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ABSTRACT. The 'H NMR solution structure of the Cu(l)-bound form of Atxl, a 73-amino acid
metallochaperone protein from the ye8siccharomyces cerisiae has been determined. Ninety percent

of the H and 95% of thé®N resonances were assigned, and 1184 meaningful NOEs afidw and

60 1Jyn residual dipolar couplings provided a family of structures with rmsd values to the mean structure
of 0.37+ 0.07 A for the backbone and 0.88 0.08 A for all heavy atoms. The structure is constituted

by four antiparalle}s strands and twat helices in gsaSfo fold. Following EXAFS data [Pufahl, R.,
Singer, C. P., Peariso, K. L., Lin, S.-J., Schmidt, P. J., Fahrni, C. J., Cizewski Culotta, V., Penner-Hahn,
J. E., and O’Halloran, T. V. (1997¥cience 278853-856], a copper ion can be placed between two
sulfur atoms of Cys15 and Cys18. The structure of the reduced apo form has also been determined with
similar resolution using 1252 meaningful NOEs (rmsd values for the family to the mean structure are
0.674+ 0.12 A for the backbone and 1.680 0.12 A for all heavy atoms). Comparison of the Cu(l) and

apo conformations of the protein reveals that the Cu(l) binding cysteines move from a buried site in the
bound metal form to a solvent-exposed conformation on the surface of the protein after copper release.
Furthermore, copper release leads to a less helical character in the metal binding site. Comparison with
the Hg(ll)—Atx1 solid-state structure [Rosenzweig, A. C., Huffman, D. L., Hou, M. Y., Wernimont, A.

K., Pufahl, R. A., and O’Halloran, T. V. (199%tructure 7 605-617] provides insights into the copper
transfer mechanism, and a pivotal role for Lys65 in the metal capture and release process is proposed.

Copper, an essential trace metal, is utilized as a cofactorthermodynamic overcapacity for copper chelatidh This
in variety of redox and hydrolytic proteins. In eukaryotes, has led to the suggestion that metallochaperones act like
copper-dependent metalloenzymes are found in multiple enzymes to lower the activation barrier for copper transfer
cellular locations, including the cytosol, mitochondria, and to specific partnerss.

cell surface {). Excess copper, however, is highly toxic to  Copper chaperone proteins isolated to date were first
most organismsl( 2). It is not surprising that the transport  jdentified in the baker's yeaS&iaccharomyces cersiae, and
and sequestration of copper must be tightly controlled.  homologues have been noted Hrabidopsis thaliana
Until recently, it was not known how copper enzymes Caenorhabditis elegansEnterococcus hirae mice, and
obtained their essential cofactors. A new class of metal ion humans §—13). The prototypical copper chaperone, Atx1,
receptor proteins, called metallochaperones, deliver copperconducts Cu(l) through the cytoplasm and transfers this cargo
to specific intracellular targets (for a recent review, see ref djrectly to a specific partner proteis, (7, 14). A functionally
3). Recent studies indicate that a p_rlnC|pIe difficulty is faced related protein is the copper chaperone for superoxide
by metallochaperones as they deliver copper to the correctgismutase (CCS)16), which delivers copper to copper
intracellular destination: the cytoplasm has a significant zinc superoxide dismutase 1 (SOD1) in the cytodipl ©ne
T This work was supported by the European Community (Contract of the domains of CCS s a structural homologue of Atx1
HPRI-CT-1999-00009), by ltalian CNR (Progetto Finalizzato Biotec- (+0)- The Cox17 protein, which is involved in activation of
nologie 99.00286.PF49), and by MURST-ex 40%. the mitochondrial copper-dependent enzyme cytochrome
*The averagei rtr)wlinimif]ed structures of thlt(a Cﬁ((la;nd apo-Atx1 oxidase 10, 17), may also function as a metallochaperone,
proteins are available at the Protein Data Bank: Cu(l)-Atx1, PDB entry i
1FD8 and RCSB ID RCSB011496; apo-Atx1, PDB entry 1FES and but is not homOIOgous to Atx1.
RCSB ID RCSB011521. Both the yeast Atx1 and the human Atx1 homologue
*To wom correspondence should be addressed. 1.B.. CERM and (HAH1 or ATOX1) specifically transport copper to the

Department of Chemistry, University of Florence, Via L. Sacconi, ; ; :
6-Sesto Fiorentino, Italy: faxi-39 055 4574271 telephoné 39 055 ScCretory pathway for incorporation into copper enzymes

4574272; e-mail, bertini@cerm.unifi.it. T.V.0.: fax, (847) 491-7713; destined for the cell SurfaC? or eXtrace”mar miliey 9,
telephone, (847) 491-5060; e-mail, t-ohalloran@nwu.edu. 18). The target of copper delivery by Atx1 is a P-type copper
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transporting ATPase, called Ccc2, present in a late Golgi was determined by ICP-AES. Electrospray mass spectrom-
compartment{, 19). Ccc2 is the yeast homologue of the etry (ES-MS) of unlabeled samples of apo-Atx1 revealed a
human Wilson and Menkes copper transpor2ér(22). Atx1 single peak of 8088 2 Da, corresponding to the full-length
was originally identified as an antioxidant molecule (hence Atx1 (unlabeled) lacking its N-terminal methionine. On the
the name Atx1) capable, when present in high copy number, contrary, mass spectra dfiN]apo-Atx1 revealed two peaks

of suppressing oxidative damage in yeast lackingSd1 of 8184+ 2 and 8226+ 2 Da. The first peak corresponds
gene 6). Recent studies indicate, however, that the antioxi- to the full-length [°N]Atx1 lacking the methionine. The
dant chemistry of Atx1 is not catalytic, leaving the copper second peak corresponds to a minor species having a
trafficking as its primary function1(4). molecular mass-42 Da larger.

The NMR structures of MerP, a mercury resistance protein  The NMR sample of N]Japo-Atx1 was prepared by
(23), and an Atx1-like domain of the Menkes transporter exchanging the purified protein into 100 mM sodium
(24), have been obtained. The crystal structure of the oxidized phosphate (pH 7) and 10%,0 via ultrafiltration. The final
(disulfide) apo and Hg(ll) forms of Atx1 have also been concentration of thelfN]apo-Atx1 NMR sample was 1.7
determined 25), as has the NMR structure of the apo form mM. Cu(l)-bound Atx1 was prepared as previously described
of CopZ, a bacterial protein homologous to AtAd6). In (5, 7) and exchanged by ultrafiltration into 100 mM sodium
none of these cases have the structures of the native, Cuphosphate (pH 7) and 10%,0. The metal-to-protein ratio
(D-loaded form of the proteins been reported at high was 1.0 with a protein concentration of 2.8 mM. The
resolution. Both the MerP solution structure and the Atx1 Cu(l)—[**N]Atx1 protein was prepared by adding 0.9 equiv
crystal structure contain linear Hg(ll) as the metal ion, and of [Cu(l)-(CHsCN),PFs in CH:CN to a solution of the
the structure of the Atx1-like domain of the Menkes trans- apoprotein in 50 mM Tris/MES (pH 8) with stirring. The
porter was determined with bound Ag(l). Introduction of Cu(l)—[**N]Atx1 sample was then exchanged via ultrafil-
copper salts into samples of CopZ leads to broadening oftration into 100 mM sodium phosphate (pH 7) and 10%
the NMR signals of the first loop and the N-terminal part of 2H-O. The final metal-to-protein ratio was 0.9 with a protein
the first helix £6) which prevented structural analysis of concentration of 1.8 mM.
the copper binding site. Relaxation studies on copper-bound NMR Spectroscopyhe NMR spectra were acquired on
CopZ showed an increased rotational correlation time Avance 800, 600, and 500 and Ultra Shield 400 Bruker
compared with that of apo-CopZ, indicating self-aggregation spectrometers operating at proton nominal frequencies of
of the protein upon interaction with coppet6). 800.13, 600.13, 500.13, and 400.13 MHz, respectively. A

In vitro and two-hybrid assays clearly indicate that contact triple-resonance (TXI) 5 mm probe was used with Avance
between Atx1 and its physiological partners is a copper- 800, 600, and 500 MHz spectrometers, and a broad band
dependent evenb(7); however, the molecular mechanisms observing probe (BBO) for direct detection of the X nucleus
of partner-protein recognition, metal ion capture, and the Wwas used with an Avance 400 MHz spectrometer. At 600
subsequent release steps have not been established. MetaMHz also, a broad band inverse probe (BBI) was used. All
dependent conformational changes in Atx1 are likely to play the probes were equipped with pulsed field gradients (PFG)
a role; however, few structural differences have been along thez-axis.
observed for Atx1 or related proteins. We have undertaken On the Cu-Atx1 protein, a TOCSY (27, 28) spectrum
a comparison of the solution structures of the native Cu(l) was recorded on the 500 MHz spectrometer with a spin-
and the reduced apo form & cerevisiae Atx1 and found lock time of 100 ms, a recycle time of 1 s, and a spectral
that copper release involves a series of structural changeswindow of 14 ppm. A two-dimensional NOESY map9y
These results, when considered with conformational differ- 30) was acquired on the 800 MHz spectrometer with a
ences between the crystalline H§tx1 structure, lead to  mixing time of 100 ms, a recycle time of 1 s, and a spectral

new insights into the mechanism of metal transfer. window of 14 ppm. A two-dimensiondfN—H HSQC @1—
33) spectrum was recorded at 800 MHz with an INEPT delay
MATERIALS AND METHODS of 2.66 ms, a recycle time of 1 s, and spectral windows of

. . . 14 and 33 ppm for théH and*>N dimensions, respectively.
Sample Isolation and Preparatiodtx1l was uniformly A three-dimensional NOESYASN HMQC (34) experiment
labeled with!®N by expressing the protein iBscherichia was recorded with 1601) x 88 (°N) x 1024 (H) data

coli strain BL21(DE3) (Novagen) and transformed with - : ;
. . X . points on the 600 MHz spectrometer, equipped with the BBI
PET11dAtx1 ), in minimal medium supplemented with probe. In this experiment, the INEPT delay was set to 5.3

PNH,CI. The protein was isplated by freezﬁnayv extraction ms, the mixing time was 100 ms, and the carrier frequency
of the cell pellet and purified to homogeneity by DEAE- o set in the center of the amide proton region, at 8.0 ppm.
Sephacel batch treatment, foIIovx_/ed by chromatography on Spectral windows of 14.0, 14.0, and 33.0 ppm were used
Superdex75 (Pharmacia). The yield of labeled protein Was ¢ the direct’H dimension and the indirecH and 5N
25 mg/L of culture. The N-terminal Met was processed in dimensions, respectively
E. coli, yielding a 72-amino acid protein. The numbering of ’ '
residues however uses the first codon (Met) as residue 1.

( ) 1 Abbreviations: rmsd, root-mean-square deviation; TOCSY, total

All_ NMR Samplgs were prepared under a nitrogen correlation spectroscopy; NOE, nuclear Overhauser effect; NOESY,
atmosphere at 12C in a VacAtmospheres chamber, where nuclear Overhauser effect spectroscopy; HMQC, heteronuclear multiple-
they were loaded into 535-PP 5 mm quartz NMR tubes quantum coherence; HSQC, heteronuclear single-quantum coherence;
(Wilmad) and capped with latex serum caps. Protein con- '(’B\IETPET  insensitive nuclei enhanced by polarization transfer; WATER-

. . . , water suppression by gradient-tailored excitation; TPPI, time-
centrations were determined by the Bradford assay and cali-proportional phase incrementation; WEFT, water-eliminated Fourier

brated as described previous).(The copper concentration  transform.
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The HNHA experiment35) was performed on the 600 nents of the molecular magnetic susceptibility anisotropy
MHz spectrometer, equipped with the BBI probe, to deter- tensory™, respectively, and and¢ are polar coordinates
mine the3Jynhe coupling constants. These were used to describing the orientation of the-NH bond vector in the
obtain constraints fop torsion angles. The spectrum was (axis) frame of thesm tensor. The structural constraints we
recorded as a 128H) x 80 (*°N) x 2048 (H) data set  have used in the present calculations are the differences in
using PFG along the-axis. The mixing time was 100 ms. rdc values Ardc) measured at two different fields (18.7 and
Spectral windows of 14, 14, and 33 ppm were used, 9.4 T in this work). They are given by an equation such as
respectively, for the direéH dimension and the indireéH eq 1, whereBy? is substituted withABy?. The dipolar coupling
and*N dimensions. contribution, Ardc, to AXJyy must be corrected for the

Two series of 105N—!H J-modulated HSQC experiments  contribution due to the dynamic frequency shifsfs), which
to measure thély—y coupling constants3g), consisting of constitutes a non-negligible, magnetic field-dependent con-
32 and 16 scans, respectively, were performed at 800 MHztribution to the rdc of théH—1°N 1J (36).
with dephasing delays,A2 of 45.2, 46.0, 47.6, 48.8, 50.2, Structure CalculationsStructure calculations were per-
56.4, 57.8, 58.4, 59.6, and 61.0 ms. One set of experimentsformed using the program DYANA4(). The copper ion
each consisting of 32 scans, was performed at 400 MHz usingwas included in the calculations by adding a new residue in
the same 2 values as at 800 MHz plus an experiment with - the amino acid sequence, formed by a chain of dummy atoms
a 2A of 63.0 ms. Furthermore, a control experiment was which have their van der Waals radii set to zero so that the

carried out with a dephasing delay of 45.2 ms.
On the'®N-labeled sample of apo-Atx1, a one-dimensional
IH NMR spectrum, @N—!H HSQC spectrum, and a two-

chain can freely penetrate into the protein and one atom with
a radius of 1.4 A, which mimics the copper ion. The sulfur
atoms of Cys15 and Cys18 were linked to the metal ion

dimensional NOESY and a TOCSY spectrum were recorded through upper distance limits of 2.5 A. This approach does

with the same acquisition parameters used for the 81

not impose any fixed orientation on the ligands with respect

spectra. Two-dimensional NOESY and a TOCSY spectra to the copper.

were also recorded on the unlabeled sample of apo-Atx1.

In all structure calculations, the relative weight of all

For all the experiments, quadrature detection in the indirect ¢|3sses of constraints (NOEcouplings, and\rdc) was kept

dimensions was performed in the TPPI mo8@){and water

equal to the default DYANA value. A routine implemented

suppression was achieved through the WATERGATE se- i, pyANA has been used to includgrdc constraints in the

quence 87). All two-dimensional data consisted of 4K data
points in the acquisition dimension and of 1K experiments
in the indirect dimension.

All three- and two-dimensional spectra were collected at
298 K except where indicated otherwise, processed using

the standard Bruker software (XWINNMR), and analyzed
on IBM RISC 6000 computers using the XEASY program
(39).

Constraints Used in Structure CalculationBhe peaks

used for the structure calculations were integrated in the two-

dimensional NOESY map acquired at 298 K in,(H

Intensities of dipolar connectivities were converted into upper
distance limits, to be used as input for structure calculations,

by using the approach provided by the program CALIBA

(39). The calibration curves were adjusted iteratively as the

structure calculations4@). The program needs thAme'

ax

and Ax[?f" values as input parameters for the structure
calculations, while the orientation of th@°' tensor in the
molecular frame is adjusted by the program to minimize the
target function. The magnetic susceptibility tensor parameters
are obtained by best fitting the experimematic values to
eq 1, by using as input the structural model calculated without
their inclusion. The minimized quantity is the square of the
difference between calculated and experimental values,
introducing a tolerance of 0.05 Hz which roughly corresponds
to the mean value of the experimental error.

Two hundred random conformers were annealed in 10 000
steps using the constraints described above. The 35 conform-
ers with the lowest target function constitute the final family.

structure calculations proceeded. Stereospecific assignments REM was then applied to each member of the family using
of diastereotopic protons were obtained using the programthe AMBER 6 packaged@). The structural constraints were

GLOMSA (39).

3JHNHo
torsion anglep by means of the appropriate Karplus curve

applied within the molecular mechanics and dynamics

Coupling constants were correlated to the backbone module of SANDER, and thArdc values were included as

constraints by means of the DIPOLE module. The force field

(35). These angles were used as constraints in the DYANA parameters for the copper(l) ion were taken to be like they

calculations and restrained energy minimization (REM)
refinement.
The residual dipolar couplings (rdc) originate from the

are in similar systems4d). In particular, no constraint on
the S(Cys15) Cu—S(Cys18) angle was used. The values of
NOE, torsion angle, andrdc potentials were calculated with

noncomplete averaging of the dipolar coupling due to the force constants of 50 kcal mdiA~2 32 kcal mot* rad 2,

partial orientation of the molecule. They are given by the
following equation (cf. ref40):

2
= 1 BO yHyNh mol
o= — 4 ToT 52, YA (BC0S 0~ 1)+
HN
SAX;EOI(SMZ 6 cos 2)| (1)
WhereAXQXOI and AX?Q"' are the axial and rhombic compo-

and 1 kcal mot* Hz2.

The program CORMA45), which is based on relaxation
matrix calculations, was used to back-calculate the NOESY
cross-peaks from the calculated structure to check the
consistency of the whole procedure. This has also allowed
us to assign a few more cross-peaks between already assigned
resonances.

The quality of the structure was evaluated in terms of
deviations from ideal bond lengths and bond angles and
through Ramachandran plots obtained using the programs
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FIGURE 1. *H NMR 800 MHz spectra of CttAtx1 (A) and reduced ~ FIGURE 2: H—1N HSQC spectrum of the CuAtx1 protein at
apo-Atx1 (B) proteins at 298 K and pH 7.0 in 100 mM phosphate 298 K and pH 7.0 in 100 mM phosphate buffer. Cross-peaks of
buffer. The protein concentrations were 1.8 mM. the minor species of the protein are indicated with a “b”. There
are at least three weak unassigned peaks in the spectrum. Two of
) them have variable intensities in HSQC spectra recorded on different
PROCHI.E.CK 46) and PROC.:HECK NMR 47). Solvent protein samples; one peak is real but does not show connectivities.
accessibility was calculated with the program MOLMQIBY

for each structure of the family, and the reported value as the major form of the labeled protein (A form hereafter).

represents the average. _ In this paper, we report the structural characterization of the
Structure calculations and analysis were performed on IBM Cu(l)-bound and reduced apo state of the A form of the
RISC 6000 computers. protein

RESULTS Secondary Structure from NMR Dat@he elements of
secondary structure can already be identified by analyzing
Sequence-Specific Assignment of the Cufitx1 Protein. the pattern of assigned NOE49]. Short- and medium-range
A 'H 800 MHz NMR spectrum of CtAtx1 is reported in NOEs were used to generate Figure 3A. The diagram of long-
Figure 1A. The assignment of the protein signals was range connectivities is shown in Figure 3B. In the present
performed by three-dimensional NOESYN HMQC and protein, two elements of helical secondary structure can
two-dimensional NOESY and TOCSY maps. The TOCSY be predicted, which are characterized by a large number of
map was used to identify spin patterns of intraresidue sequential and medium-range connectivities sucluhas
connectivities of the different amino acids. Then, these (j,i+1), dun(i,i+2), don(i,i+3), don(ii+4), and degs(i,i+3).
residues were connected to other spin patterns by sequentialhey involve residues 1730 and 54-63. These are termed
characteristic NOESY peaks. The three-dimensional map washelicesal anda2 (25). From long-range connectivities, as
used to solve problems of cross-peak overlap in the two- shown in Figure 3B, four antiparallglstrands 1—/34) can
dimensional NOESY map and to assign tfé resonances.  be predicted which correspond to stretches of residuedd5
The N-terminal Met was processedHEncoli, yielding a 72- 35—39, 44-49, and 66-73.
amino acid protein. The numbering of residues however uses These secondary structure elements, connected by loop
the first codon (Met) as residue 1. Signals of 70 of 72 regions, produce the classical “ferredoxin-likgd3 folding
residues have been assigned. Residues 2 and 16 have ng&0), a tertiary structure common in many metallochaperone
been identified. Thé*N HSQC spectra were recorded also proteins p3—25).
at a low temperature (278 K) in an attempt to identify the ~ Splution Structure Calculations and Analysistotal, 2425
missing NHs, but without success. Approximately 93% of NOESY cross-peaks were assigned and integrated. These
the proton resonances could be located in the maps, and 69{yere transformed into upper distance limits with the program
of 70N backbone amide resonances (neglecting Pro31 andcALIBA (39) and resulted in 1525 unique upper distance
Pro52 without amide resonances) have been assigned. Th@imits, of which 1184 meaningfid. To ensure equivalent
amide resonances are missing for residues 2, 3, and 16. Theglibration of all cross-peaks (degenerate and nondegenerate),
'H and **N resonance assignment is reported in the Sup- their intensities were normalized by knowing that the ratio
porting Information, and thé>N HSQC spectrum of the  petween the two forms of the protein is 2:1. The program
Cu—Atx1 protein is reported in Figure 2. CORMA (45) was used to back-calculate the NOESY cross-
Two sets of signals can be detected for 19 NH amide peaks from the calculated structure to check the consistency
proton resonances (25, 18, 26-25, and 66-67). The  of the whole procedure. This has also allowed us to
relative intensity is 2:1. Mass spectra dfNJapo-Atx1 discriminate between cross-peaks corresponding to forms A
revealed two peaks corresponding to the full-length ] and B.
Atx1 lacking its N-terminal methionine and to a minor The number of NOEs per residue is reported in Figure

species with an-42 Da larger molecular mass. This latter 4A_The average number of NOEs per residue is 21, of which
species is absent in unlabeled samples of apo-Atx1: mass

spectra (ES-MS) recorded on various samples consistently Nonmeaningful distance constraints are those which cannot be

exhibited a single peak, and indeed, two-dimensional mapsip|ated in any structure conformation and those involving proton pairs
do show a single set of signals which have the s&thghifts at a fixed distance.
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FiGURe 3: (A) Schematic representation of the sequential and FIGURE 4: (A) Number of meaningful NOEs per residue for the
medium-range NOE connectivities involving NH,aHand H3 Cu—Atx1 protein. White, shaded, gray, and black bars indicate
protons of the CtrAtx1 protein. The thickness of the bar indicates intraresidue, sequential, and medium- or long-range connectivities,
the intensity of NOEs. (B) Schematic representation of long-range respectively. (B) rmsd per residue to the mean structure of the
connectivities of the CuAtx1 protein. Segments perpendicular to  Cu—Atx1 protein for the backbondl) and all heavy atomsY) of

the diagonal of the plot represent pairs of antiparailstrands. the REM structure family of 35 conformers.

16 are meaningful. Forty-tw&Jnu. couplings were obtained — respect to the two tensor8g 52). Ardc constraints were
from the HNHA three-dimensional spectrum, and/&@ics used together with all the other constraints since the
were measured. In total, 1286 constraints were used in thebeginning of structural calculations. The initial values of the

structure calculations. Falue values>8 and <4.5 Hz, axial and rhombic anisotropies of the magnetic susceptibility
the ¢ angle was assumed to be betweeb55 and —85° %™ tensor were estimated using a preliminary family of 20
and between-80° and —30°, respectively. ThéJyy coup- conformers obtained using only the NOE constraints. The

lings were measured at 800 and 400 MHz, and their valuesconvergence was reached after two cycles of calculations
are given in the Supporting Information. The root-mean- (the tensor had been recalculated after the first cycle of
square difference between the results of the two sets ofannealing), and the program yielded a family of conformers
experiments recorded at 800 MHz was 0.05 Hz. This value consistent with all the experimental constraints. A total of
is comparable to those previously reported for other systems42 proton pairs were stereospecifically assigned with the
(36,51) and is an estimate of the random error. This precision program GLOMSA 89). The constraints used for structure
permits reliable measurements of the small changes5 calculations and the obtained stereospecific assignments are
Hz) in W4 occurring when the magnetic field strength is reported in the Supporting Information.

increased. Furthermore, a systematic error between the The 35 conformers constituting the final DYANA family
experiments at 800 and 400 MHz may also be present. Thehave an average target function of 0:8®.14 A2 (the NOE
Ardc values require a correction, due to a dynamic frequency constraints contribute for 0.282%nd Ardc constraints for
shift (Oprs). dprs values depend on the rotational regime of 0.40 A?) and an average rmsd to the mean structure (for
the molecule 6, 52). The relative values of the principal residues 4 73) of 0.39+ 0.08 A for the backbone and 1.10
components of the inertia tensor of the -€Atx1 protein + 0.16 A for all heavy atoms. The mean deviation between
have been estimated from initial structural data and are 1, calculated and experimentalrdc values is smaller for the
0.91, and 0.60. The rotational diffusion tens@) (of the families obtained including the newrdc constraints than
Cu—Atx1 protein is thus expected to be nonisotropic and that for the initial families obtained without these constraints,
essentially axially symmetric. In this case, the valu@gfs and the R-factors 63) are 0.11 and 0.36, respectively,
depends on the relative orientations of the diffusion and CSA indicating that there has been a reorganization of the protein
tensors and on the orientation of the NH bond vector with structure to better satisfy thArdc constraints. The final
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Table 1: Statistical Analysis of the REM Family and of the Mean
Structure of the CutAtx1 Protein fromS. cerevisiae®

REM [REMO
(35 structures) (mean)

RSM violations per experimental distance
constraint (Ay

intraresidue (335) 0.0152 0.0015 0.0154
sequential (323) 0.0074 0.0017 0.0066
medium-rang®&(200) 0.0070+ 0.0018 0.0067
long-range (326) 0.0106 0.0013 0.0095
total (1184) 0.0108: 0.0008 0.0106
average no. of NOE violations per structure
intraresidue 14.& 2.5 16
sequential 4215 4
medium-range 1.8+0.9 1
long-range 6.6:1.5 6
total 26.9+3.7 27
average no. of NOE violations larger than 0.3 A 0 0
largest residual NOE violation (A) 0.18 0.13
average NOE penalty function (kJ mé) 37+5 35
42 ¢ angle constraints frofJynna couplings
average no. op violations larger thans 0.5+ 0.8 2
averagep penalty function (kJ moit) 2+1 3
60 Ardcs fromJyn couplings
averageArdc penalty function (kJ mol) 7.2+0.6 7.3
structural analysfs
% of residues in disallowed regions 0.0 0.0
% of residues in generously allowed regions 2.7 15
% of residues in allowed regions 12.8 13.8
% of residues in most favorable regions 84.5 84.7

aREM indicates the energy-minimized family of 35 structures;
[REMUis the energy-minimized mean structure obtained from the
coordinates of the individual REM structurésthe number of experi-

C-terminus

mental constraints for each class is reported in parenthestdium- Ficure 5: Backbone atoms for the solution structures of-@ix1
range distance constraints are those between residaegi + 2, i (A) and apo-Atx1l (B) proteins as a tube with a variable radius,
andi + 3,i andi + 4, andi andi + 5. 9 Results from the Ramachandran  proportional to the backbone rmsd of each residue. Helices are in
plot analysis. red andg-strands in cyan. The copper atom (blue) and the sulfur

atoms (yellow) of Cys15 and Cys18 are shown. This figure was

parameters are as followsy™" = —0.83 x 10732 m3 and generated with the program MOLMOL)
o :

mol _
Ay = 0.04x 1072 m?. These values are comparable t0 hgtein is, on the contrary, well defined with an average
those previously reported for other diamagnetic systems with 5 -khone rmsd well below 0.4 A. The higher rmsd values

nonspherical symmetry36, 54). _ of residues in loop 1 are due to the paucity of NOESs in this
Each conformer of the family was then subjected to further region (Figure 4A). This region is an external part of the

refinement with the program AMBERI®). The family has ) qtein “intrinsically experiencing a small number of NOEs,

a total penalty function of 46 6 kJ mof™. The average also because its residues (Thr, Cys, Ser, and Gly) have short

rmsd values for the family are 0.3% 0.07 A for the : : - : : : .

side chains. In addition, this region contains Ser16, which
balckbone and_%.BﬁtO.(t)r? A for all r:ea\{y atorptsr.] T?_e rlmngM has not been identified and therefore produces a break in
values per residue to the mean structure of the fina the sequential connectivities.

family are shown in Figure 4B. - .

The family of conformers was analyzed with PROCHECK-  Stability of the Cu(h-Atx1 Protein Cu—Atx1 samples are
NMR (47), and the results of the analysis are reported in not stable if the concentration Qf the protein in solution [100
Table 1. According to this program, the following secondary MM phosphate buffer (pH 7)] is higher than 2 mM. Under
structure elements were found: residuesi® (81), 17-30 these conditions, we observed the formation of a precipitate
(al), 35-39 (82), 44-49 (83), 52-63 (@2), and 66-73 when the temperature of the protein sample is increased from
(84), which are completely consistent with the analysis of 277 to 298 K. One- and two-dimensional NOESY and
the NOE patterns, as discussed before. TOCSY spectra of the supernatant solution exhibited peaks

To assess the conformation of the coordination site of due to residues belonging to secondary structure elements,
copper(l), calculations were also performed without inclusion While signals from other parts of the molecule are not visible,
of links with the copper ion. In this structure, the conforma- Pprobably due to a high degree of disorder and to exchange
tion of the two cysteines was close to that observed for the processes of NH amide protons with solvent. These regions,
refinements that include copper ion, thus indicating that the from comparison with the assignment of the native form,
cysteine conformation in the GtAtx1 protein is well defined  include loop regions (26, 28, 29, and 40) and the residues
by the experimental structural constraints. near the copper binding region (239 and 21). On the

In Figure 5A, a 35-conformer family of CuAtx1 proteins contrary, the Cua-Atx1 protein at concentrations &f1.8 mM
is represented as a tube, whose radius is proportional to theat 298 K is very stable under an,ldtmosphere in serum-
backbone rmsd of each residue. The data presented in Figuresapped tubes. This is demonstrated by the one-dimensional
4B and 5 indicate that the largest backbone rmsd values aretH NMR spectra (see Figure 1A) which remain constant even
obtained for residues 2, 3, 13, 14, and 16; the rest of theif recorded after several months.
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_StrUCtural Characterization of Reduced Apo-A_t)dl_]. Table 2: Statistical Analysis of the REM Family and of the Mean
Figure 1, the'H NMR spectrum of the CuAtx1 protein is Structure of Apo-Atx1 fromS cerevisiae®
compared with that of the apoprotein. The two spectra are REM REMD
very similar in the methyl and methylene region. Some (35 structures) (mean)

differences are present in the NH region due to small shifts rgm violations per experimental
and to disappearance of some resonances. Inspection of thdistance constraint (&)

18N HSQC map recorded for the apoprotein (data not shown) 'S”;'irgﬁt'l‘;‘f‘éfg)“) 8-88% 8-88% 8-8182
at 298 K and comparison with the analogous spectrum of mﬁdium_rang@(zos) 0.0040+ 0.0026 0.0050
the Cu(l) protein show that cross-peaks assigned to amide long-range (399) 0.006@ 0.0012 0.0054
protons of residues 14 and 168 are not present. Other total (1252) o 0.0088: 0.0009 0.0092
residues (9, 12, 13, 15, 2@2, and 26) display a change avfgfrgfe';?dfg NOE violations per structure 5326 15
(larger than 0.2 ppm) in th&N shift. Again, two sets of sequential 4.0-1.6 5
signals can be detected in tibl-labeled sample for the same medium-range 13£1.0 1
amide NHs as in th&#N Cu—Atx1 spectrum. The assignment Lg?g'range ) 44& é‘z‘ 2;4_)

of the major A form has been performed through the analysis ,yerage no. of NOE violations larger 0 0
of two-dimensional TOCSY and NOESY maps and of the  than0.3A

IH—15N HSQC spectrum. Signals of 68 of 72 residues have largest residual NOE violation (A) 0.19 0.13
. average NOE penalty function (kJ mé) 30+4 30
been located. Residues 2 and-1i8 and NHs of Glu3 and ¢ ctural analysfs
Thr14 have not been identified at 298 K. HSQC, NOESY, % of residues in disallowed regions 35 3.1
and TOCSY spectra of apo-Atx1 were also recorded at 278 Z;OOI reS?gues in gﬁnerodusly allowed regions 2022-0 123-31
H H H H H 0 Or resiaues In allowed regions . .
K in an attempt to identify missing resonances. The NH of % of residues in most favorable regions 242 815

Thr14 and the whole pattern of Cys18 were assigned at this — = -
temperature. The &dprotons of Gly17 were also tentatively —_>REM indicates the energy-minimized family of 35 structures;
. dth héd—HN(i i+1) dipol tivities. With [REMUis the energy-minimized mean structure obtained from the
assigne _rouQ (ii ) Ipolar conneécuivites. ' coordinates of the individual REM structurésThe number of experi-
the exception of the latter signals, the others are sizably mental constraints for each class is reported in parentheseium-
shifted with respect to the corresponding peaks in thee Cu range distance constraints are those between residamgi + 2, i
could be located in the maps at 298 K. THé¢ and 15N plot analysis.
resonance assignment is reported in the Supporting Informa- ) ) ]
tion for both 298 and 278 K measurements. In Figure 5B, a 35-conformer family of apo-Atx1 is
The pattern of the assigned NOEs indicates the presencdepresented as a tube, whose radius is proportional to the
of the same secondary structure elements as in theABd backbone rmsd of each residue. The largest backbone rmsd
protein except for helix1, which is shortened from residues Values are obtained for residues at the N-terminus and for
17-30 to 21-28. The absence, even at low temperatures, the region of residues 123, containing loop 1 and the
of strong sequential and medium-range connectivities, char-Peginning of helixal. This region contains Serl6, Gly17,
acteristic ofa. helical secondary structure, for residues-17 ~ and Cys18, which are not detected at 298 K. The NOEs
20 in apo-Atx1 indicates that these residues are not involvedobserved at 278 K are consistent with the structure of apo-
in ana helical structure. Atx1, calculated at 298 K. However, because these NOEs
In total, 2380 NOESY cross-peaks were assigned andare mea;ured at a di_fferent temperature, they were not
integrated. These were transformed into 1568 unique upperincluded in the calculations. . . .
distance limits, of which 1252 are meaningful. The average The region of residues 123 is well defined in the
number of NOEs per residue is 22, of which 17 are oxidized apoprotein (with a disulfide bridge between the
meaningful. A total of 38 proton pairs were stereospecifically CYs15 and Cys18) recently determined by X-rag)( but it
assigned with the program GLOMSAY). is disordered in the reduced X-ray apo structure (A. C.
The 35 conformers constituting the final DYANA family ~Rosenzweig, personal communication).
have an average target function of 0.820.18 A and an

) DISCUSSION
average rmsd to the mean structure (for residues3} of
0.684+ 0.13 A for the backbone and 1.690.12 A for all Intracellular copper trafficking requires partnerships be-
heavy atoms. tween diffusible metal receptors known as metallochaperone

Each conformer of the family was then subjected to further proteins and their targets. While yeast two-hybrid assays
refinement with the program AMBER4B). The family has indicate a copper-dependent interaction of the Atx1 copper
a total penalty function of 3& 4 kJ mol?, corresponding  receptor with the membrane-bound intracellular copper
to an average target function of 0.13.AThe average rmsd  transporter Ccc27), metal-dependent conformational changes
values for the family are 0.6% 0.12 A for the backbone in the Atxl structure itself have yet to be elucidated.
and 1.004 0.12 A for all heavy atoms. The quality of the Comparison of the Cu and apo forms®fcerevisiae Atx1
structure is provided by the parameters reported in Table 2.provides such insights and expands the copper capture and

The family of conformers was analyzed with PROCHECK- release mechanism proposed for this metallochaperone.
NMR (47). According to this program, the following Comparison between the Structures of Reduced Apo- and
secondary structure elements were found: residues25  Cu(l)—Atx1l Proteins. The solution structure of theS
(A1), 21-28 (al1), 33-39 (B2), 44-49 (53), 52-63 (2), cerevisiae Cu—Atx1 protein exhibits g8aSfaps fold with
and 66-73 (34). In addition, a % helix was found for the Cu(l) ion coordinated by two cysteine residues, Cys15
residues 4642. (in loop 1) and Cys18 (in helix.1). The overall folding of
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Ficure 6: (A) Backbone drawing of CuAtx1 (green) and apo-
Atx1 (blue) proteins. The copper ion is in blue; the sulfur atoms of
Cys15 and Cysl18 are in yellow, and th€ Btom of Lys65 is in
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RMSD (A)

30 40
Residue number
Ficure 7: rmsd per residue for backbone atoms within the 35-
conformer families of the apo-Atx2+¢) and Cu-Atx1 (—) proteins

and between the mean energy-minimized structures of the two
families (—-—). The sum of the rmsd values per residue for the
two families of structures is also shown (- - -).

S0 60 70

loops 1 and 3. The rmsd values for strgi@l and loop 3
drop below the average value when the two structures are
superimposed locally, indicating that the structural differ-
ences in these regions originate from translational displace-
ments of the entire region while the local conformations are
well maintained. On the contrary, heli®l and loop1, which
constitute the copper binding region, show a difference also
in the local rmsd. This correlates well with the observed
changes in the helical character of residues-20 (see
above).

Copper is bound to the protein through bonds with the
sulfur atoms of Cys15 and Cys18. In the -€Aitx1 protein,

red. The secondary structure elements are indicated. (B) Backbonggop 1 (containing Cys15) and the beginning of hedit
drawing of Cu-Atx1 (green), apo-Atxl (blue), and X-ray Hg he (containing Cys18) are well defined (see Figure 5A). The

Atx1 (magenta) structures. The copper ion is in blue and t : . Lo
mercury ion in gray; the sulfur atoms of Cys15 and Cys18 are in conformation of Cys18is very similar in all the conformers

yellow, and the N atom of Lys65 is in red. The secondary structure
elements are indicated.

apo-Atx1l is essentially identical to that observed for the
copper- or mercury-bound form of the protein with the
exception that helixx1 is shorter by one helical turn at the
N-terminus. In Figure 6A, the mean energy-minimized
structures of the Cu and apo-Atx1 structures are superim-
posed. The global rmsd values for the-€and apo-Atx1
pair are 1.53 and 1.96 A for backbone and all heavy atoms,
respectively. The rmsd for backbone atoms per residue is
reported in Figure 7«-—), and it is compared to the rmsd
per residue for each family [apo-Atx2-{) and Cu-Atx1

(—)] and the sum of the rmsd values to the mean structure
of the two families (- - -). Regions where the rmsd between
the two mean minimized structures is larger than the sum of
the rmsds of each family indicate conformational differences.

The largest backbone rmsd value between the two structures

is found for the Cu(l) binding residue, Cys18 (5.86 A).
Sizable differences are also found for residues 15, 19, 25
30, 34-42, 48, and 5462, the majority of which are in the
two a helices.

The conformational differences between the apo- and holo-
protein are delineated for each secondary structure elemen
in Table 3, where the rmsd values for the residues in the

given secondary structure element are calculated by super-

imposing either all residues (global rmsd) or three residues
at a time (local rmsd). The highest global rmsd values for
Cu— versus apo-Atx1 are found for helixl, strands2, and

E

of the Cu-Atx1l family, while Cysl15 is less ordered.
Calculations of solvent accessibility on the-€Atx1 struc-

ture reveal that 25% of the total surface area of Cysl5 is
exposed to the solvent, while Cys18 is buried with less than
3% accessible surface. In the apo-Atx1 structure, the most
dramatic difference is observed for Cys18 which becomes
more solvent accessible with45% accessible surfaée.
Cys15 flips from “in” to “out”, and the number of residues
making up loop 1 increases upon loss of copper. This is
confirmed by the fact that, also at low temperatures, there
are not the typical connectivities of an helical structure

for residues 1720 upon release of copper (see above).
Amide NHs of residues 17 and 18, belonging to helikin

the Cu-Atx1 structure, are not detected at 298 K in apo-
Atx1, probably due to solvent exchange and/or to confor-
mational exchange phenomena.

Copper occupancy alters some secondary structure ele-
ments more than others. Superposition of the two average
structures (Figure 6A) reveals that strartls 53, andfp4

do not change much upon loss of copper, while a large global
rmsd was found for stranf2. Helix a2 is ordered to the
same extent in both structures but appears to undergo a
ranslational movement. The global rmsd @2 is larger

han the sum of the rmsd values of each family (see Figure

3This number should be taken as qualitative as no NOEs are
available for Cys18 of apo-Atx1. Nevertheless, the backbone NOEs
detected for this residue at 278 K define the-€Cj orientation and
are consistent with the family of structures calculated at 298 K.
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Table 3: Comparison of the CuftAtx1l Solution Structure with the Reduced Apo-Atx1 Solution Structure and the HgAtR1 X-ray
Structuré

global backbone local backbone global backbone local backbone

secondary rmsd between NMR rmsd between NMR rmsd between NMR rmsd between NMR
structure residue Cu(l)— and apo-Atx1 Cu(l)— and apo-Atx1 Cu(l)= and X-ray Cu(l)— and X-ray
element range A A Hg(I)—Atx1 (A) Hg(I)—Atx1 (A)

pl 5-12 0.88 0.18 0.70 0.17

al 17-30 2.02 0.40 1.13 0.22

p2 35-39 1.65 0.20 0.91 0.16

A3 44-49 1.00 0.20 0.44 0.13

o2 52-63 1.08 0.11 1.25 0.12

pa 66-73 0.70 0.17 0.68 0.18

loop 1 13-16 1.50 0.72 2.09 0.46

loop 2 3134 1.04 0.30 1.04 0.45

loop 3 40-43 1.60 0.15 0.82 0.16

loop 4 50 and 51 0.74 0.12 1.06 0.14

loop 5 64 and 65 1.17 0.30 1.14 0.30

aBackbone rmsd values for each secondary structure element are obtained by superimposing either all residues (global rmsd) or three residues
at a time (local rmsd).

7), but the local rmsd is quite small (see Table 3). In between the two structures are observed for helices and loops
particular, helixa2 and loop 5 of apo-Atx1 move away from 1 and 5. Helixa2 and loop 5 undergo a translation (see
the copper binding region. The movement of loop 5 is Figure 6B), the largest displacements between the two
consistent with the change in several long-range NOEs of structures occurring for the backbone atoms of residues 54,
residues in the helix. For example, in the-€Atx1 spectrum, 61, and 64. In the vicinity of the metal binding region, the
a NOESY cross-peak was identified between thiegrbton side chain of Lys65 has a different position with respect to
of Val25 (1) and an H proton of Lys59 (2). This peak the metal ion and its Cys ligands. In the HgtAtx1 crystal
was not detected in the apo-Atx1 spectrum, which displayed structure, the 1§ atom of Lys65 is closer to the sulfur of
in its turn two new cross-peaks between the Bind H3 Cys18 (3.9 A) than to the sulfur of Cys15 (7.2 A), while in
protons of Val25 and the-CH; group of Thr63 ¢2). In the mean minimized CuAtx1 solution structure, the &is
apo-Atx1, lle60 ¢2) lost an inter-residue connectivity with  very close to the sulfur of Cys15 (2.9 A) and is farther from
Valll (31), but two new NOESY cross-peaks are present Cys18 (5.0 A). Cys15 in loop 1 is the residue with the highest
between the A protons of Phe9A41) and thed-CHs group backbone rmsd value between the -Ciand Hg-Atx1l
of lle60. These differences, and other consistent changes instructures (3.0 A), and its side chain points toward loop 5
NOE intensities, are consistent with a slight translation of containing Lys65 when copper is bound. This variation in
helix a2 as it occurs when passing from €uo apo-Atx1. the conformation of loop 1 in the CtAtx1 structure with
Other observations suggest that loop 3 is close to loop 1respect to the HgAtx1 structure results in a significantly
as long as the metal is bound to the protein. A change in thedifferent position of the metal ion: the mercury ion is closer
long-range NOE pattern is also observed for residues 40 to the surface than copper.
43 forming loop 3. For instance, in the €Atx1 spectrum, It is interesting to note that crystallization of the Cu{l)
some NOESY cross-peaks were detected between the sidé\tx1 protein was attempted; however, the metal binding loop
chain protons of Leu40 (loop 3) and the HN and prrotons was disordered, and no ordered copper was obse2®d (
of Met13 (loop 1) and the HN and/Hprotons of Ser190(1), The same disorder was found in the crystals of the reduced
which are lost in apo-Atx1. In the latter form, there are new apo structure. On the contrary, if Hg is bound or a disulfide
peaks between the side chain protons of Leu40 and the HNbridge is formed between the sulfur atoms of Cysl15 and
group of Cys15 (loop 1). In addition, the intensities of cross- Cys18 as in oxidized apo-Atx1, the loop becomes ordered
peaks between theddand H3 protons of Leud40 and the (25). A comparison of the structures of Hg-bound and
e-NH group of GIn43 (loop 3) increase when copper is oxidized apo-Atx1 showed that the metal binding site is able
absent. to accommodate both two- and three-coordinated geometries
In the Cu-Atx1 protein, a hydrogen bond is formed (25). Extended X-ray absorption fine structure analysis of
between one:-NH group of GIn43 and the carbonyl of the Cu(l}-Atx1 protein similarly indicated that copper(l) is
Metl13, which is not present in the apo structure as bound to two CySteineS with a more distant interaction with
demonstrated by the different set of NOEs in this region. & third unidentified ligand, but is also consistent with a
These differences are consistent with a translation of loop 3 Mixture of two- and three-coordinate speci& (
away from the metal binding loop upon loss of copper. This  Copper Coordination Esronment. In the Hg-Atx1

translation is supported by analysis of Table 3. protein, the metal coordination is linear as expected for
Comparison between the X-ray Hé\tx1 and NMR Ctt Hg(ll) (55), while in the present CtAtx1 structure family
Atx1 StructuresThe crystal structure of th& cerevisiae of 35 conformers, there is a spreading in the values of the

Hg—Atx1 protein has been recently determiné$)( The S—Cu—S angle (120t 40°), suggesting that coordination
global rmsd values between the two mean minimized May not be fixed, but Cu(l) probably prefers a coordination
structures are 1.12 and 1.72 A for backbone and all heavynumber of>2.

atoms, respectively. Th¢ sheet and loop 3 are well X-ray absorption spectr&) indicate that a more distant
superimposed (see Table 3), and the highest rmsd valueghird atom at 2.4 A, from either a buffer molecule or a protein
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FiGure 8: Mean minimized solution structure of the €Atx1
protein. Residues in the vicinity of the copper binding site are
indicated.

side chain, can also interact with the Cu(l) center. Protein-
based atoms that approach copper (see Figure 8) include th
N¢ atom of the side chain of Lys65 (GIN = 5 4+ 1 A),
which belongs to loop 5, or theyOatom of Thr14 (Cu-O
=6+ 1 A) and Met13 (Cu-S = 7 £+ 1 A). The average
positions are not close to the Cu(l) to account for the X-ray
absorption data; however, when thg tom of Lys65 is
constrained to a CuN distance of 2 A, no structural
violations are observed. While this suggests that the protein
fold can accommodate a close approach of Lys65 to the
copper, it does not resolve the identity of the distant atom
in the EXAFS data.

In the Cu-Atx1 protein, Cys15, belonging to loop 1, is
more solvent exposed than Cys18, which belongs to helix
ol. After the copper release, i.e., when the apoprotein is
formed, the amide NH of Cys18 is not detected anymore at

298 K, and this disappearance could be ascribed to exchange

with solvent or to conformational exchange phenomena of
this residué’. On the contrary, the amide NH of Cys15 can
still be detected in the NMR spectra of the apo form of the
protein. The different trend in signal detectability for Cys18
and Cysl15 can indicate that Cysl15, which is the most
exposed, interacts with Ccc2 when the protgimotein
complex is formed, while Cys18 is detached at first from
copper coordination in Atx1, thus becoming more mobile.
As mentioned before, two sets of signals are found in the
NMR spectra of*N-labeled samples (see Figure 2) for NH
groups of residues belonging to loop 1, heliegdsanda.2,
and loop 5, due to the presence of two species. A clustering
of seven lysine residues, in positions 24, 28, 59, 61, 62, 65,

and 71, generates a positively charged face on the molecule

as shown in Figure 9, and five of these residues show a
doubling of the signals. In particular, Lys65, which is very
close to copper, shows two sets of signals.

Comparison of the HgMerP, Apo-CopZ, and CuAtx1
NMR Structures.The Cu-Atx1 structure can also be
compared with the Hg-bound solution structure of Me2B)(

a mercury detoxification protein from bacteri6(-59), and
apo-CopZ 26), which has been proposed to serve arole like
Atx1 in the bacteriuntn. hirae(60, 61). A structure-based

4 Mobility studies (manuscript in preparation) show that loops 1 and
5 and helicesx1l (N-terminus) andx2 (C-terminus) are involved in
larger mobility in the millisecond to microsecond time range in the
apo form with respect to the holoprotein.
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Lys 28
Lys 24

Arg 68 Lys 59

Lys 61
Lys 62

Ficure 9: Electrostatic surface representation of the copper form
of Atx1. The positively charged, negatively charged, and neutral
amino acids are represented in blue, red, and white, respectively.
The residues that can play a role in molecular recognition and

&opper transfer are indicated. This figure was generated with the

program MOLMOL @é8).
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Ficure 10: (A) Sequence alignment of the Atx1 amino acid
sequence with the sequences of other structurally characterized
pappap proteins. The positions of the Atx1 secondary structure
elements determined from the mean minimized copper-bound
solution structure are shown at the top. As noted in the text, helix
al is shorter by one full turn in the apo form. strands are in
blue, a. helices in orange, and loop regions in yellow. Each se-
quence is shaded according to its secondary structure element as
well: Hg(ll)—MerP, periplasmic mercury transporter fr@higella
flexinery(PDB entry 1AFJ); and apo-CopZ, bacterial copper protein
from En. hirae(PDB entry 1CPZ). Residues that are highly similar
or conserved are indicated, respectively, by the symbaisd *
below the sequences. (B) Backbone drawing of-@tx1 (green)

and Hg-MerP (blue) structures. The copper ion is in blue and the
mercury ion in gray; the sulfur atoms of Cys15 and Cys18 are in
yellow, and the N atom of Lys65 is in red. (C) Backbone drawing

of Cu—Atx1l (green) and apo-CopZ (orange) structures. The
secondary structure elements are indicated.

sequence alignment of Atx1 with these proteins is reported
in Figure 10A. The protein fold is similar in all cases. The
overall backbone rmsd value is 4.4 A between the-Bix1
and Hg-MerP structures and 4.1 A between the-@\tx1
and apo-CopZ structures. The major structural changes are
represented by translations, lengths of the secondary structure
elements, and variations in loop size.

Comparison of the CuAtxl and Hg-MerP proteins
(Figure 10B) reveals that the largest displacements are found
for helix a1l and loops 1 and 3. Loop 1 in the HylerP
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structure is extended toward the solvent, and the position of copper(l) coordination by the sulfur atoms of Cys15 and

Hg(ll) is more external than that of Cu(l), as found in the Cys18. In addition, the peptide dipoles of the first turn at

Hg(ll)—Atx1 crystal structure. Intriguingly, both metal the N-terminus of helbol and the positive charge of the

binding Cys residues are in loop 1, and halik is shorter side chain of Lys65 create a more positive potential which

in the Hg—MerP structure. Other conformational differences stabilizes the negative charge of the Cu(l) bis-thiolate center.

exist in helixal, loop 3, and loop 5, while thg-sheet is Metal-induced stabilization of helixx1 in the Cu-Atx1

superimposed well. structure, due to a decrease in mobility or in the level of
The structure of the apo form of CopZ is well defined in solvent exposure, can be functional. In fact, residues 17

loop 1 (26), at variance with that of the present apo-Atx1 20, constituting the first turn of helixx1, determine an

structure. Addition of copper to CopZ led to aggregation and attractive interaction between the field generated by the helix

broadening of the signals in loop 1 and prevented any directand thiolates, whereas they are not assigned to a helical

structural analysis of the copper binding regid6)( In structure in apo-Atx1. Finally, the approach of Lys65 toward

contrast, copper makes loop 1 of Atxl more ordered and the copper site, favored by a translation of heliX in the

less exposed to the solvent. Surprisingly, loops 1 and 3 in Cu—Atx1 structure, could represent rearrangement of the

apo-CopZ are similar to those of the €Atx1 structure protein structure for optimization of electrostatic interactions

(Figure 10C), suggesting that, unlike apo-Atx1, the metal upon copper binding.

site in apo-CopZ is preorganized to some extent. This may

be related to other significant differences between Atx1 and ACKNOWLEDGMENT

Copz, including the surface charge. We thank Prof. G. Moneti for recording mass spectra on
Conclusions and Mechanistic Implicatiorfour remark- the 15N-labeled apo-Atx1.

able features emerge from comparison of the superimposed

structures (see Figure 6B): (i) Th&sheet orientation is  SUPPORTING INFORMATION AVAILABLE

unchanged upon metal coordination; however, helik

extends by one full turn for both metal-bound structures. (ii)

Helix a2 is well superimposed in the apo and Hg structures

and is translated with respect to the Cu structure. (iii) Loop

3 (residues 4643) is similar in the Cu and Hg structures. - X o X

(iv) Loop 1 becomes more solvent exposed when passingthe Cu(l)_—Atxl protein. This material is available free of

from the Cu- to Hg—Atx1 protein and finally to apo-Atx1. ~ charge via the Internet at http://pubs.acs.org.
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