analyzed in more
detail above (Figure 2 and Table 1). The fourth group is
complexes in which wild-type Fet3p was combined with Ftrl
proteins carrying E=~ D substitutions in either one or both
of the essential REXLE motifs found in transmembrane
domains 1 and 4 (Figure 1 and r&8). These mutant Ftrl
proteins exhibit 26-50% wild-type uptake activityl(3d) but,
like wild type, were insensitive to citrate (data not shown).
This result indicates that citrate sensitivity is not due to
impaired iron permeation through Ftrlp per se; rather, this
sensitivity appears to result only from mutations in the
exocellular domains of the ferroxidase, permease proteins.
Second, the data overall do fit to a simple competitive
inhibition kinetic scheme indicating that this is the kinetic
mechanism by which citrate inhibits uptake at a const&nt |
Fe]. These fitteK, values for citrate are given in Table 2,
second column. Third, with respect to their sensitivity to this
inhibition by citrate [the relativé,(Cit) values], the mutants
again fall into three classes: the Fet3p(D409E) complex was
wild type in that it was very weakly inhibited by citrate (if
at all); the Fet3p(D409A) complex was moderately sensitive

combinations used were as follows (from the least to the most citrate t0 Citrate; and the remainder of the uptake species were

sensitive): Fet3pFtrlp, open circles; Fet3p(D409HFtrlp, crosses;
Fet3tp(D409A)-Ftrlp, open triangles; Fet3p(D283Aftrlp, filled
triangles; Fet3pFtrlp(D246N/E249Q), open squares; Fet3p-
(E185D)-Ftrlp, filled circles. (B) Data for cells containing Ftrlp-
(D246N/E249Q) with the following Fet3p mutants (from the least

to the most citrate sensitive): Fet3p(D409E), open circles; Fet3p-

(D283A), filled circles; Fet3p(D409A), open squares; Fet3p-
(E185D), filled squares.

Table 2: Kinetic Constants for Citrate Inhibition &¥e Uptake
through Wild-Type and Mutant Fet3i~trlp Complexes

Fet3p-Ftrlp 5%Fe uptake (pmol per

in complex 10 cells per 10 mird Ki(Cit) (mM)
WT-WT 61.3+ 0.9 no inhibitior?
WT-NASQ 26.9+2.4 24+0.8
E185D-WT 51.1+ 2.4 1.9+0.3
D409E-WT 57.9+ 2.7 48+ 1
D409A-WT 53.8+ 3.6 9.4+ 3.0
D283A-WT 48.7+ 2.2 25+04
E185D-NASQ 6.9+ 0.8 0.3+0.1
D409E-NASQ 14811 0.8+ 0.2
D409A-NASQ 16.0+ 0.7 0.4+0.1
D283A-NASQ 35.0£14 0.4+ 0.1

aUptake values obtained at’Fe] = 0.2 uM, ~Ky for iron. ° At
maximum [citrate] used (20 mMY}.K, value > [citrate] used £20
mM), reducing significance of fitted value.

4—30-fold more sensitive than was the ferroxidapermease
complex containing this latter Fet3p mutant. There was an
overall correlation between the members of the groups
distinguished by effects on uptake velocity &Fg] = 0.2

uM and by effects orK,. There also was marked synergism
evident in two of theK, values, those for the Fet3p(D409A)
and Fet3p(D409E) mutants; uptake complexes containing
either of these two Fet3p mutants and Ftrlp(NASQ) were
24- and 60-fold more sensitive to citrate, respectively, than
the corresponding complexes assembled with wild-type
Ftrip.

Chelator Strength an&°Fe Uptake Inhibition: A Ther-
modynamic Test of the Mechanism of Inhibitidihere are
two simple models for how a ferric iron chelator like citrate
could inhibit the uptake by Ftrlp of the fegenerated by
Fet3p; these two schemes are illustrated in Figure 5A. In
the first, dissociative kinetic Scheme 1, the Fet3p-generated
Fe" diffuses into bulk solvent and there equilibrates with
the chelator and the Fe(lthhelator complex. In this model
in which Fé' dissociation is kinetically fast compared to
Fe" permeation through Ftrlp, the value for inhibition
should correlate with the stability of the Fe(Hthelate
complex. In this rapid equilibrium condition, a 10-fold
increase in chelator strength should, in the limit, correlate

smooth curves represent fits of these data to eq 1 (Materialswith a 10-fold decrease i, (denoting more efficient
and Methods), an equation that describes simple competitiveinhibition).2 Scheme 2 (the other limiting model) is an

inhibition of Fe uptake by the added iron chelator.
The results of this kinetic structurdunction analysis can

associative one in which rather than the'"Feissociating
into bulk solvent, the chelator associates with the Fet3p

be described as follows. First, with respect to the uptake Ftrlp complex in some fashion so as to block iron trafficking,

velocity at 0.2uM 5%F€' in the absence of citrate (the ordinate
axis values in Figure 4,B and values in Table 2, first column),

perhaps by scavenging the "Fevia a series of ligand
exchange reactions. This second model has as its essential

the mutant complexes fall into four broad classes. The first element the channeling of I*eén the complex; this kinetic

is those exhibiting wild-type activity, Fet3p(E185D), Fet3p-
(D409E), Fet3p(D409A), and Fet3p(D283A). The second is
those with 25-50% wild-type activity, including Ftrlp-
(NASQ) and the Fet3p(D409A), Fet3p(D409E), and Fet3p-
(D283A) mutants with Ftrlp(NASQ). The third is the double
mutant complex, Fet3p(E185B)trlp(NASQ), that exhib-

2 At face value, the data (and fits) shown in Figure 4 preclude this
mechanism since in it the chelator would be acting to deplete the
substrate (P&) for the second step in the pathway reaction being
measured, i.e., iron uptake. The equation relating velocity to [inhibitor]
for substrate depletion is quadratic in form, not the hyperbolic,
competitive inhibition function that the data appear to 26)(
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Ficure 5: Atest of channeling: correlating Fe(Hthelate stability
with 59Fe uptake inhibition. (A) Scheme 1 diagrams a dissociative

mechanism of Fe trafficking between Fet3p and Ftrlp in Fe uptake

via the permease complex. In this mechanism, Fet3p-produced Fe
equilibrates with the bulk phase from which it can be trapped by

Kwok et al.

Table 3: Fé-Chelator Inhibition Constants 6fFe Uptake through
Wild-Type and Mutant Fet3pFtrlp Complexes

Fet3p-Ftrlp  K(Cit) K (NTA) K(HEDTA)

in complex (mM)Pp (uM)® (uM)® inhibition ¢
WT-WT none fitted 28453 3.6+0.8 —0.46+0.02
WT-NASQ 2.4+0.8 69+23 1.0+0.1 —0.36+0.04
E185D-WT 1.9+ 03 106+24 1.24+04 —0.35+0.06
E185D-NASQ 0.3:0.1 71 0.5+ 0.5 —0.32+0.02

2Values obtained abFe] = 0.2uM, ~Ky, for iron. ® Note difference
in units for citrate versus NTA and HEDTH, values.c Values derived
from linear least-squares fit of data in Figure 6. For the purposes of
this analysis, theK(Cit) for WT-WT was assumed to be 50 mM.
d Limiting uptake rate introduced large standard error.

Table 3, second data column. Analysis of these data clearly
showed that NTA is a considerably more effective inhibitor
of reductase-independefie uptake than is citrate. For
example, NTA inhibited uptake through the wild-type
complex with aK, = 287 uM (open circles; citrate was
without effect on this complex) and through the Ftrlp-
(NASQ)-containing complex with &, = 69 uM (open
squares; compare € = 2.4 mM for citrate, values repeated

in Table 3). The stronger inhibition by NTA &fFe uptake
through all four Fet3pFtrlp forms could be consistent with
either kinetic Scheme 1 or Scheme 2. Clearly, however, the
nearly 16-fold greater stability of the ferrieNTA complex

in comparison to the ferriecitrate one is not reflected
guantitatively in the 26-40-fold increase in inhibition of
uptake through any of the Fet3p, Ftrlp species examined
(Table 3, compare second to first data columns). Similarly,

an added ferric iron chelator. Scheme 2 diagrams a strict channelingip o simple dissociative mechanism of iron trafficking would

mechanism of Fe trafficking in which the transfer of'F&om

one protein to the other is nondissociative and occurs as a result of

predict an HEDTA-dependent inhibition that reflected the

a series of ligand exchange reactions. In this case, an added chelatdP9 K1 = 19 for the corresponding ferric iron complex. The

can only inhibit Fe uptake by scavenging'Feut of the complex,

a kinetically rather than thermodynamically controlled process.
Therefore, while inhibition of Fe uptake occurring by Scheme 1
would correlate with chelator strength, inhibition of Fe uptake
occurring by Scheme 2 would likely not. (B) Inhibition &fFe
uptake quantified as described in this figure is given as a function
of [NTA] as indicated. The AJSO5 strain contained the following
combinations of Fet3p, Ftrlp species: FetBrlp, open circles;
Fet3p(E185D)-Ftrip, filled circles; Fet3pFtrip(NASQ), open
squares; Fet3p(E185BFtrlp(NASQ), filled squares.

mechanism of iron trafficking could be termed nondissocia-
tive to emphasize this feature. A third model is one in which
Fe!' dissociation occurs but competes weakly with traffick-
ing/permeation, okt < Kpermeation The second and third

fitted K, values for HEDTA inhibition (Table 3, third column)
show instead that they correspond to a relatively mog@8t
fold more efficient inhibition than that observed with NTA;
indeed, the double mutant-containing complex was only 14-
fold more sensitive to HEDTA than to NTA. Qualitatively,
this pattern suggests a correlation between chelator strength
and inhibition that is relatively weak thermodynamically.
This correlation in turn suggests a mechanism of inhibition
in which only a small fraction of the binding energy released
upon Fechelate formation is coupled to the trapping of'Fe
from the permeation pathway.

This correlation was demonstrated analytically in a
standard rate, equilibrium linear free energy plot (Figure 6).

models do not of necessity predict the strict linear free energy The slopes of the fitted lines are equivalent to an inhibition
relationship between chelator strength and inhibition constant 5-value; these values are given in Table 3, also (last column).
that the first one does since in these latter two models acces<learly, there is a linear correlation between Kgand log

to the Fet3p-generated 'IFaés kinetically and not thermo-
dynamically controlled. We used nitrilotriacetate (NTA) and
hydroxyethylenediaminetriacetic acid (HEDTA) as additional
Fe! chelators to assess the type of correlation the Fet3p
Ftrlp system exhibited in regard to chelator strength.
NTA complexes with F& with log K; = 15; this value
compares to the ferric citrate complex that haskag= 10
(values at pH= 6.0) 37). In other words, Scheme 1 would
predict that NTA would have an effect on Fe uptake that
could be as much as 1Gimes more robust than that
measured for citrate. The results for inhibition by NTA of
the Fe uptake through the wild-type and mutant Fet3plp
complexes kinetically characterized in Figure 2 and Table 1
are given in Figure 5B, with the fitteld, values included in

K1 with g-values for the four complexes that fall on either
side of —0.36. Empirically, this value means tha,
decreased by a factor of 10 as the stability constint,
increased by 10 This behavior is inconsistent with a strict
equilibrium, dissociative model of Fe trafficking in the
Fet3p-Ftrlp complex (Scheme 1) but can be rationalized
in terms of either of the other models outlined above (see
also Discussion). The plots also highlight the convergence
of the K, values to~1 uM, suggesting that a kinetic step(s)
in the trafficking/permeation and/or inhibition pathways
limit(s) partitioning between the two; this convergence is
reflected also in the systematic decrease in the absolute value
of the slope ) in going from the wild-type complex to the
one containing the Fet3(E185BFtr1(NASQ) proteins.
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3. ThekK, values are for the following combinations of Fet3p, Ftrlp
species: Fet3pFtrlp, open circles; Fet3p(E185Bktrip, filled
circles; Fet3p-Ftrlp(NASQ), open squares; Fet3p(E185Bjrlp-
(NASQ), filled squares. For the purposes of this analysis,kthe
value for citrate inhibition of the wild-type complex was assumed
to be 50 mM.
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Ficure 7: Citrate sensitivity correlates with a conditional inhibition
of respiratory (iron-requiring) growth. Serial dilutions of cultures
of the fet3AftrlA-containing strain, AJS05, producing wild-type

or mutant forms of Fet3p and Ftrlp were spotted onto solid media

without or with added citrate; the culture identity with respect to

the Fet3 and Ftrl proteins and the citrate concentrations are

indicated in the figure. Glycerol was the nonfermentable carbon
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with but far from definitive evidence for a channeling model
of iron trafficking in the Fet3p-Ftrlp complex. We have
now made use of a test of channeling, metabolite trapping,
and have quantified the kinetic access to Fet3p-generated
Fe' by iron chelators. Another strategy used as a probe of
channeling in a coupled, metabolic pathway is to dissect the
pathway steps by protein engineering. Thus, we took the
wild-type, two-component ferroxidasg@ermease system and
from it constructed a bifunctional protein in which the
soluble, Fet3p MCO domain (residues355) was tethered

to the exocytoplasmic amino terminus of Ftrlp. Two such
chimeric genes were constructed that differed in the linker
length encoded between the two ORFs; in one, the length
was 11 residues (designated C1); in the other it was 29
residues (designated C2). Note also that the predicted
sequence length between the exocytoplasmic dotain
plasma membrane surface associated with the first, amino-
terminal transmembrane element in Ftrlp and the MCO core
of Fet3p (assumed to include up to Fet3p residue 500) was
63 residues in addition to the linker used in the construction
a given chimera (Materials and Methods). In other words,
the effective linker lengths in C1 and C2 were 74 and 92
residues, respectively. These chimeras were produced in a
fet3AftrlA strain along with the ferroxidase-negative Fet3p-
(T1D) to act as a protein chaperone for the trafficking of
the chimera. This engineered uptake complex is illustrated
by Scheme 3 in Figure 8A.

We first demonstrated that our Fet3pMCO:Ftrlp fusions
assembled in the PM along with the ferroxidase-negative
Fet3p(T1D); we did so using GFP-tagged versions of the
chimeras. As demonstrated by the confocal fluorescence

source used in the yeast extract, peptone-containing (YP) media.microscopic images shown in Figure 8B, C1 trafficked to

The plates were imaged following 4 days of growth.

Citrate-Sensitie Iron Uptake Complexes Correlate with
Citrate-Sensitie Growth.The tight coupling of ferroxidation
and permeation indicated by the citrate insensitivity of the
wild-type Fet3p-Ftrlp complex would appear to offer a

the plasma membrane with either wild-type Fet3p (A) or
Fet3p(T1D) (B) as did C2 (panels C and D of Figure 8B,
respectively); as is the case with Ftrl3,(25), both chimeras
remained in the perinuclear space when produced in the
absence of any Fet3p species at all (not shown). These data
indicate that these fusions were wild type with respect to

selective growth advantage over a strain producing an iron complex assembly and plasma membrane targeting. We then

uptake complex leaky with respect to added iron chelator.

This inference was tested directly by examination of the
growth of yeast strains deficient in the complex altogether
or producing either wild-type or mutant forms of either or
both proteins. The high-affinity iron uptake function in yeast
correlates physiologically with respiratory (iron-requiring)
growth on a nonfermentable carbon source like glycelrdl (
38). As shown in Figure 7, the citrate sensitivity of
respiratory growth correlated well with the citrate sensitivity

performed kinetic analyses éfFe uptake via these Fet3p-
(T1D)—Fet3pMCO:Ftrip complexes as a function of [citrate]
as in Figure 4. These citrate inhibition data are shown in
Figure 9.

The data show that both chimeras behaved much like
Fet3p(E185D) in complex with Ftrlp: at®fFe] = 0.2 uM
(approximateVma/Ky conditions) and in the absence of
citrate, C1 (filled circles) and C2 (open circles) supported
uptake that was-85% of wild type (564 4 and 49+ 3

of th_e complex produced in a specific yeast strain (c_ompare pmol of %Fe per 10 min per ICcells, respectively) but were
to Figure 4 and Tables 2 and 3). Whereas the wild-type inhibited by citrate withK, values of 2.8+ 0.7 and 2.1+

complex was capable of supporting growth at 50 mM citrate,
growth of strains producing a complex containing either
Fet3p(E185D) or Ftrip(NASQ) was inhibited. The strain
producing the double mutant complex failed to grow at all
at 5uM citrate and, in fact, exhibited a growth phenotype
little different from the negative control, the parental

fet3AftrlA-containing strain, AJS05.

59Fe Uptake by Fet3p, Ftrlp Chimeras and Their Citrate
Sensitiity. Our studies were initiated with the knowledge
that exogenously added or produced"Faas not the

0.5 mM (values from fits to eq 1). Thus, with respect to
sensitivity to citrate, the chimeras were similar to other
trafficking mutant complexes including the ones containing
Fet3p(D283A) and Ftrip(NASQ) (Table 2). Introduction into
C1 of the Fet3p:MCO substitution E185D (open triangles)
or the Ftrlp?*®NASQ?*° substitution (open squares) reduced
the efficiency of this chimera if°Fe uptake by~50% (to

26 4+ 2 and 21+ 2 pmol of >°Fe per 10 min per T0cells,
respectively). These mutant chimeras also were more citrate
sensitive withK,; values of 0.14+ 0.06 and 0.6+ 0.18

substrate for iron permeation by Ftrlp. The fact that such mM, values that were comparable to the double mutant
ferric iron was not the substrate for uptake was consistent containing, Fet3p, Ftrlp heterooligomeric complexes (Table
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A Fe!l associative, channeling mechanism for the wild-type system
Eoll Fe'”,(; (Scheme 2, Figure 5) than it does from the alternative
f? Citrate dissociative model of Fe trafficking (Scheme 1, Figure 5).

Fe trafficking via this latter model reasonably would be
indifferent to the precise conformational relationship of the

Fet3p(T1D) Fet3pMCO:Ftrip ferroxidase and permease functional sites.
acts as chaperone for} DISCUSSION
Scheme 3

Metabolite channeling in which the product of a proximal
activity in a metabolic pathway traffics as substrate to a distal
activity without equilibration with bulk solvent is an inher-
ently efficient kinetic process since it eliminates the con-
centration-dependent second-order binding of solutes derived
from solvent 86, 39). Channeling requires the close proxim-
ity of the donor and acceptor sites. This proximity can be
enforced by close packing (crowding) of the proximal and
distal proteins (as is often likely in vivo)4Q), by the
formation of a specific complex between the two proteins
(39, 41), or by the gene splicing that encodes the donor and
acceptor sites in the same gene as for a bifunctional enzyme
(42). If the Fet3p-Ftrlp system supports channeling, this
mechanism would rely in part on the fact that the two
proteins are part of a heterodimeric, two-component complex

Ficure 8: Fet3pMCO:Ftrlp fusions are localized to the yeast (at the |east) in the yeast p|asma membrarm _’(_3)
plasma membrane. Scheme 3 illustrates that the chimeras require

a ferroxidase-negative, Fet3p(T1D) protein acting as chaperone for Channeling is chemically efficient as well since it does,
complex assembly and targeting of the chimera to the plasmain effect, restrict the reaction coordinate available to the

membrane. GFP fusions of chimeras C1 (panels A and B) and C2product of the proximal step. By directing this species to
(panels C and D) were produced in fieé3AftrlA-containing strain,  the distal site, channeling prevents the possible side reactions

AJS05, along with either wild-type Fet3p (panels A and C, :
respectively) or the ferroxidase-negative mutant, Fet3p(T1D) (panelsthat would decrease the overall yield of the pathway. The

B and D, respectively). The cells were imaged by confocal hydrolysis of F& would certainly represent one such side
fluorescence microscopy as shown. In the absence of the copro-reaction competing with e permeation if the ferric iron
duction of the Fet3p(T1D) required to assemble with and chaperoneproduced by Fet3p were to equilibrate with bulk water. A
the chimeras to the plasma membrane, these fluorescent f“Sion%hanneling mechanism for Fet3ftrlp would appear to
L%Tgkno?/t/jnl)r.] the perinuclear regions of the cells (negative control avoid a futile cycle of ferrireduction (and mobilization)
followed by ferroxidation but with hydrolysis (rather than
uptake); this ferric hydroxide would need rereduction if it
were to be a substrate for the Fetdprlp complex. A
channeling mechanism for Eetrafficking in the Fet3p-
Ftrlp system is therefore teleologically sound on a chemical
basis and is physically possible given the fact that these two
proteins are associated in the yeast plasma membi&he (
We have provided data here that strongly support this kinetic
model for iron uptake through the Fet3ptrlp complex.

As noted in the introduction, iron channeling in this
complex could be inferred from the fact that exogenou$ Fe
is not substrate for iron permeation; this behavior for ferric
iron is in contrast to that for ferrous iron that is taken into
the cell via Fet3p-Ftrlp, by-passing the ferrireductase, Frelp
% 5 5 3 30 (7, 9). Here, however, we have shown that the Fet3p MCO

[Citrate](mM) (ferroxidase) domain when tethered to the Ftrlp permease
FiGURe 9: Kinetic analysis of citrate inhibition of°Fe uptake  in the exocytoplasmic space efficiently supplies th¥ Fer
through Fet3pMCO:Ftrlp fusions. The [citrate] dependencg-of  uptake. This experiment by itself also fails to provide explicit
Fe uptake was measured and analyzed as in Figure 4 in strain AJSO%vidence in favor of a channeling mechanism of iron
producing the Fet3pMCO:Ftrlp fusions as indicated along with trafficking (e.g., evidence in favor of Scheme 2) although

ferroxidase-negative Fet3p(T1D) as protein chaperone for the . A e .
chimera. The samples are as foliows: C1 wild type, open circles: the difference in citrate sensitivity of the two Fet3pMCO:

C2 wild type, closed circles; C]_[Ftr]_p(NASQ)], open squares; C1- Ftrlp chimeras in Comparison to wild type did indicate that
[Fet3pMCO(E185D)], open triangles. the ferroxidase activity of the chimera alone was not
2). In summary, a bifunctional iron uptake protein can be as sufficient to support wild-type iron permeation.

efficient as the wild-type two-component one but exhibits a  Our use of F# chelators to distinguish between Schemes
metabolic leakiness not seen in the latter complex. This 1 and 2 via kinetic analysis mirrors the use of 'Mgs
structure-function correlation more closely follows from an  inhibitor of the coupled aldolasdructose 1,6-bisphosphatase
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(FBPase) reactions. Rakus et al. demonstrated that these twtigand interactions, protein folding, and enzyme mechanism,
glycolytic enzymes associate and that the flux through this building upon the well-established relationships between state
two-step reaction was activated by the two enzymes func- changes and binding energiexl{-34, 45). Note, however,
tioning as an enzyme complex, certainly a corollary to the that the kinetic differences exhibited by the wild-type and
selective advantage of a channeling mechanidf). (The single mutant in comparison to the double mutant complexes
authors took advantage of the fact that 'Mighibits the were statistically marginal; the interaction energy inferred
FBPase reaction itself by sequestering the substrate for it,above suffers from the same limitation. Nonetheless, the
fructose 1,6-bisphosphate (F1,6-Rn the coupled reaction  behavior of thev versus °Fe] and the chelator inhibition
catalyzed by the aldolasé¢-BPase complex, however, in- data do suggest that the overall efficacy of a double mutant
hibition by Md' was strongly reduced, indicating that the complex is compromised in comparison to the “sum” of the
F1,6-B produced by aldolase in this complex did not activities of the corresponding single mutant ones irrespective
equilibrate with bulk solvent where it would chelate and of the extent to which the precision of the data allows us to
effectively be trapped by the MgThe Fet3p-Ftrlp system quantify the difference.
here is different only in that the metal ion is the intermediate  The second observation consistent with a channeling
in this permeation pathway, and it is the metal ion being mechanism (Scheme 2) is the weak thermodynamic coupling
trapped by the chelating agent rather than the reverse. of inhibitor strength (given by its log value) and chelator
What our iron permeation pathway did not provide, strength (given by its log<; one). If the chelator were
however, was the negative control for channeling representedtrapping F&' in thermodynamic (rapid) equilibrium with the
by the isolated FBPase reaction that is demonstrably inhibitedbulk phase (Scheme 1), our kinetically determilkgdalues
by Mg" (41). However, we were able to generate this should exhibit a relatively strong dependence on the stability
negative controtonditionallyin that some mutant forms of ~ constant values for the three ferric iron chelators used. In
Fet3p and of Ftrlp proved to be “leaky” with respect to the fact, the Brgnsted values for the wild-type and three mutant
inhibitory effect of an added Mechelator. Although not as  complexesf = —0.32 to—0.46) show that the coupling of
well characterized kinetically as our mutants here were, a chelate stability to the trajectory of ¥erafficking inhibition
similar kind of leakiness has been inferred genetically in the is relatively weak; e.g., for the two single mutant complexes,
ferrochelatase reaction iBacillus subtilis(43) and in the a 1@ increase irK; results in only a 10-fold decreasek.
incorporation of UDPs-galactose into cell wall polysaccha- This weak coupling between chelator strength and inhibi-
rides in Arabidopsis (44). In both of those cases, the tory effect could reflect a mechanism(s) other than the simple
phenotypes associated with specific mutations were seen aghanneling one we have discussed which is contrasted with
the result of a decline in the efficacy of channeling in the an equilibrium model of Fe trafficking (Scheme 2 versus
respective pathways. We propose that the citrate inhibition Scheme 1). The weakness of the argument above is that it
observed in an Ftrlp(NASQ)-containing complex, for ex- assumesnhibition is thermodynamically rather than kineti-
ample, indicates that channeling occurs in the wild-type one cally controlled. An alternative model in which 'Fequili-
that itself is indifferent to the presence of this chelating agent. brates with solvent slowly relative to continued trafficking
The growth phenotypes of yeast producing wild type in in the complex is consistent with the relatively weak effect

comparison to citrate-sensitive mutant Fet3jrlp com- increased chelator strength has on the inhibition observed.
plexes demonstrate that this “indifference” does provide a This situation is functionally equivalent t&gpfo" >
selective growth advantage. KsaS"e0rwith respect to P& binding. Note, however, that

There are two results with these mutants that most stronglytight binding is nearly always due to a kinetically limiting
support (although do not prove) a channeling mechanism inrate constant for dissociation of the ligand from the pathway
the Fet3p-Ftrlp system (Figure 5, Scheme 2). First is the protein(s) 26). Thus, tight binding of F& in the Fet3p-
functional interaction between a side chain in Fet3p and oneFtrlp system is equivalent to a kinetic scheme in which
in Ftrlp in iron trafficking as indicated by the synergism in dissociation of Fet3pFtrip-bound F& competes poorly
mutagenic effects in a double mutant complex. One examplewith downstream permeation steps. A mechanism like this
of this is the reduced uptake velocity for the Fet3p(E185D) one would function physiologically in lieu of a strict
Ftrip(NASQ) complex at 0.2M 5%e; this value, 6.9 pmol  channeling one; our data are compatible with either model.
of 5%Fe per 10 min per 1Ccells, is~10% of wild type (Table Copper trafficking in yeast and higher eukaryotes provides
2). This difference in velocity is worth~1.5 kcal/mol in an appropriate analogy to the model suggested here for the
activation energy. The single mutant, Fet3p(E185D), is wild Fet3p-Ftrlp high-affinity iron uptake system. Copper traf-
type in uptake activity. The other single mutant, Ftrip- ficking starts with the high-affinity, plasma membrane' Cu
(NASQ), is less efficient by a factor of-2 (Table 2), transporter, Ctrlp, and includes the copper chaperone, Atx1p
representing a loss e¥0.4 kcal/mol binding energy in some  in yeast (Atox1/HAH1 in humans), and the Cu-ATPase,
state essential to iron permeation. This analysis suggests tha€cc2p in yeast (ATP7A or ATP7B in humang)]. In vitro
in a heterooligomeric complex containing a single mutation studies suggest that Cmanslocated by Ctrlp exchanges into
on each monomer there is an additional kcal/mol of Axtlp at the cytoplasmic face of the plasma membraiTe (
binding energy lost in the activation of iron trafficking due, 48). This Atxlp copper subsequently exchanges into the
most reasonably, to the loss of an interaction between E185Ccc2p Cu-ATPase that is located in the membrane of a Golgi
in Fet3p (due to the E185D substitution) and {f®ASE*° or post-Golgi compartment; this Cu pump concentrates the
motif in Ftrlp (due to the substitution of NASQ), an copper inthe lumen of this compartment where it is available
interaction that is coupled to iron trafficking. This double for the metalation of apo-Fet3p (for example)6). The
-mutant effect has been well recognized in comparable transfer of Cifrom Atx1 to Ccc2 is, like the first trafficking
reverse genetic approaches to the elucidation of pretein step in this copper metabolic pathway, mechanistically
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nondissociative in nature4®). This copper channeling is SUPPORTING INFORMATION AVAILABLE
critical to maintaining a diminishingly small level of “free”
copper in the yeast cell as a means of protecting the cell
from this metal ion’s prooxidant behavios@). Iron is no
less an effective prooxidant; thus, in addition to preventing
hydrolysis, iron channeling can have a cytoprotective effect
as well.

Channeling appears to be a common feature of bifunctional REFERENCES
enzymes, and topologic channels or tunnels have been _ i
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Quantitative scanning fluorescence emission envelopes
from cells producing GFP and YFP fusions of wild-type and
mutant forms of Fet3p and Ftrlp demonstrating equal protein
production. This material is available free of charge via the
Internet at http://pubs.acs.org.
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