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Conserved residues modulate copper release
in human copper chaperone Atox1
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It is unclear how the human copper (Cu) chaperone Atox1 delivers
Cu to metal-binding domains of Wilson and Menkes disease pro-
teins in the cytoplasm. To begin to address this problem, we have
characterized Cu(l) release from wild-type Atox1 and two point
mutants (MetjoAla and LyssoAla). The dynamics of Cu(l) displace-
ment from holo-Atox1 were measured by using the Cu(l) chelator
bicinchonic acid (BCA) as a metal acceptor. BCA removes Cu(l) from
Atox1 in a three-step process involving the bimolecular formation
of an initial Atox1-Cu-BCA complex followed by dissociation of
Atox1 and the binding of a second BCA to generate apo-Atox1 and
Cu-BCA,;. Both mutants lose Cu(l) more readily than wild-type
Atox1 because of more rapid and facile displacement of the protein
from the Atox1-Cu-BCA intermediate by the second BCA. Remark-
ably, Cu(l) uptake from solution by BCA is much slower than the
transfer from holo-Atox1, presumably because of slow dissociation
of DTT-Cu complexes. These results suggest that Cu chaperones
play a key role in making Cu(l) rapidly accessible to substrates and
that the activated protein—-metal-chelator complex may kinetically
mimic the ternary chaperone-metal-target complex involved in
Cu(l) transfer in vivo.

Wilson disease protein | Menkes disease protein | stopped-flow mixing |
Cu-binding mechanism | Cu transfer

opper (Cu) is one of the most prevalent transition metals in

living organisms (1). Because free copper is toxic, copper
homeostasis in living organisms is tightly controlled by molecular
mechanisms in which the metal is sequestered by protein carriers
(2-4). During the past decade, an important class of cytoplasmic
copper chaperones have been identified that bind Cu(I) with
Cys; coordination (5-9). These small, soluble proteins guide and
protect the copper ions within the cell, delivering them to the
appropriate functional targets. In humans, the Cu(I) chaperone
Atox1 delivers Cu to metal-binding domains of ATP7A (i.e.,
Menkes disease protein) and ATP7B (i.e., Wilson disease pro-
tein) proteins, which are Pig-type ATPases (6, 7, 10). In an
ATP-dependent process, ATP7A or ATP7B (depending on the
cell type) translocate copper from the cytoplasm into the Golgi
lumen for insertion into enzymes in the secretory pathway (6),
such as apo-ceruloplasmin (11).

Human Atoxl is a 68-residue protein that, like the metal-
binding domains in ATP7A and ATP7B, has a ferredoxin-like
a/B-fold and a single MXCXXC copper-binding motif (12, 13)
(Fig. 14). Structural work has demonstrated that Cu chaperones
and target metal-binding domains from various organisms pos-
sess the same fold and coordinate the metal via two surface-
exposed cysteines in the MXCXXC motif (13-21). Although the
methionine in the first position of the MXCXXC motif is
conserved in all organisms, it is not directly involved in metal
ligation (13). Instead, it has been proposed to act as a tether that
modulates copper-binding loop structure (13, 22).

An important difference between the eukaryotic and bacterial
Cu chaperones is the amino acid at position 60. Although distant
in primary sequence from the metal-binding site, this residue is
situated in close proximity to the metal-binding site in the
tertiary structure. In eukaryotic Cu chaperones, including Atoxl1,
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this residue is an invariant Lys, which is proposed to neutralize
the overall negative charge of the Cu-thiolate center (13). In
prokaryotes, the amino acid at the position corresponding to 60
in Atox1 is always a Tyr that forms hydrophobic contacts with the
side chain of the conserved methionine in the metal-binding
motif (13). Atox1, like the other Cu chaperones, binds Cu(I) with
a linear S-Cu-S coordination, although a three-coordinate ad-
duct has also been detected in the presence of external ligands,
such as DTT (23).

The affinity of Atox1 for Cu(l) is reported to be in the range
of 100 to 10'° M, and similar Cu affinities of target domains in
ATP7A and ATP7B have been determined (24, 25). Thus,
vectorial Cu transfer from the chaperone to the target domain
does not appear to be driven by thermodynamics. Instead, Cu
transport occurs by the ATP-dependent net irreversible trans-
port of the metal into the secretory vesicles, which is facilitated
by specific donor—acceptor protein interactions (18, 24).

To begin to address the mechanism of Cu(I) transfer between
Atox1 and target domains, we have here examined the role of
two conserved residues (Met-10 and Lys-60) in Atoxl Cu
transfer reactions, by using the Cu(I) chelator bicinchonic acid
(BCA), as a metal displacement reagent. The displacement of Cu
from holo-Atox1 by BCA involves a three-step reaction. The
initial bimolecular step forms a transient Atox1-Cu-BCA spe-
cies, and then Atoxl is displaced from the metal by a second
BCA molecule. The mutations of Met-10 and Lys-60 to alanines
markedly enhance the rate and extent of Cu transfer from Atox1
to BCA. Thus, the native Met and Lys residues do play a key role
in Cu retention in Atox1, even though they are not ligands of the
metal.

Results

Characterization of Atox1 Variants MetjoAla and LysgoAla. The
MetjpAla and LysgpAla Atoxl mutants were constructed, ex-
pressed, and purified as described in Materials and Methods. The
positions of these amino acids in the solution structure of Atox1
are shown in Fig. 14. The apo forms of both Atox1 variants are
folded based on their far-UV circular dichroism (CD) signals
(Fig. 1B). Fluorescence spectra also confirm folded structures
for the variants (data not shown; mutant spectra exhibit the same
Tyr emission at 303 nm as wild-type Atox1). Based on analysis
of the CD spectra by the program Dichroweb (26), all three
proteins have 66—68% helical and 14-18% B-sheet content plus
16-20% loop and unordered regions. Cu interaction with Atox1
can be monitored via near-UV CD (27). For both Atox1 variants,
Cu binds to the proteins as indicated by similar near-UV CD

Author contributions: F.H. and P.W.-S. designed research; F.H. performed research; F.H.,
J.5.0., and P.W.-S. analyzed data; and J.S.0. and P.W.-S. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

5To whom correspondence should be sent at the present address: Department of Chem-
istry, Umea University, SE-901 87 Ume4, Sweden. E-mail: pernilla.wittung@chem.umu.se.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0802928105/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0802928105


http://www.pnas.org/cgi/content/full/0802928105/DCSupplemental
http://www.pnas.org/cgi/content/full/0802928105/DCSupplemental

Lo L

P

1\

BN AN PNASN D

Lys60

ARr

Mean Residue Ellipticity (deg. cm dmol'1)

2

-
(2]
=y
o

1.210°

190 200 210 220 230 240
Wavelength (nm)

N
o

A e M

CP (mdeg)
ICD (mdeg)

N

WT

g

CD (mdeg)
o

M10A K60A

-4
260 280 300 320 340 260 280
Wavelength (nm)

Fig. 1.

Wavelength (nm)

300 320 340 260 280 300 320 340

Wavelength (nm)

Structure and Cu-binding of Atox1 variants. (A) Structure (Protein Data Bank code 1TL4) of human Atox1. Cu is blue, the two metal-binding Cys are

purple, and Met-10 and Lys-60 are green and red, respectively. Both Met-10 and Lys-60 are within 4 A of the Cu. (B) Far-UV CD of wild-type (blue), MetjoAla (green),
and LysgoAla (red) Atox1 (30 uM protein, 5 mM phosphate, pH 7.5, 20°C). (C) Near-UV CD of Atox1 variants (Left, wild-type; Center, MetjoAla; Right, LysgoAla)
in the apo (red) and holo (blue) forms (20 mM Tris, 150 mM Nacl, 0.25 mM DTT, pH 7.5, 20°C).

changes upon additions of one equivalent of Cu (Fig. 1C).
Titration of Cu to all three proteins resulted in saturation of the
changes at 1:1 ratio (data not shown).

Atox1-Cu Dissociation Kinetics. To measure the rate of Cu disso-
ciation from Atoxl1, the holoprotein was mixed with increasing
amounts of the Cu chelator BCA. BCA is a high affinity Cu(I)
chelator that forms a colored Cu-BCA,; species (logKiabitity 15
reported to be ~14) (28, 29). Time courses for Cu transfer were
monitored by the increase in absorption at 565 nm resulting from

the formation of the bis-BCA-Cu complex, with the use of
wild-type Cu-Atox1 or “free” Cu as donors (Fig. 2 A and B).
Unexpectedly, Cu transfer from Atox1 to excess BCA was
significantly faster than the uptake of “free” Cu from solution,
but the extent of uptake of “free” copper from solution was
much greater at all of the BCA concentrations used (Fig. 2C).
In contrast, a 5,000-fold excess of BCA was required for
complete extraction of Cu from 3 uM holo-Atox1. All of the
Cu transfer experiments were performed in the presence of 0.5
mM DTT to keep Cu in the +1 state; it is probable that slow
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Fig.2. Cutransfer from Atox1 and solution to BCA. (A) Obseved data for Cu transfer to BCA from 3 uM Atox1 and 3 uM “free” Cu at 16,000 .M BCA. (B) Fitted

curves for transfer of Cu from wild-type Cu-Atox1 to BCA measured by absorption changes at 565 nm as a function of time (20 mM Tris, 150 mM NacCl, 0.5 mM
DTT, pH 7.5, 20°C). (C) Amplitude change as a function of BCA concentration for Cu transfer from Atox1 and from solution.
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Experimental (filled circles) and theoretical (solid lines) data for Cu transfer from wild-type Atox1 at approximately 1:1 (cyan blue), 1:3 (dark blue), and

1:5 (black) Cu-to-protein ratios (i.e., 3, 9, and 15 puM protein) as a function of BCA concentration. Amplitude changes (A) and kops (B) as functions of BCA
concentration are shown. The theoretical curves are based on a simultaneous global fit to all of the data based on the three-step mechanism (see the text).

dissociation of DTT from Cu impedes the rate of uptake by
BCA (Fig. 2A4).

To examine the mechanism of Cu transfer from Atox1 to BCA,
we measured time courses for the reaction of Atox1-Cu with
BCA and varied the concentration of apo-Atoxl. As shown in
Fig. 34, the absorbance changes occurring during titration of
holo-Atox1 with BCA show a complex sigmoidal dependence on
the concentration of added chelating agent. The concentration
of BCA required for half-removal of copper is quite large
(=5,000 uM) and increases markedly when excess apo-Atox1 is
added to compete with the chelating agent for the metal. The
kinetic results are even more striking. The observed rate of Cu
transfer, kons, has a parabolic dependence on [BCA] (Fig. 3B),
and this quadratic dependence is more pronounced at lower
apo-Atox1 concentrations. After an initial decrease with increas-
ing [BCA], the observed rate begins to show a linear dependence
on BCA concentration. This dependence implies that, at high
levels of the chelator, the process becomes second order and is
not directly limited by the first order dissociation of Cu from
Atoxl1.

Cu Dissociation from Mutant Atox1. We also performed kinetic
experiments for Cu transfer from the MetpAla and LysgAla
Atox1 mutants and found the same general equilibrium and
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kinetic patterns (Fig. 4). For both mutants, but not wild-type
Atox1, a minor slow phase was detected in the time courses for
Cu-BCA,; formation. This phase was not included in the analysis
and appears to be attributable to the presence of some “free” Cu
in the mutant holoprotein solutions. The rates of this slow
process matched that for BCA uptake of “free” Cu in solution,
shown in Fig. 2B. In support of this interpretation, separate
dialysis experiments (data not shown) revealed that the mutants
have lower affinities for Cu under these solution conditions than
wild-type Atox1. The data in Fig. 4 demonstrate that both the
speed and extent of Cu transfer at a given [BCA] are much
greater for the mutants than for wild-type holo-Atoxl. In
addition, both the sigmoidal nature of the equilibrium curve and
the parabolic dependence of ks on [BCA] are more pronounced
for the mutants, and the apparent bimolecular rate constants for
Cu transfer from the mutants at high [BCA] are much greater
than that for wild-type Atox1 (slope of kqps vs. [BCA], Fig. 4B).

Mechanistic Analysis of Cu Kinetics. The sigmoidal dependence of
the equilibrium fraction of transfer on [BCA] and the parabolic
dependence of the observed rate constant on [BCA] for the
reaction of Atox1-Cu with excess BCA requires a mechanism
with at least two distinct steps: (i) the transient formation of an
initial ternary complex of Atox1-Cu-BCA; and (if) reaction with
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Experimental (closed circles) and theoretical (solid lines) data for Cu transfer from wild-type (blue), MetjpAla (green), and LysgoAla (red) Atox1 to BCA.

Amplitude changes (A) and kops (B) as functions of BCA concentration are shown. The fits are based on the three-step mechanism (parametersreported in Table 1).
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Table 1. Cu release from Atox1 via BCA chelation

Atox1 K1, }J,M71 k1, }LM71S -1 k71, 571 Kz, ;LM kz, 571 kfz, [J,M71S -1 K3, }LM71 k3, }LM71S -1 k73, 571
Wild-type 7.1 X107 9.8 X 107> 1.4 8.5x 1074 0.31 3.7 X 102 1.7 1.5 0.89
MetqoAla 43X 10> 14 X 10> 3.2 1.2 X 1072 2.4 2.0 X 102 1.7 1.5 0.89
LyssoAla 27 X 107> 7.3x10°° 0.27 3.7x10°3 0.72 2.0 X 102 1.7 1.5 0.89

Summary of equilibrium and kinetic parameters obtained from global fitting of amplitude and rate data for each Atox1 variant (Fig. 4) by using the equations

given in the text that are based on the three-step mechanism.

a second BCA molecule to displace apoAtox1 and generate the
strongly absorbing bis-BCA-Cu complex [see supporting infor-
mation (SI) Fig. S1].

Simple dissociation of Cu from holo-Atox1 and then reaction
of “free” Cu in solution with BCA cannot explain the observed
data for two reasons. First, a simple dissociation mechanism
predicts that the observed rate will asymptotically approach a
limit equal to that for Cu dissociation from holo-Atox1 and
become independent of [BCA] (see SI Text, Section B2). The
experimental data do not show this limitation; instead, kobs
becomes linearly dependent on [BCA] at high chelator concen-
trations. Second, the observed rate of “free” Cu uptake by BCA
is much slower than any of the rates observed for transfer from
Atoxl1.

The most general mechanism for Cu transfer from holo-Atox1
to BCA involves the following three steps: P = Atox1, L = BCA,
X = Cu(I).

PX+L—PXL—P+XL+L—LXL [1]
k*l k72 k73

Step 1 involves binding of one BCA to Cu-Atox1 to form the
ternary Atox1-Cu-BCA complex (PXL), which facilitates dis-
sociation of the protein in step 2 to form the mono-BCA-Cu
(XL) complex. Step 3 involves the binding of the second BCA
molecule to generate the bis—-BCA—-Cu-BCA complex that gives
rise to the observed absorbance change. We derived analytical
expressions for the equilibrium fraction of Cu-BCA, (Y1.x) and
the pseudo first order rate constant for transfer (kops) as function
of [BCA or L] and [apo-Atox] or P], assuming a steady-state
assumption for the PXL and XL intermediates in Eq. 1 (see S
Text, Section A):

) KKK[LT
Yixt = [T+ KL[LIP] + KKo[L] + KKoKSL T

(2]

kobs

k_sk_o(k_3+ k_)[P]+ kikok_3[L]
_ + kik ok S[L][P] + kikoks[L]?
Ckoo(k s+ k_)[P]+ k_s(k_y + k) + ks(k_y + ky)[L]

(3]

Both expressions have a dependence on the square of [BCA],
accounting for the sigmoidal equilibrium curve and the parabolic
dependence of the observed rates of transfer on chelator concen-
trations. In the case of the kinetic data, Eq. 3 predicts that the y
intercept ([L] — 0) at high P will be k_3 and independent of both
the nature of the protein and its concentration, which appears to be
the case in Figs. 3 and 4. When [L] — o, the expression for kops
becomes:

kiko[L]

obs = ko +ky [4]

Hussain et al.

Eq. 4 predicts a straight line with a slope proportional to [L] and
independent of apoprotein concentration, which is also observed
experimentally in Fig. 3B.

The solid lines in Figs. 3 and 4 represent global fits to combined
sets of the equilibrium and kinetic data for three different wild-type
apo-Atox1 concentrations and to the two mutant proteins at low
protein concentrations. The fitted parameters are reported in Table
1. The correspondence between the observed data and computed
lines is remarkably good, suggesting that the ternary mechanism for
Cu transfer is valid. The parameters for the last step in Eq. 1 were
defined to be the same for all three proteins because they reflect
only the rates of binding of the second BCA molecule to the
mono-BCA-Cu complex.

There are three main conclusions from this analysis. First,
BCA binding to the mono-BCA-Cu complex is roughly 20,000
times faster than to Atox1-Cu (k3 vs. k1), and the equilibrium
constants for the two BCA-binding steps show roughly the same
large differences for all three Atox1 variants (K3 vs. K;). Second,
the affinity of apo-Atox1 for Cu is much greater than that of
BCA (i.e., 1/K; vs. K; or K3), accounting for why an ~1,000-fold
excess of BCA has to be added to extract the metal from the
protein. Third, although both mutants transfer Cu more rapidly
and have lower affinities (i.e., 1/K;) for the metal, the effects of
the amino acid replacements are expressed differently in the first
two steps. The Met;pAla mutation primarily increases the rate
(k2) and extent (K,) of Atox1 dissociation from the Atox1-Cu-—
BCA intermediate and has little effect on the initial binding of
BCA. In contrast, the LysspAla mutation facilitates the binding
of the first BCA molecule (Kj), inhibits BCA dissociation (k.;)
and enhances the rate (k») and extent (K>) of Atox1 dissociation
from the Atox1-Cu-BCA intermediate.

Discussion

Safe trafficking of Cu in human cells is provided by the metal-
lochaperone Atox1. To date, there is little information on the
actual mechanism of Atoxl mediated delivery of Cu to the
ATPases, which, in turn, facilitate Cu movement into secretory
vesicles for incorporation into target metalloenzymes. Here, we
have taken a step toward understanding how Cu-Atoxl can
modulate transfer of its metal to potential acceptors, by using the
Cu chelator BCA as an initial target. We expected that the
reaction of Atox1-Cu with excess BCA would be a relatively
simple process limited by the rate of Cu dissociation from the
protein (Fig. S2). Instead, the reaction showed a complex
parabolic dependence of the observed rate on [BCA].

The observed kinetic and equilibrium patterns require the
consecutive reaction of two BCA molecules and transient for-
mation of a ternary Atox1-Cu-BCA complex. The best fits for
the observed data were obtained by using the three-step scheme
shown in Eq. 1. However, as discussed in SI Text,Section Bl, a
two-step mechanism, in which the displacement of Atox1 from
the ternary complex is concerted, also provides good fits to the
observed data (Fig. S1):

ky ks
PX+L—PXL+L—P+LXL. [5]
k71 k72
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The key difference in the 2-step mechanism is that the displace-
ment of Atoxl (P) by the second BCA (L) is a single process
involving a quaternary transition state, LPXL, for formation of
the final Cu-BCA; complex. We chose the three-state model
partly because of the lack of precedent for a Cu(I) transition
complex with such high order (5 to 6) ligand coordination and,
partly, because slightly better fits to the observed data were
obtained. However, the two-step process cannot be ruled out.

Regardless of the number of steps in the mechanism, we can
conclude that it is much easier for BCA to displace Cu from
MetjpAla and LysgAla Atox1 than from wild-type Atox1. How-
ever, the exact cause of this enhancement in both rate and extent
of transfer varies between the two mutants. Previous molecular
dynamics (MD) simulations of MetjoSer Atox1 indicated that
Met-10 is essential for protein rigidity and for positioning the
cysteines in proper orientation for Cu uptake (22). Greater flexi-
bility may help to explain the almost 10-fold greater rate of Atox1
dissociation from the MetjpAla Atoxl-Cu-BCA complex (k2)
compared to wild-type protein.

In contrast, the greater ease of Cu displacement from LysgpAla
Atoxl1 is attributable, in part, to a 4-fold higher affinity of the first
BCA for the mutant Atox1-Cu complex. MD simulations of
LyssoAla Atox1 indicate that the protein becomes more rigid,
especially the Cu-binding loop, in the absence of Lys-60 (A.
Rodriguez-Granillo and P.W.-S., unpublished results). Thus, the
LyssoAla Atox]l mutant may facilitate coordination with the
chelator by holding the Cu in place. However, this mutant also
dissociates more readily than wild-type Atox1 from the ternary
protein—metal-chelator complex (higher K, and k;). In our
recent MD study of wild-type Atox1 (30), we found two popu-
lations of Cys—Cys distances in the apoprotein, which were
designated “open” and “closed.” The “open” conformation is
expected to release Cu more rapidly, and it is likely that the
mutations alter the ratio of these conformers, presumably fa-
voring the “open” form. Testing this interpretation of the higher
rates of Cu transfer will require determination of solution
structures of the mutants and modeling of their dynamics as well
as those of the Atox1-Cu-BCA intermediate.

The initial formation of a ternary complex during the reaction of
Atox1-Cu with BCA probably also occurs for Atox1-mediated Cu
transfer to the metal-binding domains of ATP7A and ATP7B,
although the Cu ligands and coordination geometry likely differ.
We speculate that a heterocomplex forms transiently, in which Cu
is shared by the Cys in Atoxl and one or two Cys residues in
the target domain of the ATP7A/ATP7B proteins. The first metal-
binding Cys of the MXCXXC motif exhibits greater mobility than
the second Cys in all ATPase domains structurally characterized to
date (15, 31). Thus, this thiol from a metal-binding domain of WND
may form an interaction with the Cu still bound to Atox1, forming
a transient three-coordinate intermediate. In support of this idea,
NMR studies on Cu(I) glutathione complexes show facile exchange
of the metal between thiol ligands through a three coordinate
transition intermediate (32). Also, a Cu-dependent transient inter-
action was observed by NMR between the yeast proteins Atx1 and
Cec2 (33).

The unit cell of the crystal structure of Atox1 contains a Cu
bridged homodimer stabilized by intermonomer hydrogen bonds
(34). This structure may be a transition state analog of the
ternary heteroprotein-metal complex involved in Cu transfer in
vivo (34), with resemblance to the activated protein—metal—
chelator complex. A similar mechanism involving a transient
ternary complex has been shown to apply for heme transfer from
surface receptors (Shp, Shr) to membrane (apo-HtsA) trans-
porters in Streptococcus pyogenes. The heme appears to be
transiently shared by axial ligands from both proteins in the
activated complex (35, 36).

The dimeric crystal structure of Atox1 raises the possibility
that Atox1 may be a dimer in solution, sharing a single Cu atom,

11162 | www.pnas.org/cgi/doi/10.1073/pnas.0802928105

and that the first step in the transfer reaction might be displace-
ment of one of the protein molecules by BCA to generate the
Atox1-Cu-BCA intermediate. However, as described in the S7
Text, Section B3, this mechanism predicts that the y-axis intercept
of plots of kops vs. [BCA] should depend linearly on free Atox1
concentration (Fig. S3). In contrast, the observed data indicate
that the intercept is independent of both [apo-Atox1] and the
nature of the protein variant. We also carried out sedimentation
velocity experiments to examine the molecular weight of the
holoprotein in solution. A single sedimentation coefficient
(S20,w) of ~1.15 was observed and is indicative of a monomer,
regardless of the absence or presence of Cu. [Runs were per-
formed and analyzed for us by B. Demeler and A. Musatov
(University of Texas Health Science Center, San Antonio, TX).]
Previous NMR data also shows holo-Atoxl as a monomer in
solution (37).

Finally, the slow rate of BCA uptake of Cu(I) from solution
containing DTT suggests that Cu chaperones, in addition to
facilitating transfer to the correct target, make the metal ions
kinetically available to substrate proteins in vivo. Millimolar
concentrations of strong Cu chelators, such as glutathione, are
present in the cytoplasm of eukaryotic cells and would tend to
sequester free Cu, inhibiting rapid transport to correct targets
(38). To prevent Cu chelation by small molecule thiols, the metal
loop in Atox1 appears to have evolved both to sequester Cu(I)
and to form transient complexes with acceptor proteins to
facilitate rapid and specific metal transfer.

Materials and Methods

Protein Preparation. MetjpAla and LysgoAla Atox1 variants were created by
using the QuikChange site-directed mutagenesis kit in a pET21b vector.
Mutations were confirmed by sequencing of the DNA and MALDI-TOF mass
spectrometry of purified proteins. Purification of wild-type and MetoAla
Atox1 variants was performed as reported (27). For LysgoAla Atox1, a pH
precipitation step was added to eliminate impurities that could not be
separated via gel filtration. Final purity of all proteins was confirmed by
SDS/PAGE, which showed single bands. All proteins were purified as apo-
proteins; the presence of three reduced Cys in each variant was verified by
Ellman’s assay. Cu(l) forms were made by using CuCl; in presence of excess DTT
(to keep Cu reduced). The buffer was 20 mM Tris, 150 mM NacCl, and 150-500
M DTT, pH 7.5.

Equilibrium Experiments. Far-UV CD was measured in a 1-mm cell between 200
and 300 nm; near-UV CD was measured in a 1-cm cell between 250 and 350 nm
(J-810 spectropolarimeter, Jasco). Tyrosine fluorescence was measured on a
Varian Eclipse (excitation at 280 nm; emission monitored between 290 and
400 nm).

Kinetic Experiments. Cu dissociation from Atox1 variants was studied at 20°C
upon mixing holoprotein with increasing concentrations of BCA in a stopped-
flow mixer (PiStar, Applied Photophysics). BCA forms a specific 2:1 colored
complex with Cu(l) with an sz nm = 7.7 X 103 M~'em~1 (25, 39). Change in
absorption at 565 nm, indicative of Cu(l)-BCA; formation, was followed over
time. Final concentrations were 3.3 uM Cu-Atox1 and 0.3 uM apo-Atox1 (to
ensure all Cu is in complex with protein at the start); the BCA concentration
ranged from 0.3 to 19.8 mM. Additional kinetic experiments were performed
with wild-type Atox1in which the Cu concentration was the same (3.3 uM) but
protein concentration was increased to 9 and 15 uM.

SI. SI Text, Section A contains derivation of analytical expressions for the
three-step mechanism, and S/ Text, Section B contains comparison of analyt-
ical expressions for three distinct two-step mechanisms. The S/ also includes
Figs. S1-S3 and Tables S1-S3.
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