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A cloned C-terminal domain of the yeast high-affinity
copper uptake pump Ctr1 exchanges Cu(I) rapidly with the
yeast copper chaperone Atx1: 1022 < Kex < 10+2.

Proposed pathways for distribution of copper in the yeast S.
cerevisiae are illustrated in Fig. 1.1,2 Ctr13,4 is one of two known
high affinity transporters which appear to donate CuI to delivery
proteins (chaperones) for shipment to specific organelles and
copper proteins. Ctr1 homologues are proposed as the primary
avenue for copper uptake in mammalian cells.5 The yeast Ctr1
protein (406 amino acids) features three separate structural
domains which are proposed to mediate different aspects of
copper transport.4,6 In particular, the cytoplasmic C-terminal
sequence 280–406 (Ctr1c) is hydrophilic and includes two Cys-
X-Cys motifs. These possible copper-binding sites may mediate
transfer of copper from Ctr1 to the chaperones (Fig. 1).

The present Communication reports cloning, expression and
isolation of Ctr1c.7 The protein expressed with no detectable
bound metal (apo–Ctr1c) but incubation with CuI reagents
allowed binding of two equivalents of copper (Cu2–Ctr1c)
which were EPR-silent.8 Significantly, the chaperone Cu–Atx1
(which can bind one CuI ion as a CuI(S-Cys)2 centre; Fig. 1)9

acted as a source of copper: incubation of apo–Ctr1c (36 mM)
with 8 equivalents of CuI–Atx1 (292 mM) transferred 1.7
equivalents of copper to Ctr1c. This exchange may be described
by the following equilibria:-

Cu2–Ctr1c + apo–Atx1 " Cu–Ctr1c + Cu–Atx1 Kex1 (1)

Cu–Ctr1c + apo–Atx1 " apo–Ctr1c + Cu–Atx1 Kex2 (2)

Cu2–Ctr1c + 2 apo–Atx1 " apo–Ctr1c + 2 Cu–Atx1 Kex (3)

where

Kex = Kex1Kex2 = X/Y2 (4)

with

X = {{[Ctr1c]tot/[Cu2–Ctr1c]} 2 1} (5)

and

Y = {{[Atx1]tot / [Cu–Atx1]} 2 1} (6)

A series of 28 individual exchange reactions are reported in
Figs. 2 and 3.10 The reactions involved interactions of Cu2–
Ctr1c (65 mM) with apo–Atx1 (0–360 mM) (Ω in Fig. 3), of
apo–Ctr1c (0–157 mM) with Cu–Atx1 (118–292 mM) (1) and
also those carried out in the presence of the thiol reductant
glutathione GSH (5 mM) (3). Preliminary analysis involved a
Hill plot11 of log X versus log Y (eqns. (4)–(6)). The
experimental slope is 0.8 (Fig. 3) suggesting that transfer of the
first copper ion from Cu2–Ctr1c leads to a reduced ability to
transfer the second copper ion (‘negative cooperativity’, i.e.,
Kex1 > Kex2). The log X intercept is log Kex and Fig. 3 estimates
log Kex = 20.20 (Kex ~ 0.6). The experimental uncertainties
are large12 and the analysis is approximate. However, Kex will
certainly fall in the range 1022 < Kex < 10+2, i.e., CuI

equilibrates between Ctr1c and Atx1.
This result contrasts with reported quantitative transfer of CuI

from chaperone CopZ to the target repressor protein CopY in

Fig. 1 Model of copper transport pathways in yeast.

Fig. 2 Copper exchange assay between Ctr1c and Atx1. Anion exchange
column elution profiles of (a) CuAtx1; (b) Cu2Ctr1c; (c) Atx1 and Cu2Ctr1c
in molar ration 2.8+1. The copper concentration (Ω) in each eluted fraction
was also determined by GC–AAS.
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the bacterial Enterococcus hirae system13 but can be compared
with Kex ~ 1.4 for exchange of CuI between chaperone Atx1 and
a domain of target Ccc2 of the Golgi apparatus (Fig. 1; Ccc2 is
the yeast homologue of the human P-type ATPases Menkes and
Wilson).14 In addition, equilibrium is attained rapidly in the
Ctr1c–Atx1 system (within 5 min of mixing) and the interaction
between Ctr1c and Atx1 may be specific: the presence of
physiological concentrations of the peptide thiol GSH (5 mM)
does not affect the final equilibrium position (points 3 in Fig.
3) within experimental error, despite a reported stability
constant of b2 = 1039 for binding of CuI by GSH.15

Combination of the present work with that of Huffman and
O’Halloran14 confirms that the chaperone Atx1 equilibrates CuI

rapidly and specifically in vitro with domains of both proposed
physiological partners Ctr1 and Ccc2 (Fig. 1). It strengthens the
proposal that the active gradient of CuI in the Golgi organelle is
controlled by the ATPase Ccc2.2,14 Such a mechanism allows
the organelle itself to control its copper status.

Structural studies of the Ctr1c domain are in progress, as are
experiments to test its interaction with the other chaperones Ccs
and Cox17 (Fig. 1). These are proposed to bind CuI as binuclear
or polynuclear cysteine thiolate-bridged centres.16,17 It remains
to be seen whether similar centres are present in Ctr1c which
binds two CuI ions and features two Cys-X-Cys motifs.
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