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Metal Ion Chaperone Function of the Soluble 
Cu(l) Receptor Atxl 

R. A. Pufahl, C. P. Singer, K. L. Peariso, S.-J. Lin, 
.P. J. Schmidt, C. J. Fahrni, V. Cizewski Culotta, 

J. E. Penner-Hahn, T. V. O'Halloran* 

Reactive and potentially toxic cofactors such as copper ions are imported into eukaryotic 
cells and incorporated into target proteins by unknown mechanisms. Atxl , a prototypical 
copper chaperone protein from yeast, has now been shown to act as a soluble cyto- 
plasmic copper(1) receptor that can adopt either a two- or three-coordinate metal center 
in the active site. Atxl also associated directly with the Atxl -like cytosolic domains of 
Ccc2, a vesicular protein defined in genetic studies as a member of the copper-trafficking 
pathway. The unusual structure and dynamics of Atxl suggest a copper exchange 
function for this protein and related domains in the Menkes and Wilson disease proteins. 

Although Cu is an essential cofactor for 
mitochondrial, cytosolic, and vesicular oxy- 
gen-processing enzymes ( I ) ,  it can be toxic 
even at low concentrations. Cu(1) and 
Cu(I1) ions can bind with high affinity to 
adventitious sites in partially folded proteins 
and catalyze auto-oxidation of lipids, pro- 
teins, and nucleic acids. To investigate the 
mechanisms by which cells ove rcke  the 
dilemma of maintaining Cu availabilitv 

L. 

while controlling deleterious reactivity of 
the free ions. we have determined the Cu 
chemistry and Cu-handling function of 
Atxl, an intracellular eukaryotic protein im- 
plicated in Cu trafficking. Our results indi- 
cate that Atxl functions as a metal ion 
chaperone, a protein that protects and guides 
Cu(1) ions to activate target enzymes. 

ATXI is one of several genes in the Cu- 
dependent, high-affinity iron uptake pathway 
in yeast. These genes encode Ctrl, a Cu up- 
take protein in the plasma membrane; Ccc2, 
an intracellular membrane protein; and the 
multicopper oxidase Fet3 (2-6). Although 
the role of Fet3 in iron uptake is unclear, Cu 
loading into this enzyme occurs in a post- 
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Golgi vesicle and is mediated by Ccc2 (4). 
The ATX1 gene and its human homolog, 
HAHI, encode cytosolic proteins implicated 
in Cu trafficking to these Ccc2-containing 
vesicles (7-9). The Ccc2 protein in yeast and 
its human homologs, the Menkes disease pro- 
tein (10) and Wilson disease protein (1 1 ), are 
members of the P-tvoe adenosine triohos- , L 

phatase (ATPase) cation transporter family 
(1 2) and are oresent in the membranes of ~, 

secretory vesicles (1 3). Each transporter con- 
tains two or more Atxl-like cvtoolasmic do- , L 

mains (Fig. I ) ,  the functions of which are not 
known. The conserved MTCXXC seauence 
(X, any residue), a motif observed in several 
bacterial Hg(I1) transport proteins (1 4), is 
thought to be a Cu binding site, although it 
does not corresoond to known Cu(1) or . , 
Cu(I1) sites in structurally characterized 
proteins. Establishing the Cu oxidation 
state and coordination environment in 
Atxl should orovide insight into its func- 
tion and that of the homologous domains in 
its partner proteins. 

Atxl was expressed in Escherichia coli and 
purified as the apoprotein (15). Addition of 
CuS04 to apo-Atxl in the presence of excess 
thiol reproducibly yielded a complex with a 
copper/protein ratio of 0.6 to 0.8 (16). Gel 
filtration exoeriments indicated that the ore- 
dominant form of the protein was a monomer 
under these conditions, regardless of the pres- 
ence or absence of Cu (1 5). The Cu oxidation 
state was investigated by electron paramag- 
netic resonance (EPR) spectroscopy and x-ray 
absorption spectroscopy (XAS). No EPR sig- 
nal was observed at 77 K, suggesting the ab- 

sence of a mononuclear Cu(I1) site. XAS 
experiments (1 7) indicated that the bulk sam- 
ple contained Cu(1). The Cu-Atxl x-ray ab- 
sorption near edge structure (XANES) spec- 
trum exhibited a weak shoulder at 8984 eV, 
which is typical of Cu(1) and inconsistent 
with comparable edge features for Cu(I1) 
compounds, the energies of which are 3 to 4 
eV greater (Fig. 2A). The intensity of the 
8984-eV transition varies with Cu(1) geome- 
try, ranging from low for tetrahedral sites to 
high and well resolved for digonal sites (1 8). 
The observed transition is typical of those of 
trigonal Cu(1) model compounds (Fig. 2A). 
Mononuclear Cu(1) coordination complexes, 
however, are usually not stable in aqueous 
solution, and typically undergo auto-oxida- 
tion or disproportionation reactions to give 
Cu(I1) (aqueous) and Cu(so1id). In contrast, 
millimolar concentrations of Cu(1)-Atxl are 
stable in air at neutral pH for at least 30 min 
(1 6), suggesting that the coordination envi- 
ronment in Atxl stabilizes the Cu(1) state 
and suppresses disproportionation. 

Proteins that stabilize Cu(1) form either 
polynuclear metal thiolate clusters, as in me- 
tallothionein and the transcription factors 
Acel, CUP2, and AMT (19), or a con- 
strained HiszCys coordination environment, 
as in blue copper proteins (20). In contrast, 
extended x-ray absorption fine structure 
(EXAFS) measurements indicated that Atxl 
stabilization of Cu(1) is achieved in a mono- 
nuclear site through an all-sulfur coordination 
environment (Fig. 28). The high intensity 
and relatively high frequency of the EXAFS 
oscillations were typical of those observed 
for Cu-S interactions. The data could be 
modeled with a single three-sulfvr (3s)  
shell with a Cu-S distance of 2.26 A; how- 
ever, the Debye-Waller factor, u2,  was 
sffmewhat larger than expected (7 X lop3 
A2). This Cu-S distance is typical 9f three- 
coordinate Cu (21-23) and is 0.1 A longer 
than that in two-coordinate Cu-thiolate 
complexes (24). Given that Atxl contains 
only two conserved cysteine residues, the 
third ligand can be either a low-Z (atomic 
number) ligand ( 0  or N),  a methionine 
sulfur, or an exogenous thiol. A 2 s  $ 1 s  fit 
with a shell of two sulfursoat 2.25 A and a 
shell of one sulfur at 2.40 A reproduced the 
data better than did the single-shell fit, and 
gave more reasonable u 2  valyes (3 X lop3 
and 5 x lop3 to 6 X lop3 A2, respective- 
ly). Furthermore, attempts to model the 
data with a shell of 2s and a low-2 shell 
( IN)  gave chemically unrealistic Debye- 
Waller factors for the N shell (a2 5 0). 

The 2s + 1S result is unexpected for 
several reasons. The most common coordina- 
tion environment for Cu(1) complexes is dis- 
torted four-coordinate, and there are few prec- 
edents among mononuclear Cu(1) complexes 
for the low-coordination number environ- 
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MXCXXC-cmtaining pro- Hahl 
teins. Identical regions are Ccc2d1 

PN- 
D. 

nal gaps are indicated by 
a period. Proteins (with accession number) are as follows: Atxl , sac&mmyce.s cetwkiae (L35270); Hahl , Homo stpiem (U70660); Ccc2, S. oerevisiae (L36317); 
Wilson disease protein, H. stpiens (U11700); Menkes disease protein, H. sapEens (L06133); MerP, P s ~ s ~ i n o s a  (Z00027). Partial amino acid sequences 
of some proteins are as follows: Ccc2d1, amino acids 1 to 71, Ccc2-d2, amino acids 76 to 150, Wilsonl , amino acids 54 to 125, Menkesl , amino acids 4 to 75, and 
MerP, 20 to 91. The was created with the Pileup program from the W m n  Package, Version 9.0, from the Genetics Computer Group (GCG). Abbreviations 
for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; V, Val; W, Ttp; and Y, Ty. 

ment in Atxl(23,24). Furthermore, no other 
native Cu- rotei ins are known to coordinate a 
mononuclear Cu center through two cys- 
teines, regardless of the absence or presence of 
other ligands. 

XAS and multinuclear nuclear maenetic 
resonance (NMR) spectroscopy reveali that 
the protein conformation does not impose a 
rigid three-coordinate geometry on the metal 
ion: Atxl will also accommodate lower coor- 
dination numbers. In these experiments, we 
used Hg(II), a metal ion with a dl0 electronic 
configuration that exhibits several similarities 
to Cu(1). The results were consistent with 
Hg(I1) coordination by two Cys thiolates in 
Hg-Atxl. A '99Hg single broad resonance was 
observed at -821 parts per million (ppm) for 
Hg-Atxl (Fig. 3) (25). This chemical shii is 
consistent with either a linear dithiolate ar- 
rangement, which typically exhibits resonant- 

es from -790 to - 1000 ppm (26), or a blue 
copper environment (type I site), consisting 
of two His, one Met, and one Cys, which have 
chemical shifts that range from -700 to 
-890 pprn (27, 28). Given that Atxl con- 
tains only one His, a canonical type I site is 
not possible. The dithiolate coordination en- 
vironment for Hg-Atxl is supported by three 
additional lines of reasoning: (i) 'H{'99HgJ 
heteronuclear multiplequantum coherence 
(HMQC) spectra of Hg-Atxl revealed cou- 
pling only to the Cys p-methylene protons. 
No coupling.was observed for either Met or 
His protons (29). (ii) The line width in Hg- 
Atxl was greater than that observed for Hg- 
substituted blue copper proteins, which is 
consistent with a center of lower symmetry. 
And (iii), EXAFS data for Hg-Atxl exhibited 
a single peak that was well modeled by a single 
shell of two sulfurs at 2.34 A. Fits with a 
higher coordination number were poor. Thus, 
the Hg-S bond lengths, refined coordination 
number, and chemical shift are typical of two- 
coordinate mercury thiolate centers in model 
compounds and Hg-peptides (30). On the 
basis of the readv accessibilitv of the two- 
coordinate state, the similarities between 
Cu(1) and Hg(II), and coordination chemistry 
principles delineated below, rapid rates of 
metal ion transfer from Atxl to a Cu acceDtor 
protein such as Ccc2 are anticipated. 

Atxl binds Cu(1) even in the presence of 
a 20-fold excess of competing thiols (1 6). This 
high-affinity Cu binding is consistent with 
hard-soft acid-base principles and the chelate 
effect. The strength of the chemical bonds 
between the soft sulfur atoms and highly po- 
lariible d" centers such as Cu(1) and Hg(I1) 
is typically so great that it is difficult to mea- 
sure, which has led to the belief that Cu(1) 
exchange out of proteins with thiolate-rich 
coordination sites must be slow (31). In in- 
stances in which the metal center can adopt a 
low coordination number and an incoming 
ligand fonns a bond of similar strength to 
those of the other metal ligands, however, a 

Fig. 2 Normalized Cu XANES (A) and EXAFS (B) 
spectra. (A) XANES spectra. Sold line, Cu-Atxl ; 
dashed line, [(C6HJ,P]Cu(SC6HJ3 (23); dotted 
line, [N(C,H,)4]Cu(SC,oH,J2 (24); dashed-dotted 
line, [Cu(ll)(imidazole),](NOJ2. (B) Fourier trans- 
form (FT) of k3 weighted EXAFS data for Cu-Atxl , 
where R is the phase-shied absorber-scatter 
distance. (Inset) EXAFS data, where k is photo- 
electron wave vector. Thin lines represent data; 
thick lines are the best fit with two shells with 2s at 
2.25A(& = 3 x 10-~A?and l~at2.40A(& = 
5 X to 6 x A?. 

facile associative mechanism can operate. A 
threecoordinate intermediate fonns that can 
subsequently lose one of the original ligands 
to eive a new twocoordinate center. When 
all "three metal-ligand bonds are of similar 
bond energy, rapid ligand exchange is typical- 
ly observed. An example of thermodynami- 
cally tight binding with a rapid rate of ligand 
exchange is provided by the chemistry of 
Hg(I1) thiolate complexes; the formation con- 
stant for Hg(SR)2 is 1040 and the rate of thiol 
exchange is almost diffusion controlled (26, 
32). 

To test this direct Cu transfer mechanism, 
we used two hybrid experiments with Atxl 
and Ccc2. The entire 73amino acid coding 
region of Atxl was fused in frame to that of 
the DNA-binding domain of Ga14, whereas 
the coding region for the Gal4 activation 
domain was fused to those for a series of 
segments of the G c 2  polypeptide (33). Ccc2 
is predicted to posses four cytoplasmic do- 
mains interspersed by eight membrane-span- 
ning domains (5). The most NH,-terminal of 
these cytoplasmic domains (Ccc2-a) contains 
two MTCXXC Cu-binding motifs (5). En- 
hanced f3-galactosidase @-Gal) activity was 
observed only in yeast cells expressing sepa- 

Fig. 3. NMR spectrum of a 2.4-mM solution of 
19sHg-Atxl. A single resonance at -821 ppm [rel- 
ative to Hg(CHJ2] and a v,, (line width at half 
peak height) of 2100 Hz were 0 b e ~ e d .  Experi- 
ments were performed on a Bruker 600-MHz 
spectrometer with a 5-mm tunable broadband 
probe. The spectrum was collected at 20°C with 
1 10,000 scans, a 90" pulse angle (determined to 
be 12.5 ps), a sweep width of 83,333 Hz, and a 
relaxation delay of 150 ms. 
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Fig. 4. Two-hybrid analysis of the 
interaction of Atxl with Ccc2. 

! 
Yeast strain SFY526 transformed a 
with vectors based on pGBT9 
(Gal4 DNA-binding domain) and 

t 1 s 
pGAD424 (Gal4 activation do- 
main) was subjected to measure- 

: 
0 
-2 

ments of p-Gal activity (absor- 
bance at 420 nm). Where indicat- 
ed, cells were grown in the pres- 

I 
0 

ence of the Cu-chelator BSC. DNA blnding: Vector Atxl Atxl Atxl Atxl Atxl Vector Abtl + BCS 

Data are shown for two indepen- Activation: War Ccc2-8 Ccc2-b Ccc2-c Ccc2d Vector Ccc2-8 Ccc2-a 

dent transformants. Plasmids: Atxl , pPS002 WTXl in pGBT9); Ccc2-a, pPSOOl (CCC2 DNA encoding 
amino acids 1 to 248 in pGAD424); Ccc2-b, pCF12 (CCC2 DNA encoding amino acids 388 to 527 in 
pGAD424); Ccc2-c, pCF34 (CCC2 DNA encoding amino acids 594 to 903 in pGAD424); Ccc2-d, 
pCF56 (CCC2 DNA encoding amino acids 994 to 1004 in pGAD424). 

rate fusions of Atxl and Ccc2-a (Fie. 4). . " -, 

These results indicate that Atxl directly inter- 
acts with the NH,-terminal reeion of Ccc2. 
The Cu-specific cielator bath&uproine di- 
sulfonic acid (BCS) inhibited p-Gal activity 
only in the strains expressing Ccc2-a and 
Atxl, indicating that the interaction of Atxl 
with Ccc2 is dependent on Cu ions. These 
data are consistent with a Cu exchange mech- 
anism in which Atxl directly contacts the 
homologous domains in CccZ and donates 
Cu(1) through a metal-bridged intermediate. 

On the basis of the Cu(1)-Atxl coordina- 
tion chemistry, the Cu-dependent interaction 
of Atxl with Ccc2-a, and first principles, we 
propose a chemical exchange mechanism and 
one branch of the Cu-trafficking pathways in 
yeast (Fig. 5). After Cu import into the cell by 
Ctrl, Cu(1) binds to apc-Atxl and the com- 

plex diffuses throughout the cytoplasm. Cu(1) 
is coordinated to the two Cys residues of 
Atxl and is weakly bound to a third sulfur 
atom. The latter could be from an adjacent 
Atxl molecule, a buffer thiol, or a Met side 
chain. The Met (M13) can be mutated to 
Leu without loss of Atxl activity in vivo, 
indicating that the latter possibility is un- 
likely. The distant third sulfur atom is pre- 
dicted to be in rapid equilibrium between 
the bound and unbound state. On encoun- 
tering its target, the CccZ molecule, Cu- 
Atxl associates with the cytosolic Atxl-like 
domains. Such an association may be stabi- 
lized by a Cu-induced protein-protein inter- 
action or through a Cu(1) bridge between 
Atxl and Ccc2-a (or both). The Cu(1) then 
undergoes a series of rapid associative ex- 
change reactions involving well-precedented 

Ctrl 

CU-Atxl Apo-Atxl 

Apo-Ccc2 domain Cu-GWC domain 

Fig. 5. Proposed path for the intracellular transfer of Cu(l) by Atxl . Copper destined for incorporation 
into the vesicular multicopper oxidase Fet3 requires both Ctrl and Ccc2. Cytoplasmic Cu(l)-Atxl , but 
not apo-Atxl , associates with the NH,-terminal domain of Ccc2 (purple) and Cu(l) is transferred to the 
latter. (Inset) A proposed mechanism for the exchange of Cu(l) involving two- and three-coordinate 
Cu-bridged intermediates. The human homologs of Atxl (Hahl), Ccc2 (Menkes and Wilson proteins), 
and Fet3 (ceruloplasmin) are likely to employ similar mechanisms. 
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two- and three-coordinate intermediates, 
moving from Atxl to Ccc2-a [Fig. 5 (inset)]. 
This mechanism provides an avenue for a 
diffusion-driven movement of the Cu(1) 
from one site in the cell to another on the 
basis of small differences in the binding con- 
stants of each domain for Cu(1). Such a flow 
is basically a vectorial process with the Cu(1) 
ion being directly and rapidly passed down a 
local thermodynamic gradient, from Cu(1) 
binding sites of lower affinity to higher af- 
finitv sites. without beine released to the " 
cytoplasm. If the free energy changes for 
each of these steps are coupled, hydrolysis of 
adenosine triphosphate by Ccc2 may provide 
the overall driving force by moving Cu(1) 
ions across the vesicular membrane into a 
separate compartment, where they are ulti- 
matelv incomorated into Fet.3. 

By delivering essential cofactors or sub- 
strates to apoenzymes, the emerging class of 
metal ion chaperones facilitates formation of 
an active state of a  rotei in. These cha~erones 
guide metal ions to their appropriate biological 
partners and protect them from being trapped 
at adventitious sites. They may also protect 
cellular components by sequestering specific 
ions or inorganic clusters (34) and preventing 
adverse rektions. Our results underscore the 
idea that cells make use of elaborate machinery 
for recruiting, trafficking, compartmentalizing, 
and, ultimately, inserting into the appropriate 
enzyme reactive cofactors such as mononuclear 
Cu ions. The intracellular activation of am- 
metalloenzymes by binding of the correct metal 
ion cofactors is unlikely to proceed by spon- 
taneous self-assembly. Rather, metal insertion 
is emerging as an orchestrated event controlled 
by metal ion transport and chaperone proteins 
whose functions are kinetically and therrnody- 
namically coupled. 

Note added in proof: The three-dimensional 
structures of Hg-MerP (35) and MNK4 (36) 
have recently been determined by NMR meth- 
ods. The MNK4 and MerP i rote ins exhibit the 
same protein fold, support& the alignment in 
Fig. 1. The 199Hg-NMR chemical shift of Hg- 
MerP (-816 ppm) corresponds to a linear S- 
Hg-S environment, further corroborating the as- 
signment for Hg-Atxl. In addition, two other 
Cu chaperone proteins have been found in yeast 
and humans (37). Lys7 from S. cereuisiae, and 
Ccs from H. sapiens are required for incorpora- 
tion of Cu into superoxide dismutase. Both pro- 
teins contain a single MXCXXC motif. 
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Measurement of the Force-Velocity Relation 
for Growing Microtubules 

Marileen Dogterom* and Bernard Yurke 

Forces generated by protein polymerization are important for various forms of cellular 
motility. Assembling microtubules, for instance, are believed to exert pushing forces on 
chromosomes during mitosis. The force that a single microtubule can generate was 
measured by attaching microtubules to a substrate at one end and causing them to push 
against a microfabricated rigid barrier at the other end. The subsequent buckling of the 
microtubules was analyzed to determine both the force on each microtubule end and the 
growth velocity. The growth velocity decreased from 1.2 micrometers per minute at zero 
force to 0.2 micrometer per minute at forces of 3 to 4 piconewtons. The force-velocity 
relation fits well to a decaying exponential, in agreement with theoretical models, but the 
rate of decay is faster than predicted. 

I t  has long been speculated that the assem- during mitosis that depend o n  both the 
bly and disassembly of cytoskeletal fila- assembly and disassembly of MTs (1 ,  2),  
ments, such as microtubules (MTs) and ac- actin-dependent motility such as cell crawl- 
tin, can generate forces that are important ing and the propulsion of Listeria through a 
for various forms of cellular motility. Exam- host cell ( 3 ) ,  and possibly the MT-depen- 
~ l e s  include the motions of chromosomes dent transuort of intracellular membranes 

(4). T o  unierstand the role of force produc- 
Bell Laboratories, Lucent Technologies, 600 Mountaln 
Avenue, Murray Hill, NJ 07974, USA. tion by protein polymerization in vivo, it is 

important to determine the maximum forc- 
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Present address: F.O.M. Institute AMOLF, Kruislaan 407, eS that can be generated and the effect an 
1098 SJ Amsterdam, Netherlands. opposing force on  the assembly dynamics of 
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