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ABSTRACT: Multinuclear Cu(l) clusters are commomiature, but little is known about their formation
transfer between proteins. CopZ and CopA fiBatillus subtilis which are involved in a copper-efflux
pathway, both readily accommodate multinuclear Cel(isters. Using the luminescence properties of a
multinuclear Cu(l)-bound form of the two N-terminabluble domains of CopA (CopAab) we have
investigated thermodynamic and kinetic propertiezloster formation and loss. We demonstrate that
Cu(l)-bound forms of dimeric CopZ containing monar 1 Cu(l) per CopZ monomer can transfer Cu(l) to
apo-CopAab leading to the formation of luminesadinteric CopAab. Kinetic studies demonstrated that
transfer is a first order process and that the datermining steps for transfer from CopZ to Cop/saial
vice versaare different processes. The rate of formatiolumiinescent CopAab via transfer of Cu(l) from
CopZ was more rapid than that observed when Cg$ added ‘directly’ from solution or in complex kit

a Cys variant of CopZ, indicating that transfer wscvia a transient protein-protein complex. Sach
complex would likely require the interaction of laast one domain of CopAab with the CopZ dimer.
Insight into how such a complex might form is pamd by the high resolution crystal structure of
Cu(CopZ), a thus far unique trimeric form of CopZ contamia trinuclear Cu(l) cluster. Modelling
studies showed that one of the CopZ monomers canltisituted for either domain of CopAab to result

a hetero-trimer, thus providing a model for a ‘pa@’ copper exchange complex.

INTRODUCTION

Copper is involved in a wide range of biochemicabgesses including aerobic and anaerobic
respiration, oxidative stress response, iron angex transport and fruit browning. Its usefulniessature
is largely based on its ability to form tight compés with amino acid residue side chains and ttecyc
between +1 and +2 oxidation states; however, thesggerties also make copper potentially highly ¢ddi,
2]. Therefore, organisms of all types have evolegenhplex trafficking pathways that involve the s&er
of the metal, as Cu(l), from one trafficking protéo the next, with the result that ‘free’ coppgikept at a
very low level and the metal is delivered only whiris required [2, 3].

Amongst copper trafficking/detoxification proteirmsid the regulatory proteins that control their
production are several that have the capacityrid bultiple Cu(l) ions in the form of Cu(l)-clusser For
example, in eukaryotes, the copper-responsive drgmion factors Acel and Macl, 5], the Cu(l)
transporter Ctrl [6], the chaperone Cox17 [7] amal dix Atx1-like domain repeats lying towards the N
terminus of the human Menkes Cu(l)-transporting/petATPase [8] have each been shown capable of
accommodating a multinuclear Cu cluster (often a @uster). Our recent work on the bacterial copper
trafficking proteins CopZ (an Atx1-like chaperors)d CopA (a Menkes-like P-type ATPase transporter),
which are important for Cu(l)-detoxification facillus subtilis[9], has demonstrated that these proteins
have the capacity to bind multiple Cu(l) ions. €aman form a number of discrete Cu(l)-bound forms,
including Cu(Copz), Cu(CopZ) and Cy(CopZ), [10]. Although the physiological importance ofchu
forms is unclear, the ease with which they formgasgs that they are likely to be important under
conditions of copper stress (when these protemsegjuired) [9]. The high resolution structurelaf latter
complex was recently solved, revealing a tetraraucl@u(l) cluster at the interface of the two CopZ
monomers [11]. B. subtilis CopA contains two soluble Atx1/CopZ-like domaimsvards its N-terminus
(commonly referred to as the two N-terminal domah€opA and denoted as CopAab). A soluble protein
containing these domains can also accommodatepieu@iu(l) ions, leading to the formation of a highl
luminescent Cy{CopAab} species [12, 13].

Essentially nothing is known about how such multlear clusters might form and undergo inter-
protein transfer within the cell, but the principlef avoiding free intracellular copper that haveeeged
from studies of copper trafficking are likely toltig14, 15]. The mechanism of copper transfer frisixil -
like chaperones to the N-terminal domains of Ctrépsporters has been studied in some detail, from
which a:mechanism involving the formation of a Gunflediated hetero-complex between the Atx1 protein
and one of the N-terminal domains has emerged [14}erification of such a relay mechanism was
provided by the NMR structure of such a hetero-dempetween Atx1 and the first N-terminal domain of
Ccc2 (termed Ccc2a) from yeast [16]. At least séthel-like chaperones undergo Cu(l)-mediated homo-
dimerisation [10, 17], which introduces an addiéibstep in the mechanism of transfer, where onief
monomers must dissociate to enable hetero-complexation.

For the transfer of Cu(l) between higher order,tmutlear Cu(l) forms of CopZ and CopA, it does
not seem likely that transfer occurs via the metdmardescribed above. For £QopZ), for example, the
ability to bind a multinuclear cluster is dependentthe CopZ dimer; dissociation into monomers doul
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lead to the loss of at least some Cu(l) from thetgin because a single CopZ monomer cannot
accommodate more than one Cu(l) ion. Secondlyodiason of the CopZ dimer is likely to be slow
because the cluster is coordinated at the monomeomer interface. Therefore, alternative transfer
mechanisms, that do not involve release of Cu(ldissociation of CopZ into monomers, need to be
considered.

Here, by following the luminescence of multinucl€2u(l) forms of CopAab, we demonstrate that
Cu(l) transfer can occur from multinuclear Cu(lyrfe of CopZ to apo-CopAab amice versaand that
this occurs at a significant rate that is consisteith a protein-protein transfer mechanism. Thestal
structure of a novel trimeric form of CopZ contaigia trinuclear Cu(l) cluster at the interfacehd three
monomers provides significant new insight into #treictural flexibility of copper chaperone protesnrsd
modelling studies, in which one of the CopZ monarisrreplaced by an N-terminal Atx1-like domain of
CopA, suggest how dimeric CopZ could transfer Ctdlan N-terminal soluble domain of CopA without
first dissociating into monomers.

EXPERIMENTAL

Transfer experiments

Wild-type CopZ, C13S/C16S CopZ and CopAab werefigarias previously described [10, 12]. Prior to
the addition of Cu(l), protein samples were treatétti 5 mM DTT and excess reductant was removed by
passage down a G25 Sephadex column (PD10, GE Haad}hin an anaerobic glovebox (Faircrest), in
which the oxygen concentration was kept below 2 .ppgrdditions of Cu(i) were made anaerobically using
a solution of CuCl in 1 M NaCl and 100 mM HCI [&]lor in-2 M NaCl and 10 mM HCI [17]; identical
results were obtained in each case. Luminescemcssien specira were recorded using a Perkin-Elmer
LS55 fluorimeter at 25 °C with excitation at 295 and excitation and emission slit widths of 10 amg a
390 nm cut-off band pass filter was employed. Lnescence kinetic data were fitted using the program
DynaFit (BioKin, CA, USA) [18].

Crystallisation and crystal structure determination

A solution of CopZ in 10 mM Mops bufferat pH. 7.6ntaining a dimeric form of the protein binding a
single Cu(l) ion [10, 19], Cu(CopZ£)was concentrated anaerobically to 58 mg/ml. kHangrop vapour
diffusion crystallization experiments were carriedt at 277 K using a Belle Technology anaerobic
chamber with an oxygen concentration of no more th2 ppm. Clusters of rod shaped crystals grew
within 4 days in experiments containing 0.2 M aminonacetate, 0.1 M sodium acetate trihydrate pH 4.6
and 30% (w/v) PEG 4000 as precipitant. Crystaleewmarvested under anaerobic conditions at 289 K by
transfer into fresh crystallization solution suppénted with 25% (v/v) ethylene glycol and then dépi
frozen in liquid nitrogen. The crystals belongedspmce groufP6; (a = b = 64.0 A,c = 27.3 A) with a
monomer of CopZ in the asymmetric unit and a sdleemtent of 42% (v/v). The presence of copper was
verified by measurement of the X-ray fluorescengectum from a single crystal in the vicinity ofeth
copper K absorption edge. A SAD X-ray diffractioataset was subsequently collected on the high gnerg
side of the edgel(= 1.38 A) at the Synchrotron Radiation Source (SRBages were processed using
MOSFLM [20] to a resclution of 1.9 A and scaled WISBCALA [21]. This dataset was effectively
untwinned ¢ = 0.02). Molecular replacement was carried ot WMIOLREP [22] using the structure of an
apo-CopZ monomer from the g§QopZ), crystal structure [11] (PDB entry 2QIF) as a skammodel.
Initial refinement was carried out using REFMACS]2nd COOT [24] was used for model building.
Inspection ofos-weighted single difference Fourier maps reveafedpresence of a residual peak adjacent
to the sulfur atoms of the two cysteine residueghef protein. This peak at approximately @5vas
interpreted as a copper ion and incorporated imtostructural model. The presence of this singfgpeo

ion in the crystallographic asymmetric unit wasified by direct methods in SHELXD [25] using the
measured anomalous difference data. The finakstafrefinement were performed using SHELXL [26]
to give a final structural model including a Copamomer, a Cu(l) ion and 20 water molecules. Thisi@ho
has Ryst = 19.1% and R. = 26.4%. When analyzed for stereochemical quabing PROCHECK [27] the
final structure has all residues in the most fagduor generously-allowed regions of the Ramachandra
plot. Full data collection, phasing and refinemstatistics are presented in Table 1. Programmes fhe
CCP4 programme library [28] were used throughoet gtructure solution and refinement process. The
atomic coordinates and experimental structure fadtave been deposited in the PDB with the acaessio
code 319Z.
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Molecular modelling and protein structure analysis

Molecular models for conceptual copper exchangerb&tmers involving two copies of CopZ and a sengl
Atx1-like domain from CopA (either CopAa or CopAbkre generated by homology modelling using the
refined crystal structure of the g€@opZ) homotrimer as a template. These models contaleettihuclear
Cu(l) cluster found in the parental structure. hiig-bound water molecules hydrogen bonded to Sent?

to Tyr65 (see Results section) were also includ&tiese models and the X-ray crystal structure ef th
homotrimer were each immersed in a water bath abdegjuently energy minimized in the presence of
periodic boundary conditions using GROMACS [29]wilhe OPLS force field. Sodium counter ions were
added to each model to maintain zero overall chddgal values for metal cluster . geometiric pararsete
and corresponding force constants were taken fitomwork of Zhang [30] and.Dalosto [31]. Protein
structures were superimposed using DALI [32] or EBPOSE from the CCP4 programme suite [28].
Analysis of subunit interfaces was performed wiRCH ORP [33] and NOXclass [34].

RESULTS & DISCUSSI ON

Thermodynamics of Cu(l)-transfer between CopZ and CopAab detected by luminescence
spectroscopy

Cu(l) bound to CopZ does not give rise to a lumieese signal in the ~600 nm region of the emission
spectrum. CopAab, at low Cu(l) loadings (<1 Cuynéy protein), also does not result in a lumineseenc
signal. However, above 1 Cu(l) per protein, CopAMabs give rise to a high intensity luminescenaapa
which we have previously shown is due to Cu(l)-ragetl protein dimerisation, resulting in the forroati

of a solvent-shielded multinuclear Cu(l) centrefs2, 13]. Luminescence intensity was observed to
maximise at ~2 Cu(l) per CopAab (generating,(CopAab}), before quenching upon further Cu(l)-
binding. Therefore, we investigated whether Cuéjisfer between the proteins could be followedugh

the luminescence of Cu(l)-bound CopAab. Similadis have been reported for Cu(l) transfer fropZo
to CopY ofE. hirae[35, 36] and Cu(l) transfer from Cox17 to Scol &uk11 ofS. cerevisia¢37].

CopZ was pre-loaded with 1 Cu(l) per protein, gating Cy(CopZ), [10], and mixed with apo-
CopAab at ratios of CopZ:CopAab of 1:1, 1.5:1 arld 2_uminescence intensity in the 600 nm regios wa
not observed for any of the resulting mixtures @lwiwn), indicating that insufficient Cu(l) wasrsderred
from CopZ to CopAab to generate detectable questitf the luminescent (CopAab) species. Even
with a 10-fold excess of G{CopZ), luminescence intensity was not observed (not showhis indicated
that Cu(l) is bound significantly more tightly ineg Cy(CopZ), complex than in Cf{CopAab}, or that the
presence of CopZ inhibits the formation of the Inesicent CopAab species.

CopZ has the capacity to bind more than 1 Cu(l)gvetein [10]. CopZ loaded with 1.5 Cu(l) per
protein was mixed with apo-CopAab at ratios ofdntl 3:1. The resulting luminescence spectra, shiown
Figure 1A, revealed that essentially no lumineseeimtensity was observed for the 1:1 CopZ:CopAab
experiment, but for the 3:1 experiment, a luminaseeband was observed with a wavelength maximum at
~610 nm. The intensity of the band indicated thdR% of the CopAab sample was in a dimeric,
luminescent form, and, at equilibrium, the ratiddaf(l) bound to CopZ was a little in excess of 1This is
consistent with the proposal thatfCiopZ), has a higher stability than gGopAab).

CopZ loaded with 2 Cu(l) per protein (generating(CopZ)) was mixed with apo-CopAab at a 1:1
ratio and allowed to reach equilibrium. The raagliuminescence spectrum revealed significanniiteg,
see Figure 1B. The spectrum of ,IopAab) (that contains an identical concentration of CapAis
shown for comparison, demonstrating that Cu(l)aislyf evenly distributed between CopZ and CopAab,
with a small excess associated with CopAab. To wdsether transfer can occur in both directions,
Cuy(CopAab} was mixed with apo-CopZ. The resulting lumineseegpectrum was very similar to that
obtained when Cu(l)-CopZ was mixed with apo-CopAsde Figure 1A), demonstrating that Cu(l)-transfer
is reversible.

Kinetics of Cu(l)-transfer between CopZ and CopAab detected by luminescence spectr oscopy
Luminescence intensity was monitored as a functoéntime following the addition of increasing
concentrations of G(CopZ), to a fixed concentration of apo-CopAab, see Figue Data for the 2:1 and
3:1 CopZ:CopAab experiments were fitted to a singkponential function and those for 4:1 and 5:1
CopZ:CopAab experiments were fitted to a doubleoerptial function and the rate constant for thaahi
process taken for the purposes of comparison @hsecof the second phase is discussed below).e\i¥ial
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rate of the reaction was dependent on the condiemtraf Cu(l)-CopZ, the value df,,s (corresponding to
the first exponential process for the 4:1 and Xpeements) did not vary significantlk € 0.045 + 0.015
at 25 °C). The data indicated that the rate detenmstep of the transfer reaction is a first ergeocess,
and because the transfer reactions were not caedluader pseudo-first order conditions, we concthde
this is a true first order process. The rate-aeiteing step could correspond, for example, to tret érder
dissociation of the GUCopZ), complex or the dissociation of a complex betwdentivo proteins through
which Cu(l) transfer is mediated [15, 16, 38].

To investigate this further, the kinetic charactées of the reverse reactidre. of Cu(l) transfer from
Cuw(CopAab} to apo-CopZ, were probed by following luminescemtensity at 600 nm as a function of
time, see Figure 2B. The luminescence data regultom loss of Cu(l)-CopAab fitted well to a doebl
exponential function. The initial phase accountedtfhie majority of the amplitude and was charaséefi
by a rate constant df, = ~0.024 & at 25 °C (and for the second phake= 0.006 ). For direct
comparison of the kinetics of transfer in the twrections, transfer of Cu(l) from CopZ to CopAabswva
measured under identical conditions, see insetr&i@B. This fitted well to a single exponent{al =
~0.053 &, in reasonable agreement with the above datagistent with a single phase of concerted Cu(l)-
transfer. Importantly, the data clearly indicatedt the transfer of Cu(l) from CopAab to CopZ ated at
a significantly slower rate than the that of treandfom CopZ to CopAab. Therefore, the transfectien
kinetics is governed by a different rate-deterntgrstep for each direction.

Binding of > ~2 Cu(l) per CopAab (that is, bindin§additional Cu(l) to Ci{CopAab}) leads to a
qguenching of the luminescence intensity [13], amd tccounts for why the intensity was observed to
decrease at longer time periods for the 4:1 and”sdZ:CopAab experiments. This demonstrated tiat t
formation of the Cy(CopAab) complex occurred first, and was then followed bstHer transfer of Cu(l).
The double exponential fits of data from the 4:8 &l CopZ:CopAab experiments revealed a firstorde
rate constant for the second, slower transfer atep0.0015 S, i.e. approx. one order of magnitude lower
than for the initial transfer reaction.

For the 2:1 to 5:1 CopZ:CopAab transfer experimefitsigure 2A, equilibrium luminescence spectra
were recorded, Figure 2C, revealing that the exdér€u(l) transfer to CopAab was dependent on how
much (excess) Cu(l)-CopZ was added. This wasateftein the relative intensity and position of the
luminescence maximum at equilibrium. From a ratfo2:1 to 5:1, the luminescence band maximum
shifted from ~608 to 618 nm. We have shown presiithat the wavelength maximum is indicative of th
Cu()-loading of CopAab, with a longer wavelengildicative of a higher Cu(l)-loading [13]. This bied
an approximate calculation of the amount of Cu@hsferred; for example, at a ratio of 4:1, a wangth
maximum of 614 nm indicated an average loading22 Cu(l) per CopAab, with ~1.5 Cu(l) per protein
remaining with CopZ (seSupplementaryable S1). As the ratio of CopZ to CopAab waseased, more
Cu(l) was transferred and the average Cu(l) cordé@opAab increased relative to that of CopZ. §hu
higher order forms of CopAab have a higher affinfor Cu(l) than those of CopZ. From the
thermodynamic data presented here it is cleartti@mextent of Cu(l) transfer from CopZ to CopAab is
regulated by the Cu(l)-loading level of CopZ, armyre precisely, that the transition from the monime
to the dimeric (luminescent) form of CopAab is colied by the level of Cu(l) bound to CopZ.

To investigate the efficiency of Cu(l)-transfer froCopZ to CopAab, control experiments were
conducted in which luminescence increases at 600vene monitored following the addition of either
Cu(l) directly (as an inorganic salt), or in comdion with a variant of CopZ lacking the Cu(l)-bing
motif cysteine residues (C13S/C16S CopZ), Sepplementaryrigure S1. The data showed that Cu(l)
binding to CopAab ‘directly’ from solution, or as@mplex with C13S/C16S CopZ, occurred with a
different kinetic profile over a longer time periodhis indicated that transfer between CopZ angAzd
occurs rapidly (relative to direct additions of Quénd that transfer between CopZ and CopAab doés
occur via dissociation of Cu(l) from ¢iCopZ) into solution followed by binding to CopAab.
Furthermore, it is clear that the binding motif teyses are important for the rate of transfer (but,
importantly, not the final form of Cu(l)-bound CopB). This indicates strongly that transfer ocatiasa
Cu(l)-mediated protein-protein interaction. Theerdetermining step in the transfer could be, floeee the
formation/dissociation of a transient Cu(l)-mediatmplex between CopZ and CopAab. The nature of
such a complex would be expected to be differentttie two directions of transfer because CopAab
undergoes significant rearrangement upon Cu(l)-atedidimerisation [12] and so is distinct from #p®-
bound form.

A CopZ trimer with atrinuclear Cu(l) cluster, Cus(CopZ)s, isobserved in crystal
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Our attempts to crystallize a mononuclear Cu(l)dmbdorm of the CopZ dimer (Cu(CopX)under
anaerobic conditions yielded crystals in space gi®& containing a copper ion and a CopZ monomer in
the crystallographic asymmetric unit. The presesfca single copper ion was verified by direct noeth
using the anomalous differences measured fromaime €rystal and later through calculation of anounsl
difference Fourier maps phased on the refined a@rystructure (se&upplementaryFigure S2). The
arrangement of the protein and its cysteine ligasasind the crystallographic 3-fold axis generates
molecular trimer in the crystal lattice in whichchacopper ion is trigonally coordinated by the sudtoms

of cysteine residues Cys13 and Cys16 from the rabvinding M(S/T)CXHC sequence motif of the CopZ
monomer and the sulfur of Cys16 from a neighboufagpZ monomer in the crystallographic trimer, see
Figure 3. This is the first high resolution sturet of a trimeric form of any copper chaperone.r Ou
assignment of the metal as a cuprous ion resuttad the trigonal coordination observed in the alst
structure together with the 1sip pre-edge feature observed at around 8985 eNeirXtray fluorescence
spectrum of the crystal (seBupplementaryFigure S3). This feature is characteristic of claxes
containing digonally and trigonally-coordinated Guéns [39] whilst Cu(ll) ions exhibit a correspding
feature appearing 3-4 eV higher in energy. Thedric Cuy(CopZ) complex therefore has stoichiometry
1:1 rather than 1:2 as for the as-prepared solytlmese protein. This result'may be compared to our
previous attempts to crystallize the dinuclear Lidim of CopZ, C«(CopZ), which produced crystals of
a tetranuclear copper-bound dimer,@opZ), [11]. It is clear that the solution-phase formglod protein
which have been characterized [10] do not repraberiull set of states which are stable in crystal

The refined crystal structure contains all 69 amaei@ residues from the primary sequence of CopZ
(Figure 3) and has an R-factor of 19.1%.tR 26.4%) for data F > &(F) in the resolution range 10 — 1.9
A (full data collection and refinement statisti@nde found in Table 1). CopZ displays the ferréuitike
fold observed in previous solution-phase structerminations [40] and the structure of the monoisie
very similar to that found in the high resolutiarystal structure of a tetranuclear Cu(l)-bound Caolxder
complex, CyCopZ), [11] (PDB entry 2QIF), with an RMSD based @tarbon atoms of 0.62 A.

The trigonal coordination of each copper ion in ¢thester is afforded by the sulfur atoms of resgue
Cys13 and Cys16 from each CopZ monomer (distanc&s R and 2.31 A, respectively) and the sulfur
atom of Cys16 of a neighbouring monomer (coordimatistance 2.21 A). These distances are consisten
with those observed in similar copper sites ingirst in the PDB (~2.4 A). The three sulfur atomd an
copper ion are essentially coplanar and the masipoessed of the S—Cu-S angles (107.1°) involves the
sulfur atoms from Cys16 residues. Trigonal coation of Cu(l) by cysteine sulfur in the yeast cepp
thionein crystal structure [41] involved a simildistortion in bond angles. The distance betwegpen
sites in the cluster is 3.13 A, considerably lortian the interatomic distance in copper metalgAband
so the requirements for a true metal cluster maybedully met. The copper ions in the cluster gy
occluded from solvent, but the sulfur atoms ofdess Cys16 are solvent accessible on the neanfdbe
trimer. Solvent access to the copper clusterhgarémote face of the trimer is blocked by residbesl2
arranged around the molecular 3-fold axis.

Two water molecules (W1 and W2) are buried in edopZ monomer adjacent to the bound copper
ion. Their low temperature factors indicate a fettd mobility. Tyr65 plays a central role in steding
these solvent sites, forming hydrogen bonds witthe&Vl also forms further hydrogen bonds with the
main chain amide nitrogen atoms of residues Senti2Gys13, whilst W2 forms hydrogen bonds with the
main chain carbonyl oxygen of Cys16 and the sidecbfGIn63. These interactions appear criticaih®
conformation of the polypeptide spanning the copijetding sequence motif.

I nter subunit contacts

A limited number of hydrogen bonding interactioabdlise the subunit interfaces in the trimer, and
number of these involve residues of the metal-bigdnotif. Firstly, His15 forms a hydrogen bond
between the Bll atom of its imidazole group and the carbonyl @tygn the main chain of GIn63.
Secondly, the hydroxyl groups of each of the tluagies of Serl2 in the trimer form hydrogen bonite w
a single water molecule located on the crystallplgia3-fold axis, see Figure 4. This water moledhius
mediates a network of intersubunit interactionsoTwther specific hydrogen bonding interactionsusc
between the sidechain of Lys18 and mainchain o662snd between the sidechains of GIn14 and Asp66.
Therefore, each subunit interface involves thredrdryen bonds with the donor group supplied by &lues
in the range 14-18 (CopZ numbering). In each dhsecorresponding hydrogen bond acceptor is faand
a residue in the range 62-66. Interestingly, aligntof the sequences of a number of CopZ orthdiags

a variety of microorganisms reveals conservativenaracid substitutions in these regions that may le
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a conservation of at least a subset of the trimerface interactions seen wigh subtilisCopZ (Figure 5).
These include copper chaperones from other Graithmobacteria, such as the well-studied CopZ from
Entereococcus hirag35, 36, 42] but also from representati¥e 6- and e-proteobacteria as well as the
actinomyceteStreptomyces coelicolor

Comparison of trinuclear and tetranuclear Cu(l) cluster complexes

In notable contrast to the situation observed endtystal structure of the CopZ trimer, there avedimect
residue-residue interactions stabilising the dimméerface in the Cy(CopZ), complex, the dimer being
stabilised only by means of the tetranuclear ctu&ee Figure 4). In order to compare the two stnes,
CopZ monomers taken from the trinuclear,;@opZ), and tetranuclear, Gi€CopZ), structures were
structurally aligned. Apart from the differences imersubunit contacts described above, the major
differences between the two are confined to théore@round the M(S/T)CXHC copper-binding motif
(Figure 4). These differences arise from the djgeiciteractions employed in the binding of metahs in
the two complexes. Firstly, Qi€CopZ), utilises residue His15 as a direct ligand to onisoouter, trigonal
Cu(l) sites, whereas the trinuclear complex featunaly cysteinate sulfur as ligands and His15 adbtis
employed to form an intersubunit contact via a bgen bond involving the carbonyl oxygen in the main
chain of GIn63 and thed atom of its imidazole. Secondly, Serl2 actsaasqf the second coordination
shell to one of the inner, diagonal Cu(l) sitedha Cu cluster, whereas in the ¢GopZ)y complex the
trigonal coordination of the copper ions rendeis thteraction superfluous and the hydroxyl grofrpm
each of the three Serl2 residues instead form pgdrdoonds with a single water molecule, as destribe
above. Also observed are differences in the mositg of some other residues around the coppetirgnd
site. In the tetranuclear cluster, the tyrosylroyxgl group of Tyr65 forms a long hydrogen bondhatihe
sulfur of Cys16. This interaction is lost and theidue becomes more buried within the CopZ monamer
the structure of the G{CopZ)y complex. We note that Tyre5 in CopZ is replacedallyistidine residue in
the atypical Atx1-like copper chaperone fr@ynechocysti®CC 6803 and by lysines in the eukaryotic
chaperones from this family, such as Hah1l fidnsapiensand Atx1 from yeast.

M odelling of putative copper transfer complexes

The high resolution structure of a complex involvithree CopZ monomers not only demonstrated an
extraordinary flexibility in Cu(l) coordination anthonomer-monomer interactions, it also raised the
possibility that a transient trimeric heterocompbetween CopZ and CopA could occur as part of @hov
Cu(l)-transfer mechanism. Molecular modelling wesed to test this hypothesis. Two models were
created for the hybrid complexes, with one of thpZ monomers in the trimer replaced by a CopA N-
terminal ferredoxin-like domain (CopAa and CopANpte that the short linking peptide between the two
copper-binding domains in CopA would preclude therfation of a Cy(CopZ)(CopAa)(CopAb) complex
formed from a single CopA molecule. No such reti is apparent on the formation of such a comple
involving identical or different CopA domains fraseparate CopA molecules. These models were prepared
by selecting a subunit from the crystal structurthe Cuy(CopZ) trimer and using homology modelling to
create a model for the CopA N-terminal domains. isTprocedure was followed rather than simply
employing the available NMR structure of apo-CopAb®] because the structure of the apo-protein does
not reveal changes that are presumed to be inducéte binding of Cu(l) in the region of the MXCXXC
metal-binding sequence motif (we note that thecsaine of Cu(l)-bound b-domain is available [43]t that

of Cu(l)-bound wild-type a-domain is not); furthesra, the high sequence identities between Copztand

a- and b-domains of CopA (30.4 and 27.5%, respaglivsuggest close structural similarity and that
homology modelling is an appropriate alternative.

No steric clashes occur in either of the models @hdf the coordinating interactions mediating the
trinuclear copper cluster were present. As a ohrgnergy minimisation was performed for a;@opZ)
molecular model, revealing that all of the intensuib interactions that presumably contribute to the
stabilisation of the subunit interfaces of the Cop@motrimer were present after minimization.
Discounting the water-mediated hydrogen bonds irimgl Serl2, a total of nine intersubunit hydrogen
bonds were found in the CopZ homotrimer. In bbth €opAa and b domains, the structural equivaleits
GIn14 and His15 in CopZ are alanines and so capaicipate in similar hydrogen bonding interaction
As a consequence, the total number of intersuliyitogen bonds in the two heterotrimer models visas s
and five, respectively (Figure 6).

The specific interactions between molecular suuaitthe interfaces in the trimeric complexes are
limited. The total surface area lost on formatidrihe three modelled complexes from individual sutsi
ranged from 702 to 7832A Of this, around 60% was contributed by non-pelad neutral atoms. The
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usual indicators of permanency for protein compdefeeg. [44]) cannot be used for situations sucthias
where a major driver for stability is presumablg ttormation of specific Cu(l) ion to cysteine tlaits
coordinate bonds. However, the relatively low ealof the solvent accessible area lost on complex
formation and the low number of inter-subunit hygo bonds are at least consistent with a tentative
classification of the modelled complexes as tranisie

Mechanistic implications

The role of the N-terminal soluble domains of Cui@nsporting P-type ATPases remain unclear. It is
known that they are not required for Cu(l) transjtself [45] and it has been proposed that they fméil

a regulatory function by influencing transport eifincy [46, 47]. In the Menkes and Wilson protethe
soluble domains are important for the correct ligadibn of the protein [48, 49]. Since the loadoigCopZ

is presumably controlled by levels of cellular Gu@n interesting possibility is that the dimerisatof
CopAab (and, therefore, of CopA itself), which m@gylinked to the activity of the transporter, iseghby
CopZ and only occurs when cytoplasmic levels oflCuach a particular level. The current experitaen
were conducted in the absence of low molecular htdigjols, which are known to influence the form of
CopZ and CopAab at higher Cu(l) loadings, but wiertbat CopAab dimerisation was still observechia t
presence of excess cysteine (a major low moleculeight thiol compound inB. subtili§ [12].
Furthermore, the recently discovered low molecmass thiol of Bacilli, which has been named bahitbi
[50], is present at relatively low concentratiormmpared to, for example, glutathione En coli or in
eukaryotic cells.

A survey of genome sequences [51] underlined thmitance of copper chaperones by revealing a
large set of operons encoding CopZ-Cu-transporfii@ases in distantly-related microorganisms. The
alignment of sequences of CopZ chaperones ffmd- and e-bacteria, as well as the actinomycete
Streptomyces coelicoloevealed that, in the majority of these proteths,residues dB. subtilisCopZ that
form hydrogen bonds to stabilize the trimer inteefaare conserved or conservatively varied in thero
chaperones. There are obvious limitations on tttengé to which such analyses can be used to make
general conclusions, but the formation of trimezamplexes based on CopZ in a wide range of other
bacteria cannot be precluded. However, as withCi¢CopZ) structure, the physiological relevance of
the trimeric structure is not clear, and thereasndication that this form of the protein is s&bt solution.
Nevertheless, these structures demonstrate aisantifiiexibility in the type of Cu(l)-mediated cqhexes
that the protein can form. As well as interactimigh CopA, CopZ may also interact directly with &o
the recently discovered transcriptional regulatbthe copZAoperon [52]. The flexibility demonstrated
here and in our previous mechanistic and structuesk [10, 11] is likely to be a key requirement fbe
formation of transient complexes for facllitatimgrisfer of (multiple) Cu(l) ions.

The ability to form a trimeric complex provides a&chanism by which a multinuclear Cu(l)-bound
form of dimeric CopZ can transfer Cu(l) to CopA hatit dissociating first into monomers, which wobtkl
kinetically unfavourable and would result in théeese of Cu(l) into solution. This idea is suppdrby the
observation that the regular_trigonal coordinatadncopper ions in the crystal structure of;{opZ)
parallels that observed in the heterodimer strestueported for Atx1:Ccc2 [16] and Hahl:Mnk1l [PDB
entry 2K1R] complexes. Such trigonal coordinatioakes the cluster suitably poised for ligand exgkan
reactions. Given the limitations of tie silico methodology employed, caution should be exercibat,
the molecular models for heterotrimeric GTopZy(CopA) complexes generated here appear to be lgntire
plausible, at least as transient complexes. We thatt such a model could be further extended dioidie
(CopZ)(CopAa)(CaopAb) or (CopZ)(CopAga)etc, complexes to provide a general mechanisnpdssing
solvent-shielded copper or copper clusters betvdeemains. Further experimentation is now necessary
provide conclusive support for this intriguing rooti
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FIGURE LEGENDS

Figure 1. Detection of Cu(l)-transfer via the luminescence of CopAab. (A) Luminescence spectra
resulting from the addition of G{CopZ), to apo-CopAab at ratios of 1:1 and 3:1, as indita (B)
Luminescence spectra resulting from additions of CapZ), to apo-CopAab, and GiCopAab) to apo-
CopZ, as indicated. The spectrum of,(@opAab) (of equal concentration in CopAb) alone is shoamn f
comparison. CopAab was 121 in each experiment and both proteins were in hdd Mops, 100 mM
NaCl, pH 7.5.

Figure 2. Rates of Cu(l)-transfer probed through formation/loss of CopAab luminescence. (A) Plots
of luminescence intensity at 600 nm as a functibtiroe following the addition of CopZ containing 2
Cu(l) per protein at increasing ratios of CopZ:CapAas indicated. CopAab (&), temperature 25 °C.
(B) As in (A) except that apo-CopZ was added t@gual concentration of CopAab (12:.8!) containing 2
Cu(l) per protein. Inset is the exactly equivalenterse experiment in which CopZ containing 2 Tpér
protein was added to an equal concentration of GgmAab (12.5uM); temperature 25 °C. (C)
Equilibrium luminescence spectra following the diddis of Cu(l)-CopZ to apo-CopAab in (A), as
indicated. CopAab and CopZ were in 100 mM Mops &®d NaCl, pH 7.5. Solid lines represent fits to
either single or double exponential functions, @scdbed in the main text.

Fig. 3. The structure of Cus(CopZ)s. (A) As viewed along the three molecular 3-fold axeBach
monomer is displayed in cartoon format, with thdesthains of the residues of the copper bindingfmot
(Serl12-Cys16) shown as green sticks. The three Gapdnits (A, B and C) are shown along with their
molecular surfaces coloured green, cyan and pu@ueper ions are coloured orange. (B) A view of the
Fourier map (grey) calculated for the CQHC tetraioep the core of the copper-binding sequence nobtif
CopZz, and the Gcluster in the refined structure at 1.9 A resolutilrawn at a contour level of 101 (C)
Orthogonal views of the copper cluster. Coordimatonds are marked by dashed lines. Bond lengéhs a
in Angstrom. The protein subunit to which a residu@ibgs is given by the single letter postfix (eitiher

B or C) to the residue name.

Fig. 4. Interactions in polynuclear Cu(l):CopZ complexes. (A) Unique intersubunit interactions in
Cus(CopZ)k. (B) The intrasubunit interactions involving ras@dTyr65 in Cy(CopZk. (C) Interactions at

the tetranuclear cluster of gCQopZ), [11]. The two subunits are coloured green and ciéetal-amino

acid interactions are indicated by black dasheesliand residue-residue hydrogen bonds by red dashed
lines.

Fig. 5. A sequence alignment of Atx1-family metallochaperones. The sequences shown are: CopZ from
Bacillus subtilis(BsCopZ, 032221); CopZ frofanterococcus hira€EhCopZ, Q47840); copper chaperone
from Ralstonia eutroph@#ReCopZ, QOK5J5); copper chaperone fidasulfohalobium retbaeng®rCopZ,
C1SUC1); copper ion binding protein frafelicobacter pyloriG27 (HpCopZ); metal associated protein
from Streptomyces coelicolok3(2) (ScCopZ, BSZAE1L). Identical residues ardigated by a dark grey
background, conservatively varied residues are daxal shown in bold characters. Secondary straictur
elements in CopZ are indicated and labelled. Pairsesidues forming intersubunit contacts in the
Cus(CopZ) trimer are indicated by matching pairs of symi®s ¥ ,A). In each case, the hydrogen bond
donor involves the residue in the range 14-18 (Coprhbering). The corresponding hydrogen bond
acceptor is in the residue range 62-66. Note tbsilue Serl2 forms water-mediated contacts with the
equivalent residue in the other two subunits (syinbo

THIS IS NOT THE VERSION OF RECORD - see d0i:10.1042/BJ20091079

Fig. 6. Putative copper exchange complexes. (A) Models for Cy(CopZ)(CopAa) and (B)
Cus(CopZ)y(CopAb). The a- and b-domains of CopA are colousgtiand yellow, respectively. (C) Unique
hydrogen bonds (shown by dashed lines) at the (,GppAa interfaces of the heterotrimer. (D) Unique
subunit interface hydrogen bonds in the heterotricoataining CopAb. The three hydrogen bonds betwee
CopZ subunits are not shown in panels (C) and (D).
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TABLES

Tablel. X-ray Data collection and refinement statistics

Data collection

Wavelength (A) 1.38 A
Resolution (A) 50 - 1.9 (2.0 - 1%9)
Unique reflections 5023 (608)
Rsym (%) 6.6 (238)
Completeness (%) 97.2 (84.2)
<l/o(l)> 29.1 (8.6)
Multiplicity 14.1 (10.7)
Ranom’ (%) 7.1(26.3)
Anomalous completeneS§) 96.7 (86.3)
Overall B-factor (&) 19.7
Refinement
Resolution (A) 10-1.9
Reryst 19.08
Riree’ 26.49
Twin fraction 0.04
Model

Protein atoms 527

Copper ions 1

Water molecules 20
Ramachandran Analysis (%)

Most favoured 87.1

Additional allowed 12.9
RMS deviations

Bond length (A) 0.011

Bond angle (°) 2.0
Average atomic B-factor (A 17.6

® Figures in parentheses refer to data in the higlesslution bin.

b Reym=Z0L - (DO Z I;  where(l) is the average of symmetry equivalent reflectiand the summation
extends over all observations for all unique reiters.

 Ranom = Z [XI+) - (IO / X1+ + (I-)[0. This statistic and anomalous completeness arertezbto a
maximum resolution of 2.0 A.

d Reryst = Z00FFOFOLY Z0F,LIwhere B and F are the measured and calculated structure factors

° For R the summations exiends over a randomly-selecteses|{5%) of reflections excluded from all
stages of refinement.
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