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Abstract: The ability to image the concentration of transition metals in living cells in real time is important
for further understanding of transition metal homeostasis and its involvement in diseases. The goal of this
study was to develop a genetically encoded FRET-based sensor for copper(l) based on the copper-induced
dimerization of two copper binding domains involved in human copper homeostasis, Atox1 and the fourth
domain of ATP7B (WD4). A sensor has been constructed by linking these copper binding domains to donor
and acceptor fluorescent protein domains. Energy transfer is observed in the presence of Cu(l), but the
Cu(l)-bridged complex is easily disrupted by low molecular weight thiols such as DTT and glutathione. To
our surprise, energy transfer is also observed in the presence of very low concentrations of Zn(ll) (10-1°
M), even in the presence of DTT. Zn(ll) is able to form a stable complex by binding to the cysteines present
in the conserved MXCXXC motif of the two copper binding domains. Co(ll), Cd(ll), and Pb(ll) also induce
an increase in FRET, but other, physiologically relevant metals are not able to mediate an interaction. The
Zn(ll) binding properties have been tuned by mutation of the copper-binding motif to the zinc-binding
consensus sequence MDCXXC found in the zinc transporter ZntA. The present system allows the molecular
mechanism of copper and zinc homeostasis to be studied under carefully controlled conditions in solution.
It also provides an attractive platform for the further development of genetically encoded FRET-based
sensors for Zn(ll) and other transition metal ions.

Introduction transporting P-type ATPases (ATP7A and ATP7B) located in
. . ) . the Golgi membrane. Mutations in ATP7A and ATP7B result
Transition metals pose an interesting paradox to life since in copper depletion (Menkes Disease (MD)) or copper ac-
these metals are both essential as cofactors in many proteins, ., iation (Wilson’s Disease (WD)), respectivélll copper

and toxic in their free, aquated form. Research in the past chaperones contain a conserved MXCXXC copper-binding
decade, in particular on copper, has shown that transition metalmotif, and homologous domains are also present at the intra-
homeostasis is a tightly regulated process in which the a(:quisi-Cellular N-terminus of ATP7A/B (six domains). This MXCXXC
tion, distribution, and excretion of metals is controlled by motif is arranged in #aBBo3 fold in which the two cysteines
specific proteins, resulting in very low free metal concentrations coordinate Cu(l) in either a two-coordinate, linear fashibor

; f L
'r? cetl)ls. The _free c((j)pp%r cloncerr:trai?n T thg meast cytoplasm in a three-coordinate complex with the third ligand being another
as been estimated to be less than“0/, and the transcrip- amino acid or low molecular weight thiét®> This low

tional activator CueR frork. colibinds Cu(l) with an extremely .0 qination number is believed to favor Cu(l) and inhibit
low Kq of 2 x 10721 M.3 Under these conditions specific copper

chaperone proteins are required to distribute this metal to (673) a;:ha,efer,tl\/l-;AGlizlihHJ-ﬁDAm-JD.PCysli_ou%QQAZ?fi_Go3’|1_|1—”314. _
different cellular target$® In humans, copper targeted for @ Rosenzweig, A. CNat. Struct. Biol2000 7, 766-77L
excretion and incorporation into extracellular copper proteins (8) Rosenzweig, A. C.; Huffman, D. L.; Hou, M. Y.; Wernimont, A. K.; Pufahl,

. . . R. A.; O'Halloran, T. V.Structure Fold Des1999 7, 605-617.

is delivered by the copper chaperone protein Atox1 to copper- (g) pufahl, R. A.; Singer, C. P.; Peariso, K. L.; Lin, S. J.; Schmidt, P. J.; Fahrni,
C. J.; Culotta, V. C.; Penner-Hahn, J. E.; O’Halloran, T.S¢iencel997,

278 853-856.

TEindhoven University of Technology. (10) Cobine, P. A.; George, G. N.; Jones, C. E.; Wickramasinghe, W. A.; Solioz,
* University Medical Centre Utrecht. M.; Dameron, C. TBiochemistry2002 41, 5822-5829.
(1) Finney, L. A.; O’Halloran, T. V.Science2003 300, 931—936. (11) Ralle, M.; Lutsenko, S.; Blackburn, N.J1.Biol. Chem2003 278 23163~
(2) Rae, T. D.; Schmidt, P. J.; Pufahl, R. A.; Culotta, V. C.; O'Halloran, T. V. 21170.
Sciencel999 284, 805-808. (12) Arnesano, F.; Banci, L.; Bertini, I.; Huffman, D. L.; O’Halloran, T. V.
(3) Changela, A.; Chen, K.; Xue, Y.; Holschen, J.; Outten, C. E.; O’Halloran, Biochemistry2001, 40, 1528-1539.
T. V.; Mondragon, A.Science2003 301, 1383-1387. (13) Anastassopoulou, J.; Banci, L.; Bertini, |.; Cantini, F.; Katsari, E.; Rosato,
(4) O’Halloran, T. V.; Culotta, V. CJ. Biol. Chem200Q 275, 25057-25060. A. Biochemistry2004 43, 13046-13053.
(5) Huffman, D. L.; O’Halloran, T. VAnnu. Re. Biochem2001, 70, 677— (14) Cobine, P. A.; George, G. N.; Winzor, D. J.; Harrison, M. D.; Mogahaddas,
701. S.; Dameron, C. TBiochemistry200Q 39, 6857-6863.
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oxidation to Cu(ll). The X-ray structure of Atox1 in the presence ideally suited for this purpose, and the development of
of Cu(l) revealed a second binding mode in which one copper fluorescent probes that bind transition metal ions with high
ion is coordinated by cysteines from two Atox1 proteins in a affinity and selectivity has recently become an area of active
three- or four-coordinate compléxThe latter structure is  researci¥’—40 A variety of Zn(ll)-specific fluorescent dyes have
believed to represent the complex formed when copper is been developetf,>° and recently the first two examples of Cu-
transferred from Atox1 to one of the copper binding domains (l)-specific fluorescent chemosensors were repditéd Al-
of ATP7B1216 though several of these chemosensors have already been applied
Zinc is well-known as a cofactor in numerous enzymes for intracellular imaging?%* it has proven challenging to
involved in hydrolysis and group transfer reactidhsut zinc develop small molecule sensors with physiologically relevant
also provides structural stability to proteins (e.g., in transcription binding constants. To improve the affinity and selectivity of
factors)!8.1%and it has been implicated as a signaling molecule metal binding, several groups have developed fluorescent
in neurotransmissioff. Although its redox stability makes zinc ~ sensors based on natural metal binding proteins. The Cu(l)-
less toxic than copper, free Zn(ll) is known to interfere with induced binding of the copper transcription activator CueR to
many biological processes and is therefore probably maintaineda fluorescently labeled oligonucleotide has been used to detect
at low free concentrations as weél:23 Disruption of zinc nanomolar levels of Cu(l), but this sensor is unsuitable for
homeostasis after ischemia or seizures and following head injuryintracellular imaging? Protein-based fluorescent Zn(ll) sensors
has been shown to result in an increase in free Zn(ll) leading include fluorescently labeled peptides based on Zn-finger
to neuronal damagi; 3 whereas zinc deficiency resulting from ~ domains3*€6:67carbonic anhydrase in combination with a Zn-
defective zinc uptake leads to acrodermatitis enteropathica. (I1)-specific fluorescent substrate analogdé?®® and green
Although less is known about the molecular mechanism of fluorescent protein (GFP) variants with Zn(ll) binding sites
cellular zinc homeostasis, some of the proteins involved may 37

) Jiang, P.; Guo, ZCoord. Chem. Re 2004 248 205-229.

be homologous to proteins involved in copper homeos#asis.
The cysteine-rich metallothioneins are known to bind both
copper and zinc, for exampté34Moreover, the Zn(ll)-specific
transporter ZntA fronE. coli contains an MDCXXC motif in
which zZn(ll) is coordinated by both cysteines, the aspartic acid
and a solvent molecuR&:*6 This raises the interesting question
of how these similar metal binding sites distinguish between
various transition metal ions.

An important prerequisite for further understanding of the

(38) Kikuchi, K.; Komatsu, K.; Nagano, TCurr. Opin. Chem. Biol2004 8,
182-191.

(39) Lim, N. C.; Freake, H. C.; Bruckner, ©hemistry2004 11, 38—49.

(40) Thompson, R. BCurr. Opin. Chem. Biol2005 9, 526-532.

(41) Chang, C. J.; Nolan, E. M.; Jaworski, J.; Burdette, S. C.; Sheng, M.; Lippard,
S. J.Chem. Biol.2004 11, 203-210.
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So0c.2003 125 1778-1787.
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J. Am. Chem. So@001, 123 7831-7841.
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M.; Lippard, S. JInorg. Chem.2004 43, 6774-6779.
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2002 124, 776-778.

mechanism of transition metal homeostasis and its involvement 46) Hanaoka, K.; Kikuchi, K.; Kojima, H.; Urano, Y.; Nagano, Angew.

in diseases is the ability to image the concentration of transition

metals in living cells in real time. Fluorescence microscopy is

(15) Banci, L.; Bertini, I.; Del Conte, R.; Mangani, S.; Meyer-Klaucke, W.
Biochemistry2003 42, 2467-2474.
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39-46.
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introduced by protein engineerifi§’* The latter have the
important advantage of being genetically encoded (i.e., no
synthetic fluorescent groups are used), but the present GFP-
based Zn(ll) sensors show only weak-to-moderate affinity for
Zn(ll) (Kg = 50—700 uM).

Fluorescence resonance energy transfer (FRET) between
donor and acceptor fluorescent protein domains is an effective
way to translate conformational changes in a sensor domain
into a ratiometric fluorescent signal. Tsien and co-workers
pioneered this concept by constructing the calcium sensor

Cameleon in which the calcium binding protein calmodulin was metal

fused to two spectral variants of GFPCalcium binding to ®

calmodulin induces a conformational change in these fusion P
proteins that brings the donor and acceptor domains closer vel
together which results in increased FRET. Unlike synthetic ( FRET il )
fluorescent probes which need to be introduced inside the cell S/ . f;-':,;-g;)’}f

via microinjection or passive diffusion, genetically encoded
sensors such as Cameleon consist entirely of amino acids and
can be produced inside cells after transfection of their corre-
sponding genes. Attachment of signal sequences and regulation _
of transcription also allow control over their subcellular CFP ‘ Atox1 WD4
localization and concentration. Using yeast two-hybrid analysis, rigure 1. Design of a ratiometric, fluorescent sensor based on the copper
we and others previously observed copper-dependent interacbinding proteins Atox1 and WD4. In the presence of the metal, a metal-
flons between copper chaperane proteins and copper bindingTo0% XL HOSSITer Simed Wkt cante deces o
domains present_ln their physiological target protég° The fluorescent protein) dor%ains linked to Xtoxl and WD4, Eespectivél))//.
strongest interaction was observed between Atox1 and the fourth

copper binding domain of Wilson’s disease protein, WB#he

goal of the work presented here was to develop a genetically Predigested witlBs(E | andXhol. In the second step, the CFP-Atox1
encoded FRET-based sensor for Cu(l) using the Cu(l)-induced and CFP-WD4 f_ra_gmer_us were amplified by PCR using primers that
complex formation between these two protein domains (Figure 2dd anNdel restriction site (5GCT AGC ATATGG TGA GCA AGG

P . GCG AG-3 for both constructs) and aNot | restriction site and a
1). Not only the Cu(l) binding properties of the system are o " 41 (5cTA AAG CGG CCG CTC ACT CAA GGC CAA
reported but also its surprisingly high affinity for Zn(ll). The

. L o ; GGT AG-3 for CFP-Atox1 and 5CTA AAG CGG CCG CTC AGA
implications of our findings for the understanding of the ctG AAG CCT CAA ATC C-3 for CFP-WD4). After digestion with
coordination chemistry of metallochaperones and the develop-nge| and Not I, the PCR fragments were ligated into thele | and
ment of genetically encoded sensors for zinc imaging are Not | sites of pET28-a (Novagen), yielding pET28-CFP-Atox1 and
discussed. pET28-CFP-WD4.

The plasmids encoding Atox1-YFP and WD4-YFP were constructed
in a similar manner. The copper binding domains Atox1 or WD4 were

General. Al restriction enzymes were obtained from New England amplified by PCR from human liver cDNA using specific oligonucle-
Biolabs. Oligonucleotides were purchased from MWG Biotech, and Otides containing either aacll (5'-GCA CCG CGG ATG CCG AAG
DNA sequencing was performed by BaseClear. CAC GAG TTC TC-3 for Atox1 and 5-GCA CCG CGG ATG CAG

Plasmid Constructs. The plasmids encoding for His-tagged CFP- GGC ACA TGC AGT ACC-3 for WD4) or aBanH | restriction site
WD4 and CFP-Atox1 fusion proteins were constructed in two steps. (5-CGT GGATCC GAC TCA AGG CCA AGG TAG G-3for Atox1
First, the copper binding domains Atox1 or WD4 (the fourth domain @nd 3-CGT GGA TCC GAG ACT GAA GCC TCA AAT CCC-3for
of ATP7B, aa 355426) were amplified by PCR from human liver ~WD4) added to theirSends. The PCR fragments were TA cloned in
cDNA using specific oligonucleotides containing eitheBstE | (5'- PCR2.1 (Invitrogen), digested witBac|l and BanH 1, and ligated
GCA TCC GGA ATG CCG AAG CAC GAG TTC-3for Atox1 and into pEYFP-N1 (Clontech), which was predigested w&hcll and
5-GCA TCC GGA CAG GGC ACA TGC AGT ACC-3for WD4) or BanH I. In the second step, the Atox1-YFP and WD4-YFP fragments
an Xho | restriction site (underlined) (85CT CTC GAG CTC AAG were amplified by PCR using primers that addNuatel restriction site
GCC AAG GTA G-3 for Atox1 and 5-CGT m GAC TGA (5'-GCT AGC ATA TGC CGA AGC ACG AGT TCT C-3for Atox1-
AGC CTC AAA TCC C-3 for WD4) added to their5ends. The PCR ~ YFP and SGCT AGC ATA TGC AGG GCA CAT GCA GTA CC-3
fragments were TA cloned in pCR2.1 (Invitrogen), digested \BS{E for WD4-YFP) and arNot | restriction site and a stop codon{GGT
| and Xho I, and ligated into pECFP-C1 (Clontech), which was ATG GCT GAT TAT GAT CTA GAG TCG-3 for both constructs).
After digestion withNdel andNot |, the PCR fragments were ligated
(70) Barondeau, D. P.; Kassmann, C. J.; Tainer, J. A.; Getzoff, B. Bumn. into theNdel and Not I sites of pET28-a (Novagen), yielding pET28-

Chem. S0c2003, 124 3522-3524. ) ) Atox1-YFP and pET28-WD4-YFP.

1) gensen, K. K. Martini, L.; Schwartz, T. Véiochemistry2001, 40, 938~ Site-directed mutagenesis was done using the Stratagene QuikChange
(72) Miyawaki, A.; Llopis, J.; Heim, R.; McCaffery, J. M.; Adams, J. A.; lkura, kit according to the instructions of the manufacturer. The following

Materials and Methods

M.; Tsien, R. Y.Nature 1997, 388 882—-887. i - - _ -
(73) Lin, S. J.; Pufahl, R. A.; Dancis, A.; O’Halloran, T. V.; Culotta, V. L. primers were used: CFP-Atox1-T252D0;6GA GTT CTC TGT GGA
Biol. Chem.1997 272, 9215-9220. CAT GGA CTG TGG AGG CTG TGC TGA AGC-3 WD4-YFP-

(74) Iéarlin,clr?.; Mlegksi;s)as'z 704; 2%31%75'2;82825’ B, Yang, A. S.; Gilliam, T. L. T16D, 3-GCC ATT GCC GGC ATG GAC TGT GCATCC TGT GTC
iol. Chem. , . . ,
(75) van Dongen, E. M.; Klomp, L. W.; Merkx, MBiochem. Biophys. Res. C-3; CFP-Atox1-C253S/C256S, ETC TGT GGA CAT GAC CAG

Commun2004 323 789-795. TGG AGG CAG TGC TGA AGC TGT CTC-3 WD4-YFP-C17S/
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C20S,5CCATTG CCG GCATGA CCA GTG CAT CCAGTG TCC
ATT CCA TTG-3. DNA sequencing confirmed the correct sequences
of these mutants.

Protein Production. The pET28 expression plasmids encoding CFP-
WD4, CFP-Atox1, WD4-YFP, and Atox1-YFP were transformed into
chemically competenE. coli BL21(DE3) according to the manufac-
turer's instructions (Novagen). Bacteria were grown in LB medium 50 mM Tris, 100 mM NacCl, 10% glycerol pH 7.5 in a total volume of
containing 30ug/mL kanamycin at 225 rpm and 3T to an optical 500 uL. For the EGTA buffering system, free Zn(ll) concentrations
density between 0.6 and 1 at 600 nm. Expression was induced with were calculated using the MaxChelator prograrfor the calcium-

0.1 mM IPTG, and bacteria were grown for anathén at 37°C. After EDTA buffering system, free Zn(ll) concentrations were calculated
centrifugation at 10 000 g at 4C for 20 min, the cell pellet was using the method described by WalkipAfter each Zn(ll) addition,
resuspended according to the BugBuster protocol (Novagen) andthe fluorescence emission spectrum of the mixture was measured
incubated on a shaking platform for 20 min at room temperature. The (excitation: 420 nm), and the percentage of the YFP/CFP ratio increase
soluble fraction was separated from the insoluble fraction by centrifuga- (indicating FRET) was calculated. The formation constant of the
tion at 40 000 g for 20 min at 4C. The fusion proteins were purified  equilibrium among CFP-Atox1, WD4-YFP, and Zn(ll) was determined
from the soluble protein fraction using HisBind nickel affinity chro-  using eq 1 and the nonlinear least-squares fit procedure of Origin 6.0,
matography according to the manufacturer’s instructions (Novagen). in which [proteinjoa = [CFP-Atox 1ot = [WD4-YFPlo = 2 x 107°

The His-tag was removed by digestion with thrombin (Novagen) (0.2 M.

U/mL; protein concentration of 0.2 mg/mL) for&4 h at 4°C. The

fusion proteins were separated from the His-tag by size exclusion [complex]=
chromatography (SEC) using an S200 Sephacryl column. SDS-PAGE
analysis and ESI-MS results both confirmed the cleavage of the His-
tag from the proteins and the correct molecular weight. The copper
content was determined using a BCA ag8dyat was calibrated using

a copper ICP standard (Merck). Four fusion proteins were constructed in which Atox1 and

Fluorescence ExperimentsFluorescence spectra were recorded on  WD4 were linked to either Cyan Fluorescent Protein (CFP) or
a Perkin-Elmer LS 50B luminescence spectrometer. Unless statedyellow Fluorescent Protein (YFP). The fusion proteins were
otherwise, spectra were measured usingvRof each fusion protein  ¢|oned with an N-terminal His-tag in pET28 and overexpressed
in 50 mM Tris, 100 mM NaCl, 10% glycerol pH 7.5 using an excitation e i, pyrification using Ni-affinity chromatography and
wavelength of 420 nm. The concentration of fusion proteins was . . .

subsequent proteolytic removal of the His-tag resulted in the

guantified usingsss and a molar extinction coefficient of 32 500 ) .
cm* for CFP fusion protein€ and usingAsis and a molar extinction !solatlon Of_CFP'AtOX]" CFP-WD4, Atox1-YFP, ‘T"nd WD4'.YFP
in good yields £50—100 mg/L). All four fusion proteins

coefficient of 84 000 M* cm™ for YFP fusion proteing® DTT (1 mM)
or TCEP (0.5 mM) was used as a reducing agent to prevent oxidation Showed the optical properties (absorption and emission spectra)
of the cysteines in the metal binding motif under aerobic conditions. characteristic of CFP and YFP, respectively, indicating proper
The YFP/CFP ratio is defined as the fluorescence intensity of the YFP folding of the fluorescent protein domain. Metal analysis showed
fusion protein at 527 nm divided by the fluorescence intensity of the |ess than 0.05 Cu/protein. To obtain evidence for Cu(l)-induced
CFP fusion protein at 475 nm. FRET, various 1:1 combinations of CFP and YFP fusion
Determination of Metal Selectivity. To complex adventitious metals proteins were studied using fluorescence Spectroscopy_ Figure
that are already present in the buffer,/ A EDTA was first added to 2A shows the emission spectra of CFP-Atox1 and WD4-YFP
CFP-Atox1 and WDA-YFP (2M eagh) in 50 mM Tris, 100 mM N.aCL when excited at 420 nm, and their summation. As expected at
0.5 mM TCEP or 1 mM DTT, 10% glycer.°| pH 7'5.' The 'nd'cateq this excitation wavelength, a strong emission signal is observed
metals were added from 10 mM stock solutions to a final concentration .
of 20 uM. Prior to and after metal addition, the fluorescence emission for CFP-Atox1, and a weak Slg.nal, for WD4-YFP. Unexpect-
spectrum was recorded, and the YFP/CFP ratio was calculated. Stockedly’ _the Spec.trum for the 1:_1 mixture of C_:FP'AtOX]- and WD_4'
solutions were made in water from ZnCCoSQ, (NHa):Fe(SQ)s, YFP is not a simple summation of the emission spectra obtained
MgSO,, NiSO,, CaCh, CuSQ, and Cd(OAc). Ph(Il) was diluted from for the separate proteins (Figure 2B). The emission peak at 475
a 1000ug/mL lead atomic standard solution (Sigma). nm is significantly decreased, and the emission at 527 nm is
Copper Titrations. All titrations using Cu(l) were done under increased with respect to the summation, indicating that energy
carefully controlled anaerobic conditions. CFP-Atox1 and WD4-YFP transfer between the two fusion proteins is taking place even
in 50 mM Tris, 100 mM NaCl, pH 8 buffer were transferred into a in the absence of added Cu(l). Because the fusion proteins did
Coy anaerobic chamber, incubated overnight with 2 mM DTT to not contain detectable amounts of copper and because the
completely reduce the metal-binding cysteines, and treated with 5 mM presence of trace amounts of Cu(l) in our buffers is highly

sodium dithionite (Sigma) for 5 min to remove traces of Slide-a- ety the interaction must be Cu(l)-independent. A similar
lyzer minidialysis units (Pierce) were used to dialyze the protein 3 times

(I) were added to the cuvette from anaerobic stock solutions using
Hamilton gastight syringes.

Zinc Titrations. Zn(ll) was titrated in either a buffering system
consisting of 1 mM EGTA and 0-20.9 mM Zn(ll) or a system
consisting of 1 mM EDTA, 2 mM Ca(ll), and 0-10.9 mM Zn(ll). All
titrations were done using 2V CFP-Atox1 and 2«M WD4-YFP in

{ Z[prOteinlotal + 1/(:6[2n2+]free) -
\/(_z[prOteinlotal - l/(ﬂ[znz+]frea))2 - 4[pr0teinf0tal} 12 (1)

Results

for at leas 1 h against anaerobic buffer (50 mM Tris, 100 mM NacCl,
pH 8) to remove DDT and sodium dithionite. The fusion proteins (2
uM each) in 50 mM Tris, 100 mM NacCl, 10% glycerol pH 8 were

but slightly smaller change in donor and acceptor emissions
was observed for the reciprocal pair, CFP-WD4 and Atox1-
YFP (see Supporting Information). FRET was not observed

transferred into a fluorescence cuvette sealed with a rubber septum andvhen CFP and YFP fusion proteins with the same copper

transferred out of the anaerobic chamber. A 25 mM Cu(l) stock solution
was prepared by dissolving Cu(l)(GEN),PFs (Sigma) in degassed
100% acetonitrile under anaerobic conditions. EDTA, Zn(ll), and Cu-

(76) Brenner, A. J.; Harris, E. DAnal. Biochem1995 226, 80—84.

(77) Cubitt, A. B.; Woollenweber, L. A.; Heim, Rviethods Cell Biol.1999
58, 19-30.

(78) Patterson, G.; Day, R. N.; Piston, ID.Cell Sci.2001, 114, 837—838.

binding domains were used (e.g., CFP-Atox1/Atox1-YFP), as
the emission spectra completely overlapped with the summation
of the emission spectra of the individual domains (see Support-
ing Information). This result is consistent with results from yeast
two-hybrid analyses, in which the formation of homodimers was

(79) Patton, C.; Thompson, S.; Epel, Oell Calcium2004 35, 427—-431.
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450 500 550 600 650 Figure 3. Metal dependency of the interaction between CFP-Atox1 and
wavelength (nm) WD4-YFP. The YFP/CFP emission ratio was determined usinly|Z ZFP-
Atox1, 2 uM WD4-YFP in 50 mM Tris, 100 mM NacCl, 0.5 mM TCEP,

B 10% glycerol, pH 7.5. White bars represent the ratio in the presence of 15

uM EDTA, and the gray bars show the ratio after subsequent addition of
20uM of the indicated metal. The error bars represent the standard deviation

;-‘ = CFP-Atox1 and WD4-YFP determined from three independent experiments.
< = CA + WY + EDTA
2 1 Y CA+ WY + zinc special precautions are tak&nwe tested whether stepwise
a = summation addition of low concentrations of Zn(ll) could restore the
% interaction that was disrupted by 151 EDTA. No change in
; fluorescence emission was observed up to a concentration of
§ 13 uM, but upon further addition of Zn(ll) the YFP/CFP ratio
increased to the same level as that before EDTA addition at 17
g uM Zn(ll). Similar results were obtained for the reciprocal pair
2 T T v CFP-WD4/Atox1-YFP, but the spectra of CFP-WD4/WQ4-YFP
450 500 550 600 650 and CFP-Atox1/Atox1-YFP were not affected by addition of
wavelength (nm) either EDTA or Zn(ll) (see Supporting Information).
Figure 2. Emission spectra of CFP-Atox1 and WD4-YFP showing Zn- The unexpected Zn(ll)-induced complex formation prompted

f\'l')'gleq%ﬂ/der;t FREIT'O/;" SFK;CTI?E"‘F’freHm?%S““?d in 50 mM Tris, 100 mM ;5 g investigate the metal selectivity of the interaction. CFP-
aCl, 10% glycerol, 0.5 m , pH 7.5 using protein concentrations . .

of 2 uM and 420 nm excitation. Panel A shows the emission spectra of Atox1 and WDA4-YFP were first treated with 181 EDTA to )
CFP-Atox1 and YFP-WD4 when measured separately, and the summationfemove advantageous Zn(ll), followed by an excess of a variety
of both spectra that is expected for a mixture of CFP-Atox1 and YFP- of divalent metal ions (Figure 3). Of all metals tested only Co-

WD4 in the absence of FRET. Panel B shows the emission spectrum oo ; ;
determined for a 1:1 mixture of CFP-Atox1 (CA) and WD4-YFP (WY) in (1), Cd(ll), and Pb(ll) showed a similar increase in FRET as

normal buffer (black line), upon addition of 18V EDTA (blue line), and observed with Zn(ll). |n_ the presence of 1 mM DTT (instead
after subsequent addition of M Zn(ll) (red triangle). The summation of TCEP), FRET was still observed for zZn(ll), Co(ll), and Cd-
of the individually determined spectra of CFP-Atox1 and WD4-YFP is (1) but not for Pb(ll) (not shown). All of these metal ions are

shown for comparison. known to have a similar coordination chemistry as that of Zn-

also not detected, and shows that the interaction between Atoxl(”)' Co(l) find. Cd(.”) asrle often used as spectroscopic probes
and WD4 is specific. The observed decrease in donor emissionfor Zn(ll) binding sites,** whereas Ph(ll) is known to bind to

. S o oo ea
corresponds to a doneacceptor distance of75 A in the cyst.em.e rich Z,n(”) plndlng site¥. .
complexg0 This distance is reasonable, given that the distance Bnding studies with Cu(l) are more complicated than those
between the terminal residues in the At,oxl-dimeM'sOA and with the divalent metal ions described above. Although Cu(l)

the distance between the chromophore and the terminal residue%trat'ons_ we][e dﬁre under cc?refully cgntrotlle(il( analletr_oblc C?réd"
of CEP/YEP is at least 15 A ions using freshly prepared anaerobic stock solutions of Cu-

(N(CH3CN)s;—PFRs in CH3CN, we initially did not observe Cu(l)-

induced FRET. We eventually did observe Cu(l)-induced FRET,
but only after extensive dialysis of the proteins to completely
remove DTT. Figure 4 shows an experiment in which CFP-
Atox1 and WD4-YFP were mixed at a 1:1 ratio and transferred

. - S to an anaerobic cuvette. First 1B8M EDTA was added to
YFP resulted in an emission spectrum that was |nd|st|ngwshableremove advantageous Zn(ll) resulting in a decrease of the

from the calgulated speptrum n the abgence of FRET (Figure emission ratio from 0.60 to 0.54. Addition of 3tM Cu(l)
2B), suggesting that the interaction was indeed metal-dependent.resulted in a clear increase in the YFP/CFP ratio, providing
Similar results were obtained using 1,10-phenanthrolin, another '
nonspecific metal chelator for divalent metal ions (not shown). g1y ayig, b. s.Methods Enzymotiogsg 158 71-79.

Since Zn(ll) is normally present at1 4M in buffers when no (82) Magyar, J. S.; Weng, T. C.; Stern, C. M.; Dye, D. F.; Rous, B. W.; Payne,
J. C.; Bridgewater, B. M.; Mijovilovich, A.; Parkin, G.; Zaleski, J. M,;
Penner-Hahn, J. E.; Godwin, H. 8. Am. Chem. So@005 127, 9495-

The two cysteines present in the copper binding domains are
strong metal binding ligands. To test whether the interaction
observed between Atox1 and WD4 fusion proteins is mediated
by metal ions other than copper, the effect of metal chelators
was studied. Addition of 1xM EDTA to CFP-Atox1/WD4-

(80) The distance was calculated using the Eter equationE = Ry%(R® + 9505.
r6) with E = 1 — Fpa/Fp andRy = 49 A (Patterson, G. H.; Piston, D. W.; (83) Godwin, H. A.Curr. Opin. Chem. Biol2001, 5, 223-227.
Barisas, B. GAnal. Biochem200Q 284, 438-440). (84) Dudey, T.; Lim, C.Chem. Re. 2003 103 773-787.
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DTT (50 uM) - - - + copper(l) (30 uM) - - + +
Figure 4. Cu(l) dependency of the interaction between CFP-Atox1 and (50 pM) * * & *
WD4-YFP. The YFP/CFP emission ratios were determined using anaerobic
samples of 2uM CFP-Atox1, 2uM WD4-YFP, 50 mM Tris, 100 mM
NaCl, 10% glycerol, pH 8, followed by the subsequent anaerobic addition B o 0.621
of 15uM EDTA, 30 uM Cu(l), and 50uM DTT. The error bars represent 6
the standard deviation determined from three independent experiments. & 0.604
. . . g: 0.58+
strong evidence for the formation of a Cu(l)-bridged ternary o
complex. The interaction was readily disrupted upon addition E 0.56+
of a low amount of DTT (5Q:M), however. The same effect £
was observed in the presence of the same concentration of 5 0547
glutathione, showing that the interaction is highly sensitive to 2 i
free thiols. E
To test whether the copper binding domains would still bind
Cu(l) in the presence of DTT, competition experiments between ~ EDTA (15 uM) = * e i
Zn(ll) and Cu(l) were performed. In the first experiment, an  Zinc (20 pM) = = ¥ g
anaerobic mixture of 2M CFP-Atox1 and 2«M WDA4-YFP copper(l) (30 uM) - # . *
was treated with 1aM EDTA followed by 30uM Cu(l) (Figure DTT (50 uM) + * + +

5A). Addition of EDTA again resulted in disruption of the Figure 5. Experiments showing competition between Zn(ll) and Cu(l)
interaction, and no restoration of FRET was observed upon b:\r;ldglgbp;-{ltexfegml\?ln\tzlgvfr\?Fclj:’onseOUSirl\]/? ?'?aerl%‘z)ic Sslml\?'eél Cg”t&i”ing 2
a_ddition of Cu(l). Subseque_nt addition of 204 Zr_'(”) also %TT, 10% Og;(ly’cerpctyl, pH 8. (Pe{nel ,T) YFrILS/’CFP énmissign ’rat?ct) after
did not lead to a change in the YFP/CFP ratio, however, subsequent addition of 1M EDTA, 30 uM Cu(l), and finally 20uM
suggesting that copper binding to the metal binding sites Zn(ll). (Panel B) YFP/CFP emission ratio after subsequent addition of 15
prevented the Zn(Il)-mediated dimerization. A titration experi- #M EDTA, 20uM Zn(ll), and 30xM Cu()).
ment in which the apo proteins were preincubated with different
amounts of Cu(l) showed that Zn(ll) binding is already Zn(ll) concentrations in the picomolar to nanomolar range. Two
completely blocked after addition of 1 equiv M) of Cu(l) different metal buffer systems were used, EDTA/Ca(ll)/Zn(Il)
(Figure S4), showing that Cu(l) binds significantly stronger than and EGTA/Zn(Il) to minimize the chance of making systematic
Zn(l1). In a second experiment, the Zn(ll)-bridged complex was errors in calculating free Zn(Il) concentrations. Figure 6A shows
first formed by addition of 2Q«M Zn(ll) to CFP-Atox1 and that the increase of the YFP/CFP ratio is half-maximal 250
WDA4-YFP (Figure 5B). A clear decrease in the YFP/CFP ratio pM free Zn(Il) at pH 7.5. A nonlinear fit of the EGTA/Zn(ll)
was observed after anaerobic addition of Cu(l) £30) to this titration curve using the equation describing the formation of a
sample, again showing that Cu(l) binds stronger than Zn(ll). ternary complex of CFP-Atox1Zn(ll)—WD4-YFP yields an
Based on these experiments we conclude that the copper bindingpparent formation constant of 4:5 10 mol~2 L2,
domains present in CFP-Atox1 and WD4-YFP strongly bind  To obtain unambiguous evidence that Zn(ll) is mediating
Cu(l) also in the presence of DTT but that the Cu(l)-bridged complex formation by binding to the two cysteines of each
dimer is not formed under these conditions. copper-binding domain, mutant proteins were made of both
Although in principle a sensitive ratiometric fluorescent sensor CFP-Atox1 and WD4-YFP in which both of the cysteines in
for Cu(l) was obtained, the thiol sensitivity of the sensor presents the MXCXXC motif were replaced by serines. As expected,
a major problem for practical application of this sensor. In Zn(ll) titration to these Cys-to-Ser mutant proteins did not show
contrast, the CFP-Atox1/WD4-YFP combination does constitute any evidence for complex formation, as the emission ratio was
an attractive ratiometric Zn(Il) sensor with surprisingly high unaffected (Figure 6B). In an attempt to increase the Zn(ll)
Zn(ll) affinity even in the presence of DTT. Obviously, the affinity of the sensor even further, mutants of CFP-Atox1 and
sensor would not work in the presence of large amounts of Cu- WD4-YFP were constructed in which the threonine (T) present
(), but Figure 3 shows that it is specific compared to most other in the MTCXXC motif was replaced by an aspartic acid (D).
physiologically relevant divalent metal ions. To establish its The rationale behind this mutation was that an MDCXXC motif
usefulness as a biological Zn(ll) sensor, titration experiments is found in the Zn(ll)-specific metal transport ATPase ZntA.
were performed using metal buffers that allow control of free The presence of the negatively charged aspartic acid is thought
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A

interaction between these domains that could be interrupted by

X
o 207 addition of BCS or by addition of extra copper to the medidm.
"§ Very recently, NMR studies also showed a preference of Cu-
o 154 (DAtox1 for binding to the fourth domain of ATP78. The
o crystal structure of Atox1 in the presence of Cu(l) also shows
& 1od a copper-bridged dimer in which the Cu(l) is bound to 3 or 4
Z cysteines from the copper binding motifs present in each
‘s 5 monomer. Other studies suggesting the presence of Cu(l)-
§ mediated interactions between copper binding domains include
5 o surface plasmon resonarf@e\lMR,1586 gel filtration chroma-
70 1 2 3 4 5 & 71 8 tography3® and intracellular detection of FRET between CFP
[Zn?*] (nM) and YFP fusion proteins of Atox®.The generation of CFP/
YFP fusion proteins reported here allows one to study the metal-
B 201 mediated interaction under carefully controlled conditions in
solution using FRET and, thus, provides an attractive alternative
154 method to study the mechanism and metal selectivity of proteins

involved in copper homeostasis. Although our results confirm
the presence of a Cu(l)-bridged protein interaction between
Atox1 and WD4, energy transfer was readily disrupted by the
addition of relatively low concentrations of free thiols such as
DTT and glutathione. The participation of an additional thiol

104

increase in YFP/CFP ratio (%)

o Q °A Q A ] group provides an extra coordinating group for Cu(l) besides
——-———r—r—r—r—Tr the two cysteines of the copper-binding motif, resulting in a

o 1 2 3 4 5 6 7 8 three-coordinated Cu(l) complex. Stabilization of the monomeric
[Zn%*] (nM) form by DTT and other exogenous ligands has been observed

Figure 6. Zn(ll) titration experiments for “wild-type” CFP-Atox1/WD4-  before in EXAFS and NMR studi€4:88.90 Since intracellular

Z(FP (Ipl%n;l"A) and for Vaflgnts Wlth;;/ltatlons in the mefta' b'r?dmg site protein concentrations are probably close to the protein con-
pane . titrations were done usin concentrations of each protein . : .

in 50 MM Tris, 100 mM NaCl, 0.5 mM TCEP, 10% glycerol, pH 7.5, using _centratlons used in our FRET ex_perl_ments and t_)ec_ause the
either EDTA (1 mM EDTA, 2 mM CaGt triangles) or EGTA (1 mM intracellular glutathione concentration-4$ mM, our findings

EGTA,; circles) metal buffering systems. (Panel A) Zinc titration to CFP-  suggest that in vivo the Cu(l)-bridged complex between Atox1
Atox1 and WD4-YFP. The solid line is a fit of the data obtained using the 514 ATP7B is only formed transiently.

EGTA buffering system (three independent experiments) using the equation . g .
for the formation of a ternary CFP-AtoxZn(Il)—WD4-YFP complex § The thiol sensitivity of CFP-Atox1 and WD4-YFP limits the

= 4.5 x 10" mol-2 L?). (Panel B) Zinc titrations for the combination of ~ applicability and reliability of the Cu(l) sensor as the formation
CFP-Atox1-C253S/C256S and WD4-YFP-C16S/C20S (open symbols) and of a Cu(l)-bound monomer stabilized by glutathione will
fsc;rn:rt:glsc)omblnatlon of CFP-Atox1-T252D and WD4-YFP-T16D (closed probably be favored over a Cu(l)-bridged dimer (Figure 7A).

' Zn(Il) was shown to form a stable complex between CFP-Atox1
to increase the affinity of these metal sites for divalent metal d WD4-YFP even in the presence of thiols, however (Figure
ions over monovalent metal ions such as Cu(l). Interestingly, 7B). Mutagene3|s_ studies showed _th‘""_t the cysFelnes prese_nt in
titration of Zn(Il) to a 1:1 mixture of Thr-to-Asp mutants of the MX_CXXC motlfs of the copper-blndlng dom_anj are es_sent|al
CFP-Atox1 and WD4-YFP results in a rapid increase in FRET for this interaction. Complementary proteiprotein interactions

at low concentrations of Zn(Il), followed by a decrease in FRET &€ also important, however, since Zn(ll)-induced dimerization
at higher Zn(Il) concentrations (Figure 6B). Compared to the was not observed for the CFP-Atox1/Atox1-YFP or CFP-WD4/

titration curve of the “wild-type” proteins, complex formation WD4-YFP pair. The most likely coordination mode of Zn(ll)

was reached at substantially lower Zn(ll) concentrations. The is a tetrahedral complex of fogr cy_stelnes residues, _Wh'Ch _'S
disruption of the complex at higher Zn(ll) concentrations is well documented for structural zinc sites that are found in certain

probably due to binding of a Zn(ll) ion to each of the copper zinc fjnger domains present in hormone receptors and. GATA
binding domains, which is enabled by the presence of an Proteins®®* Zn(l) generally prefers a tetrahedral ligand

additional metal binding carboxylate group. geometry, gltho_ugh five- and six-coordination are also pos%‘ibl_e.
Low coordination numbers are not stable, however, which
Discussion explains why Zn(ll) prefers to form complexes with two

Our sensor design was based on several observations thaMXCXXC sites. This preference of Zn(ll) for coordination by

suggested that Cu(l)-bridged complexes can be formed betweer{86) Achila, D.; Banci, L.; Bertini, I.; Bunce, J.; Ciofi-Baffoni, S.; Huffman,
bindina d L ved i ul h tasi D. L. Proc. Natl. Acad. Sci. U.S./2006 103 5729-5734. )
Copper binding domains invoived in cefiular Copper NOMEOSIasIS. (g7) strausak, D.; Howie, M. K.; Firth, S. D.; Schlicksupp, A.; Pipkor, R.;
Yeast two-hybrid studies showed that interactions between ,__ Multhaup, G.; Mercer, J. K. Biol. Chem2003 278 20821-20827.
.. . . . (88) Kihlken, M. A.; Leech, A. P.; Le Brun, N. BBiochem. J2002 368 729~
copper binding domains can be disrupted by addition of the 739

- ifi i i i id (89 Tar{chou, V.; Gas, F.; Urvoas, A.; Cougouluegne, F.; Ruat, S.; Averseng,
coppe;glgsspemflc chelator bathocuproine disulfonic acid O Ouemeneur. EBiochem. Biophys. Res. Comma@aod 325 388
(BCS)/48|n fact, our choice for Atoxl and WD4 was based 304,

N i _ ific(90) Banci, L.; Bertini, I.; Del Conte, R.; Markey, J.; Ruiz-Duenas, F. J.
on a recent yeast two-hybrid study that showed a copper-specific Biochemistry2001, 40, 15660- 15668,
(91) Ghering, A. B.; Jenkins, L. M.; Schenck, B. L.; Deo, S.; Mayer, R. A;;
(85) Casareno, R. L.; Waggoner, D.; Gitlin, J. . Biol. Chem.1998 273 Pikaart, M. J.; Omichinski, J. G.; Godwin, H. 8. Am. Chem. So2005
23625-23628. 127, 3751-3759.
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ometry of 6 Zn(ll) ions per domain and ligation dominated by

C)ISH Cud) OESEU\:;:‘ RS o nitrogen ligand$? In this study we provide strong evidence for

s S direct competition between Zn(Il) and Cu(l) binding, however,
N:‘ %:’ R‘S'C‘{"’:. since addition of Cu(l) in the presence of DTT disrupts the Zn-

OI:S N-terminal domain of ATP7B. This study reported a stoichi-
cu(l)-s-R

(I-mediated interaction. Moreover, mutation of the Cu(l)-
binding cysteines to serines completely disrupts the Zn(ll)-
mediated Atox1-WD4 interaction. Our finding raises the
interesting question whether Zn(ll) binding to copper chaperone
domains is physiologically relevant. Interestingly, preliminary
yeast two-hybrid studies showed that the Atox1-WD4 interaction
is indeed Zn(ll)-dependent, as a 2-fold higlfegalactosidase
o] activity was measured after addition of 30 Zn(ll) to the
medium compared to the highest activity obtained for copper
- (Figure S5). Other examples of linked copper and zinc homeo-
&H Znll) stasis are that both metals bind to metallothion®iffsand the
o fact that Zn(ll) supplementation is an effective treatment for
patients with Wilson's disease, because it suppresses the
% accumulation of copper in the liver of these patiefits.
The CFP-Atox1 and WD4-YFP pair has several properties
Figure 7. Mechanism explaining the different coordination modes observed that make it an attractive starting point for the development of
:Zglm‘s?tﬁ]' gigiig)g btﬁdCeFdPa?rt;’;rl ti?t(jin\/;/tgl-\r(:sznsg)O/f-\?r?-:*igotﬂi (;)Ifs ?:ﬂzee a genetically encoded Zn(ll) sensor. Important qualities for such
coordinate monomerig Cu(l) co;nplex is mc?re stable. (B) Addition of Zn- a sensor 'nCIu_de physmloglcally relevant affln!ty and Sel_eCt'V'tY’
(1) results in a metal-bridged dimer, with Zn(ll) coordinated by four @ concentration-independent fluorescent signal (ratiometric,
cysteines in a tetrahedral configuration. (C) Introduction of an extra Zn- anisotropy, lifetime), and control over intracellular localization

(I)-coordinating aspertate also allows the fprmatlon of a stable monomeric and concentration. The intracellular Zn(ll) concentration is
Zn(1l) complex at higher Zn(ll) concentrations. Please note that some of

the metal ligands are likely to be protonated; these protons are not shown@ctually not well established but may vary dramatically among
for clarity. organisms, cell types, and subcellular localization. The cytosolic
concentration of Zn(Il) in most mammalian cells has been

at least four ligands also explains our results for the MTCXXC- estimated to be less than 1 f#232495%ut millimolar concen-
to-MDCXXC mutants. At low concentrations of Zn(ll), the Zn-  trations have been determined in synaptic vesicles in neuronal
(I)-bridged dimer is the most stable form, but addition of more cells® The zinc-specific transcriptional activator ZntR frdin
Zn(ll) results in the disruption of the dimer by binding of Zn-  coli binds Zn(ll) with aKy of 1.6 x 10715 M, suggesting that
(I1) to each of the metal binding domains (Figure 7C). The NMR the normal concentration of free Zn(ll) B. coliis 6 orders of
structure of ZntA, which binds Zn(ll) in a single MDCXXC  magnitude lower than one ion per c&#2The Zn(ll) affinity
motif, shows a four-coordinated complex with Zn(ll) bound via of CFP-Atox1/WD4-YFP is similar to that of the most sensitive
the two cysteines, one of the carboxylate oxygens, and Water. zinc-specific dye4548555%|luorescently labeled Zn-finger pep-
Interestingly, a dissociation constant of 20 nM has been tides®#6667and the carbonic anhydrase-based sensor developed
determined for Zn(ll) binding to ZntA, which is similar to the by Thompson and co-workef&58 Genetically encoded, GFP-
apparent dissociation constant for binding of the second Zn(ll) based zinc sensors have also been reported previously, but these
in our systenf? showed only a weak-to-moderate affinity for Zn(i?)Jensen

The finding that Co(ll) and Cd(ll) also induce FRET is not and co-workers reported a ratiometric FRET-based system, in
surprising, since both metal ions are known to have coordination which introduction of Zn(Il)-coordinating amino acids at the
properties similar to those of Zn(ll) and are often used as exterior of CFP and YFP allowed Zn(ll) detection by the
spectroscopic substitutes of the spectroscopically silent®%inc. formation of Zn(ll)-bridged CFPYFP dimers. Although the
Interestingly, Pb(ll) also prefers to form a bridging complex. principle is similar to our system, the affinity is 6 orders of
Many of the toxic effects of Pb(ll) have been ascribed to its magnitude lower with &4 = 0.7 mM./! The current CFP-
tendency to bind to Zn(ll) sites in enzymes and transcription Atox1/WD4-YFP system has two important drawbacks that
factors, in particular cysteine-rich sit€s?>Our finding that the currently limit its applicability for intracellular imaging. The
Pb(ll)-mediated interaction is readily disrupted by DTT indicates ratio change observed upon Zn(ll) binding is relatively small.
that Pb(ll) is coordinated by only three cysteines, which Work on other FRET-based sensor systems has shown that
confirms recent work that suggested that Pb(ll) generally prefers similar ratio changes can be detected intracellularly, but these
coordination by three cysteines, whereas Zn(ll) prefers four- studies were done on a sensor in which donor and acceptor were
coordinatiorf2 We are currently testing these hypotheses by part of a single protein chafff.Application of the current system
studying the effect of single cysteine-to-serine mutations on the
metal selectivity of the interaction. (93) DiDonato, M.; Zhang, J.; Que, L., Jr.; Sarkar,JBBiol. Chem2002 277,

. . . . 13409-13414.

Circular dichroism and X-ray absorption spectroscopy have (94) Brewer, G. J.; Yuzbasiyan-Gurkan, V.; Lee, D. Y.; AppelmanJH.ab.
previously been used to study the binding of Zn(ll) to the )C"n- Med.1989 114 633-638.
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(95) Nasir, M. S.; Fahrni, C. J.; Suhy, D. A.; Kolodsick, K. J.; Singer, C. P.;
O’Halloran, T. V.J. Biol. Inorg. Chem1999 4, 775-783.

(92) Liu, J.; Stemmler, A. J.; Fatima, J.; Mitra, Biochemistry2005 44, 5159- (96) Frederickson, C. J.; Suh, S. W.; Silva, D.; Thompson, R.. Blutr.200Q
5167. 130, 1471S-1483S.
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would require coexpression of two proteins at a 1:1 ratio, which system can be readily understood on the basis of the known
is difficult to achieve in practice. To make the present sensor coordination chemistries of Zn(ll) and Cu(l). This study
suitable for cellular zinc imaging, the two protein domains provided new insights into the mechanism of transition metal
should be fused into a single protein via a flexible peptide linker. homeostasis, in particular on metal selectivity and the role of
Such a single protein sensor would be easier to introduce into protein—protein interactions. The present system represents an

cells. In addition, linking the two domains could enhance the gattractive platform for the further development of genetically
Zn(Il) affinity and would make it independent of the protein  oncoded FRET-based sensors for Zn(Il).

concentration. Increasing the Zn(ll) affinity relative to the Cu-

(1) affinity will be essential to obtain a reliable Zn(ll) sensor  Acknowledgment. We thank Toon Evers for expert assistance
without interference by Cu(l) binding. Finally, knowledge about \yith fluorescence spectroscopy and for preparing illustrations,
the coordination preferences of Cu(l) and Zn(ll) could be applied ariin Viaming for performing some initial experiments relevant
to further tune the affinity and selectivity of the metal binding /) tnis work, Irene Kaashoek en Mattijs Elschot for performing

site using site-directed mutagenesis. These mutations coulds o5 ctosidase assays, and Marcel van Genderen for assistance
include metal coordinating residues but also residues involved with curve fitting procedures

in docking to partner proteins in the Cu(l) transport pathway

that would block in vivo Cu(l) loading. Supporting Information Available: Figures S+S3 display

Conclusion the effect of EDTA and Zn(ll) on the fluorescence spectra of
CFP-WD4/Atox1-YFP, CFP-Atox1/Atox1-YFP, and CFP-WD4/
the copper binding domains Atox1 and WD4 yielded a ratio- WD4-YFP, respegtwc_ely; Figure S4 .shows competition betyveen
metric fluorescent sensor for Cu(l) and Zn(ll). Whereas the Cu(l) gnd Zn(l1) binding as a function of Cu(l) conc.entrano.n;
suitability as a Cu(l) sensor is limited due to its thiol sensitivity, and Figure S5 shows the effect of Zn(ll) on the interaction
this protein pair unexpectedly yielded a sensor with a subna- Petween Atox1 and WD4 using yeast two-hybrid analysis. This

nomolar affinity for Zn(ll). The metal binding properties of this Material is available free of charge via the Internet at
http://pubs.acs.org.

Fusion of cyan and yellow fluorescent protein domains to

(97) Fehr, M.; Frommer, W. B.; Lalonde, Broc. Natl. Acad. Sci. U.S.2002
99, 9846-9851. JA0610030
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