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ABSTRACT. A sequence with a high homology (39% residue identity) with that of the copper-transport
CopZ protein fromEnterococcus hiraeand with the same MXCXXC metal-binding motif has been
identified in the genome dacillus subtilis and the corresponding protein has been expressed. The protein,
constituted by 73 amino acids, does bind copper(l) under reducing conditions and fully folded in both
copper-bound and copper-free forms under the present experimental conditions. The solution structure of
the copper-bound form was determined through NMR spectroscopy &iNdabeled sample. A total of

1508 meaningful nuclear Overhauser effects, 38 dihepliagles, and 48 dihedrgl angles were used

in the structural calculations, which lead to a family of 30 conformers with an average rmsd to the mean
structure of 0.32+ 0.06 A for the backbone and of 0.850.07 A for the heavy atoms. NMR data on the
apoprotein also show that, also in this form, the protein is in a folded state and essentially maintains the
complete secondary structure. Some disorder is observed in the loop devoted to copper binding. These
results are compared with those reported for CopZ fEarhiraewhose structure is well-defined only in

the apo form. The different behaviors of copper-loa&edhirae andB. subtilisare tentatively accounted

for on the basis of the presence of dithiothreitol used in the latter case, which would stabilize the monomeric
form. The comparison is extended to other similar proteins, with particular attention to the copper-binding
loop. The nature and the location of conserved residues around the metal-binding site are discussed with
respect to their relevance for the metal-binding process. Proposals for the role of CopZ are also presented.

The genome sequencing of organisms makes available azed in the metal-free reduced forrhl). The EhCopZ was
large number of proteins which require structural character- proposed to interact with a copper-responsive repressor,
ization. A reasonable approach to this requirement is that of CopY (12), and two copper-transporting ATPases, CopA and
studying the proteins involved in a given function. Among CopB (1, 13.
the many functions in living organisms, copper homeostasis  Within the frame of a research aiming at the characteriza-
is raising more and more attentioh, (2); copper is a trace  tion of proteins involved in copper homeostasis, in order to
element which is essential because of its catalytic propertiesunderstand the mechanism of copper trafficking, we have
in enzymes. This metal ion enters the cell and is ultimately selected to browse the genomeBzcillus subtiliswhich is
incorporated into the appropriate active sites through pro- again a Gram-positive bacterium. The search was carried out
cesses which are being uncoverdd 8, 4. On the other  using as a template the sequenc&atcharomyces care
hand, free copper ions can cause serious cell damage througbiae Atx1 (yAtx1 hereafter), a protein involved in copper
radical formation; therefore, the careful regulation of intra- transport in a yeast cell, as an example of eukaryotic
cellular copper concentration is requires, ©). Recently, organisms 14), of MerP, which is involved in mercury
metal-ion chaperones have been identifiddq, §, which transport in Gram-negative bacterg,(and of EhCopZ11)
are part of the cellular metabolism in eukaryotes and itself. We found a gene encoding a protein, which we call
guarantee that the metal ions are delivered to the variousBsCopZ hereafter, whose sequence is significantly homolo-
organelles and eventually to the target proteins, being, in all gous with that of the above proteins (with an identity of 28%
of the steps, always coordinated to a protelin4). to yAtx1, 35% to MerP, and 39% to EhCopZ). Then, it was

Less is known in prokaryotic organismg, (4, 6, 9. decided to pursue its expression and purification in order to
Furthermore, because of the different cellular organization attempt to solve the solution structure of the copper-bound
of Gram-positive and Gram-negative organisms, different protein by taking advantage of our experience in handling
pathways and chains of proteins are expected. For examplecopper-transport proteind%). The findings are instructive
in Enterococcus hirag a Gram-positive bacterium, one of in comparison with both the results available on EhCopZ
the copper-transport processes is performed by a protein,and the structures of other copper-transport proteins.

CopZ (EhCopZ hereaftef;0), that is structurally character-
EXPERIMENTAL PROCEDURES
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in the genome oB. subtilis (16) was selected for its high  column. The minor contaminant proteins were retained in
homology with the amino acid sequence of EhCopZ, yeast the column, and the BsCopZ without the (Hitdg was
Atx1 (yAtx1) and MerP and for the presence in the sequenceeluted in buffer A. The purity was checked by sodium
of the MXCXXC metal-binding motif in the amino acid dodecyl phosphatepolyacrylamide gel electrophoresis in
sequence. BLAST and EXPASY programs (in NCBI and 22% polyacrylamide gels after the staining of the protein
SWISSPROT http servers) were used for the analysis, bands with Coomasie Blue R-250. Up to 10 mg of the pure
alignment, and comparison of nucleotide and amino acid protein was obtained in the LB medium and up to 4 mg in
sequences. the M9 medium per liter of bacterial culture. The molecular
Primer Design and Preparation of the Expression Vector mass of the purified protein was 7826 or 7834 Da when it
with the Gene bscop®ligonucleotides corresponding to the was produced in either the LB or M9 medium, respectively.
N-terminal sequence (Ntbscopz!-6GggatccATCGAAG- This means that the protein obtained in the LB medium is
GTCGTATGGAACAAAAAACATTGCAAG-3') and re- 32 £ 2 Da higher than the theoretical molecular mass
verse and complementary to the C-terminal sequence (Ctb-calculated from the amino acid sequence, which could
scopz: 5TATTctcgagACGACCTTCGATCTTGGCTAC-  correspond to the introduction of two oxygen atoms. A 32
GTCATAGCCCTG-3) of the genébscopavere synthesized Da excess is sometimes found in polypeptides containing
(Beckman oligo 1000 M synthesizer). Both of the oligo- methionine residues, as occurs in the present protein, because
nucleotides presented a factor Xa recognition site (under-methionine can easily oxidizel9). When the protein is
lined) and BanHl and Xhd restriction enzyme sites, grown in an M9 medium, the molecular mass is#42 Da
respectively, at the'sends (lowercase). These oligonucle- higher than expected. This 41 Da increase is found for
otides were used as primers and genomic DNA extracted N-acetylation of either the amino terminus or &h&lH, of
from B. subtilis following the protocol described by Marmur  one of the lysines in the proteir2@. The molecular mass
(17), as a template in polymerase chain reactions (PCR) for was not determined for the copper-loaded form as the copper
the amplification of genéscopz The reactions were carried ion is exposed to the solvent and therefore is easily lost
out in 100uL, using 1ug of DNA, 20 pmol of each primer,  during electrospray ionization mass spectroscopy (ESI-MS).
and 2.5 U of Amplitaq (Perkin-Elmer Cetus) and 333 K as The first five amino acids (MEQKT) were sequenced for
annealing temperature. The PCR products were separatedhe 1°N-labeled sample, which showed the same retention
on 1.5% agarose gels in a TAE buffer, purified using a Qiaex time as the standard amino acids, thus revealing that no
Il gel extraction kit (Qiagen), and tHganH|—Xhd fragment modification exists in this segment composition. The value
together with a sequence encoding an (ia)y was cloned  obtained fore,go was 2200 M cm™. The Cu/protein ratio
into pET21a (Novagen), yielding pET2bscopzSequenc-  was 0.77, similar to that found for the copper chaperone
ing of the engineeretdscopzgene was achieved using an yAtx1 from S. cereisiae (21). The copper-loaded form was
automatic sequencer ABI 377. the predominant species in the NMR samples, and its signals
Expression and Purification of Recombinant BsCopzZ were well-identified with respect to the signals because of
Escherichia colDH5a (Life Technologies) was used as the the apo form.
host strain for cloning and for plasmid propagati&n.coli After the purification, the protein samples were kept under
BL21 (DE3)pLysS (Novagen) was used as the host strain reduction conditions with dithiothreitol (DTT) in an inert
for the expression of BsCopZ. The BL21 (DE3)pLysS cells atmosphere.
containing pET2%bscopzwere grown at 310 K and 120 Protein Characterization ;30 was estimated by the
rpm in an induction medium containing 50g/mL of Bradford assay (Biorad) using immunoglobulin G as a
ampicillin to an optical density of 0.6 at 600 nm. Then, IPTG standard, and the resulting value was used for the determi-
was added to a final concentration of 1 mM, and the cells nation of the protein concentratiogfo= 2200 Mt cm1).
were further incubated at 310 Kif& h in an LBmedium The molecular mass was determined by ESI-MS using an
or for 24 h in an M9 mediumi(8). For the expression of the  API 365 ESI-MS instrument (Applied Biosystem) equipped
15N-labeled protein, the M9 medium contained 1 g/L of with a Perkin-Elmer HPLC and an autosampler series 200.
15NH4(SOy), as a nitrogen source. The cell pellet, obtained For the HPLC, a chromatography column Jupiter C5x50
by the cultures, was resuspended in buffer A (20 mM-Na 4.6 mm (Phenomenex), was used. The N-terminal sequence
HPQ;, 1 M NaCl, 5 mM imidazole, pH= 8.0) and stored at ~ was obtained by automated Edman degradation in a Perkin-
253 K overnight. After being thawed, the suspension was Elmer/Applied Biosystems Procise 494 sequencer.
sonicated and centrifuged. The soluble fraction containing Sample PreparationsThe apoprotein sample was kept
the (His)-tagged recombinant BsCopZ was loaded onto a reduced by the addition of DTT in anaerobic conditions. The
HiTrap 5 mL affinity column (Amersham Pharmacia Bio- copper(l) derivative was prepared following the procedure
tech) previously charged with Zn The column was  described by Pufahl et al14) for the copper chaperone
consecutively washed with 50 mL of buffer B (20 mMNa  yAtx1 with some modifications. DTT (20-fold molar excess
HPO,, 1 M NaCl, 20 mM imidazole, pH= 8.0) and 50 mL relative to protein) was used as a reductant. All of the
of buffer C (20 mM NaHPO,, 1 M NH.CI, 20 mM manipulations were carried out under an inert atmosphere
imidazole, pH= 8.0). The proteins attached to the column, at 277 K. The copper content was checked through atomic
including (His}-tagged recombinant BsCopZ, were eluted absorption measurements with a GBC 903 instrument.
with 10 mL of buffer D (20 mM NaHPQO,, 1 M NaCl, 20 The NMR samples contained about 2 mM protein and
mM imidazole, 50 mM EDTA, pH= 8.0). The restriction = were prepared in a 100 mM sodium phosphate buffer, pH
protease factor Xa (Roche diagnostic) was used to cut the= 7.0.
(His)s-tag, and the reaction product was dialyzed against NMR ExperimentsThe NMR experiments for the signal
buffer A and loaded again onto the HiTrap 5 mL affinity assignment of BsCopZ were recorded on a Bruker Avance
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700 spectrometer operating at 16.4 T. All of the experiments with respect to the copper. To prove the conformation of
were performed with a triple-resonance 5 mm probe at 300 the coordination site of copper(l), calculations were first
K on a®*N-labeled sample. The NMR data were processed performed without the copper ion.

with the XWIinNMR software, and the spectra analysis was A total of 500 random conformers were annealed in 10 000
done with XEASY @2). _ steps using the above constraints. The 30 conformers with
For the Cu(l)-bond protein, the spectral window for both  the |owest target function constituted the final family.

proton dimensions in homqnpclegr two-dimensional NOESY Refinement was performed as restrained energy minimiza-
(2D NOESY;23, 100 ms mixing time) and 2D TOCSY4, tion (REM) with the Sander module of the program AMBER
80 ms spin Iockstlme) was 8865 Hz for 10241024 dat"?‘ 5.0 to each member of the family83). The force-field
pomtts. IT h_e dZDl N:‘_'sss%g expeéllnggn&'\\/lv alj c?llelc(t)eéti kel parameters for the copper(l) ion are taken as those in similar
spechral windows o 1) x ) Hz for x systems §2). The electrostatic potentials mapped onto the

256 data points, and phase sensitivity improvement using - :
an Echo/Antiecho gradient selection was appli2g).(The :Augﬁfﬂeoif (tg:; proteins were calculated with the program

three-dimensional (S3O0PN-NOESY-HSQC and®N-TOCSY-

HMQC 26) were collected with spectral windows of 8865  1he program CORMAZS), which is based on relaxation
((H) x 3125 (5N) x 8865 {H) Hz using 1024 H) x 80 matrix calculations, was used to back calculate the NOESY

(*N) x 256 (H) data points. To obtaifJunma coupling cross peaks from the structure at various stages of its

constants, a 3D HNi experiment27) was carried out using calculation, to assign a few more NOE cross peaks between
spectral windows of 9124'1) x 3125 £5N) x 9124 (H) already assigned resonances, and to qualitatively assess the
Hz for 1024 ¢H) x 32 (5N) x 256 (H) data points. In all whole NOESY map assignment on the basis of the agreement

of the experiments, water suppression was obtained with thebetween the NOEs calculated on the final structures and those

Watergate sequences). from the experiment.

On the apo formN-HSQC,**N-TOCSY-HMQC, 5N- The quality of the structure was checked through the
NOESY-HSQC, and 2D NOESY spectra were recorded in Ramachandran analysis using the program PROCHECK-
the same conditions as those for the copper-loaded sampleNMR (36).

For all of the spectra, shifted sine bell functions were used
to apodize the data. The data were zero-filled once in indirect RESULTS AND DISCUSSION
dimensions before Fourier transformation.

Constraints Used in the Structure Calculatiofifie peaks
used for the structure calculations were integrated in the 2D
NOESY and 3D ™N-NOESY-HSQC experiments. The
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
(29). All of the NOE cross peaks were divided into different

The amino acid sequences of EnCopZ, yAtx1, and MerP
were used in the search of nucleotide sequences codifying
equivalent proteins in the genome &. subtilis Such
sequences correspond to the only soluble copper chaperones
for which the structure is known, either for the copper-
depleted or the copper-loaded form or for bathi (37, 38.

The sequencgugY in the B. subtilisgenome, which was
classes according to the nature of the protons involved, andmitiallly de_scri.bf—:-d as a probable mercuric iqn—bin.ding pmt‘?i“
(16), was individuated. It encodes a protein which contains

each class was calibrated independently. The calibration __— . .
curves were adjusted iteratively as the structure calculationsthe MXCXXC metal-binding motif a’?d which we then called
sCopZ. We called the correspondiygY gene thebscopz

proceeded. Stereospecific assignments were obtained usin ene. The identity degree between protein BsCopZ and

the program GLOMSAZ9). . 0 S p .
3JunHe coupling constants were obtained from the ratio Ehglct)_?zt_ls 33%, wh|ch.(|jncredas_|e_ﬁ to 52/‘; et COQ.Sirva;'r\]’e
between the intensity of the diagonal peak and that of the ,[S# s ';J |0nds a.rt(ra] f[:r?ns' eretz - 1hese r\]/a ues are Atlglerzg;n
cross peak of the HN&d map. The scalar coupling constants ose found wi € yeast copper chaperone yAlx ( °

and 38%) and the mercury resistance periplasmic protein

were correlated to the backbone torsion angldsy means 0 0 . .
of the appropriate Karplus curv@®). For 3Jame values of MerP (35% and 51%), as is reasonably expected (Figure 1).

>7.5 and<5 Hz, theg angle was assumed to be between The genebscopzs immediately preceded, in the genome
—155 and—80° and between-70° and—3(°, respectively. ~ Of B. subtilis,by a sequence encoding a putative metal-
Y torsion angle constraints, for residisel, were determined ~ transporting ATPasel). Because the genes which form
by measuring the ratio of the intensity of thgyd—1, i) the cop operon are organized in a similar way in other
and dw(i, i) NOEs found on théSN plane of residué in organisms where they have been determined, suchlds in
the 15N-NOESY-HSQC spectrum3(). For ratios smaller ~ Pylori (39), the BsCopZ protein and the ATPase preceding
than 1 and larger than 1, the angles were assumed to be N the operon, hereafter called BsCopA, could constitute the

between 60 and 173 and between—85° and —10°, cop operon ofB. subtilis
respectively¢ andy torsion angles were used as constraints  Production, Purification, and Characterization of BsCopZ.
in the structure calculations. Nucleotide sequences corresponding to the N-terminal part

Structure CalculationsStructure calculations were per- and those that are reverse and complementary to the
formed using the program DYANA3(Q). The copper ion C-terminal part of the protein BsCopZ were designed and
was included in the calculations using special linkers used as primers in PCR reactions. A fragment of 249 bp
(pseudoresidues) called LLN, as previously descritsl. ( was amplified from the genomic DNA @&. subtilis cloned
Then, the sulfur atoms of Cys13 and Cys16 were linked to into pET21a (an expression vector), and used to transform
the metal ion through upper-distance limits of 2.35 A. This E.coliBL21 (DE3)pLysS. The protein encoded by this DNA
approach does not impose any fixed orientation of the ligandsfragment was overexpressed in two different culture media
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BsCopZ - - -MEQKTLQVEG-MSCQHCVKAVETSVGELDG-VSAVHVNLEAGKVDVSFDADKVSVKD 55
EhCopZ - - - - - AQEFSVKG-MSCNHCVARIEEAVGRISG-VKKVKVQLKKEKAVVKFDEANVQATE 54
o * * k %k kO ok % o 3k O %k *k (o] * * % O 3k O %k * * * % * ]
MerP --ATQTVTLAVPG-MTCAACPITVKKALSKVEG-VSKVDVGFEKREAVVTFDDTKASVQK 56
[yAtx1 --MAEITKHYQFNVVMTCSGCSGAVNKVLTKLEPDVSKIDISLEKQLVDVYT---TLPYDFS5S
* O % * o o ° * o o *
BsCopZ T ADAJTEDQGYDVAKIEGR73

EhCopZ ICQAINELGYQAEVI - - -638
®¥ 0 %k O ok k

MerP LTKATADAGYPSSVKQ--72

PIAtxl ILEKIKKTGKEVRSGKQ-72
o *

Ficure 1: Sequence alignment of metallochaperones containing the MXCXXC motif and similar length in the amino acid sequence. Proteins
(accession numbers): BsCopZRfsubtilis(299121; this article); EnCopZ, copper-chaperonk dfirae(246807); MerP, mercury chaperone

of Pseudomonas aerugino§a00027); yAtx1, copper chaperone 8f cereisiae (L35270). The asterisks and circles indicate the conserved

and conservatively substituted residues in EhCopZ (first row) and in all the three of the proteins with respect to the BsCopZ protein,
respectively.

(LB and M9), yielding approximately 90% of recombinant cases for protein produced by bacteria grown in different
protein in solution and 10% in inclusion bodies into the conditions, for example, in minimal mediaq, 40. In the
cytoplasm. following analysis, the structure of the A form is determined
NMR Spectra and Resonance Assignment of Bs€GpiZ in the presence of some apo BsCopZ (because the protein
(1). The'H and®*N NMR spectra of the copper-bound species could not be saturated with copper) and some B form.
show a good dispersion of the signals, indicating that However, the two A and B forms have the same conforma-
essentially the entire protein is in a folded state. Furthermore, tion, within the resolution of the present structure. Indeed,
the spectra indicate the presence of a single well-definedall of the residues, and in particular those around Lys18 and

species with the exception of few residues (see later). Lys18 itself, experience the same NOEs in the two forms.
The assignment of the protein signals was performed on The species distribution was taken into account when

the °N-labeled sample from the analysis of thal-HSQC, evaluating the NOE intensities to be converted into distance

3D N-TOCSY-HMQC, 3D!*N-NOESY-HSQC, and 2D  constraints.

NOESY and TOCSY maps. The 2D TOCSY atN- Structure Calculations and RefinemeAt.total of 1713

TOCSY-HMQC experiments were used to identify the spin pper-distance limits (of which 1508 were meaningful), 38
patterns of the intraresidue connectivities of the amino acids. dihedralp angle constraints, and 48angle constraints were
Then, the sequential assignment was performed using théneasured and used in the structural calculations with the
interresidue connectivities available from sequential char- program DYANA @B1). The average number of meaningful
acteristic NOESY peaks in the 2D and 3D maps. The 3D qctyral constraints per residue is 20.7. The number of

expelrlm(ter?tf ?Ilowed us to solvef%ob;egns W't? cross-peik experimental NOEs per residue, subdivided according to their
overiap that, Tor Some regions of the spectra, aré quite ;1455 is reported in Figure 2A. A total of 15 stereospecific

extensive. About 93% of the total proton resonances were ___. :
assigned. All of the expected 72 peptidic NH cross peaks ?Zs;gnments were obtained through the program GLOMSA

were identified in the!>N-HSQC spectra. The resonance _ _ _
assignments are reported as Supporting Information. A strong A family of 30 conformers was obtained with an average
NH cross peak is present in the spectrum, which could target function of 0.78t 0.07 R (the best structure has a
correspond to an acetylated LysNH and is tentatively  target function of 0.63 A and an rmsd value, to the mean
assigned to Lys18 (see Experimental Procedures). structure over residues—0, of 0.33+ 0.06 A for the.
Two sets of signals with an intensity ratio of 2:1 can be Packbone and 0.8% 0.06 A for the heavy atoms. This

detected for both th#N and'H resonances of the NH amide ~ family of conformers was then refined by performing
groups for seven residues, from 12 to 18, in ¥é-HSQC restrained energy minimization on each member. The final
map of the labeled sample. The two forms are called A and family is characterized by an average rmsd value to the mean
B hereafter; both sets of signals were analyzed. On theStructure (for residues470) of 0.32+ 0.06 A for the
contrary, an unlabeled protein shows only one set of backbone and 0.8% 0.07 A for the heavy atoms and a
resonances for all of the residues, which corresponds to thepenalty function for the distance constraints, averaged over
B form. The presence of two conformations, therefore, is the family, of 0.31 &. In Figure 2B, the rmsd values per
related to the culture medium in which bacteria are grown residue of the final REM family are reported. The NMR
to produce the protein, which suggests the presence of somesolution structure is shown in Figure 3. A statistical analysis
amino acid modification during the cell growth in stress of the conformers family and of the average structure is
conditions. This behavior has been reported in a variety of reported in Table 1.
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140 A Table 1. Statistical Analysis of the Restrained Energy Minimized
@ (REM) Family and of the Mean Structure of CopZu(l) from B.
k= 1 subtilis*
g 100 1 REM REMO
b (30 conformers)  (av)
8 7 RMS Violations per Experimental
L‘5 Distance (A) and Angle (deg) Constraihts
5 60 intraresidue (194) 0.0238 0.0025 0.0247
) sequential (441) 0.010+ 0.0012  0.0097
g - medium-rang&(401) 0.0087:0.0021  0.0116
2 long-range (472) 0.012%& 0.0011 0.0124
20+ total (1508) 0.0133: 0.0009 0.0138
backbone torsion angkg (38) 0.67+0.47 0.6289
(LTI TR T P e L P [ e [T backbone torsion anghe (48) 0.22+0.17 0.0000
0 10 20 30 40 50 60 70 Average Number of NOE Violations per Structure
Sequence intraresidue 13.& 2.0 14.0
o sequential 10.%+ 2.3 9.0
) 4.0 B ‘\ medium-range 51+ 1.6 6.0
— I long-range 11.6-2.0 12.0
L ! total 40.5+ 4.4 41.0
< 3.01 | backbone torsion angl(38) 1.1+ 0.8 1.0
5 o‘! backbone torsion angkg (48) 0.3+ 0.2 0.0
- D) 0_0\ 0 i violations of NOE larger than 0.3 A 0 0
g~ O‘ﬁ }? o 9 o o9 ”“- violations of NOE between 0.1 and 0.3 A 772.3 8.0
= " | g%“‘ ' ‘;\‘ o M o ﬁ O? 90 j\ \0‘05 0“5“ average NOE peﬁalty function gA 0.31+0.04 0.32
2 1.04} 3 RJ\’J‘ IRENE e 1} ol i Bk PATREL average BB torsion angle penalty 1.49+0.54 1.02
é no A \“H‘/ Sgs ol ,“é AR e L function (deg)
0.0 ! b Structural Analyses
0 lb 2'0 3'0 4'0 5‘0 6'0 7'0 % of residues in disallowed regions 0.1 0.0
% of residues in generously 3.7 3.1
Sequence allowed regions
. . . . . . % of residues in allowed regions 24.5 215
Ficure 2: (A) Number of intraresidue (white), sequential (light % of residues in most favorable regions ~ 71.6 754

gray), medium-range (gray), and long-range (black) NOEs per
residue inB. subtilis CopZ—Cu(l). (B) Backbone M) and heavy
atom ©) rmsd values per residue for the family of 30 conformers
with respect to the average structure of BsCea(l).

Cu Cyslé el
Cysl3 ‘J) \
loop1 “"-\ loop2
<
loop3 f _/) loop4

Ficure 3: Tube representation of the family of 30 lowest target
function conformers ofB. subtilis CopZ—Cu(l) obtained with
DYANA calculations and refined with restrained energy minimiza-
tion calculations. Structures were aligned by a best-fit superimposi-
tion of C, Ga, and N atoms of residues—8 and 15-70. The

elements of the secondary structure are indicated with a black color

for the a helices and a gray color for the sheets.

Description of the Structurélhe elements of the second-
ary structure were identified through the analysis of the
structure with PROCHECK-NMR3) and of the pattern of
backbone NOEs4({1). The BsCopZ Cu(l) fold consists of
a twisted four-stranded antiparall@lsheet (4-8, 30—36,
41-46, and 6771) and twoa. helices (14-24 and 54-63)
that are both located on the same side ofdlsheet (Figure

aREM indicates the energy-minimized family of 30 structures, and
[REMUis the energy-minimized average structure obtained from the
coordinates of the individual REM structuréNumber of experimental
constraints for each class is reported in parenthéddsdium-range
distance constraints are those between residues-(2), (i, i + 3), (i,
i+4),and {,i + 5).

0.22+ 0.06 and 0.84+ 0.08 A for the backbone and the
heavy atoms, respectively. This indicates that fhsheet
and thea helices are characterized by a lower disorder than
that of the loops connecting them. Other than the N- and
C-terminal parts, the most disordered region is loop 1
(residues 9-14), which contains one copper ligand (Cys13),
and is close to the second one (Cys16), which is located in
helix a;. The global average rmsd values of the family for
the backbone and the heavy atoms decrease t0-0.83.06

A and 0.83+ 0.07 A, respectively, when they are calculated
without residues 914.

The conformation of the copper ligands (two cysteines)
was also determined using only experimental NOEs and
without the bonds to the copper ion. The two cysteines have
the same conformation, and both of the sulfur atoms are
oriented toward the same point (i.e., toward the location
occupied by the copper ion) in the calculations with or
without bonds to copper ion, thus indicating that the cysteine
conformation is well-defined and correctly defined by the
experimental structural constraints.

The Cys-Cu(l)—Cys bonds make an angle of 11526°,

3); the secondary structure reported is related to the energy-consistent with the occurrence of three coordination for the

minimized mean structure.

copper. The latter condition has been recently observed for

The secondary structure is very well-defined. The average BsCopZ-Cu(l) on the basis of EXAFS measurememg)(

rmsd values to the mean structure for the protein segment
of the four-stranded antiparallglsheet are 0.26- 0.06 and
0.79+ 0.09 A for the backbone and all of the heavy atoms,
respectively, and the rmsd values for the twdelices are

sand has also been found for the yAtxCu(l) system 14).

The third donor atom is likely to be a sulfur atom from an
exogenous moiety, such as DTT, which is added to the
solution to maintain anaerobic conditions.
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The metal-binding loop (loop 1) connects hetix and

sheefs;. In addition to one copper(l)-binding cysteine, loop

1 also contains a histidine residue, His15, whose side-chain
ring is pointing toward the solvent. In the present system
containing Cu(l), the side chain of His15 is defined by 10
NOEs, which definitely rule out a possible interaction with
the metal ion. This residue, however, might be a potential
metal ligand if it reorients toward the protein interior. It might
also have a role in assisting the protein in its copper-
transferring function because it can interact with the incoming
or leaving metal ion in the metal-transfer process. Besides
the two cysteines, potential donor atoms, if some structural
rearrangement occurs, are OH of the Tyr65 side chain-(Cu ]
OH = 8.85 A), Ne of the side chain of GIn63 (GtNe = Ficure 4: Comparison of the BsCopZCu(l) structure (black),
9.63 A) that belong to loop 5, andySf Metll (Cu-S = with the apo form of the EhCopZ (gragl).

5.41 A). Particularly, the latter residue is quite close to copper %

and also is within hydrophobic contact with Tyr65. Within loopl NWM

10 A from the copper ion, a few other relevant residues are
present. One conserved residue is Serl2 whose side-chain
OH group is detectable by NMR. This indicates that it has
a slow exchange with the bulk water as a consequence of
the establishment of a hydrogen bond with the carboxylate
group of Glu38.

Comparison with the Reduced Apo Forke'*N-labeled
apoprotein was also characterized throdgrHSQC, and
the backbone resonances were assigned through®8b
TOCSY-HMQC and 3D*N-NOESY-HSQC spectra. The
15N-labeled apoprotein displays A and B forms in the same
ratio as the copper-loaded protein. The apoprotein shows
well-dispersed spectra similar to those of the copper-loaded

form. In the?*N-HSQC spectrum, the NH backbone signals ,5cxhone of 2.06 A, excluding the residues in the copper-

of all of the residues, with the exception of those of Cys13 binding loop, and a backbone rmsd of 1.13 and 1.60 A for
and His15, were assigned. The observéd- and 'H- the 8 sheet and the: helices, respectively.

backbone chemical shifts are very close to those in the Diff b dinth tal-binding | |
copper-loaded protein. The backbone NOE patterns obtained ifferences are observed in the metal-binding loop (loop

through the analysis ofSN-NOESY-HSQC confirm the 1), which may be related to the structural changes occurring
presence and the extent of all of the elements of the upon copper binding, and on the loops 3 and 5 that are both

secondary structure of BsCopZu(l), with the exception located on the same side as loop 1. Loop 1 assumes a more

of helix o;. The NOEs are also essentially the same for all externgl confo_rmation in the copper-fre_e protein, pe?ng
of the loops except for loop 1. Indeed, the observed NOEs extensively projected toward the solvent (Figure 4). A similar

of loop 1 and of the N-terminal part of helix, are few. movement in the metal-binding loop was suggested also for

The comparison with the copper-loaded protein indicates that.yAtXl_ on the_ basis .Of chang_es in a few of_the NOES
most of the expected NOEs are below the threshold of involving the side chains3(). A slightly different orientation

detectability. A decrease of NOE intensities could be due to of helix o is found. for BsCopZCu(l) with respect to the
mobility, which leads to both a signal broadening of side- EhCopz a}poprotelr). In. the formgr present structurg, the
chain nuclei resonances and to subnanosecond movementéj.onform"’ltlon of heI_|xa1 IS well-defmec_] by 9.1 NOEs with
The further investigation of this aspect is not pursued here. protons not belonging to the sequential helix.
The situation is similar to that of yAtx1, whose apo form  Comparison with yAtxtCu(l), Ccc2-Cu(l), and MerP-
shows few or no NOEs for the residues constituting loop 1 Hg(ll). It may be appropriate to compare the present structure
and the N-terminal part of heliet; (37), and that of the fourth ~ @lso with that of the other homologous proteins mentioned
meta|_binding domain of Menkes Copper_transporting AT- prEViOUS|y and with the fourth domain of the Menkes copper-
Pase, in which the metal-binding loop is better defined in transporting ATPase coordinated with the Ag(l) io#)
the Ag(l)-loaded protein with respect to the reduced apo The global foldings of the yAtxtCu(l) protein and BsCopZ
form. Indeed, in the latter state, the first cysteine experiencesCu(l) are very similar, with the residue identity being 28%
a disordered conformation, and the NH resonances of two (Figure 5). The rmsd value for backbone over the aligned
other residues in the loop are not detect48).( region of the two proteins, with the exclusion of loop 1, is
EhCopZ shows a relatively ordered conformation only for 2-79 A, dropping to 1.54 A for thei-helix regions. The
the apo form; therefore, the structure was solved only in the relatively large rmsd, despite the same fold, could be due to
absence of copper(I)LQ). The residue identity between the four insertions in regions close fistrand elements.
BsCopZ and EhCopZ proteins is 39%. The global-fold and  Also, the N-terminal soluble domain of the EATPase
the secondary-structure elements are maintained, as showi€cc2 (L5) and MerP 88) exhibit the same fold as that of
in Figure 4. The two structures have an rmsd for the BsCopZ (Figure 6). The rmsd values for the backbone with

Ficure 5: Comparison of the BsCopZCu(l) structure (black) with
the yAtx1—Cu(l) (gray;37).
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Ficure 6: Comparison of the structure of BsCopZu(l) (black)
with that of the soluble domain of the E&ATPase Ccc2Cu(l)
(gray; 15) and with MerP-Hg(ll) (light gray; 38).

Ficure 7: Comparison of (A) the active site of BsCopZu(l)
with that of (B) yAtx1—Cu(l) (37) and with that of (C) Ccc2

Cu(l) (15).
the exclusion of loop 1 between BsCopZu(l) and Ccc2-

Cu(l) and MerP-Hg(ll) are 1.84 and 2.67 A, respectively.

A comparison of the metal-binding region of BsCopZ
Cu(l), yAtx1—Cu(l), and Ccc2-Cu(l) is shown in Figure 7.

Banci et al.

exogenous ligand, as suggested by EXAFS measurements
for BsCopZ 62) and yAtx1 @1). Significantly, Met11, which

is very highly conserved in several classes of these metal-
chaperone proteins, moves much closer to the copper ion in
BsCopZ-Cu(l) than in yAtx3:-Cu(l) and in Ccc2-Cu(l).

A similar behavior occurs in several metal-chaperone
proteins, for example, in the Menkes copper-transporting
ATPase-Ag(l) domain where none of the sulfur atoms of
two methionine residues, one present in loop 1 and the other
in loop 5, are in a position suitable for coordination to the
metal ion already bound to the two cysteine sulfur atoms
(43). This residue is close and makes hydrophobic contacts
with a Phe/Tyr in loop 5 (Tyr65 in the present system) in
bacterial copper chaperones and in the soluble domains of
Cu—ATPase, while in yAtx1 and eukaryotic copper chap-
erones, a lysine is invariably found in position 65. When an
aromatic residue is present in position 65, it is hydrophobi-
cally interacting with Metl11. It has also been proposed that
this hydrophobic contact contributes to maintenance of the
correct conformation of the metal-binding loog4J.

In yAtx1, Lys65 has been proposed to have a role in the
metal-transfer procesd4, 49 because its proximity to the
copper ion could protect it from possible oxidants present
in solution, in addition to the stabilization of the overall
negative charge of the Cuftpisthiolate center. In the apo
form, Lys65 has moved away from the metal center, thus
producing a translation of the entire hetix (37).

In the present BsCopZCu(l) protein, Metll is much
closer to the copper ion, still maintaining its hydrophobic
interaction with Tyr65, which follows the translation of
Metl1. Metl1l together with Tyr65 might play, in BsCopZ,
a role similar to that proposed for Lys65 in yAtxd4) (i.e.,
the protection of the Cu(l) from possible oxidants present
in solution and of the cysteine sulfur from the solvent. It is
tempting to propose that Met11, highly conserved and close
to copper but whose coordination to copper is definitely ruled
out, plays a role of gate for access to the copper site.

Comparison with Copper-Loaded EhCopkhe copper-
loaded EhCopZ reduced with p&O, tends to aggregate
and to precipitatel(1). Our procedure is that of using DTT
for reduction. Such a reductant possibly binds copper, as
indicated by XAS studies on these samples showing a copper
coordination with three sulfur atomg®, 47. Indeed, the
S—Cu()—S angle is 115t 26°. EXAFS studies have also
shown that both the present protein and other copper
chaperones4E—48) in the absence of DTT still maintain
three coordination with a fourth heavy atom at a larger
distance. This situation is reached through dimerizadén-(

48). A dimerization process slow on the NMR time scale
was suggested to account for the data published on copper-
loaded EhCopZ12).

Structural Features and Biological Processhe com-
parison of the present structure with others of related proteins
shows that all of these metallochaperone proteins experience

It can be seen that loop 1 has a different conformation in the same fold and that meaningful differences, in any case
the three proteins but that the two metal-coordinating minor, essentially involve only the metal-binding loop, the

Cysteines are pointing toward the copper ion in a similar way. relative position and orientation of some helices which point
The coordination angle is also the same for the three systemd0 the metal-binding site, and the loop which is located close

(115 + 26° for BsCopZ, 120+ 40° for yAtx1, and 120+

40° for Ccc2), indicating a similar coordination geometry

to the metal-coordination site.
The orientation of helixy; as well as the conformation of

which may be three-coordinated by the participation of an loop 1 and possibly loop 5 might be related to the efficiency
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CONCLUDING REMARKS

In this paper, the gene codifying a possibly copper
chaperone in the genome Bf subtilishas been identified
on the basis of the homology with the sequences of similar
proteins in other organisms and of the presence of the
“classical” MXCXXC consensus sequence. The correspond-
ing protein (BsCopZ) has been expressed and produced, and
its structure, in the copper-bound form, has been determined.
Presumably, it has a function similar to that of analogous
proteins in eukaryotes, of which yAtxl is an example.
However, the overall charge is negative and opposite to that
of the analogous eukaryotic proteins. The BsCopZ apoprotein
FiGUrRE 8: Electrostatic potential surface on the copper-containing has a behavior similar to that of apo yAtx1, because both
protein face in BscopZCu(l) (left panel) and in yAtxdCu(l) proteins (yAtx1 and BsCopZ) maintain a tertiary structure
(right panel). and show disorder in the copper-binding loop. The analogous

.. .. . protein fromE. hiraeis reported to be stable only in the

of the metal—trar!s_fer process and to the specificity in apo form, while it has some tendency to aggregate in
molecular recognition with the partner. solutions lacking possible copper-coordinating molecules,

The copper site is well-ordered and well-defined with the such as DTT. In the present protein, the copper-coordination
copper ion possibly in three coordination. It is also experi- site has been characterized in detail, providing information
encing a hydrophobic protection by a Met/Tyr moiety, which on the geometrical features and on the residue interactions
sizably reduces its solvent accessibility. The three coordina- relevant for the metal-transfer process.
tion and this partial protection might be relevant for  The overall folding of these chaperones as well as that of
determining the correct conformation at the copper site for the partner CttATPases is remarkably similar. A gene of a
the incoming copper-receiving protein. Indeed, it has been protein, which we call BsCopA, has been found in tugp
noted in EhCopZ that the copper form tends to aggregate operon ofB. subtilisand is under investigation as a possible
with possible interactions with the copper-binding loops) ( partner.
In that protein, the potential third copper ligand, DTT, was
not present in solution; therefore, the copper ion was more ACKNOWLEDGMENT
accessible.
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