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Fet3p from Saccharomyces cerevisiae is a multicopper oxidase
(MCO) that contains 3 cupredoxin-like �-barrel domains and 4
copper ions located in 3 distinct metal sites (T1 in domain 3, T2, and
the binuclear T3 at the interface between domains 1 and 3). To
better understand how protein structure and stability is defined by
cofactor coordination in MCO proteins, we assessed thermal un-
folding of apo and metallated forms of Fet3p by using spectro-
scopic and calorimetric methods in vitro (pH 7). We find that
unfolding reactions of apo and different holo forms of Fet3p are
irreversible reactions that depend on the scan rate. The domains in
apo-Fet3p unfold sequentially [thermal midpoint (Tm) of 45 °C,
62 °C, and 72 °C; 1 K/min]. Addition of T3 imposes strain in the apo
structure that results in coupled domain unfolding and low stabil-
ity (Tm of 50 °C; 1 K/min). Further inclusion of T2 (i.e., only T1
absent) increases overall stability by �5 °C but unfolding remains
coupled in 1 step. Introduction of T1, producing fully-loaded
holo-Fet3p (or in the absence of T2), results in stabilization of
domain 3, which uncouples unfolding of the domains; unfolding of
domain 2 occurs first along with Cu-site perturbations (Tm 50–
55 °C; 1 K/min), followed by unfolding of domains 1 and 3 (�65–
70 °C; 1 K/min). Our results suggest that there is a metal-induced
tradeoff between overall protein stability and metal coordination
in members of the MCO family.

spectroscopy � calorimetry � cupredoxin � copper-binding protein

The cupredoxin fold is one of the most common �-strand
arrangements found in biology (1). This Greek-key, �-barrel

structure typically has 7 or 8 �-strands forming 2 �-sheets that
pack against each other (2, 3). Because this motif is found in
small copper-containing electron-transfer proteins in bacteria,
fungi, and plants termed blue-copper proteins, or cupredoxins
(4), it has become known as the cupredoxin fold. Cupredoxins,
e.g., azurin, plastocyanin, and stellacyanin, are excellent model
systems for studies of the effects of metal cofactors on protein
stability and folding because they are soluble and easily over-
expressed and mutated. The best-characterized cupredoxin with
respect to the role of metals in folding is Pseudomonas aeruginosa
azurin (2). In P. aeruginosa azurin, the copper (Cu) is coordi-
nated in a typical blue-copper site, designated as a T1 Cu site. It
has been suggested that the cupredoxin fold defines the exact
geometry of the Cu ligands, leading to the unusual Cu coordi-
nation in these proteins (5).

The cupredoxin fold also dominates another class of proteins,
the multicopper oxidases (MCOs). Examples include laccases
found in bacteria, fungi, and plants, and metallooxidases found
in bacteria, algae, fungi, and mammals. These latter enzymes
exhibit specificity toward low valent first-row transition metals,
e.g., Mn(II), Cu(I) and Fe(II); MCOs with ferrous iron speci-
ficity are known as ferroxidases (6).

MCOs are composed of multiple cupredoxin domains, defined
within these larger proteins as foldons of 125–175 residues. For
example, an MCO from Bradyrhizobium japonicum (445 residues)
contains 2 cupredoxin domains, the Fet3 protein from Saccharo-
myces cerevisiae (560 residues) contains 3, and the human ferroxi-
dase, ceruloplasmin (Cp), has 1,065 residues and 6 domains. In all

of these MCO proteins, there are 3 distinct copper sites arrayed
within the domains in a conserved pattern. One [or 3 in the case of
human Cp (hCp)] of the domains contains the typical T1 site found
in single-domain cupredoxins. This site is most often composed of
a coordination sphere of 2 His and 1 Cys; the Cys thiolate ligand
provides strong charge transfer to Cu(II) that gives rise to the
intense blue color of T1 Cu-containing proteins (�600nm � 5,000
M�1�cm�1). In the canonical organization of MCO proteins, T1 is
found in the carboxyl-terminal domain, as illustrated in Fig. 1 for
yeast Fet3p (7).

The other 2 Cu sites in MCOs, designated as T2 and T3, are
typically, but not always, found at the interface of the amino- and
carboxyl-terminal domains. The protein coordination sphere at
the T2 Cu is 2 His; a third ligand is water or hydroxide. The T3
site contains 2 Cu atoms bridged by a nonprotein oxygen atom;
this ligand provides an electronic superexchange pathway that
renders the T3 Cu(II) cluster diamagnetic. Each Cu in this
cluster is coordinated by 3 histidine imidazoles. The T2 and T3
sites are collectively known as the trinuclear cluster (TNC);
dioxygen binds at the TNC and is reduced to 2 H2O via
inner-sphere transfer of 4 electrons. Dioxygen coordination and
subsequent reduction depends on the fact that, with 3 Cu atoms
and only 8 protein ligands, the TNC is coordinately undersatu-
rated. The 8 ligands are distributed equally between the 2
cupredoxin domains that thus serve as a structural template for
assembly of the TNC (domains 1 and 3 in Fet3p; Fig. 1).

More than 1,000 proteins have been identified as MCOs based
on the multiples of the cupredoxin motifs they contain (6).
Despite the interest in MCOs as catalysts in biofuel cells and in
other biotechnological applications (8), very few have been
characterized with respect to the role of the metal prosthetic
groups in protein stability. Studies have indicated that the apo
form of hCp adopts an extended structure (like beads on a string)
because of the lack of the Cu-ligand bonds, the TNC, that
connect the first and the last domain (9). In support of all-or-
none Cu binding to hCp (10), metabolic-labeling experiments
indicated that achieving native hCp required occupation of all 6
Cu sites (11). However, there have been reports that endorse
partially-metallated forms of hCp (12). We recently reported
chemical and thermal unfolding reactions of apo and holo forms
of WT hCp (13, 14). We found that chemical or thermal
perturbation resulted in temporary formation of an intermediate
with less secondary structure and loss of 2 Cu. There have also
been reports on chemical and thermal stability of ascorbate
oxidase (which is a dimer of 2 MCOs) (15) and laccase (16)
proteins.
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Yeast ferroxidase, Fet3p, has proven to be a paradigm for
structure–function studies because of the collection of demet-
allated forms that have allowed quantification of the role of each
Cu site to the electronic properties of Fet3p and to its redox
activity (6, 17–19). These forms are designated T1D, T2D, and
T1D/T2D (where D is depleted), in which the T1, T2, or both the
T1 and T2 Cu atoms are absent because of mutation of specific
Cu ligands. Fet3p(Cys484Ser) lacks the T1 Cu, whereas
Fet3p(His81Gln) lacks the T2 Cu; the double mutant lacks both
Cu atoms. Here, we use these reagents to probe the roles of the
3 Cu sites in the stability and unfolding mechanism of Fet3p. We
find that whereas the domains in apo-Fet3p unfold sequentially,
unfolding of domains 1 and 3 is coupled in the holo form because
of the T3 coppers ‘‘stitching’’ the domains together. In partially-
metallated forms lacking T1, the 3 domains unfold as 1 coop-
erative unit with low stability. Our data demonstrate a metal-
induced tradeoff between overall protein stability and metal
coordination.

Results
Apo-Fet3p. After core glycosylation in the endoplasmic reticulum,
apo-Fet3p transfers to a post-Golgi compartment where Cu is
added before delivery to the plasma membrane (20). Here, apo
protein was prepared in vitro from purified holo protein. The
absence of Cu in the apo protein was confirmed by a colorimetric
assay developed by Felsenfeld (21). The apo form of Fet3p
exhibits the same far-UV CD signal as the holo form [supporting
information (SI) Fig. S1], implying that metal removal does not
affect the content of secondary structure. Identification of the
unfolding behavior and stability of apo-Fet3p provides the
baseline for examination of how these characteristics are altered
by coordination of Cu at 1 or more of Fet3p’s Cu sites.

Thermal unfolding of apo-Fet3p was probed by far-UV CD
(secondary structure), Trp fluorescence (environment near aro-
matics), anilino naphthalene-1-sulfonic acid (ANS) emission (ex-
posure of hydrophobic surfaces), and differential scanning calo-
rimetry (DSC; heat of reaction) as a function of scan rate (Fig. 2).
Thermal perturbation of apo-Fet3p (and all other forms we have
studied) is completely irreversible and, in accord, the reactions are
scan rate-dependent: the faster the heating rate, the higher the
apparent thermal stability. This behavior implies that the reactions
are under kinetic control, and no thermodynamic parameters can

be obtained. Based on far-UV CD spectra, Fet3p (in apo and
metallated forms) adopts a nonnative structure at high tempera-
tures that has a significant content of secondary structure (Fig. S1),
which was found earlier upon heating of hCp and assigned to a
molten-globule like denatured state (14). By CD detection there
appears to be 2 detectable steps during heating of apo-Fet3p,
whereas the 2 fluorescence detection methods and DSC reveal 3
sequential transitions as a function of increasing temperature for
apo-Fet3p. Thermal midpoint (Tm) values for different steps ob-
tained by different detection methods at 3 different scan rates are
listed in Table 1. Each thermal step was analyzed by a 2-state
irreversible model (22); the Tm values from different scan rates
obtained by each detection methods were plotted as described in
Materials and Methods to estimate activation energies (Ea) for each
step (Table 1).

Based on the presence of 3 distinct peaks in the DSC data (Tm
values of 45 °C, 62 °C, and 72 °C; 1 K/min), it appears that the
apo protein unfolds in 3 steps that likely correspond to inde-
pendent unfolding of the 3 domains. The Ea values for the 3
transitions are similar, supporting sequential domain unfolding
(Table 1). We propose that the first domain to unfold is domain
2, as the first DSC peak corresponds to the largest change in
entropy. As domains 1 and 3 will have higher starting entropy
because of terminal fraying, unfolding of the middle domain will
likely increase entropy the most.

Fet3pT1D/T2D. In this protein, the binuclear T3 cluster at the
interface is present, but not T1 and T2. Absorbance and ex-
tended x-ray absorption fine structure spectra of Fet3pT1D/T2D
indicate that T3 is native-like in its electronic characteristics (6,
17). In Fig. 3, we show CD, DSC, fluorescence, and 330-nm
absorption (reporting on intact T3 site) data for heating of this
mutant at 1 selected scan rate (1 K/min). A complete set of data
(CD, DSC, Trp fluorescence, and ANS emission) at 3 scan rates
are provided in Fig. S2. Tm and Ea values for different scan rates
and detection methods are listed in Table 1.

Fig. 1. Schematic diagram of Fet3p topology and Cu sites. The �-strands of
the 3 domains are shown in different colors to indicate boundaries. The 3 Cu
sites [T1 (Cu1), blue; T2 (Cu4), green; T3 (Cu2 and Cu3), yellow; T2 and T3 form
TNC] and the coordinating side chains are indicated. The side-chain labels are
color-coded based on the domain origin.
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Fig. 2. Thermal unfolding of WT apo-Fet3p probed by CD at 210 nm
(Middle), Trp fluorescence (ratio F331/F355), ANS fluorescence (at 510 nm) (Top),
and DSC (Bottom). Scan rates were 0.5, 1.0, and 1.5 K/min.
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It is clear from the data that addition of T3 to the apo protein
results in a relatively unstable molecule that unfolds as 1
cooperative unit (Tm of 50°C; 1 K/min). Note that if the T3 Cu
atoms were to dissociate when the yellow color disappeared for
Fet3pT1D/T2D (because of the T3 Cu absorbance at 330 nm),
we would get apo protein that should have additional DSC peaks
at higher temperatures; this is not the case and indicates Cu site
perturbation but not Cu dissociation. In support, direct Cu
content analysis (see Materials and Methods) revealed 1.5 � 0.2
Cu ions (determined by colorimetric assay; ref. 21) per
Fet3pT1D/T2D protein after heating to 80 °C.

Fet3pT1D. In Fet3pT1D, both T3 and T2 sites are present,
completing the TNC at the interface of domains 1 and 3. Again,
spectral evidence on this variant shows this cluster to have
native-like electronic properties (17). We find that addition of T2
to T3-containing Fet3p increases overall protein stability by
�5° C (Tm of 55°C for Fet3pT1D; 1 K/min) but the thermal
process remains coupled in a single step (Fig. 3 and Fig. S2). Tm
and Ea values for different scan rates and detection methods are
listed in Table 1. In support of Cu ions remaining bound to the
perturbed protein, Cu content analysis (see Materials and Meth-

ods) revealed 2.4 � 0.2 Cu ions per Fet3pT1D protein after
heating to 80 °C.

Holo-Fet3p. The addition of the final Cu (i.e., T1) results in the
native holo protein. Thermal unfolding of WT holo-Fet3p (i.e.,
with T1, T2, and T3 intact) was probed by the same methods as
the other variants as a function of scan rate (Figs. 3 and 4).
Thermal denaturation of WT holo-Fet3p is irreversible and also
exhibits a scan rate dependence of the unfolding transitions. Tm
and Ea values for the different steps at different scan rates,
analyzed as individual 2-step irreversible reactions, are listed in
Table 1. For the WT holo form, absorption at 610 nm (reporting
on an intact T1) and enzymatic activity (functional 4-Cu MCO)
was monitored as a function of temperature as well (Fig. 3).

We find that holo-Fet3p unfolds in 2 transitions with Tm values
of �55 °C and 68 °C (1 K/min) (Figs. 3 and 4). In the first step
there is a change in far-UV CD of �30–40%, which suggests that
1 of the 3 domains unfolds; this conformational transition
correlates with the disappearance of both the 610-nm (blue) and
330nm (yellow) transitions, indicating loss of S 3 Cu and O 3
Cu charge transfer at T1 and T3 sites, respectively. This does not
mean the Cu ions dissociate in this step; if this were the case, the

Table 1. Thermal data for holo variants and apo form of Fet3p determined by different
detection methods (50 mM phosphate buffer, pH 7)

Fet3p form Method Midpoint, °C

Scan rate, K/min

Ea, kJ/mol0.5 1.0 1.5

Holo DSC Tm,1 52.0 53.0 55.6 230 � 100
Tm,2 66.9 68.0 69.2 450 � 80

CD Tm,1 54.4 56.0 58.5 230 � 40
Tm,2 68.0 70.5 71.8 290 � 10

FlTrp Tm,1 55.9 57.5 59.5 260 � 60
Tm,2 70.4 72.2 73.8 320 � 40

FlANS Tm,1 54.4 56.0 58.7 210 � 70
Tm,2 69.3 71.7 73.4 260 � 10

Abs330 Tm,1 52.0 54.5 55.9 -
T2D DSC Tm,1 n.r. n.r. �52 -

Tm,2 n.r. n.r. �64 -
CD Tm,1 - - - -

Tm,2 61.2 63.3 64.2 190 � 20
FlTrp Tm,1 - - - -

Tm,2 59.4 61.4 62.2 280 � 10
Abs330 Tm,1 48.5 49.7 50.7 -

T1D DSC Tm,1 53.5 55.0 57.0 -
CD Tm,1 56.0 57.9 59.8 280 � 10

FlTrp Tm,1 53.6 55.2 57.4 320 � 30
T1D/T2D DSC Tm,1 49.0 50.0 52.5 -

CD Tm,1 49.2 51.2 52.9 230 � 20
FlTrp Tm,1 48.1 50.9 51.4 250 � 20

Apo DSC Tm,1 43.9 45.3 46.7 290 � 30
Tm,2 60.3 62.2 63.5 370 � 10
Tm,3 69.9 72.2 73.7 290 � 10

CD Tm,1 45.0 47.9 50.0 180 � 10
Tm,2 - - - -
Tm,3 69.4 71.0 74.5 190 � 70

FlTrp Tm,1 43.4 45.7 46.6 280 � 30
Tm,2 60.0 62.4 64.1 250 � 10
Tm,3 70.0 73.6 75.0 210 � 20

FlANS Tm,1 42.3 44.5 45.9 210 � 10
Tm,2 59.5 62.0 63.7 240 � 10
Tm,3 71.6 74.8 76.8 210 � 10

All reactions are irreversible and each individual step (for variants with multiple steps) is analyzed as an
apparent 2-state irreversible transition. Whereas apo-Fet3p exhibits 3 thermal transitions, the WT holo form and
T2D Fet3p have 2 transitions and T1D and T1D/T2D Fet3p variants have single-step thermal transitions. n.r., not
resolvable. Error in Tm is � 0.5 °C.
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rest of the thermal traces should match those for the apo protein
but they do not.

Loss of protein visible color caused by Cu site perturbations
(but not dissociation) have been noted in single-domain cupre-
doxins (23). As mentioned, in the case of P. aeruginosa azurin,
the Cu remained bound to the unfolded polypeptide but color
was lost (5, 24–26). In nitrate reductase, a protein that evolved
from the common ancestor of the MCOs that has 1 T1 site in
each of its 3 domains, thermal perturbation was found to result
in conversion of the T1 site to a colorless T2 site (27). In addition,
estimates of total Cu content at different temperatures (see
Materials and Methods) demonstrate that all Cu ions are retained
with Fet3p up to at least 60 °C, which is after the first thermal
transition. At 20 °C (i.e., before heating), as expected, we detect
3.9 � 0.3 Cu per protein. After heating to 58 °C, the Cu content
remains high (3.7 � 0.3 Cu/protein), whereas heating to 80 °C
corresponds to detection of 1.5 � 0.5 Cu per protein, indicative
of loss of some but not all Cu ions. The Ea values for the 2
holo-Fet3p transitions are consistently higher for the second step
(Table 1), which agrees with 1 domain unfolding in the first step
and 2 domains in the second step as also suggested by the CD
data.

Fet3pT2D. With this protein species we can determine the rela-
tionship between T1 and T2 Cu sites in defining Fet3p stability.
Above, we quantified the effect of adding T2 to T3 in the absence
of T1. With Fet3pT2D we can test the effect of T1 and T3 in the

absence of T2. It appears reasonable to predict that removal of
T2 will have less effect on Fet3p stability when T1 is present and
stabilizes 1 of the 2 domains that contribute to the TNC
interface. In agreement with this prediction, thermal unfolding
of Fet3pT2D is similar to that of WT holo-Fet3p (with all Cu
sites metallated) although the steps are shifted somewhat to
lower temperatures (Fig. 3, Fig. S2, and Table 1). The DSC trace
appears as a broad peak indicative of 2 underlying transitions; as
with the WT holo form, 330-nm absorbance disappears together
with �1/3 of the CD signal at a lower temperature (Tm �50 °C;
1 K/min); the remainder of the CD signal and most of the
fluorescence is lost with midpoint Tm �63 °C (at 1 K/min). Cu
content analysis revealed 2.4 � 0.2 Cu ions per Fet3p T2D
protein at 80 °C; thus, like the other Fet3p holo forms studied,
most Cu ions remain bound to Fet3p T2D after structural
perturbation.

We also collected DSC traces for each of the mutants (Fet3p
T1D, T2D, and T1D/T2D) in the apo form. We find the apo
variants to exhibit somewhat lower thermal stability than WT
apo-Fet3p. Nonetheless, 3 separate DSC peaks are always
detected (data not shown). The observation of lowered apo-
protein stability is reasonable; many different point mutations in
azurin were found to reduce apo-protein stability significantly
(28–31).

Fet3p Glycan. Fet3p is a glycoprotein; the glycan mass in the native
protein has not been quantified. To examine the possible role of
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this carbohydrate in protein stability, we examined EndoH-
treated WT Fet3p, which has been well-characterized by chem-
ical and mass-spectral analyses and X-ray structural determina-
tion. This preparation retains �30% of the glycan of the native
form (32). As indicated by diffraction data (7), this carbohydrate
is concentrated on 6 of the 13 N-linked glycosylation sites
identified in Fet3p. The same set of thermal experiments as
above was repeated with apo and holo forms of this desglycan
WT Fet3p form; the results were qualitatively and quantitatively
equivalent to those presented for the native protein in apo and
holo forms (Fig. S3 and Table S1). Of course, this result does not
exclude the possibility that the remaining carbohydrate does
contribute to the in vitro stability of Fet3p.

Discussion
MCO proteins are found in all kingdoms of life; a majority of
MCOs archived in public databases contain 3 cupredoxin do-
mains and 4 Cu ions distributed in 3 distinct sites that provide
functionality and a connection between the amino- and carboxyl-
terminal domains (6). Calorimetric profiles on apo and holo
forms of Rhus laccase implied that the thermal reaction involved
2 steps that depended on Cu although little change in far-UV CD
was observed during these steps (16). In contrast, thermal
perturbation of dimeric ascorbate oxidase was found to involve
3 calorimetric steps that did not change upon T2 removal (33).
Our recent biophysical work on hCp (composed of 6 cupredoxin
motifs) (13, 14), revealed that thermal unfolding involved 2
irreversible steps: the first step involved unfolding of 1 of the 6
domains and perturbation of 1 of the 3 T1 sites. The intermediate
species was partially active and, therefore, we speculated that the
interface between domains 1 and 6 and thus T2 and T3 remained
intact. In many ways, this is analogous to what we find here for
Fet3p in which the T2 and T3 Cu atoms reside between domains
1 and 3. The important contribution of the current study is that

we are able to identify the possible role of each Cu center via
characterization of strategic Cu-site variants.

We find that on its own the presence of T3 in Fet3p results in
a single cooperative structure with low thermal stability as
compared with the more dynamic apo form where the domains
likely can rotate freely with respect to each other. Addition of T2
to the T3-containing Fet3p increases the overall stability of the
protein but the single-step mechanism is retained. This implies
that T3 (and possibly also T2) ‘‘stitches’’ domains 1 and 3
together, which results in 1 cooperative unit. This large unit has
low stability, as compared with the apo form, likely because of
loss of entropy arising from the structural constraints of the
T3/T2 coordination.

In relation to MCO evolution, it is significant that formation
of the TNC raises the energy of the folded state of domains 1 and
3, thus reducing their stability. This energetic loss may be
counterbalanced by the heat released upon formation of the
ligand-Cu bonds. Assembling a TNC at an intermolecular inter-
face as in dimers or higher order oligomers would be even more
entropically costly. In this evolutionary context, domain 2 in
Fet3p may be seen as a tether that exerts a ‘‘proximity’’ effect on
domains 1 and 3 and thus provides stability by reducing the
degrees of freedom of the protein’s terminal domains.

Our data indicate that T1 markedly alters the Fet3p-unfolding
landscape by introducing an intermediate species not present for
the variants that lack T1. Incorporation of T1 to T3 only, or to
the T3/T2 combination of Fet3p, adds significantly to the
stability of domain 3; this results in uncoupling of domain 2
unfolding (a domain that has no Cu site) from that of domains
1 and 3 (which are held together by T3 and T2 and still unfolds
as 1 unit). That a T1 Cu makes the structural domain more stable
is in line with earlier work on azurin and other curpedoxins (34).

In summary, this study demonstrates the importance of T3 in
holding the Fet3p trimeric structure together. This closed struc-
tural arrangement, required for ferroxidase function, however,
results in loss of overall protein stability as compared with the
nonfunctional apo form. The presence of T1 counters this by
increasing the stability of domain 3, which is transmitted to
domain 1 via the interfacial T3/T2 interactions. Fet3p, thus, is an
excellent example of a biological situation in which trade-offs
between stability and structure is mediated by metal prosthetic
groups to obtain a desired function. We propose that this Fet3p
unfolding landscape applies to most, if not all, MCO proteins.

Materials and Methods
Protein Preparation. WT (with and without carbohydrates) and mutant Fet3p
variants was prepared as described (17, 32). The variants used are as follows:
T1D contains a Cys-484-to-Ser mutation at the T1 site; T2D includes a His-81-
to-Gln mutation at the T2 site; T1D/T2D is a double mutant with both the
above changes introduced (17). Apo protein was made by initial dialysis at 4 °C
in 50 mM ascorbate and 0.1 M Tris�HCl, pH 7.2, followed by dialysis against the
same Tris buffer including 50 mM NaCN and 10 mM EDTA, before the sample
was dialyzed into 50 mM phosphate buffer, pH 7 (the condition used in all
subsequent experiments). The apo forms prepared this way contained �0.5
copper per protein determined by the method of Felsenfeld (21). The metal
contents of the holo forms of WT and the 3 variants were determined by
flameless atomic absorption spectrophotometry. Contamination of Fe and Zn
were below the detection limit in all proteins (i.e., �0.1 atoms per protein
molecule). The Cu analyses showed that WT Fet3p has 3.8 �/� 0.2 Cu atoms per
protein molecule; both T1D and T2D Fet3p have 2.7 �/� 0.3 Cu atoms per
protein molecule; and T1D/T2D has 1.8 �/� 0.2 Cu atoms per Fet3p molecule.
For this quantification, the Fet3p concentration was determined by the Brad-
ford assay on protein samples dialyzed against Chelex-treated buffer (17).

DSC. Thermal experiments were performed on a VP-DSC microcalorimeter
(Microcal) at 0.5, 1, and 1.5 K/min scan rates. Protein concentration was 3–4
�M (50 mM phosphate buffer, pH 7). Before measurements, sample and
reference solutions were degassed for 5 min and carefully loaded into the cells
to avoid bubble formation. A pressure of 2 atm was kept in the cells through-
out the heating cycles to prevent degassing. Background was subtracted from
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Fig. 4. Thermal unfolding of WT holo-Fet3p probed by CD at 210 nm
(Middle), Trp fluorescence (ratio F331/F355), ANS fluorescence (at 510 nm) (Top),
and DSC (Bottom). Scan rates were 0.5, 1.0, and 1.5 K/min.
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each protein trace. Reversibility of the transitions was assessed by performing
second heating cycles after cooling. In all cases, the thermal reactions are
100% irreversible. Excess heat capacity curves were plotted with Origin soft-
ware (MicroCal).

Spectroscopy. Far-UV CD spectra were recorded on a Jasco-810. Thermal CD
experiments were monitored at 210 nm (1-mm path), using heating rates of
0.5, 1, and 1.5 K/min in separate experiments (50 mM phosphate buffer, pH 7).
For fluorescence, protein was mixed with 200 �M ANS and incubated for 1 h
before thermal experiments. Tryptophan and ANS fluorescence at 335 nm
(excitation at 295 nm) and 510 nm (excitation at 390 nm), respectively (1 cm �

1-cm cell), was monitored as a function of temperature (0.5, 1, and 1.5 K/min
in separate experiments) in a Varian Eclipse. Fluorescence is reported as ratio
of emission at 331 and 355 nm. Absorption at 330 and 610 nm was monitored
on a Cary Bio-100 (1-cm path) with a scan rate of 1 K/min.

Activity and Cu Content Assays. Oxidase activity of WT holo-Fet3p was tested
by using o-dianisidine as a substrate (35). Activity as a function of temperature
was determined as follows: a sample was heated with rate 1 K/min; after
reaching desired temperature a 25 �L of aliquot of the solution was trans-
ferred into 100 �L of 100 mM acetate, pH 5.0 and cooled on ice. The activity
was then measured at 23 °C. To probe Cu content in WT holo-Fet3p and the 3

variants at different temperatures (between 20 °C and 80 °C), protein samples
were heated to the desired temperature (1 K/min) and an aliquot was re-
moved. The protein aliquots were incubated on ice followed by dialysis
against buffer to remove dissociated Cu. Then, the Cu content in the remain-
ing protein sample was tested by Felsenfeld’s assay (21). At 20 °C before
before heating, all holo forms had the Cu content expected for each variant
(�0.2) as determined by this assay.

Data Analysis. The CD data were fit to 2-step reactions, whereas the fluores-
cence and DSC data were fit to 3-step reactions for the WT apo protein. For the
WT holo form and T2D, 2-step reactions were observed, whereas T1D and
T1D/T2D variants exhibited apparent single-step reactions. The Tm values for
each step as a function of detection method and variant are reported in Table
1. Each step was analyzed as a separate 2-state irreversible process (22). For
each step, the Tm values at different scan rates (as obtained by a particular
detection method) were fit to the following equation, which allows estima-
tion of apparent Ea values (v is scan rate, R is gas constant) (22):

ln�v /Tm
2	 � constant � Ea/RTm.
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