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Abstract: CopC is a small soluble protein expressed in the periplasm of Pseudomonas syringae pathovar
tomato as part of its copper resistance response (cop operon). Equilibrium competition reactions confirmed
two separated binding sites with high affinities for Cu' (1077 = Kp = 1072 M) and Cu" (Kp = 10713® M),
respectively. While Cu'-CopC was converted cleanly by O, to Cu'-CopC, the fully loaded form Cu'Cu'-
CopC was stable in air. Variant forms H1F and HI1F exhibited a lower affinity for Cu" than does the wild-
type protein while variant E27G exhibited a higher affinity. Cation exchange chromatography detected each
of the four different types of intermolecular copper transfer reactions possible between wild type and variant
forms: Cu' site to Cu" site; Cu'" site to Cu' site; Cu' site to Cu' site; Cu'" site to Cu" site. The availability of
an unoccupied site of higher affinity induced intermolecular transfer of either Cu' or Cu' in the presence of
O, while buffering concentrations of cupric ion at sub-picomolar levels. Crystal structures of two crystal
forms of wild-type Cu'Cu"-CopC and of the apo-HI91F variant demonstrate that the core structures of the
molecules in the three crystal forms are conserved. However, the conformations of the amino terminus (a
Cu'" ligand) and the two copper-binding loops (at each end of the molecule) differ significantly, providing
the structural lability needed to allow transfer of copper between partners, with or without change of oxidation
state. CopC has the potential to interact directly with each of the four cop proteins coexpressed to the
periplasm.

Introduction Pseudomonas syringgmathovartomatq a strain isolated from

. . . ... _plants treated with copper-based antimicrobial and antifungal
Copper is an essential element whose accessible OX|dat|ona ents. carries six plasmid-born geresABCDRSvhich are
states Cluand CU form an efficient redox couple when bound g ' P gelep

o homologous to the equivalepto genes’.® They confer some
at enzyme active sites. However, the same couple can generate

toxic oxygen radicals when copper ions are “free” in solution. spectacula_r properties. Cells turn blue upon exposure to high
Consequently, copper levels are tightly controlled in the yeast c?nceptratlons of gopper. Tr;e rr;e:]al gccum.ulﬁltesf |rr]1 the”p er
cytosol (and presumably in other organisms) by specific binding P!2Smic space, and up to 12% of the dry weight of the cells is
of copper ions to chaperone, pump, and enzyme moleédles. COPPer- An operational model for expression and control is
Both copper uptake and efflux (resistance) pathways work Presented in Scheme©1:%1° CopA and CopC are soluble
dynamically to maintain appropriate nutritional levels. proteins present in the oxidizing environment of the periplasm,
The bacteriunEscherichia colicarries a number of chromo- ~ COPB and CopD appear to be membrane-bound copper pumps
somal operons which mediate copper tolerah¢dowever, while CopS and CopR form part of copper sensing and gene
copper resistance (the ability to survive elevated environ- induction systems.
mental levels) requires plasmid-based resistance genes and the The CopC protein is proposed to be a copper carrier (Scheme
E. coli pco cluster, for example, features the seven genes 1),/'*butin contrast to known cytoplasmic copper chaperones,
pcoABCDRSE % On the other hand, copper resistance in

(4) Tetaz, T. J.; Luke, R. K. J. Bacteriol.1983 154, 1263-1268.
(5) Brown, N. L.; Barrett, S. R.; Camakaris, J.; Lee, B. T. O.; Rouch, D. A.

o .
+ iversity of Melbourne. Mol. Microbiol. 1995 17, 1153-1166.
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Current address: Division of Molecular Biosciences, Imperial College, J. V.; Brown, N. L.Biochem. Biophys. Res. Comm@002 295 616—
London, SW7 2AZ, UK. 620.
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(2) Finney, L. A.; O'Halloran, T. V.Science (Washington, D.C2p03 300, (9) Puig, S.; Rees, E. M.; Thiele, D. Structure (Cambridge, MA2002 10,
931-936. 1292-1295.
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Scheme 1. Partial Model for Copper Resistance in P. syringae
(cop) and E. coli (pco)?
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prokaryotic cue and cus systems, in the bacterial chaperone
DR1885 and the eukaryotic Ctr membrane-bound putips.
A CUNS; site of trigonal planar geometry has recently been
characterized structurally in the @dis)(Met), center of CusF°

The present work explores the fundamental chemistry of
CopC. It confirms the presence of two separate but interdepen-
dent binding sites, one with high specific affinity for Cand
the other for Cli. The structural lability of the two sites is
revealed for the fully loaded GQu' form in crystals obtained
at both pH 7.5 and 4.5. If the Csite only is occupied in
solution, the Cti ion is oxidized rapidly by dioxygen. However,
if the CU' site is also occupied, the Csite is stable. The
availability of an unoccupied site of higher affinity in wild-
type or variant forms induces intermolecular transfeeitfier
Cu or CU' while buffering free cupric ion concentrations at
sub-picomolar levels. This unique copper chemistry is consistent
with a role for CopC as a Cu carrier in the oxidizing periplasm
(Scheme 1). Some preliminary aspects of this work have been

it contains no cysteine residues (e.g., see refs 2, 12). NMR andcgmmunicated#

EXAFS structural data revealed/barrel topology and two
copper binding sites, separated ©80 A (Figure 1)!3140One
site is specific for Cuwhile the second is specific for &u
The suggested ligand environments aré(Bis)(Met) (x = 2
or 3) and Cti(His)>(Asp)(Glu)(OH). Three of a total of four
His residues are proposed as ligands (H48 fol; €1, H91

for Cu') as are at least two of the four Met residues M40, M43,

M46, and M51 (Figure 2). Complementary EXAFS information
is available for the homologouk. coli protein PcoC with

Materials and Methods

Characterization and manipulations of CopC and its variants could
be carried out aerobically except for certain' Gorms (wild type,
H91F). These were generated anaerobically in deoxygenated buffers
and solvents in sealed containers in a glovebox]([© 2 ppm). The
samples were kept sealed during transfer from the glovebox for
characterization.

Plasmids and Site Directed MutagenesisThe pAT2 plasmid for
CopC expression was a kind gift from Dr. A. R. Thompsett (CERM,

ENDOR and ESEEM spectroscopies consistent with the pres-University of Florence). Mutagenesis of CopC gene was carried out

ence of a tetragonal Csite with three nitrogen ligand atoms
and one aqua ligan®:1>Crystal structures cdipo-PcoC (wild-
type and Se-Met forms) reveal that {hdarrel molecules form
weakly associated dimers in the solid stft&he four Met
residues in the region of the proposed €ite of each molecule
form part of interacting hydrophobic surfaces.

by PCR targeting the intended mutation site(s) with overlapping primers
carrying the designed variation(s). Each variant generated was con-
firmed by DNA sequencing.

Protein Expression and Purification. Apo-CopC protein was
expressed and isolated essentially as repbiteith an extra gel-
filtration purification step. Negatively chargeel coli proteins were
removed by passing the lysate supernatant through a DE anion exchange
column in 20 mM tris-Cl buffer at pH 8. The flow-through fraction
was adjusted to pH 6 with 0.2 M mes and then applied to a CM cation
exchange column in 20 mM mes at pH 6. The bound proteins were
eluted with a salt gradient of-©0.3 M NaCl in 20 mM mes. Edta (1
mM) was included in the CM buffer to ensure removal of possible
contaminating metal ionsapo-CopC protein eluted over the range
0.10-0.15 M NacCl. Figure S1 documents the purification via SDS-
PAGE. The final purification step used a Superdex-75 gel-filtration
column (120 mL, 1.6 cm) with eluent 20 mM KPi, pH 7 and 100 mM

Figure 1. Ribbon representation of the averaged molecular structure of NaCl to remove edta and also a minor component of higher molar mass

CopC. The relative positions of the Cand CUf sites are shown. Residue
W83 is highlighted.

(<2%). Protein yields varied between 50 and 100 mg per L of culture.
The identity of the wild type and each variant protein was confirmed
by ESI-MS (Table S1; Figure S2). The metal content was01 equiv

While Cys-rich sites are characteristic of copper(l) carriers of copper.

in the reducing cytoplasf!’ His/Met-rich sites seem to be
important in oxidizing environments. As well as thep and

Concentration Assays.Stock solutions of Cu(ll) in milli-Q water
were standardized via titration with bcs in the presence of hydroxyl-

pco systems discussed above, such sites are present in the

(11) Cha, J. S.; Cooksey, D. Rroc. Natl. Acad. Sci. U.S.A991, 88, 8915~
8919
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L. Eur. J. Biochem2004 271, 993-1003.

(13) Arnesano, F.; Banci, L.; Bertini, |.; Thompsett, A.&ructure (Cambridge,
MA) 2002 10, 1337-1347.
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Natl. Acad. Sci. U.S.A2003 100, 3814-3819.
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200Q 275, 31024-31029.

(19) Roberts, S. A.; Weichsel, A.; Grass, G.; Thakali, K.; Hazzard, J. T.; Tollin,
G.; Rensing, C.; Montfort, W. RProc. Natl. Acad. Sci. U.S.£2002 99,
2766-2771.

(20) Loftin, I. R.; Franke, S.; Roberts, S. A.; Weichsel, A.; Heroux, A.; Montfort,
W. R.; Rensing, C.; McEvoy, M. MBiochemistry2005 44, 10533-10540.

(21) Banci, L.; Bertini, I.; Ciofi-Baffoni, S.; Katsari, E.; Katsaros, N.; Kubicek,
K.; Mangani, S.Proc. Natl. Acad. Sci. U.S./2005 102 3994-3999.

(22) Dancis, A.; Yuan, D. S.; Moehle, C.; Askwith, C.; Eide, D.; Moehie, C.;
Kaplan, J.; Klausner, R. DCell (Cambridge, MAYL994 76, 393—-402.

(23) Puig, S.; Lee, J.; Lau, M.; Thiele, D.J.Biol. Chem2002 277, 26021
26030
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10 20 30 40 50
CopC: HPKLVSSTPAEGSEGAAPAKIELHFSENLVTQFSGAKLVETANPGHE-Hsrll

PcoC: HPELKSSVPQADSAVAAPEKIQLNFSENLTVKFSGAKLTHTGHKCHSSHsPH

60 70 80 90 100

CopC: AVKAAVSGGGDPKTMVITPASPLTAGTYKVDWRAVSSDTHPITGSVTFKVK

PcoC: PVAAKVAPGADPKSMVIIPREPLPAGTYRVDWRAVSSDTHPITGNYTFTVK

Figure 2. Comparison of amino acid sequence in the plasmid-based copper resistance homologud3. Gpplgae accession no. aaa25808) and PcoC
(E. coli; accession no. s52255). Possible ligands for thea@d CUl sites of CopC are in red and teal, respectivély.

Table 1. Molar Absorptivities (e, M=t cm~1) at 280 nm of CopC Table 2. Analytical Data for Each Protein Component Eluted from
Proteins the Mono-S Cation Exchange Column (Figures 13, 15, 16, S3)@
apo, 001 Hg"Hg'"a Hg'Cu'a ocu' Cu'cu" Cu'X concn molar
NaCl? mass®
8700 17 500 19 000 10 600 11100 9200 ) i
entry figure (mM) (Da) Cu:CopC  Cu":.CopC assignment
aDetermined at protein concentrations of 140 (Hg"Hg'") and 120 1 13a;16b ~40 10533 nd nd wtt OO
#M (Hg"Cu") (see Figure 11). 2 13b,g ~63 10533 1.0 1.0 wt ey’
3 13c,f;16a ~48 10533 <0.06 1.0 wiCu'
amine?® A calibration curve was constructed using solutions obtained 4  13d,f,g  6-30° 10542 nd nd H1EX
by diluting either a commercial standard (CuSD575 mM; Aldrich) 2 igg b ~5g ig g:‘é rl1d0 r?g :;1':&”
. . ] ] 1 ~
or one _prepa_lred by dissolving the pure salt '[@®1eCN)]CIO, 7 15a ~54 10542 <0.05 0.9 HO1FICY!
quantitatively in de-oxygenated MeCN. 8 15b ~68 10542 preseht preserit H91F CuCulf
The concentrations of edta and egta used for estimation of dissocia- 9 15¢ ~77 10542 present present H91F'Cu'f
tion constants were calibrated with a'Cstandard in the presence of 10 15d ~72 10542 0.9 0.9 HI91F ¢au'
a CU' colorimetric reagent diacetylbis(N4-methyl-3-thiosemicarbazone) 11 S3 10542 1.0 1.0 HO1F @

(atsm)?¢ Briefly, a CU' standard (1.00 mM) was titrated, with constant 1% igﬁ Nlé; ig igi <1'(? 06 11(')0 Eizz%gétﬂd'
stirring, into a 30% dmso solution (2.0 mL) containing edta or egta - : ' .

(ca. 100/4M) and atsm (ca. 5q:M) while absorbance.at 457 nm a Protein concentrations were estimatedAayo usingezso values listed
(characteristic of the orange complex'Catsm)) was monitored. With in Table 1; Cliand CU concentrations were estimated spectrophotometri-
efficient stirring to avoid local excess concentrations of'Cthe added cally by reagent bcs as detailed in Materials and Met#dsObserved
Cw* ions bound preferentially to edta or egta.'(dta) did not elution concentrations depended on protein concentration, ionic strength,

: : N and sample volume so some variation was observed from experiment to
exchange metal with atsm while Qegta) exchanged slow(ty, ~2 experiment. Theapo-H1F proteindX showed little affinity for Mono-S

h) with the exchange equilibrium favoring Cbinding to egta at pH resin at pH 7, eluting as a broad band of variable position close to the start
8.5. A linear increase in absorbance at 457 nm signaled saturation ofof the NaCl gradient¢ Determined aapoform by ESI-MS in acidic solvent.
edta or egta with Cli. A plot of Ass; versus added Gt provided a d Not detected® Wild type. f Both Cd and CUl were detected qualitatively

; ; ; ; ; but not quantitatively due to the low relative yields. However, their elution
;s#:?elzestl_mgtlon of edta and egta concentrations from the intercept positions match that of an authentic'Cu'-H91F sample isolated from a
57 — Y.

! ) ) gel-filtration column (Figures 15d, S3, Table 2, entries 10,11).
Protein concentrations were estimated from the absorbance at 280

nm. A calculation based on the protein amino acid content estimated . nient by difference) was estimated by subsequent addition of the
M P - . i _ ,

€250 = 6970 M™% cm™™. However, titration ofapo-CopC with standard reductant NHOH to the same solution. Typical results form part of

ized CU solution monitored by solution absorbance and fluorescence Table 2.

spectra (see Figures 4, 10) estimated a value of 870bdvh2, on
the assumption that CopC binds a single equivalent df Chis value
permitted estimation of,so values for a number of metalated species

Analytical Methods. Cation Exchange Chromatography Effective
separation opo-CopC and various metalated forms was achieved via
R . . ) - NaCl gradient elution on a Mono-S cation exchange column (HR5/5;
via titration ywth standardized solgtlons of the metal ions (Tab!e 1). Pharmacia) in KPi (10 mM; pH 7). The identity of each eluted protein
The values in Table 1 for the various copper forms were confirmed component was established by ESI-MS analysis under acidic conditions

independently by analysis of copper content for each pure protein while its CU and CU content were estimated by copper analysis (see
sample isolated (e.g., see Table 2). The same values were assumed fofable 2)

equivalent forms of the variant proteins.

Generation and Analysis of Metalated Forms.The apo-CopC
protein and its variants were metalated by addition of @ud/or CU}
followed by gel filtration or cation exchange chromatography to remove
weakly bound copper ions. Copper content in each isolated protein
sample was determined spectrophotometrically by reaction with at least
20 equiv (relative to protein) of Cu(l)-specific colorimetric reagent
bathocuproine disulfonate (bc®)Cu content was determined directly
without addition of reductant. Total copper content (and hencé Cu

Gel Filtration Chromatography. Both theapoand metalated forms
of CopC were analyzed via elution on a Superdex-75 gel filtration
column (HR10/30; Pharmacia) at a flow rate of 0.6 mL/min in KPi
buffer (25 mM; pH 7) and NaCl (100 mM) (Figure S3). The column
was calibrated with Blue Dextran (2000 kDa), albumin (67 kDa),
ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), and ribonuclease
A (13.7 kDa) as standards (Amersham Pharmacia).

Physical MeasurementsAbsorption spectroscopy was performed
on a Varian Cary 50 spectrophotometer in dual beam mode with quartz
(25) Blair, D.; Diehl, H.Talanta1961, 7, 163-174. cuvettes of 0.5 or 1 cm path length. Steady-state fluorescence spectra
(26) Xiao, Z.; Donnelly, P.; Wedd, A. G. Unpublished observations. were obtained on a Varian Cary Eclipse spectrophotometer. For
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Figure 3. Decrease in intensity of the absorption spectrum of ()]~ 6.0

(CU, 15uM; bcs, 45uM) with increasing concentration of wild typspo-
CopCOO in mes buffer (20 mM; pH 6; NaCl, 100 mM) under anaerobic
conditions. From top: 00O0]; = 0, 250, 500, 75@:M, respectively.

fluorescence emission spectra, the excitation wavelength was 280 nm
with a band-pass of 10 nm for both excitation and emission spectra.
The spectra were recorded between 295 and 500 nm at a scan rate of
600 nm/min. The absorbance of protein solutions was maintained below
Azgo = 0.1 to minimize resorption effects.

ESI mass spectra were recorded on a Micromass Quattro Il Triple-
Quadrupole mass spectrometer in the positive ion mode with a cone
voltage set at 2535 V and a flow rate at 3@L min~*. Protein samples
were desalted aerobically with water and diluted to ca. 20 prhol/

4.0

2.0

((CopC] ., / [Cu"CopC]) - 1

The diluted samples were mixed with an equal volume of methanol 0.0

containing 0.1% formic acid just before delivery to the electrospray 0.0 1.0 2.0 3.0

probe. The average molar masses were obtained by applying a ([egta]tom / [Cu"egta]) - 1

deconvolution algorithm to the recorded spectra and were calibrated _ o e

with horse heart myoglobin (16 951.5 Da). Figure 4. Determination of Clidissociation constanté(OCu') for CopC

_Sedimentation equ?librium experim_ents were ca_rried ot_Jt ato grgéilgﬁm(g /f)'\f/l)ﬂlljrz)rzsc'egggeén(“zgsig:]Mi’ntZ?S;yo’m';l(fg(l)’;goug l\fIJ)F.)O(na)
using a Beckman Optima XL-A analytical ultracentrifuge with an An-jration with Ci#* solution (20M); (b) Change in fluorescence emission
Ti60 rotor. Samples (6@M) were prepared in potassium phosphate intensity as a function of Cluconcentration in the presence of (ijJ in

or sodium acetate buffers (50 mM; KPi, pH 6.8; NaAc, pH 4.5) and KPi buffer only; (ii) OO and edta (5.Q«M); (i) OO and egta (5.cM);
NaCl (100 mM) by buffer exchange from concentrated protein stocks. (V) apoH1F @X) in KPi buffer only; (c) Plots of eq 3 (Table 6) for
Protein solutions and reference buffers were loaded into the ultracen- &ffective competition for Clibetween egta and @; (ii) apo£27G ().
trifuge cells and sedimentation equilibrium distributions determined o ) ) o

from radial scans at 280 nm. The final equilibrium distributions were detection limit: <1% of protein molecules bind Cat equilibrium.
fitted globally using the program SEDEQ1B (kindly provided by Allen Within experimental erroiKp(Cu) was the same for the varla_\nt p_rotems
Minton, NIH, Bethesda, MD). The partial specific volume of the protein H1F- and H91F-CopC whose Cforms are more stable in air (see
(0.741 g/mL) was calculated from the amino acid composition. below).

Estimation of Metal Dissociation Constants.The imperatives for The affinity of CopC proteins for Cuwas estimated by competition
optimal estimation of metal ioAprotein affinities have been reviewed  With ligands ethyleneglycaB,O'-bis(2-aminoethylN,N,N',N'-tetraace-
recently?” An approach developed previously for estimation of affinity  tic acid (egta) and\,N,N',N'-ethylenediamine tetraacetic acid (edta).
of proteins for Cti was adapted and is based on the following apo-CopC fluoresced intensely @rax 320 Nnm when excited at 280
competition with ligand bathocupiree disulfonate (bcs3 nm (Figure 4a). Titration ofapo-CopC with CU quenched the

fluorescence intensity linearly until 1 equiv of Cwas bound (Figure
apo-CopC+ [Cu'(bcsL]S_ - Cu'-CopC+ 2 bl 1) 4a, 4b(i)). If 1 equiv of edta was also present in #ipe-CopC solution,
linear quenching occurred only in the range2lequiv of Cl (Figure
4b(ii)). Conversely, titration of edta into ¢GopC led to complete
restoration of the fluorescence intensity. The results demonstrated that,
under the conditionsgpo-CopC has a significantly lower affinity for
Cu' than does edtaK, 3.2 x 10" M™% pH 7.0;1, 100 mM)2° They
also demonstrate that neither edta not(@dta) perturb the fluorescence
intensities ofapo-CopC or ClUCopC.

The equivalent experiments with ligand egta produced the titration

curve of Figure 4b(iii), demonstrating effective competition for'Cu

Since CopC binds to Cunuch more weakly than does bcs, the
following conditions were necessary to induce competition: (i) to lower
the initial bcs/Cliratio to 3 (@ minimum value to ensure that all'Cu
not bound to the protein was present as'{Bes)]®~ of known stability
constant,8, = 108 M~?); (ii) to add a large molar excess apo-
CopC into the solution. Competition was evident from a stepwise
decrease in absorbance at 483 nm (characteristic 6ff€}]*") upon
stepwise increase in total CopC concentration under anaerobic condi-
tions (Figure 3; Table S2). The derivég(Cu) was 10 M and must
be considered to be a minimum value as these experiments are at th

é28) Xiao, Z.; Loughlin, F.; George, G. N.; Howlett, G. J.; Wedd, A.JGAm.
Chem. Soc2004 126, 3081-3090.

(29) Martell, A. E., Smith, R. M., Ed<ritical Stability Constants, Vol. 1: Amino

(27) Magyar, J. S.; Godwin, H. AAnal. Biochem2003 320, 39—54. Acids Plenum: New York, 1974.
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betweenapo-CopC and egta (eq 2): produced crystals of typical dimensions 15050 x 150um?, which
were grown at room temperature by mixing protein solution (2.0

30 mg/mL) with an equal volume of reservoir solution (2.4 M sodium
acetate, pH 7.0, 0.1 M Bis-Tris propane, pH 6.6) and edtay(D,®.1
M).

Crystals of the wild-type protein were transferred directly into a cold
N> gas stream (100 K) for data collection following brief (10 s)
immersion in the appropriate cryoprotectant solution (low pH form:
6.0 M ammonium nitrate, 0.1 M sodium acetate, pH 4.6, 21% (w/v)
xylitol; high pH form: 2.2 M ammonium sulfate, 2% (w/v) PEG 400,
0.1 M sodium Hepes, pH 7.5, 30% (v/v) glycerol). A single crystal of
the H91F form was mounted at room temperature using the MicroRT
system (MiTeGen, Ithaca, NY). A small amount of reservoir solution
was injected at one end of a thin-walled polyester tubing which had
been presealed at the other end. The tubing was pulled down over the
crystal, which had been mounted on a MicroMount (MiTeGen) and
sealed onto the goniometer base with a small amount of vacuum grease.
Data from a single crystal of the low pH form were collected at the
Stanford Synchrotron Radiation Laboratory on a BL9-2 at a single
energy (8999.57 eV), corresponding to the peak position of the Cu
K-edge. Subsequent native data sets for the low and high pH forms, in
addition to diffraction data from a crystal of the H91F protein, were
recorded on an Mar345 image-plate detector with @QuXrays from

apo-CopC+ CU'(egta)— Cu'-CopC+ egta 2

Within experimental error, the same titration curve (Figure 4b(iii))
was constructed from individual titration experiments that initiated
reaction 2 from either direction. These observations permitted reliable
estimation ofKp(Cu') for CopC. The following relationship can be
derived for effective competition via eq 2 (see Supporting Information
for details):

KpKa = { ({COpCly,f/[Cu"-CopCl)— 1}/
{([egtal,/[Cu'(egta)])— 1} (3)

where Kp is the dissociation constant of GCopC andKa is the
apparent association constant of''(agta) under the experimental
conditions. At pH 7.0 and, 0.1 M, Ka(Cu'egta) is calculated to be
4.0 x 108 M~12° A plot of {([Plww/[CuP]) — 1} versus{([egtalot/
[Cu"(egta)])— 1} should generate a straight line with a slope equal to
KoKa passing through the origin, allowing estimationky.

As in our previous approachithe experiments were carried out in
both directions of eq 2 with Cu(ll) preloaded on either egta or CopC.
Briefly, for forward reactions, a series of individual solutions were
generated by adding varying proportions of standardized €alution a Rigaku RU-200 rotating anode generator focused using Osmic mirror
to a defined molar quantity of standardized egta solution, followed by optics. All data were processed and scaled with ki€ suite of
addition of equimolaapo-CopC. For the reverse reaction, a set of the programsDENZQ, andSCALEPACK! Statistics for the data collec-
same solutions was generated but the order of addition of egta andtions are presented in Table 3a and b.
apo-CopC was reversed. The mixtures were diluted with KPi buffer  structure Solution and Refinement.Data collected from the low
(20 mM; pH 7.0; NaCl, 100 mM) so that the final concentrations of pH form at SSRL were used to solve the structure by single wavelength
both egta and CopC were 5/M. After incubation overnight, the  anomalous dispersion phasing (SAD). The positions of six copper atoms
fluorescence spectrum of each solution was recorded and the chang&uere found and refined, and phases were calculated using SGLVE.
in fluorescence intensity AFx) relative to apoCopC €o) was Solvent flattening and initial model tracing were carried out by
calculated. Equilibration of eq 2 was signaled by the observation of RESOLVE 33344t this point, by interpreting the phased electron density
experimentally identicalAFx values for each pair of equivalent map, the NMR model o&po-CopC (PDB coordinates 1M4Z)could
solutions. Since Cl binding to CopC quenched the fluorescence pe positioned into the asymmetric unit at three positions. Manual fitting

intensity linearly until 1 equiv of Cliwas bound, the denominator of ot the model was carried out by the prograri®@efinement proceeded
eq 3 could be calculated: [Cop&d/[Cu'CopC] = AF/AFx, where using Refmac5? with tight noncrystallographic symmetry (NCS)

AF; andAFx are the changes in fluorescence intensity when CopC is regtraints. NCS restraints were relaxed and finally removed as the
loaded with 1 anc equiv of Cl. Mass balance considerations under refinement progressed.

Cu' limiting conditions then allowed the denominator to be estimated. .
9 A single CopC molecule from the structure of the low pH form,

Results for wild-type CopC and the E27G variant are displayed in .
. wid-typ P var Isplayed | with copper atoms and water molecules removed, was used as the search

Figure 4c. del to find the position and orientation of lecule of CopC
CopC affinity for Hd' was estimated directly from the change in moget o Tind the position and onentation of one molectiie of L-op
within the asymmetric unit of the high pH form. The molecular

solution spectrum upon titration of Kginto eitherapo-CopC or Cli- ; ) _ .
CopC of different concentrations. replacement was carried out with PHASER and the refinement with
X-ray Crystallography of CopC Proteins. Crystal Growth and Refmacs"=

Analysis. Crystallization conditions were screened for thé@it forms The refined structure of the high pH form (with Cu atoms, water
of the wild-type and H91F proteins at 293 K according to the sparse- molecules, and residue His 91 removed) was used to find the position
matrix method@ using commercially available screens (Crystal Screen, and orientation of a single molecule of H91F-CopC within the
Crystal Screen 2, and Salt Rx screen, Hampton Research, Laguna Hillsasymmetric unit. The molecular replacement calculation was carried
CA) and the hanging-drop vapor-diffusion technique. For wild-type out using MolRep? After initial rounds of refinement using Refmat’,
proteins, small crystals were observed in condition 40 of the Salt Rx the site of the HI1F variation was clearly visible in difference Fourier
screen (6.0 M ammonium nitrate, 0.1 M sodium acetate, pH 4.6). electron density maps. This variation was incorporated into the model,
Further refinement of the crystallization conditions produced crystals

of typical dimensions 9« 90 x 70 um? which were grown at room
temperature by mixing the protein solution (D, 14 mg/mL) with

an equal volume of reservoir solution (4.8.2 M ammonium nitrate,
0.1 M sodium acetate, pH 4-@1.8; low pH form). An additional crystal
(high pH form) of dimensions 408 400 x 300um?® was observed in
Crystal Screen condition 39 (2.0 M ammonium sulfate, 0.1 M sodium
HEPES, pH 7.5, 2% (w/v) PEG 400). Crystallization experiments with
the CUCU' forms of the H91F protein produced crystals in condition
2 of the Salt Rx screen (2.8 M sodium acetate, pH 7.0, 0.1 M Bis-Tris
propane, pH 7.0). Further refinement of the crystallization conditions

(30) Jancarik, J.; Kim, S. Hl. Appl. Crystallogr.1991, 24, 409-411.
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(31) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.

(32) Terwilliger, T. C.; Berendzen, JActa Crystallogr.,, Sect. D: Biol.
Crystallogr. 1999 D55, 849-861.

(33) Terwilliger, T. C.Acta Crystallog., Sect. D: Biol. Crystallog2z00Q D56,
965-972.

(34) Terwilliger, T. C.Acta Crystallogr., Sect. D: Biol. Crystallog2003 D59,
38-44

(35) Jones, T. A.; Zou, J. Y.; Cowan, S. W.; Kjeldgaard,Adta Crystallogr.,
Sect. A: Found. Crystallogr1991, 47 (Pt 2) 110-119.

(36) Murshudov, G. N.; Vagin, A. A.; Dodson, E.Acta Crystallogr., Sect. D:
Biol. Crystallogr.1997 D53, 240-255.

(37) Storoni, L. C.; McCoy, A. J.; Read, R.Acta Crystallogr., Sect. D: Biol.
Crystallogr. 2004 D60, 432-438.

(38) Read, R. JActa Crystallogr., Sect. D: Biol. Crystalloge001, D57, 1373~
1382.

(39) Vagin, A.; Teplyakov, AJ. Appl. Crystallogr.1997, 30, 1022-1025.
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Table 3. Crystallographic Data and Refinement Statistics for (a) Cu'Cu'-CopC Proteins and (b) the apo-H91F Protein2
(a) CUCU'-CopC Proteins
low pH form high pH form
crystallization pH 4648 4.6-4.8 7.5
radiation source SSRL rot. anode rot. anode
X-ray wavelength (A) 1.3776 1.5418 1.5418
space group P3,21 P3,21 P432,2
unit cell parameters
a(A) 104.9 104.5 55.8
c(A) 56.0 55.5 60.3
mosaicity (deg) 0.52 0.79 1.16
resolution (A) 50.6-2.8 (2.9-2.8) 50.0-2.25 (2.33-2.25) 50.0-1.6 (1.66-1.60)
unique observations 16 908 16 159 13027
total observations 85 608 79 068 171 605
completeness (%) 99.9 (98.9) 96.1 (97.4) 99.6 (100.0)
redundancy 5.1(3.3) 4.9 (4.7) 13.2(11.0)
11a(l) 12.2 (3.6) 13.7 (3.1) 33.0(7.9)
Rmergd 0.112 (0.366) 0.076 (0.388) 0.067 (0.324)
Refinement Statistics
low pH form high pH form
no. molecules/asu 3 1
resolution range (A) 50:62.25 40.0-1.6
no. protein residues 306 102
no. of Cu atoms 6 2 (1 with occupancy 0.75)
no. of water molecules 205 83
no. of other entities 4 (N©) 0
total no. of atoms 2461 860
reflections 16 151 12 982
Rerys® 0.190 (0.252) 0.187 (0.221)
ree™d 0.263 (0.360) 0.225 (0.292)
rmsA — bond lengths (A) 0.005 0.012
rmsA — bond angles (deg) 0.952 1.538
average proteiB-value (£) 41.7 24.6
ESU (Ay 0.18 0.06
Ramachandran plot, residues fin:
most favored regions (%) 97.6 93.9
additional allowed regions (%) 24 6.1
generously allowed regions (%) 0.0 0.0
(b) apo-HI91F CopC Protein
crystallization pH 6.6
radiation source rotating anode
X-ray wavelength (A) 1.5418
space group 141
unit cell parameters
a(A) 72.3
c(A) 475
mosaicity (deg) 0.44
resolution (A) 30.6-2.0 (2.07-2.00)
unique observations 8189
total observations 19972
completeness (%) 97.7 (95.6)
redundancy 2.4(2.1)
11o(l) 23.8(3.7)
Rmergd 0.038 (0.242)

no. molecules/asu 1
resolution range (A) 27:62.0
no. protein residues 97
no. of Cu atoms 0
no. of water molecules 63
no. of other entities 1(N3g
total no. of atoms 835
reflections 8184
Rerys® 0.175 (0.208)
Rereesd 0.213 (0.346)
rmsA — bond lengths (A) 0.010
rmsA — bond angles (deg) 1.384
avera%e proteiB-value (42 46.9
ESU (Ay 0.10
Ramachandran plot, residuesfin:
most favored regions (%) 96.2
additional allowed regions (%) 3.8
generously allowed regions (%) 0.0

2Values in parentheses are for the highest resolution $hRllege= ¥ |In — DhVY Ihl ¢ R values= Y |Fobsa — Feaicd/Y Fobsa ¢ 5% of the reflections
were reserved for the calculation & ©Estimated standard uncertainty in atomic position, based on maximum likelffobGalculated using
PROCHECK3>*
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Table 4. Interatomic Distances (A) and Angles (deg) Involving
Copper lons for Cu'Cu"-CopC Proteins

Low pH Form
Distance (Average for Molecules A, B, and C)
Cu—Met 43 92 2.4(2)
Cu—Met 46 92 2.2(2)
Cu—Met 40 9P 2.4(2)
Cu—Met 51 9P 2.3(2)
Cu'—His 1 N2 2.3(2)
Cu'—His 91 N1 2.0(2)
CCu'—His 48** N2 2.2(2)
Cu'-OH, 2.5(2)
Angle (Average for Molecules A, B, and C)
Met 43 S > CuU > Met 46 Q2 118
Met43 > Cu > Met 40 Qab 105
Met 43 S > Cu > Met 51 Qab 107
Met 46 @ > Cu > Met 40 Q2b 107
Met46 @ > Cu > Met 51 Qab 108
Met 40 S > Cu > Met 51 P 108
His 1 N2 > CuU' > His 91 N1 159
His 1 N2 > Cu' > His 48** N<2¢ 101
His 1 N2 > Cu' > OH, 76
His 91 N’ > Cul' > His 48** N<2¢ 95
His 91 N°1 > Cu' > OH, 85
His 48** N2 > CU' > OH,° 168
High pH Form
Distance
Cu —His 48 N2 2.04(8)
Cu—Met40 2.40(8)
Cu—0OH, 2.47(8)
Cu — Cu*d 4.81(8)
Cu'-His 1N 2.18(8)
Cu'—His 1 Nt 1.96(8)
Cu'—His 91 N1 1.95(8)
Cu'—OH, 1.82(8)
Angle
His 48 N2 > Cu > Met 40 & 118
His 1 N> Cu'' > His 1 N°* 98
His 1 N> Cu' > His 91 N1 152
His 1 N> Cu' > OH, 95
His 1 N°1 > Cu' > His 91 N1 102
His 1 N°1 > CU' > OH, 158
His 91 N° > Cu' > OH, 74

aFor the Cliatom belonging to molecule A, B, or C, Met 43 and Met

46 also belong to molecules A, B, and C, respectiveRor the Cliatom

belonging to molecules A, B, or C, Met 40 and Met 51 belong to molecules

B, A, and C* (generated by symmetry operation-y, —y, —z + /3),

respectively For molecules A, B, and C, His 48** belongs to molecules

A** B** or C**, generated by symmetry operationsy, x — vy, z+ /3,
—X+Y, =X, z+ Yzand—x +y, —x, z+ 3, respectivelyd Cu* belongs
to molecule A*, generated by symmetry operatiey, —x, —z + /2.

and the refinement was completed using Refmac5 with L all

Scheme 2
2+
oo — & o OCu!
K(@cur), 10-13M
Cu* Cu*
K(cu) > 10 ase, dt 2~ 0,
Cu2+

Gl —» Cucut

resins but does not bind to anion-exchange resins, allowing ready
purification by conventional chromatography. The predicted
positive charge increases as metal atoms bind, allowing ready
separation and analysis of different forms of the protein.

Generation and isolation of various metalated forms of the
CopC protein are documented below and in Table 2. For
efficient notation for the wild-type protein, an empty copper
site is indicated byd. Hence theapo form is OO, the half-
loaded forms are G andOCu' and the fully loaded form is
CuUCu'. Equivalent notation applies to the Mderivatives and
the variant forms.

Addition of ClZ™ solution convertecapo-CopC (O0) to a
stable Cll form OCuU" which, after removal of weakly bound
CU" by gel filtration, contained a single equivalent of 'Cu
(Table 2, entry 3). Subsequent addition of *Cas [CU-
(MeCN),]* followed by gel filtration produced a second copper
form, CUCU'. Analysis for Cli with the colorimetric reagent
bcs in the absence and presence of reductanO¥tHonfirmed
the stoichiometry as 2 equiv of copper (one as, the second
as CUi; Table 2, entry 2). The same @' form was generated
by the addition of 2 equiv of Cif in the presence of NyOH.

In the absence of this weak reductamCu' was the only
isolable protein. These experiments confirm that there are two
distinct copper sites in CopC: one is specific for' Cand the
other, for Cl.14

Metalated derivatives containing bound'@@Cu' and Cu+
Cu'") were stable in air. Addition of 1 or 2 equiv of Cdo OO
in air led to the clean isolatior=( 90% yield) of0Cu' or Cu-

Cu", respectively. Exposure dfid] to Cu"™ under anaerobic
conditions generated @0 with an empty Cli site. This form

was not stable in air, oxidizing rapidly and cleanly@cu'.

On the other hand]Cu' was converted to C in the presence

of stronger reductants such as ascorbate and dithionite. These
copper transfer reactions are summarized in Scheme 2 and

structures, water molecules were added automatically using ARP/wARP €Xplored in more detail below.

and confirmed by inspection of electron density maps in O after

consideration of conservative hydrogen-bonding critéfa.

NMR and EXAFS structural data suggested that &(8is1)-
(His91)(Asp89)(Glu27)(Oh coordination site is present in

Relevant interatomic distances and angles for the copper centers aréJCU'.1314 Indeed, mutation of Hisl to Phe diminished 'Cu

provided in Table 4 for each of the @u'-CopC structures.
Results and Discussion

Expression, Purification, and Characterization of Wild-
Type and Variant CopC Proteins. CopC was expressed i

coli as theapo-protein. It is slightly basic with a predicted charge
of +1 at pH 7. Consequently, it binds weakly to cation-exchange

(40) Murshudov, G. N.; Vagin, A. A.; Dodson, E.Acta Crystallogr., Sect. D:
Biol. Crystallogr. 1997, 53, 240—-255.

(41) Winn, M. D.; Isupov, M. N.; Murshudov, G. NActa Crystallogr., Sect.
D: Biol. Crystallogr. 2001, 57, 122-133.

(42) Lamzin, V. S.; Wilson, K. SActa Crystallogr., Sect. D: Biol. Crystallogr.

1993 49, 129-147.
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binding to the extent that the €4H1F form was unable to
survive gel filtration. Theapoform of this H1F variant with a
disabled CU site is designated byX. Cu'X is generated by
addition of Cd" to OX or by reduction of the H1F proteiiCu'.

In contrast to ClO, CUX is stable in air. Mutation of His91 to
Phe also weakens €ibinding but to a lesser extent (tlapo
protein HI1F is denoted bgal). On the other hand, mutation
of the proposed Culigand Glu27 to generate variant E27G
actually increased the affinity for Gtuslightly (apo form is
denoted by?). It is apparent that the chemistries of the two
copper binding sites in CopC are interdependent. Quantitative
details are provided below.
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Figure 5. Crystal structures of ¢Gu'-CopC. The positions of the copper atoms are indicated by gray spheres. Ligating residues are highlighted. (a) Ribbon
representation of a d0u'-CopC molecule from the high pH structui462,2). The molecule is shaded from blue at the N-terminus to red at the C-terminus.

(b) Cu-linked CopC dimers from the low pHP@;21, left) and high pHR452,2, right) structures. (c) Copper “sharing” within the low pP3621) crystal
structure. Molecule A (blue) is shown sharing a total of 4.5 Cu atoms with molecules B (green,'diaked dimer), A** (pink, CU'-linked dimer; related

by symmetry operatior-y, x — vy, z + %3) and A*** (yellow, Cu'-linked dimer; related by symmetry operatierx + y, —x, z + Y3).

Table 5. Sedimentation Equilibrium Data for the Wild-Type apo- structure was solved and refined in space grB@g21 (2.25 A

and Cu'Cu"-CopC Proteins? . . .
resolution, three molecules/asu: A, B, and C). For this structure,

the positions of six Cu atoms per asymmetric unit were

buffer

(50 mM; molar mass molar mass . . . .
protein pH NaCl, 100 mM) exptl (Da) theor. (Da) baseline deterr_nlnled expelnmerr\]tanly by SAE phas||<ngc:15|n9r(:]ata c(zjllelct:ad
— 7 P 11600 10534 0.034 gtasmgewa\ie.engt ,.c_ose_tot e CuK-e ge. The model also
cucd' 7 KPi 11 500 10661 0.031 includes 4 N@™ ions, originating from the main component of
Cucu' 45 NaAc 11 000 10 661 0.006 the crystallization solution, ammonium nitrate. The superposition

of molecules B or C onto molecule A gave an rmsd for the
positions of 102 @ atoms of 0.29 and 0.22 A, respectively.
OO fluoresced intensely with a maximum at 320 nm when This is consistent with the fact that NCS restraints were removed

excited at 280 nm (Figure 4a), a property attributable to the in the final refinement cycles and with the ESU of the structure
unique tryptophan residue W83 located between the two metal (0-18 A; Table 3).
binding sites and about 10 A from the Esite (Figure 1). Bound The high pH form crystallized at pH7.5 and was solved
Cu' but not Cli quenched the fluorescence intensity linearly and refined in space group4s:2;2 (1.60 A resolution, one
until 1 equiv of CUf was bound (Figure 4b(i)). This provided a molecule/asu) by molecular replacement, using a single molecule
convenient probe for monitoring &uransfer reactions. from the low pH structure as a search model. The locations of
All forms of CopC examined by analytical gel-filtratiomJ, 2 Cu atoms per asymmetric unit were assigned by inspection
OCU', CUCU', and CUX) eluted indistinguishably from the  of anomalous difference Fourier maps. The positions later
column in the pH range 4:57.5. The elution volumes are  attributed to Cuand CU sites corresponded to 7.0 and 4.5
consistent with monomeric protein molecules in solution (Figure peaks, respectively, in these maps. As expected from the relative
S3; Table 2, entry 11). This conclusion is supported by Cu and S anomalous scattering factors at @Qurkdiation, the
sedimentation equilibrium analysis of selected species (Tablepeak heights for the Cu sites were comparable to those
5). corresponding to the methioniné ositions (4.5-5.50). The
X-ray Crystallography. Crystals of the C\€u' form of wild- statistics for both the low and high pH structures are given in
type CopC were grown in two forms from the same protein Table 3. Both refined t&-factors < 20% and have excellent
sample. The low pH form crystallized at pH4.6, and the stereochemistry. A ribbon representation is presented in Figure

aConcentration, 60 mM; ODx 0.5.
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Figure 6. Cu binding sites in crystals of CQu'-CopC. (a) low pH form
(space grouppP3,21); (b) high pH form (space groupR4s2:2). Water
molecule W1 lies on a crystallographic two-fold axis. Ligand residues are
labeled. Copper atoms are represented as gray spheres.

5a. A full account of each of the structures is provided in the

Supporting Information. A briefer summary is presented here.

Structure of Cu'Cu"-CopC Crystallized at pH ~4.6 (Low
pH Form). Cu'-Linked Molecules. There are three molecules
A, B, and C in the asymmetric unit of thi83,21 structure.

Figure 7. Cu" binding sites in crystals of ¢@u'-CopC. (a) Low pH form
(space group,P3;21). Molecule A is represented in green and A**
(generated by symmetry operatiety, x — Yy, z+ %/3) in pink. (b) High pH
form (space groupP4s2:2). 2F,—F¢ density is represented as a gray net.
The copper atoms are depicted as gray spheres.

5—7). Molecules B and C are linked in equivalent ways (see
Supporting Information). There arex40.5 Cu atoms associated

They are arranged in head-to-head dimers, linked by two copperwith each CopC molecule, i.e., a Cu:protein stoichiometry of

atoms proposed to be CyFigure 5b, left-hand side). The
average buried surface for the 'dimked dimers is ap-

2:1.
Structure of Cu'Cu"-CopC Crystallized at pH ~7.5 (High

proximately 10% of the total surface area of the monomeric pH Form). Cu'-Linked Molecules. The single CopC molecule
protein. In the case of the A/B Giinked dimer, one Ction is in this model lies close to the crystallographic two-fold axis,

coordinated by Met residues A43, A46, B40, and B51 (Figure so that a pair of Copc molecules A and A* is generated by
6a) while the second Catom is coordinated by Met residues symmetry operation-y, —X, —z + Y,. Two copper atoms

A40, A51, B43, and B46. The average Met-SCU distance  (proposed to be Care found at the dimer interface in an

for the three Clions in the asymmetric unit is 2.3(2) A. Each  arrangement depicted in Figures 5b (right-hand side) and 6b.
Cu ion lies in an approximately tetrahedral geometry with an The buried surface area between CopC molecule A and A* is
average Met §> Cu > Met @ angle of 109 (Table 4). A approximately 13% of the total surface area of each monomer.

search of the Metalloprotein Database (http:/metallo.scripps.edu) Each Cliion is coordinated by Met 40 (Met 40°S- Cu =
indicates that these are the first protein tetrathioether-metalate; 40(g) A) and His 48 (His 48 R — Cu = 2.04(8) A) with a

centers to have been characterized crystallographitally.
Cu'-Linked Molecules. Each molecule in the asymmetric
unit (molecules A, B, C) is bridged to its symmetry-related
partner by a copper atom proposed to bé .Gor example, the
Cu' ion bound to molecule A is in a four-coordinate tetragonal
environment bound by residues His Al, His A91, His A**48
(generated by symmetry operatiety, X — y, z+ 4/3), and water
molecule W 93 (Figure 7a). The average HisH€u' and HO—
Cu' bond lengths for the three €wtoms in the asymmetric

S > Cu > N bond angle of 118 A search of the Cambridge
Data Base (CDB) for molecules containing both-€8R, and
Cu—N bonds revealed respective ranges of 2287 and
1.91-2.02 A%-47 Water molecule W1 lies directly on the
crystallographic two-fold axis between the'Gans, providing
a distorted trigonal environment (Met 40 S Cu > His 48
N2 = 118; His 48 N2 > CU > W1 = 151°; Met 40 ® > CU

> W1 = 92°). The Cu-W1 distance is 2.47(8) A. The above
CDB search also revealed a range of-©0H, distances of

unit are 2.2(2) and 2.5(2) A, respectively (Table 4). The average 2.20-2.24 A. Consequently, the GW1 distance is very long

His N¢ > Cu > His N¢ angle is 98, indicating an approximately
square-planar coordination geometry.

In summary, these crystals are composed of an infinit¢ Cu
Cu'-linked polymer of CopC monomers (Figure 5c). Every
molecule A is linked to molecule B through two Gatoms and
to molecules A** and A*** through single Ciatoms (Figures

(43) Castagnetto, J. M.; Hennessy, S. W.; Roberts, V. A.; Getzoff, E. D.; Tainer,
J. A.; Pique, M. ENucleic Acids Res2002, 30, 379-382.
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for a direct coordinate bond.

(44) Olmstead, M. M.; Musker, W. K.; Kessler, R. Nlransition Met. Chem.
(Dordrecht, Neth.)1982 7, 140-146.

(45) Diaddario, L. L., Jr.; Dockal, E. R.; Glick, M. D.; Ochrymowycz, L. A,;
Rorabacher, D. Blnorg. Chem.1985 24, 356—-363.

(46) Donlevy, T. M.; Gahan, L. R.; Hambley, T. W.; Hanson, G. R.; Markiewicz,
A.; Murray, K. S.; Swann, I. L.; Pickering, S. Rwust. J. Chem199Q 43,
1407-1419.

(47) Chou, J.-L.; Chyn, J.-P.; Urbach, F. L.; Gervasio, DPBlyhedron200Q
19, 2215-2223.
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The Cu" Site.A single CopC molecule donates all the protein Asp 89
ligands for the copper atom proposed to bé' Cthe distorted & Glu 27 }h

tetragonal site is provided by the amino terminus of the protein " His 91
(His 1 N—Cu' = 2.18(8) A), the side chains of His 1 (His 1 A g
NOl—Cu! = 1.96(8) A) and His 91 (His 91 N—Cu' = 1.95 /ﬁ N QL

(8) A), and a water molecule (W78Cu' = 1.82(8) A) (Figure
7b). Asp 89 makes a hydrogen bond to ligand W78 (Asp 89

0%2—-W78 = 2.14(8) A) and to the amino terminus ligand His roure s, Hyd bonding bet Glu 27 and the NAerminusd
Vo1 — igure 8. Hydrogen bonding between Glu 27 and the N-terminuago
1 N (Asp 89 02—His 1 N = 2.70(8) A)' HI91F and comparison with the high pH Cu'-CopC structure. The HI1F

The temperature factors associated with constituents of the(green) and high pH (teal) structures are superposed. Hydrogen-bonding
Cu' site are higher than the average temperature factor of theinteractions among Glu 27, Asp 89, and the N-terminus are indicated. For
: e k ) -
structure (averag® factor for (i) ligand atoms~29 AZ; (ii) clarity, the CUl site of the high pH structure is represented, with the Cu
. . atom as a gray sphere.
Cu' atom= 28 A (iii) structure (main chain atoms only¥

21 A?). In fact, the C# atom has been modeled with an gistances in the low pH (average) and high pH@! structures
occupancy of 0.75. The assignment of'@ecupancies 0.75 are 3.7 A (Glu 27), 12.3 A (Asp 89) and 4.2 A (Glu 27), 2.7 A
gave models with unacceptably higfactors for the Clhiatom (Asp 89), respectively. Asp 89 also hydrogen bonds to the aqua
and significant negative density in difference Fourier electron ligand in the high pH form (Figures 7b, 8). In native CopC,
density maps at this position. This is consistent with the smaller G|y 27 and Asp 89 probably compete with 'Cior the amino
peak height observed in the anomalous difference Fourier mapterminus. In fact, mutation of Glu 27 increases the affinity of
for this CU' atom compared to the €position (4.5 and 7.0, the variant form E27G for Cu(see below).

respectively). Instability in the refinement of the structure of Comparison of the Two CUCuU"-CopC Structures. The

the CU' site was addressed by introducing restraints for the gssential molecular structure is similar in both crystalline forms
Cu'-W78 and W78 Asp 89 O distances. Although the 114 6 P3,21 and pH~7.5,P452,2; Figure 5a). In addition,
structure of the Clisite is consistent with the interpretation of  o5ch molecule in each structure is bound to a total of two Cu
the electron density maps, the 'CuW78 and W78-Asp 89 atoms. The CuCu distances are approximately 30 A. In both
0’ distances are shorter than expected. This indicates somegpace groups, Cu atoms are bound at the interface between Cu-
degree of disorder associated with this'Gite. linked pairs of molecules. However, the structures reported here

Structure of the apo-H91F Protein. The H91F protein  differ in three ways: (1) the coordination chemistry at each Cu
crystallized in space grouph, with one molecule per asym-  site, (2) the conformations of loops which provide the Cu
metric unit. The structure was solved using the coordinates of ligands, and (3) the modes of interaction between CopC
the CUCU' high pH form as the search model, omitting His molecules.

91. Difference Fourier electron density maps, calculated fol-  Superposition of the single CopC molecule from B#2;2
lowing initial refinement of the molecular replacement solution, structure (high pH) onto molecule A of tiR8,21 structure (low
clearly showed the H91F variation. Importantly, an anomalous pH) gives an rmsd for 102 € atoms of 0.93 A. This is well
difference Fourier map, calculated at the same stage, showed autside the accumulated positional error for the two structures.
single significant peak only (ca. 44), corresponding to the  Examination of a plot of change indCposition versus residue
position of the & atom of Met 66. No peaks assignable to Cu number shows that the positions of the main chain atoms for
positions were observed. The crystals were therefore composedesidues 4449 and 88-91 are significantly different. The

of apoHI1F-CopC. The absence of Cu from the H91F structure |argest differences are for residues Glu 4% (Separation of

is consistent with the presence of edta in the crystallization 3.6 A) and Asp 89 (@ separation of 2.8 A).

solution and with the determined Cu binding constants. In Residues 4449 and 88-91 comprise parts of loops (residues
addition, electron density maps in the region of the-8@ Cu- 40-51 and 85-93), which connect the ends of strands that make
binding loop were disordered. Consequently, residues4®  up the Greek keys-barrel fold. These may be described as
were omitted from the final model. No significant oligomeric  copper-binding loops as, apart from His 1, they include all
associations of CopC molecules were observed in the crystalresidues observed to bind to Cu atoms in the two structures
packing of theapo-HI1F structure. (Met 40, 43, 46, 51, His 48, His 91).

Superposition of thepo-H91F structure onto the low pH These loops also differ in the conformations of their side
and high pH CICuU'-CopC structures gives an rmsd for the chains and associated torsion angles. Figure S4 shows a
positions of 97 common &€atoms of 0.58 (average of molecules difference Ramachandran plot comparing the torsion angles of
A, B, and C) and 0.59 A, respectively. Despite the lack of Cu molecule A of the low pH structure and the single molecule of
and CU, the overall structure is essentially conserved in this the high pH structure. The positional differences in the-80
mutant. In fact, the large majority of the side chain conforma- loop are accompanied by changes in torsion angles. The loop
tions are identical for the high pH @u' and apo-H91F comprised of residues 8®3 shows similar conformational
structures. The largest difference when the two structures arevariations. In all cases, conformational changes move the torsion
superimposed is that between the positions of thea@ms of angles of these residues from one allowed region of the
His 1 (2.5 A). The amino terminus lies closer to the-83 Ramachandran plot to another, indicating different but allowed
Cu-binding loop in theapo-His91F structure than it does in the  secondary structures.

Cu-loaded CopC structures. The side chains of both Glu 27 and These changes in the structures of the Cu-binding loops are
Asp 89 hydrogen bond to His 1 (Glu 27¢D-His 1 N = 2.8 accompanied by changes in the coordination geometries and in
A; Asp 89 O2—His 1 N= 2.7 A) (Figure 8). The equivalent  the nature of the ligands. For example, in the low pH structure,

His 1
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Figure 9. Relative conformations of His 48. The high pH and low pH

CUCU'-CopC structures are represented in green and blue, respectively.F’gure 10. Change in UV spectrum upon fitration apo-CopC LIt (86

uMin 1.0 cm cell) in mes buffer (20 mM; pH 6.0) with CugQ@..72 mM).
. . . L . . Insert shows plot 0Pz versus [Cu(ll))/B0].
His 48 is a ligand to Cly participating in a Cl+linked dimer

with a symmetry-related neighboring molecule (Figure 7a). In
contrast, in the high pH structure, His 48 is a ligand td Cu loaded PcoC, in addition to soaking crystals in Cy®&&robic)
(Figure 6b). The conformational changes to the-8Q loop or CuCl (anaerobic), no copper could be detected in either of
necessary for such variation are shown in Figure 9: the the PcoC structuré$. The apo-PcoC protein, as expressed,
directions of the His 48 side chains vary ;\18(C°. In the low features Ala as the N-terminal residue rather than the His residue
pH structure, four out of the five Met residues (Met 40, 43, 46, that is presumably present in the native protein (Figure 2); i.e.,
51) are Culligands (Figure 6a), whereas only Met 40 is & Cu the equivalent of His 1 in the CopC protein crystallized here
ligand in the high pH structure (Figure 6b). In the latter case, was His 2 in the PcoC protein. Native PcoC was crystallized at
Met 43, 46, 51 form part of the A/A* dimer interface, generated pH 7.5 and, if analogous to the high pH CopC structure
by the crystallographic two-fold axis. In both structures, the presented here, would have been expected to biddaEits

side chains of His 1 and His 91 are 'Cligands (Figure 7). N-terminus, using both the His 1 side chain and N-terminus as
The N-terminal nitrogen atom is a €ligand in the high pH Cu' ligands. The presence of the additional N-terminal Ala
structure (pH~7.5) but not in the low pH structure (pH4.6). residue in PcoC may have weakened'@inding#® Such a
This may be related to & of about 8 for this functional group,  possibility is consistent with the properties of the CopC variant
allowing protons to compete with &wat pH ~4.6. H1F discussed below.

Comparison of CuCu"-CopC, apo-H91F CopC, andapo The Metal-Binding Sites in CopC Are Specific for Cu
PcoC Structures.Both CUCU'CopC structures reported here and for Cu". Addition of CL#" solution toapo-CopC (0; 86
confirm the overall Greek keg-barrel structure defined fapo- #M) induced an increase in absorbance around 260 nm (Figure
CopC by NMR (Figure 5a} Superposition of the high pH or ~ 10), plausibly assigned to ligand His Cu' charge-transfer
low pH structures with the averaggpo-CopC structure as  transitions originating from ligands H1 and/or H91 (Figure 7b).
determined by NMR (PDB code 1M42) gives an rmsd in 102 There was a clear endpoint at Cid = 1:1 (inset, Figure 10),
common @ positions of 2.6 and 2.7 A, respectively. These and the stable half-loaded formCu' was formed (Table 2,
are significant differences. The respective rmsd values decreasentry 3). Addition of [Ci{MeCN),]* solution toOCu' induced
to 2.0 and 2.1 A if the copper-binding loop residues-40 a further slight increase in that absorbance (Table 1), and a new
and 85-93 are omitted from the superposition. It should be stable species GOU' was isolated from the solution (Table 2,
noted that we were unable to solve either CopC structure by entry 2). Likewise, addition of 1 equiv of Cuo theapo-H1F
molecular replacement using the NMR structure as a searchproteinX also induced a similar small increase in absorbance
model. The large differences in backbone structure between thataround 260 nm (Table 1) with isolation of stable'KTable
determined by NMR and X-ray diffraction are consistent with 2, entry 5). These experiments further demonstrate the presence
this observation. of two distinct metal-binding sites in CopC that are specific

Sharing of Cu between CopC monomers in Cu-linked dimers, for Cu and CU, respectively.
as observed in the (OU' structures presented here, was not  Addition of Hg?"™ solution to eithedCu' or OO (120 and
detected in the NMR experiments. Dimerization and metal- 150 uM, respectively; 10 mM mes; pH 6.0) also induced an
sharing are commonly observed in X-ray structures of metal- increase in absorbance in the near-ultraviolet region with
trafficking proteins. For example, the [@8—Cys)]3~ center apparent endpoints at Hg:Cop€ 1:1 or 2:1, respectively
present in a crystalline form of the human cytosolic copper (Figure 11). Note that the molar absorbance change was the
chaperone Atox1 (Hahl) bridged two protein molecules, each same for each protein (Figure 11b,c). On the other hand, addition
of which contributed two SCys ligands'® A detailed com- of Hg?" to the CUCU" protein solution caused no change in
parison of the CopC and PcoC structures (67% sequencethe absorbance. These results led to two conclusions: (i) Hg
homology; Figure 2) is presented in the Supporting Informa- can bind at or near to both metal-binding sites in CopC, but

Interestingly, despite attempts to crystallize'Cand CUi-

tion.

binding can be blocked by bound Gand/or CU; (i) the Hg?"

(48) Wernimont, A. K.; Huffman, D. L.; Lamb, A. L.; O’'Halloran, T. V;
Rosenzweig, A. CNat. Struct. Biol.200Q 7, 766—771.
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(49) Djoko, K.; Xiao, Z.; Huffman, D. L.; O'Halloran, T. V.; Wedd, A. G.
Unpublished observations.



Intermolecular Transfer of Cu lons from CopC Protein ARTICLES

Abs
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240 260 280 300 Figure 12. Changes in absorbance at 280 nm@ia (78 M) in mes (20
Wavelength (nm) mM, pH 6.0) upon sequential titration with standardized solutions éfHg
(3 equiv), Cd" (2 equiv), and [Cu(MeCN]* (2 equiv).
3 Addition of Hg?" into eitherdCu' or OO (120 and 15Q(M,
18 respectively; 10 mM mes; pH 6.0) led to the same molar
‘fc_> I absorbance change for each protein (Figure 11b,c). However,
fal 15 I for OO, that increase was no longer linear and was extended to
5 L Hg?™: OO ~ 2 with a less well-defined endpoint (compare
§ - Figure 11b,c). Since the absorbance change at 280 nm reports
w 12 binding of Hd' at or near the Clsite but not the Clisite, the
1 observations suggest that Higas a slightly higher affinity for
9 : : : the CU' site than for the Cusite (i.e.,Kp(Hgd) = Kp(OHQ)).
P SRR R The well-defined endpoint in the titration of Mgnto OCU"
0.0 1.0 2.0 3.0 4.0 (Figure 11b) is consistent with the order
[Hg(I)] / [CopC]
Figure 11. (a) Change in UV spectrum upon titration of GGopCOCU" Kp(HoO) = K(OHg) = Ky(HgCu)= 10°m (5)

(120uM in 0.5 cm cell) in mes buffer (20 mM; pH 6.0) with M§l,; Plots
of molar absorbance at 280 nm versus (b) [HdICu'] for the above

I .
titration (a); (c) [Hd')/[OO] for the equivalent titration witlapo-CopCOICI The presence of Cuat the CU site appears to have increased

(1504M in 0.5 cm cell). the affinity for Hg' at the Clisite (separated by about 30 A).
A similar effect was observed for Chinding and is discussed

probe reports binding of Hg at or near the Cusite only via below.

ligand His and/or Met— Hg'" charge-transfer transitions (cf. Cu' Dissociation Constant.The affinity of the wild-type

Figure 6). protein0O for Cu was estimated via ligand competition with

The two bound HY ions can be displaced by sequential the ligand bes (eq Ef However, the affinity is outside the
addition of Cd* and Cu or vice versa as demonstrated by Sensitive range of Cudetection by besfl = 1019). While a
the experiments reported in Figures 12 and S7. The observed€producible stepwise decrease Augs (characteristic of
values of Adygo are within experimental error of those pre- [CU'(bcsy]®”) was observed upon anaerobic additionCe
dicted from theesgo values listed in Table 1. Either of these (Figure 3), the practical imperatives (see Materials and Methods)
procedures leads to the @uf' form, free of Hg* following permitted estimation of a minimum value only (highest possible
gel filtration (Scheme 2). It is apparent that exces@Hapes  affinity):
not inhibit binding of Cd@* and Cu™ nor do either of these ions

| +
inhibit binding of the other. Addition of Z&t or C®* to an Cull=Cu +00

. . . +
equivalent solution of Hy: OO = 3:1 caused no change in iy _ [CuT ][O0 13
absorbance. These ions cannot compete with Higr the Cu Kp(CuD) 'I:l] =107M ©)
site.
Estimation of Metal Dissociation Constants. HY Dis- Other lines of evidences support a high affinity of @r OOC:

sociation Constants.Titration of Hg?" into OCU' (120 uM) (i) the bound H4 at the Cusite (Kp ~10° M) was displaced
caused a linear increase in absorbance at 280 nm with anduantitatively by Ctr (Figures 12 and S7); (ii) various Clorms
apparent endpoint at MfCopC= 1 (Figure 11a,b), consistent ©f CopC (e.g., CiCu', CUX) could be isolated under aerobic
with occupation of the Ctsite by Hd'. The equivalent titration conditions via cation exchange chromatography on Mono-S resin

at the lower concentration @ICU' (604M) led to a less well-  (See Figure 13b,e and discussion below). It appearskthat
defined endpoint. This observation suggested a dissociation(CUD) lies in the range 10" = Kp(CuO) = 1073 M.
constanKp(HgCu') of about 106 M for Hg' bound at or near Cu" Dissociation ConstantsThe affinity of wild-typeapo-

to the Cui site (eq 4): CopC (@O) for Cu' was estimated via ligand competition with

egta as detailed in Materials and Methods. Linear quenching
Hg"Cu" - ng+ +ocd' of Cpp(} quoreslcence upon Qh)inding aIIovvgd guantitative
Hg? [OCu'] monitoring of Clf occupancy irdd as a function of total Cl
Ko(HgC') = [Hg™l[OCuU] ~10°M (4) concentration in the presence of fixed concentrations of CopC
[Hg"CUu'] and egta. A plot of eq 3 for those experimental conditions where
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Ox OO0 Oca' CuX CulCul (i) chromatography of a Gd:0X = 1:1 solution on either gel-
—_— TN filtration or Mono-S cation exchange columns resulted in
recovery of theapoform OX only (Figure 13d; Table 2, entry
(a) AL 4). These observations are consistent with a dissociation constant
Kp(OCu'") > 1075 M for the H1F variant, as estimated from
(b) experiments such as that in Figure 4b(iv). This estimate is in
stark contrast with that derived for the wild-type protelith{
() J (@Cu'y =10"130 m).
(d) Residue Hisl is effectively a bidentate ligand for the! Cu
ion inOCU!' (Figure 7b). The benzyl side chain of phenylalanine
(e) in OX cannot act as a ligand, and its steric requirements may
interfere with the ability of the amino terminus to act as a ligand.
(f) The mutation has converted the'Gzenter to an “adventitious”
site in OX, incapable of selective binding of €u (His 91
_(g/)\ remains as the only protein ligand). It is interesting to note that
' 1 free histidine (with its ability to act as a bidentate or tridentate

|
0 20 N c;O M 60 80 ligand to CUf via imidazole, amino, and carboxylato functions)
aCl (mM) binds Céd* at pH 7.4 with an apparent dissociation constant of

Figyre 13. Elution profiles of CopC prote:inS\(GOMg) on a Mono-S HR5/5 10784 M, i.e., the approximate difference between those for
cation exchange column (0.5 cm5 cm) in deoxygenated buffer (10 mM

KPi; pH 7.0; NaCl gradient €80 mM). (a)0; (b) Wild-type CuCU" wild-type CopC (10** M) and its H1F variant (10° M).29>1
(the increased absorption starting at the elution positidi®@d' is due to His91 acts as a monodentate ligand for thé¢! €enter via its

slow oxidation of CICU' by air promoted by the affinity of the Mono-S imidazole side chain in both the high pH and low pH crystals

resin for Cll ions (cf. eq 9); (c) Wild-typedCu" (2 equiv) formed upon . . . .
mixing OO (1 equiv) with CUCU' (1 equiv) in air (eq 10); (d) H1EIX (Figure 7). Indeed, mutation of His91 to Phe to provide the

alone or a mixture oBIX (1 equiv) and CUSOy (2 equiv); () H1F CIX variant H91F V) also diminished the affinity of CopC for ¢tu
formed upon mixingdX (1 equiv), C#SQ; (1.2 equiv), and NLOH (10 but to a lesser extent. As observed for the wild-type protein,
equiv); (f) X andOCU! formed upon mixing CIX (1 equiv) withod (1 clear endpoints at Ct:0V = 1:1were detected in titrations of

equiv; cf. eq 11); (gaX and CuCu' formed upon mixing CiX (1 equiv)

with OCU' (1 equiv) under anaerobic conditions (cf. eq 16). Cu?* into OV by both fluorescence and absorbance spec-

troscopies (cf. Figures 4b(i) and 10). In addition, gel filtration
Cu' occupancy oboth CopC and egta varied between 0.1 and of the above solutions to remove exces$Cproduced stable
0.9 produced a straight line passing through the origin (Table H91F proteirdCu'. However, equivalent experiments involving
6; Figure 4c(i)). The slope provided reliable estimatiorkgf competition betweerill and egta for C# produced data

(OCu") = 10713 M~ (pH 7.0; I, 100 mM): equivalent to those given in Figure 4b(ii) for competition
betweeril and edta. It was apparent tiiak could not compete
ocd' < cvt + oo effectively with egta for Cliand has a lower affinity for Gu
R (o Vigh (s I than does the wild-type proteifidl. In addition, chromatography
Kp(@Cu') = TR M (7) of HO1FOCU' on the Mono-S cation exchange column provided
] two components, th&ll andOCuU' forms, with significantly

This low value confirms tight binding of Cult is consistent  increased absorption for the fractions eluted between these two

with the observation of a defined endpoint atCuIO = 1:1 components (Figure 14a). Apparently, the Mono-S resin com-
in the titration of 0 solution with C& when monitored by ~ Petes effectively for Cif ions with the} protein (but not with
either fluorescence or absorption spectroscopy (Figures 4, 10).the wild-type proteirtid; cf. Figure 13c).

It is also consistent with the well-defined elution behavior of ~ For protein variant E27G(), experiments involving com-
OCu' from a Mono-S cation exchange column (see Figure 13c Petition with egta for Cliled to a lower slope for eq 3 than
and discussion below). Stronger 'Cligands such as edta that of the wild-type protein (Figure 4c). The result suggests
(Ka(CUu'edta)= 3.2 x 105 M~ at pH 7.0) remove bound tu that thedt variant has a higher affinity for Guthan does the
from CopC quantitatively (Figure 4b(ii)) but the reaction is slow Wild-type protein (Table 6). The difference is small, and the
(~12 h for completion§? outcomes of the approach are sensitive to the experimental

In the mononuclear Cusite of the high pH crystals, His1 ~ conditions, particularly to buffer pH. However, the experiments
provides both its imidazole and N-terminal amine functions as for Of andOO were carried out in tandem with the same reagent
ligands (Figure 7b). Indeed, upon mutation of His1 to Phe, the solutions. The result is confirmed by the observation of
affinity of the resultant variant protein HLEIK) for Cu' was  SPontaneous transfer of Cérom wild-type OCU' to Of (see
diminished dramatically: (i) although titration of &usolution below). While Glu27 is not a ligand of Cun either the high
into OX still caused quenching of the W83 fluorescence Of low pH crystals of the CCu' form of OO reported here
emission and an increase in solution absorbance at 260 nm, thdFigure 7), its carboxylate oxygen atom is involved in a tight
magnitudes of these changes were much smaller relative to thosdydrogen bond (2.8 A) with the N-terminal nitrogen atom of

for OO and there were no defined endpoints (Figure 4b(iv)); theapoHI1F proteirth (Figure 8). The equivalent distance is
much longer (4.2 A) to the N-terminal ligand of the high pH

(50) A previous approach employed sequential titration techniques and provided CyYCu' form of OIJ. Complete loss of this hydrogen bonding
an estimate oKp(COCU') = 10-15 M.24 In the present work, equilibrium 2
was approached from both directions, avoiding equilibration errors inherent
in the sequential titration technique and allowing the more reliable estimate (51) Deschamps, P.; Kulkarni, P. P.; Gautam-Basak, M.; Sark&o8td. Chem.
of Kp(OCu') = 1013 M. Rev. 2005 249, 895-909.
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Table 6. Estimation of Dissociation Constant Kp(COCu') for Cu" Bound to
M NacCl?2

CopC by Competition with Ligand egta in 20 mM KPi (pH 7.0), 0.1

[Cu't [Cu"P] [Cu'l] Ko®

protein (M) ARJAF? (M) (M) {[Plof[CuPT} - 1 {[Lo/fCuLl} -1 (<1071 M)
Wit O 25 0.15 0.77 1.73 55 1.89 7.3
3.0 0.19 0.97 2.03 42 1.46 7.1

35 0.24 1.22 2.28 3.1 1.19 6.6

45 0.34 1.69 2.81 2.0 0.78 6.3

6.0 0.47 2.33 3.67 1.1 0.36 8.0

75 0.65 3.25 425 05 0.18 7.7

E27GOt 25 0.23 1.13 1.38 3.4 2.64 33
3.0 0.27 1.34 1.66 2.7 2.02 3.4

35 0.31 1.56 1.94 2.2 1.58 35

45 0.42 2.11 2.39 1.4 1.09 3.2

6.0 0.58 2.89 3.11 0.7 0.61 3.0

75 0.75 3.75 3.75 0.3 0.33 25

a[apo-CopClotal = [egtalotal = 5.0 uM in each solution? See Materials and Methods for detafisAt pH 7.0 and 0.1 M ionic strengthka(Cu'-egta)=

4.0 x 1013 M~1.29 dwild type.

(2

OCut ECuICuII

| | [ |
0 30 60 90
NaCl (mM)

Figure 14. Elution profiles of product H91F CopC proteins on a Mono-S
HR5/5 cation exchange column under the conditions of Figure 13. (a) H91F
OCU' (the increased absorption after elutiorigifand until elution of HO1F
OCu' is due to progressive production @# from OCU' via competition

for CL?™ betweerll and the Mono-S resin); (b) After oxidation of €in

air for 2 h (the low proportion of product @Du"' and the complex behavior
observed in the [NaCl] range 450 mM is due to the two step nature of
reaction 12 and progressive productiontf and OCU' via competition

for Cu2t between CICuU' and the Mono-S resin (cf. Figures 13b, 14a));
(c) After reduction of HO1FICU' by NH,OH for 2 h. (d) H91F CICU'.

interaction in the E27G variant proteidt should increase the
basicity of the N-terminal amine and hence its ligand strength.
Plausibly, this is the origin of the increased affinity @f for
Cuwt.

The derived order of magnitudes kih(OCu'") for the wild-
type and variant proteins is summarized in eq 8:

Ox > 10°> 0O > 00 =10 2@ > ot (8)

The high affinity of wild-type CopC for both Cand CU is
consistent with a role as a copper scavenging protein in the
oxygenated periplasm. The aerobic stability of the doubly loaded
CuCu' form may allow CopC to transport both Cand Cul
in that environment.

Intermolecular Copper Transfer with Change of Oxida-
tion State. From the Cu Site to the CU' Site. The CU form
of wild-type CopC (Ci) has an empty Cusite and was air-

09}
o (c)
S o6l
:x (b)
uw 03 (d)
oL
(a)
1 1 1 1 1
0 10 20 30 40
Time (min)

Figure 15. Change in fluorescence emission intensity as expressed'as Cu
site vacancy{1 — (Fo — Fy)/(Fo — F1)} at 320 nm of CopC proteins (5.0
uM) in KPi (20 mM; pH 7). Introduction of (a) air into wild-type Cm
solution (eq 9); (b) air into H91F Clsolution (Figure 14b). About half of
the fluorescent intensity is quenched; (c) ascorbate (ANDinto H91F
OcCu'' (50 uM) solution (eq 13; for wild-type proteimCu', a full increase

in intensity also occurred but over a time scale of 1.5 h (a drop in intensity
due to ascorbate absorption /& = 290 nm was corrected using apo-
CopC as a control under the same conditions); (dp®H (50 M) into
H91FOCU!" solution (Figure 14c; for wild-type proteidCu', the increase

in intensity was< 10% that of (c)).

sensitive. Exposure of a solution of Clto air caused the
fluorescence intensity to drop rapidlygt< 6 min) to a level
indistinguishable from that dfICu' under the same conditions
(Figure 15a; cf. Figure 4a,b1). Clean recoveryagu' (yield

> 90%) was effected by cation exchange chromatography (cf.
Figure 13c). ClO had been oxidized and converted@cu'
(O, is assumed to be the initial reduction product):

CuO+ 0,—~0OCu'+ 0,~ ©)

This reaction appears to be driven by oxygen reduction in
the presence of an empty high affinity site for'CConse-
quently, when the Clsite was occupied (CGu") or disabled
by mutation (CUX), the bound Clwas stable. In fact, these
latter forms could be chromatographed in air (Figure 13b,e;
Table 2, entries 2,5). However, they became air-sensitive in the
presence oapo-CopC (O0; Figure 13c,f; Table 2, entries 3,4):

cdcd' + 0o+ 0,—20Cd' + 0,” (10)

CUx+oOo+0,—Ocd +0Xx+0,” (11)
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These are intermolecular oxidative copper transfer reactions. WT E21G

Reaction 10 provides a model for the oxidation of @by O, — —A
to OCU' and suggests that botAd and CUCu' may be OO OCu! O1 OCu! CulCull
intermediates in reaction 9: N TN ~
O | 1l O Il
2 cdo— cdcd' + oo —20ocu (12)
Indeed, for reaction 9 involving the H91F variant'Cwith (a) ,JL
significantly lower CU affinity: eq 8), both species (Qu'

and¥ were isolable (Figures 14b, 15b; Table 2, entries 6,8,
footnote f). In this case, the second step of reaction 12 does not
go to completion due to lower affinity for Gu (b)
From the Cu" Site to the CU Site. Under anaerobic
| |

conditions, the wild-type proteillCu' reacted with ascorbate |

|
(asc)_ with fuI_I recovery of fluorescence intensity (Figure 15c), 30 60 90 120
consistent with eq 13: NaCl (mM)
OCy' + asc— CUm + asc (13) Figure 16. Elution profiles of product CopC proteins under the conditions

of Figure 13. (a) Reaction ddither wild-type CUCU' and E27GICU" or
wild-type OCuU' and E27G CICU! (cf. eq 17); (b) reaction ogitherwild-

. | . .
While OCU! reacted slowly and incompletely with the weaker typeCICU! and E27G1 or wild-type 00 and E27GOCY! (cf. eq 18).

reductant NHOH under the same conditions, the affinity of the
H1F variant OX) for Cu" is so low that even NFOH converted CuX with wild-type OCU' induced clean transfer of C(Figure
the H1F proteirdCU' to air-stable CIX readily and quantita- 13g; Table 2, entries 2, 4):

tively (Figure 13e; Table 2, entry 5). Reaction 13 would seem
to be driven by ascorbate oxidation in the presence of a high
affinity site for CU. It is complementary to eq 9 above, but
now the transfer is from the ®site to the Cusite. This view

is substantiated by the observation that wild-typéTis air-
sensitive while CIX is air-stable. The latter can be isolated
chromatographically in air, a property shared with the wild-
type CUCU' form (Figures 13b,e; Table 2, entries 2,5).

In the case of the H91F variadll, incubation of its half-
loaded Cl form OCu" with NH,OH (10 equiv) under anaerobic
conditions increased the fluorescence intensity by about one-
half of that induced by reduction @GfiCu' with asc under the
same conditions (Figure 15c,d). Chromatography of the-NH
OH solution on the Mono-S cation exchange column showed
the recovered H91F protein to be present essentially iapits
and CUCuU' forms (Figure 14c; Table 2, entries 6,8). As the
former protein exhibits its full fluorescence intensity while the
latter is fully quenched, the observations are consistent with
the following reaction:

cuX +ocd' —ox + cdcd' (16)

Intermolecular transfer of copper has occurred but now without
a change in oxidation state (cf. egs 9, 13). The air sensitivity of
CuO and the requirement to identify the reaction products after
separation on the Mono-S cation exchange column mean that
it is difficult to cleanly effect the equivalent reaction between
the wild-type half-loaded forms (competing reactions 9 and 10
are rapid on the chromatographic time scale). However, the
quantitative transfer of Cufrom CuX to wild-type OCU'
demonstrated that the latter protein has a higher affinity for Cu
than does the variaiX. This might originate in two ways:

(i) occupation of the Clisite in wild typedO increases the
affinity for Cu' at the Clisite (~30 A away); (ii) mutation at
the CU' site in the varianfdX decreases the affinity for Cat

the Cu site of OX. The following observations favor the first
suggestion. First, thapo (V) and CUCU' forms of the HI1F
variant are isolable intermediates in the course of oxidation of
its Cul form (Figure 14b; Table 2, entries 6,8) or reduction of
its OCU' form (Figure 14c; Table 2, entries 6,9). This behavior

Reaction 14 is equivalent to the reverse of reaction 10 for IS consistent with both copper centers in H91F@d being
the wild-type protein. It may act as a model for reaction 13 (cf. More stable than those in the respective half-loaded forms Cu

HO91F: 20CU' + NH,OH— 0Ol + CUCU'  (14)

eq 12): andOCu'. Indeed, the H91F CGU' protein was more stable
on Mono-S resin than thelCu'' form (Figure 14a,d). Second,
2ocd 2 cded + 00222 cdo (15) the Hd' binding affinity at the Cusite of the wild-type protein

is higher when the Cusite is occupied by Curather than by
Taken together, the above experiments demonstrate clearlyHg" (cf. eq 5; Figure 11b,c). Third, incubation of wild-type'Cu
that the ClO andOCU' forms can be exchanged cleanly by Cu' with E27GOCU" also induced a clean Ctransfer reaction
oxidation and reduction with effective migration of the copper (Figure 16a; Table 2, entries 3,12):
atom between the two separated high affinity binding sites via

intermolecular copper transfer. The oxidation and reduction cdcd' + ocd' — ocd' +cdced' (17)

reactions are coupled to the copper binding affinities. (wild type) (E27G) (wild type) (E27G)
Intermolecular Copper Transfer without Change of

Oxidation State. CU Transfer. Differences in copper binding There is a mutation close to the Csite in E27G, but reaction

affinity or occupancy will create a thermodynamic gradient for 17 favors the opposite direction from that of reaction 16. It has
copper transfer without change in oxidation state, provided that been demonstrated that mutation of Glu27 to Gly enhancés Cu
the kinetic barrier is low. Indeed, incubation of the H1F protein affinity relative to wild type (cf. eq 8; Figure 4). Consequently,
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a decrease or increase in the affinity for''Chas led to a observed in relevant synthetic Ceomplexeg#4647 |t is
commensurate decrease or increase in affinity for asites probable that the overall structure observed here is a balance
separated by 30 A. The structural basis for such subtle effectsbetween the forces which define the molecular interface (six
is not yet apparent. However, a variationkg(Cu) of 1 or hydrogen bonds and multiple hydrophobic attractions: see
2 orders of magnitude only is necessary to induce the shifts in Supporting Information) and the bonding requirements of a
equilibrium apparent in reactions 16 and 17. This corresponds structurally labile Cusite. One or more of the Met residues at
to a free energy change of less than 3 kJ Thahnly. 43, 46, and 51 may be ligands in the monomeric protein but
Significantly, reactions 16 and 17 were carried out under contribute to the hydrophobic interactions of the molecular
aerobic conditions in the absence of reductants. The transferringinterface in the high pH crystal form. Water W1 may help to
Cu ions were protected against oxidation by. @/hen reaction stabilize the Cl{N—His 48)(S-Met 40) centers via iondipole
16 was carried out under anaerobic conditions, there was ainteractions (or ior-ion interactions if W1 is deprotonated),
marginal increase only~5%) in the yield of C{CuU" protein interactions which would also stabilize the molecular interface.
isolated from the Mono-S column with a concordant decrease As these adjacent sites have an identical and high affinity for
in the level of detectedCu'. Such minor differences are at Cu (1077 = Kp = 10713 M for the monomer in solution), it is
the detection limits. In addition, the sulfonate groups of the the structural flexibility of CopC in the region of the sites that
Mono-S resin exhibit a high affinity for Ctr ions and promote determines the nature of the interface. In fact, this interface may
slow oxidation by air of both C€u' (Figure 13b) and CiX be considered as a partial model for the intermolecular exchange
(Figure 13e). Consequently, direct intermolecular contact must of Cu' in solution (reactions 16, 17): the molecular interface
be involved in the Cutransfer of reactions 16 and 17. The between the exchanging molecules is in place (including Met
viability and flexibility of such direct “head-to-head” intermo-  residues which were formally Cligands), but the receiving
lecular contact have been demonstrated from the X-ray crystalCu site is blocked.
structures of C\Cu'-CopC described above. The contact modes  crystallization at pH 4.6 (low pH crystal form) provided a

vary at high pH and low pH with the multiple Met residues at  sjgnjficantly different structure in this region of the molecule
the Cd site switching between Cibridge binding and hydro-  (gigure 6a). There are two adjacent tetrahedral [CBt),]*
phobic interactions. Multiple hydrogen bonding interactions may centers. The soft ligands and the stereochemistry are consistent
also contribute importantly to such direct intermolecular contact. \yith the presence of CU[CU(S—Met)]* sites have not been
These experiments confirm that CopC has the potential t0 gpserved previously in protein crystal structures but may be
transfer Clito its partners in the periplasm in the presence of rejevant for the Met-rich regions in Cpumps such as Ctrl
air. | (see ref 28). The loss of ligand His 48 at pH 4.6 may be related
Cu' Transfer. Transfer of bound Cl between CopC {4 the acidic conditions as the side chain of His 4B4{p-6)
molecules is demonstrated in Figure 16b; Table 2, entries 1’13:may no longer be able to sustain a bonding interaction with
) . o
Favors right-hand side-( 70%): dcigéulsrlsi?:tl; é}ocva)\s been recruited to be a'Cligand (see
1 | ’
(EE;G)_'_ (Wli? dCtu e)‘: (EZC7UIG)+ (Willc?lt:)‘/pe) (18) The tetragonal stereochemistry of the other two sites suggests
yp the presence of Clu(Figure 7). The chemistry observed in
Reaction 18 is a Clversion of reaction 17. The forward Solution for the Cl site is consistent with the structure of the
reaction does not go to completion, but the E27G protein binds Mononuclear tetragonal €NsO center resolved in the high pH
Cu?* more strongly than does the wild-type protein (eq 8; Figure crystal form (Figure 7b). The three nitrogen ligand atoms are
4c). E27 is not a Clligand but may compete with €t for supplied by the side chains of His 1 and 91 and by the amino

the amino terminus (see discussion above on origin of differenceterminus. The aqua ligand completes the coordination sphere

in Kp(@Cu") for the wild-type and E27G proteins). and is hydrogen bonded to Asp 89. The protonation states of
Nature of the Copper Sites in the CopC Protein.This the amine and aqua ligands are not known. For the low pH

protein appears to be structurally labile as all four copper sites Crystal form, the acidic crystallization conditions (p+#.6)

observed in the two crystal forms of @u'-CopC differ in appear to have tipped the balance in favor of protonation of the

stereochemistry and/or ligand content. One copper site only @Mino terminus (i ~8) rather than formation of a CerNHy
features ligands from a single CopC molecule (Figure 7b) while bond (compare Figure 7a and 7b). While the side chains of His
the other three bridge two separate protein molecules (Figuresl and 91 and a water molecule remain as ligands, His A**48

6, 7a). of neighboring molecule A** has been recruited to maintain
The original solution NMR and EXAFS data were consistent the tetragonal stereochemistry of 'C{Figure 7a).

with the presence of a mononuclear' @Gi-His)(S—Met), or 3 This center is evocative as it provides a model for the

center similar to the trigonal planar EN—His)(S—Met), site intermolecular transfer of copper during the oxidation offCu

characterized recently in the CusF prot&id429His 48 was by O, (reaction 9) or the reduction @Cu' by asc (reaction

proposed as one ligand with at least two of the four Met residues 13). For the oxidative case (reaction 9), the''Guoduct ion
M40, M43, M46, and M51 completing the coordination sphere has been “caught in the act” of intermolecular transfer: His
(Figure 2). Both His 48 and Met 40 are copper ligands in the A**48 (previously a Cu ligand) is transferring the Cti ion

high pH crystal form (Figure 6b). The low coordination number from the originating CUsite while ligands His A1 and His A91
and stereochemistry indicate that this is d €ite. The water ~ from the destination Cusite have “trapped” the Cti ion. Loss
molecule or hydroxo ion W1 lying on the crystallographic two- of ligand His A**48 and binding of the N-terminal amine ligand
fold axis is a third potential (bridging) ligand, but the '€® are all that is required to complete assembly of the mononuclear
separation of 2.47(8) A is longer than the range 2224 A Cu' site observed in the high pH crystal form (Figure 7b).
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This is the first protein crystal structure which reveals the

with or without a change of oxidation state. The model of

nature of a coordinate bond between a metal ion and an aminoScheme 1 includes the possibility of CopC interacting directly

terminus. The ATCUN motif is a Cu4 and Ni'-binding site
found at the amino terminus of naturally occurring proteins such

as the serum albumins of several species, histatin-5 (a human

salivary protein) and the neuropeptide neuromedf?-@.is
defined by an available amino terminus, a histidine residue in
the third position, and two intervening peptide nitrogéhs.
Although CU' and Ni' binding has been established for proteins
containing this motif, no crystal structures of the metal-bound
proteins have appeared to date.

Summary. The CopC protein features two distinct but
interdependent binding sites with high and specific affinity for
Cu and CU, respectively. When both sites are occupied!-Cu
Cu'-CopC is stable in air. The availability of an unoccupied
site of higher affinity induces intermolecular transfereither
Cu or CU' in the presence of Owhile buffering concentrations
of cupric ion at sub-picomolar levels. This unique copper

chemistry is consistent with a role for CopC as a copper carrier

in the oxidizing periplasm (Scheme 1). The inherent flexibility
of the two Cu-binding loops may provide the structural lability
to allow transfer of copper to and/or from multiple partners,

(52) Sankararamakrishnan, R.; Verma, S.; KumaPR®teins: Struct., Funct.,
Bioinf. 2004 58, 211-221.

(53) Harford, C.; Sarkar, BAcc. Chem. Re€.997, 30, 123-130.

(54) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. 8.
Appl. Crystallogr.1993 26, 283-291.

(55) Abbreviations: asc, ascorbate; Asp or E, aspartic acid; bcs, battiowipro
disulfonate; CM, carboxymethyl; Cys or C, cysteine; DE, diethylaminoethyl
cellulose; dt, dithionite; edtd\,N,N,N'-ethylenediamine tetraacetic acid;
egta, ethyleneglycol-O,is(2-aminoethyl)-N,N,N,N'-tetraacetic acid;
ESI-MS, electrospray ionization mass spectrometry; His or H, histidine;
IPTG, isopropyl-p-thiogalactopyranosidé; ionic strength; KPi, potassium
phosphate buffer; mes, 2{morpholino)ethanesulfonic acid; Met or M,
methionine; NaAc, sodium acetate; NCS, noncrystallographic symmetry;
OD, optical density; Phe or F, phenylalanine; SAD, single wavelength
anomalous dispersion phasing; Trp or W, tryptophan; wt, wild tiig;-
wild-type apo-CopC protein; ClO, Cu-CopC;OCu', Cu'-CopC; CUCU',
CUCU'-CopC;OX, apo-H1F variant protein; C¥, Cu-H1F variant protein;

OV, apo-HI1F variant proteinfdt, apo-E27G variant protein.
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with the soluble multi-copper oxidase CopA, the membrane
pumps CopB and CopD, and the sensor protein CopS.
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