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Abstract: Scol is a mitochondrial membrane protein involved in the assembly of the Cua site of cytochrome
c oxidase. The Bacillus subtilis genome contains a homologue of yeast Scol, YpmQ (hereafter termed
BSco), deletion of which leads to a phenotype lacking in caas (Cua-containing) oxidase activity but expressing
normal levels of aas; (quinol) oxidase activity. Here, we report the characterization of the metal binding site
of BSco in its Cu(l)-, Cu(ll)-, Zn(ll)-, and Ni(ll)-bound forms. Apo BSco was found to bind Cu(ll), Zn(ll), and
Ni(ll) at a 1:1 protein/metal ratio. The Cu(l) protein could be prepared by either dithionite reduction of the
Cu(ll) derivative or by reconstitution of the apo protein with Cu(l). X-ray absorption (XAS) spectroscopy
showed that Cu(l) was coordinated by two cysteines at 2.22 + 0.01 A and by a weakly bound low-Z scatterer
at 1.95 + 0.03 A. The Cu(ll) derivative was reddish-orange and exhibited a strong type-2 thiolate to Cu(ll)
transition around 350 nm. Multifrequency electron paramagnetic resonance (EPR), electron—nuclear double
resonance (ENDOR), and electron spin-echo envelope modulation (ESEEM) studies on the Cu(ll) derivative
provided evidence of one strongly coupled histidine residue, at least one strongly coupled cysteine, and
coupling to an exchangeable proton. XAS spectroscopy indicated two cysteine ligands at 2.21 A and two
OIN donor ligands at 1.95 A, at least one of which is derived from a coordinated histidine. The Zn(ll) and
Ni(ll) derivatives were 4-coordinate with MS;N(His)X coordination. These results provide evidence that a
copper chaperone can engage in redox chemistry at the metal center and may suggest interesting redox-
based mechanisms for metalation of the mixed-valence Cua center of cytochrome ¢ oxidase.

Introduction cytochromec as a reducing substrate and contains three redox
centers, hemea, the hemeag—Cug binuclear Q-reducing site
in subunit |, and the binuclear Guelectron-transfer site in

subunit 117712 A second branch can be exemplified by cyto-

Cytochromec oxidase is the terminal oxidase of the respira-
tory chain in mammals and in many bactékia.lt belongs to
a family of integral membrane proteins that catalyze the four-

electron reduction of molecular oxygen to water and couple the
redox free energy released from the reaction to the formation
of a proton motive force across the membrane that can be use
for the synthesis of ATPS This superfamily of oxidases can
be divided into two categoriest” The first branch can be
exemplified by cytochrome oxidase which makes use of
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chrome bos and aaz-600 oxidases that use ubiquinol as a
reducing substrate and lack the LCsite20-22

Copper delivery to the Guand Cy centers of the heme
copper oxidases is a complex process requiring a number of
accessory proteins and chaperofigstrl, a plasma-membrane
transporter responsible for high-affinity copper uptéke; is
proposed to deliver copper to Cox387 3 which in turn delivers
it to the mitochondrial membrane proteins Scol and Cék11
that have been implicated in the assembly of thg¥#¢ and
Cug®™ 40 centers, respectively. However, the function of Sco is
still under debate. Structural characterization of soluble domains
of the Bacillus subtilisScol homologue BSco by NMRand
X-ray diffraction (XRD)# and of human Scol by XRE,
showed that Scol-type proteins exhibit a peroxiredoxin fold Figure 1. Sequence data and NMR structure of BSco. The CETIC metal

. - . . binding motif is shown in yellow, and the imidazole rings of the two possible
(Figure 1) similar to that of the well-known class of thioredoxin - pggigine ligands are in red (H135) and purple (H55). The graphic was
enzymes which catalyze thietlisulfide redox switching. None  generated from PDB file 10N4 by Weblab ViewerPro 3.5 (Accelerys).
of these structures contained bound copper at their CXXXC
putative Cu(l) binding motif. Instead, the BSco crystal structure Sco could exist as a multifunctional copper trafficking protein
revealed both thiol and disulfide conformers, reinforcing the capable of interfacing among a number of different homeostatic
earlier proposal of Balatri et al., based on their NMR structure, pathways.
that Sco could function in disulfide switching, possibly to reduce  |n a definitive study designed to investigate the functional
a disulfide formed between the two cysteine residues that bridgerole of copper, Winge and co-workers expressed a soluble
the Cox2 Cy binuclear center. A proteomic analysis of the truncated form of yeast Scolp missing the N-terminal trans-
localization of Sco homologues has extended the landscape ofmembrane helix, and they showed that it bound 1 mol of Cu(l)
possible Sco functions even furtféiColocalization with genes per monomef? X-ray absorption spectroscopy on native and
encoding cyt, multicopper oxidases, and Hyp1, a homologue mutant forms of this construct provided good evidence that the
of the periplasmic copper transporter CopC, has suggested thaCu(l) is ligated via three ligands, C148 and C152 (within the
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conserved CXXXC motif) and the conserved H239. The
mutation of any one of these residues resulted in diminished
copper binding and a nonfunctional cytochroroeoxidase
complex. Subsequent publication of the structures revealed that
these residues were located on two solvent-exposed and
conformationally mobile loops (in BSco numbering, the analo-
gous residues are C45, C49, and H135). In the NMR structure,
Cu(l) coordination by C45 and C49 could be well modeled,
but the third ligand was less clear. Addition of Cu(ll) to the
protein was found to broaden the resonances of both the H135
and a second histidine (H55), suggesting that either or both
residues could be involved in metal binding, but these histidines
were located about 115 A from the thiol S atoms in both
the NMR and X-ray structures of apo BSco. Modeling of H135
along with C45 and C49 as copper ligands indicated that the
conformational change required to bring H135 within coordinat-
ing distance did not violate structural constraints on the rest of
the protein, and in the human Scol structure, all three putative
Cu(l) binding ligands were in close proximity. However,
definitive proof that H135 is the third copper ligand is still
lacking.

In the present work, we explore further the structural
properties of the metal binding site and report on the spectro-
scopic characterization of Cu(l)-, Cu(ll)-, Zn(ll)-, and Ni(ll)-
bound forms of the protein. XAS studies suggest that BSco
employs a single metal site to bind all of these metals. Our
results suggest a 2- or 3-coordinate site for Cu(l), similar to
that previously reported for yeast Sca®@ 4- or 5-coordinate
(tetragonal) site for Cu(ll), and 4-coordinate sites for Zn(ll) and
Ni(ll). ENDOR spectroscopy on the Cu(ll) form has identified
one strongly bound cysteine, a strongly coupled histidine, and

(45) Nittis, T.; George, G. N.; Winge, D. R. Biol. Chem2001, 276, 42520~
42526.
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a more weakly coupled proton, probably derived from a solvent reconstitution. The excess DTT was removed by overnight dialysis into
ligand. These results confirm the previous ligand assignments,50 mM phosphate buffer at pH 7.2 which also contained 10%
and they provide evidence that this copper chaperone can engaggcetomtnlg. Copper was then added by slow infusion of a _100-fo|d
in redox chemistry at the metal center, which may suggest Stock solution of Cu(l) as the [(G¥N).CU]PF; salt ove a 1 hperiod,

interesting redox-based mechanisms for metalation of the mixed-4tizing a syringe pump at a rate of /L /min toa final ratio of 2:1
valence Cw center of cytochrome oxidase. copper/protein. Successive dialyses were carried out against phosphate

buffer containing 10%, 5%, and finally 0% acetonitrile. The bound
copper concentration was determined by ICP-OES.
Spectroscopic MeasurementsElectronic spectra were recorded on
Cloning and Expression of YpmQ. The clone for YpmQ was a Cary 50 scanning spectrophotometer. Quantitative EPR measurements
obtained from thé. subtilislibrary (accession number BG11622) and Were carried out on a Bruker ERO85CS spectrometer at 77 K using a
amplified using polymerase chain reactions (PCR) and oligonucleotides liquid nitrogen finger Dewar. Spectra were recorded at 20 mW power,
designed to introduce an Ncol restriction site at therid and a Sapl 60 gain, and using a sweep time of 80 s. The concentration of
restriction site at the'and. The primers used were as follows= 5  paramagnetic copper was determined by double integration and
GTT TTT GTG TGC ATC CAT GGG ACA GCA GAT TAA AGA referenced to a series of standard solutions of Cu(ll) EDTA-®&I0
T-3' (YpmQ forward primer) and’'SGAA CTA AGC TCT TCC GCA uM [Cu?*] in 50 mM sodium phosphate buffer at pH 7.2) run in the
CTT GAG TGT ACT GGC TGA-3(YpmQ reverse primer). PCRwas  Same tube as the protein samples.
performed using Deep Vent polymerase (Biolabs). The PCR product ~ Multifrequency EPR, ENDOR, and ESEEM experiments were
was digested with Ncol and Sapl and cloned into the PTXB-3 carried out at the University of lllinois, EPR Center. X-band EPR
expression vector (New England Biolabs). This allowed for a transla- Spectra were collected on a Varian E-122 spectrometer. The samples
tional fusion of the MxeGyrA intein tag to the C-terminus of the target Were run as frozen glasses&80 K using liquid He and an Air Products

Experimental Section

protein. The resulting plasmid was transformed into Eseherichia Helitran cryostat. Q-band EPR spectra were collected on a Varian E-15
coli strain ER-2566. In a typical expression experiment, cultures were spectrometer with a Q-band TEO11 cavity. Samples were run frozen at
grown in a 1 L LB—glucose medium containing 100g/mL of ~105 K with a liquid N> flow cryostat. Pulsed ENDOR and ESEEM

ampicillin at 37°C to a final Asoo between 0.3 and 0.8. The cells were ~ spectra were collected on a Bruker E580-10 Elexsys. Spectra were
induced with 50Q«M IPTG overnight in a shaker at 1'C, harvested obtained at 20 K with a liquid He Oxford CF935 cryostat controlled
by centrifugation at 8509 for 30 min, and frozen at-80 °C. After by an Oxford ITC 4-temperature controller. Pulsed ENDOR experiments
thawing, the cells were resuspended in 50 mM phosphate buffer, 500 were obtained using a Davies three-pulse scheme€l (-a/2—1—n—
mM NaCl at pH 7.2 containing EDTA-free protease inhibitor (Roche), 7—echo, with the RF pulse applied during timig Two-dimensional
lysed in a French Press at 1000 psi, and centrifuged atg3&0030 three-pulse ESEEM experiments were obtained with a three-pulse
min. The supernatant was filter sterilized through 048 syringe scheme §/2—7—n/2—T—n/2—echo) in which both andT are varied
filters, and the volume was adjusted to 35 mL with column buffer and in time. Four-step phase cycling was used. The magnetic fields were
loaded onto a column of chitin beads. The protein was eluted off the calibrated with a Varian NMR Gauss meter. EPR and ENDOR spectra
column using sodium 2-mercaptoethanesulfonate, and eluted fractionswere simulated with the SIMPIPM program, developed at the University
were assayed by sodium dodecyl sulfate polyacrylamide gel electro- Of lllinois, which is based on QPOW further details of which can be
phoresis (SDS-PAGE) on an Amersham Biosciences PHAST system found in the Supporting Information.
(20% homogeneous gel). Fractions that contained BSco were pooled X-ray absorption data were collected at the Stanford Synchrotron
and concentrated in a Centriprep concentrator (molecular mass cutoffRadiation Laboratory. Cu (8.9 keV), Zn (9.6 keV), and Ni (8.3 keV)
= 3 kDa) to about 10 mL. The concentrate was then ultrafiltered in a extended X-ray absorption fine structure (EXAFS) and X-ray absorption
Centriprep (molecular mass cutcff 10 kDa) and checked for purity ~ near edge structure (XANES) data were measured on beam line 9-3
by SDS-PAGE. No impurities were detected. The protein concentration using a Si[220] monochromator (crystal orientatipr= 90°) and an
was determined by Bradford analysis, and typical yields were206 Rh-coated mirror upstream of the monochromator with a 13 keV energy
mg of pure BSco/L of culture. Electrospray mass spectrometry of the cutoff to reject harmonics. Data were collected in fluorescence mode
purified protein gave a mass of 19 759 Da. (The calculated mass for using a high-count-rate Canberra 30-element Ge array detector with
the sequence in Figure 1 including the N-terminal methionine with the maximum count rates below 120 kHz. Augn Z-1 metal oxide (Ni,
CETIC (metal binding) motif present as a disulfide is 19 766 Da.) Cu, and Co) filter and a Soller slit assembly were placed in front of
Reconstitution with Cu(ll), Zn(ll), Ni(ll), and Co(ll). The the detector to reduce the elastic scatter peak. Nine scans of a sample
reconstitution was performed in a Coy anaerobic chamber to prevent cOntaining only sample buffer (50 mM Nak@H 7.2) were collected
oxidation of the cysteine residues. Dithiothreitol (DTT) was added to at each absorption edge, averaged, and subtracted from the averaged
the protein in a 10-fold excess relative to the protein concentration to data for the protein samples to remove Z-ifkiorescence and produce
reduce the cysteine residues in the CXXXC motif prior to metal a flat preedge baseline. This procedure allowed data with an excellent
reconstitution. Then, the protein was dialyzed overnight into 50 mM Signal-to-noise ratio to be collected down to 14 total copper in
phosphate buffer at pH 7.2 to remove excess DTT, andiL06f an the sample. The samples (7ZQ) were measured as agueous glasses

agueous stock solution of the metal ion as a sulfate salt was added to(>20% ethylene glycol) at 15 K. Energy calibration was achieved by
obtain a 5-fold excess of M(Il) in the final solution. Metal ion reference to the first inflection point of a metal foil placed between
competition experiments were carried out in the same manner exceptthe second and third ionization chamber. Data reduction and background
that 100uL of a 1:1:1 aqueous solution of Cu$@nSQ, and NiSQ subtraction were performed using the program modules of EXAFS-
was added in a 5-fold excess per metal salt. Excess metal ions werePAK.* Data from each detector channel were inspected for glitches or
removed by exhaustive dialysis against the metal-free phosphate buffer.drOP outs befor_e inclusion in the final average. Spectral simu_lation was
The bound metal was determined by inductively coupled plasma optical Carfied out using the program EXCURVE 9292 as previously
emission spectrometry (ICP-OES) on a Perkin-Elmer Optima 2000 DV described®54or the OPT module of EXAFSPAK with the theoretical
spectrometer.

Reconstitution with Cu(l). The reconstitution was performed in .
an anaerobic chamber to prevent oxidation of the cysteine residues ag47) Niléges, l\él:-hJ- llinois EPR gegearch Center (IERC), University of lllinois:
described earliefe DTT was added to the protein in a 10-fold excess Yrbana-Champaign, IL, 1979,

. . ’ St (48) George, G. N. Stanford Synchrotron Radiation Laboratory, Menlo Park,
to reduce the cysteine residues in the CXXXC motif prior to metal CA, 1990.

(46) Ralle, M.; Lutsenko, S.; Blackburn, N.J1.Biol. Chem2003 278 23163~
23170
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phase shifts and amplitude functions calculated by FEFF°@oth (a)

programs gave equivalent results. 50 4o 5
Results a0 °* f
00 "

RecombinantB. subtilis Sco (BSco) lacking the first 19
amino-acid membrane-spanning domain was overexpressed in
E. coli to produce a final construct of 174 amino acids. The
translated gene sequence of the expressed truncated protein is
shown in Figure 1. Metal reconstitution was performed by
adding Cu(ll), Zn(ll), Ni(ll), and Co(ll) to the DTT-reduced
apo protein at a 5:1 ratio of metal to protein, followed by
exhaustive dialyses to remove nonbound metal, with all steps
being carried out anaerobically. Under these conditions, copper, (b) 5 10 s
zinc, and nickel each bound at a 1:1 ratio. Co(ll), on the other s
hand, did not bind in measurable amounts. When the apo protein “
was presented with a mixture of Cu(ll), Zn(ll), and Ni(ll), Cu-
(I1) was found to bind preferentially. In the presence of a 5-fold
excess of all three metals, BSco-bound Cu(ll) in a 1:1 ratio
with essentially no binding of Zn(ll) or Ni(ll). Two methods
were used to generate the Cu(l) form of BSco. The Cu(ll)-
reconstituted protein could be reduced to the Cu(l) form by
anaerobic addition of dithionite. Alternatively, reconstitution 1 2 3
could be achieved by addition of a small excess of [{CH R(A)

CN),CU]PFs to the reduced apo protein followed by exhaustive Figure 2. XAS of CuBSco. Experimental (black) and simulated (red)
Fourier transforms (phase corrected) and EXAFS (inset, right) are plotted

dialysis, as described prgviou§l§1.‘|’ his procedure routinely ¢, a) githionite-reduced (fit C, Table 1) and (b) [(@EN).CU]PFs
produced Cu(l)/protein ratios less than unity, with typical ratios reconstituted proteins (fit F, Table 1). The absorption edges for each
around 0.7. Spin quantitation of the EPR spectra of the copper-derivative are also shown as insets (left).
loaded BSC(_) samples showed that the Cu(ll) form was 1_00% Table 1. Fits Obtained to the EXAFS of the Cu(l)-Loaded BSco
paramagnetic, whereas the Cu(l) forms were EPR silent. by Curve Fitting Using the Program EXCURYV 9.2
Analysis of the Ni(ll) sample also gave an EPR silent species. Cu-s C-N(His)? CU-NIO

Cu'BSca Figure 2a,b shows XAS data on Cu(l)-loaded BSco.
Figure 2a shows data for the form prepared by dithionite
reduction of the Cu(ll)-loaded protein, and Figure 2b shows

897 BS8 899 9.00
30 KoV

Fourier Transform

0.0
B.O7 8.08 B.80 0.00
KeV

& W o2
[XE]

Fourier Transform

F noc R(A)Y DW(A) noc R(A DW(A?) noc R(A)Y DW(R) -F
Dithionite-Reduced CBSco

e 0.520 2 2.219 0.010 2.61

data for the form prepared by [(GEN),CU]PFs reconstitution g 0345 2 2233 0012 1 2.040 0.012 6.78
of the reduced apo protein. The data are similar but not identical. C 0.291 2 2.228 0.010 0.5 1.951 0.005 4.42
1 2.179 0.005 0.5 1.944 0.005 4.37

The best fits to the EXAFS and Fourier transforms are given in D 0-287
Table 1. Because of the homology with yeast Scolp, the initial
strategy was to simulate the data with chemical models built

1 2.270 0.005
Cu(l)-Reconstituted CBSco

- . o 0.224 2 2219 0011 1 1.972 0.009 2.88
from combinations of two cysteine and one histidine ligand g o246 2 2221 0.011 1 1.975 0.009 3.02
donor sets. Because the NMR structdrehowed that the G 0.232 1 2157 0.005 1 1.991 0.012 3.02
potential N(histidine) ligand atoms were415 A from the thiol 1 2.269 0.003

groups of the_putatlve ligating cysjeme residues, and would is a leastsquares fitting parameter, defined & =

therefore require a large conformational change to enable them(1/N)y M. k5(data— modelf. b Fits modeled histidine coordination by an

to coordinate to the Cu, we also tested models which included imidazole ring, which included single and multiple scattering contributions
P ot from the second shell (C2/C5) and third shell (C3/N4) atoms, respectively.

only S(CYS)_ co_ordlnatlon, or Cys nonhlStldm(_a O/N Scatt_erers'_ ¢ Coordination numbers are generally considered accura#e2f96.9In

For the dithionite-reduced sample, the best fit was obtained with any one fit, the statistical error in bond lengths6.005 A. However,

two Cu—S(Cys) interactions and a partially occupied shell of when errors due to imperfect background subtraction, phase-shift calcula-

low-Z (O/N) scatterers. Fits with a single shell of two €8 g%;;ﬁgig%;e'&'_n the data are compounded, the actual error is probably

scatterers exhibited Deby&Valler (DW) factors that were _ o _

higher than is normally expected for a single shell, suggesting shell into two co_mponents with individual dl_st_ances of 2.18 and

nonequivalence of the GtS interactions. Fits with more  2.27 A, respectively, but the observed splitting was below the

reasonable DW factors could be obtained by splitting the €u  limit of the resolution of the dataAR = z/2Ak = 0.14 A for

data with ak-range of 2-13 A-L. When data t& = 15 A were

(49) Binsted, N.; Gurman, S. J.; Campbell, J. W. EXCURVE, 9.2 ed.; Daresbury simulated, fits with a split CttS shell were no better than those

Laboratory: Warrington, England, 1998. . . " .
(50) Gurman, S. J.; Binsted, N.; Ross,JI.Phys. C1984 17, 143-151. with a single Cu-S shell. In all cases, the fit was improved by
(51) Gurman, S. J.; Binsted, N.; Ross)I.Phys. C1986 19, 1845-1861. including a lowZ (O/N) scatterer at 2.01 A. However, including

(52) Binsted, N.; Hasnain, S. S. Synchrotron Radl996 3, 185-196. . S .
(53) Ralle, M.; Berry, S. M.; Nilges, M. J.; Gieselman, M. D.; van der Donk, the outer-shell scattering from imidazole ring C and N atoms

Wt L Vi Blackburn, N..J.J. Am. Chem. S02004 126 7244 produced neither quantitative nor qualitative (visual) improve-
(54) Blackburn, N. J.; Rhames, F. C.; Ralle, M.; Jaron].Riol. Inorg. Chem. ments in the fit. Our results suggest that the'BSco is
200Q 5, 341-353. ; ; ; ; ; ;
(55) Zabinsky, S. |- Rehr, J. J.; Ankudinov, A. L; Albers, R. C.; Eller, M, . coOrdinated by two cysteine residues with a third O/N ligand.
Phys. Re. B 1995 52, 2995-3009. Our data is more consistent with this third ligand being derived
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Figure 3. UV/vis spectrum of CliBSco. — - ____/uﬂ\rm 1'“ lw\ J L.
from a nonhistidine O/N scatterer, from a solvent, or from an H
additional protein residue, but does not exclude partial shell Residual U, .
occupancy by a histidine residue.
When BSco was loaded with Cu(l) by reconstitution of the 268 2728 2608 2888 2068 3048 B I ;W 38
apo protein with [Cl(CHz)4]PFs, similar but not identical results MAGNETIC FIELD (GAUSS)

were obtained and listed as fits E and F in Table 1. EXAFS Figure 4. Experimental (black) and simulated (red) second-derivative
simulations gave equivalent fits to the dithionite-reduced data, X:Pand (9.055 GHz) EPR spectra of @BBco in HO and RO. The inset

. . . shows the first-derivative spectrum.
with the difference that the O/N shell exhibited a lower DW
factor, which was now within the rangeq2= 0.002-0.010
A2) expected for a single scatterer. The data were fit equally
well with or without the imidazole outer-shell scattering.

Therefore, simulation of the EXAFS data provided no evidence t ol ) . | al
for or against histidine as a ligand to Cu(l). EPR of CUBSco (Figure 4) gives a nearly axial copper spectrum

A more significant difference was seen in the intensity of With &= 2.15,g5 = 2.03, and well-resolvetF*Cu hyperfine
the 8983 eV edge feature. This feature is due to the-14p splittings. _Second-derlvatlve_ spectra show the presence of a
transition and is most intense when the excited state orbitals '€S0ved ligand superhyperfine structure that can be fitted by
are purely p in character. Mixing of s character into these orbitals Inclusion of nitrogen and/or proton splittings. Simulations show
lowers the intensity of the transition and can occur by increased that this structure can be best accounted for with the hyperfine
coordination number, lowering of the symmetry, or metal ~ coupling of two spins, on&N (I = 1) and one protoni (= */y),
ligand covalency®? In the present case, the intensity of the with the simulation parameters in Tablé2A more simplified
8983 eV feature is typical of a 3-coordinate-€8 system and ~ SPectrum is seen at Q-band (Figure 5), withth&Cu splitting
thus supports the conclusions drawn from analysis of the Of the parallel componens¢ = 180 G) being clearly observed.
EXAFS. However, the intensity of the reconstituted sample is At Q-band frequencies, the rhombic splitting dugytis partially
less than that of the dithionite-reduced sample, suggesting someesolved in the second-derivative spectéifior the simulations
difference in the Cu(l) coordination. Given the evidence for of the second-derivative X- and Q-band spectra, only a single
nonstoichiometric coordination of a third ligand in the dithionite- Species was necessary to reproduce all of the features in the
reduced sample, it seems likely that the site partitions betweenspectrunt3
2-coordinate CuSand 3-coordinate CufN/O) species. The The X-band EPR spectrum of ¢BSco shows significant
data suggest that more of the 3-coordinate species exists in thaine narrowing when the sample is exchanged wit©DThe
Cu(l)-reconstituted sample. The presence of acetonitrile during decrease in line width is most noticeable alongsthtirection,

the reconstitution process is a potential source of an additionalwhere it decreases from 6.9 to 4.7 G (Tablé2See further
coordinating ligand and may argue that the third ligand is more discussion in the Supporting Information.)

likely to be exogenous than a protein-derived residue in both

dithionite under anaerobic conditions, the sample was rapidly
bleached to a colorless solution.

B. EPR, ENDOR, and ESEEM SpectroscopyThe X-band

forms of the CU(')'loaqed BSco. _ (60) Rose, M. EElementary Theory of Angular Momentpwiley: New York,
Cu'"BSco. A. UV/Vis Spectroscopy.Cu(ll)-reconstituted 9s7. Lo .
. . . ) . (61) The simulations include the contribution to both naturally occurring copper
BSco is reddish-orange in color. The UV/vis spectrum (Figure nuclear isotope$3Cu and®®Cu, as the isotope splitting can be resolved in
i i 1 the parallel features of the X-band spectrum.
S)jleatures a maJ(.)r absorptlor! band at 354 ars, 4700 cnt (62) Because the rhombic splitting ig of 32 G is competitive with the
M™%, and two minor absorption bands at 455 and 560 nm superhyperfine splitting from the nitrogen, the rhombic splitting @nnot

responsible for the red color of the protein solution. The intense ~ be accurately measured directly from the Q-band spectrum without the aid
of spectral simulation.

absorption at 354 nm is likely due to thiolat€u(ll) charge (63) For the first-derivative X-band and Q-band spectra, the simulations showed
i the presence of a second axial species with very broad line widths, no

transfer. When CiBSco was reduced by 20 mM sodium resolved hyperfine structureg,values of 2.12 foig, and 2.06 forgy, and

a weighting of 16-15%. This minor component is possibly due to

(56) Kau, L. S.; Spira-Solomon, D.; Penner-Hahn, J. E.; Hodgson, K. O; dimerization and/or clustering and does not necessarily represent a second
Solomon, E. I.J. Am. Chem. S0d.987 109, 6433-6422. species. The parallglandA parameters reported here are similar to those
(57) Blackburn, N. J.; Strange, R. W.; Reedijk, J.; Volbeda, A.; Farooq, A.; for one of the two species that are observed by Balatri and co-workers:
Karlin, K. D.; Zubieta, JInorg. Chem.1989 28, 1349-1357. Balatri, E.; Banci, L.; Bertini, I.; Cantini, F.; Ciofi-Baffoni, SStructure
(58) Pickering, I. J.; George, G. N.; Dameron, C. T.; Kurz, B.; Winge, D. R.; 2003 11, 1431-1443.
Dance, I. G.J. Am. Chem. S0d.993 115 9498-9505. (64) The effect of QO exchange was also seen in the Q-band spectrum, but the
(59) Ralle, M.; Lutsenko, S.; Blackburn, N. J. Inorg. Biochem2004 98, effect was much smaller because the spectra are not as well resolved as
765-779. those for the X-band.
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Table 2. EPR Spin Hamiltonian and Strain Parameters for lvH
Cu''BSco Obtained from Simulation of CW EPR Spectra? Experimental
Ox 2.0343 OO« +0.0009 [0.028] Simulated
Oy 2.0289 oQy +0.0009 f-0.035]
g 2.1501 00, +0.0029 [-0.020]
(CuAe —124.6 oAy +1.5 [-0.012]
(Cup, —109.2 oAy -39 [+0.036]
(CuA, —533.1 oA, -0.5 [+0.001]
gl +13.4
Ban +1.2
+12.0
v 64 ns
(Cu)QDP +4.8
(Cu)QE 26
W d 4.7 ~ 6.9
W, 7.2 W, 7.7
W, 9.6 W, 9.7
(N)A 30.6 aga 107 320 ns
(N)A, 41.1 Ban 15°
(N)A; 30.8 VoA —90°
(HL)A 20.9 oga 39
(H1)A, 16.3 Bon 210 1 4 7 10 13 16 19 22 25 28 3
(H1L)A, 18.4 VoA 0° RF (MHz)

aHyperfine principal values in MHz. (For units of 1#6cm™2, divide by
3.) Fractional strain is given in square brackets foA(Ag)/Ag is given);
the sign in front of the variance in the principal valueg@hndA represents
the correlation coefficient of-1.0. nd= not determined® Hyperfine and
nuclear quadrupole values are f&Cu. A(®°Cu) = A(®3Cu)*1.0713 and
QD(%%Cu) = QD(%3Cu)*0.878,QE(®>Cu)* = QE(53Cu)*0.878.¢ Euler angles
(convention of Ros¥) relating the noncoincidence between the copgper
andA (nuclear quadrupole tensor is assumed coincidentAyitH Residual
line width (Gaussian) in Gauss for,0. © Residual line width (Gaussian)
in Gauss for HO

ctor

g-fa
L e e e e

218 2.14 208 2.04 1.89
Experimental
Simulated ——— ‘
i
Residual
11040 11190 11340 11480 11640 11790 11840 12000 12240 12380
FIELD (GAUSS)

Figure 5. Experimental (black) and simulated (red) second-derivative
Q-band (34.76 GHz) EPR spectra of '®8co in HO. The inset shows
the first-derivative spectrum. The sharp signagat 2.000 is due to the
quartz tube.

C. ENDOR Spectroscopy. The N and H hyperfine
interactions determined from simulation of the continuous wave
(CW) EPR data account for a single nitrogen and a single proton.
To confirm our analysis and to identify more weakly coupled
nuclei which could reveal the identity and symmetry of the
ligands in the CliBSco complex, we have carried out ENDOR
experiments. Figure 6 shows the pulsed ENDOR spectra'bf Cu
BSco for various values of the length of the firstpulse; the
magnetic field was set to the high-field maximum of the spectra
which is nominallyg = 2.022. The most prominent features
are (i) a pair of lines split by 19 MHz and centered around the
proton resonance frequency and (ii) a peak centered at 17 MHz.
For most protons, half the hyperfine splitting is smaller than

Figure 6. Experimental (black) and simulated (red) X-band (9.67 GHz)
ENDOR spectra of ClBSco in HO at various values of the pulse. The
magnetic field was set at 3489 G.

the nuclear Zeeman interaction and a pair of lines separated by
the hyperfine splitting and centered at the proton resonance is
expected. For nuclei such aN, which has a small nuclear
Zeeman term, a pair of lines split by twice the nuclear Zeeman
frequency and centered at half the hyperfine splitting is expected.
Further, this pair of lines is split again by the nuclear quadrupole
term. The resonance at 17 MHz can be assigned4d having

an isotropic splitting of 34 MHz.

As the pulse length is shortened, the pulses become less
selective and nuclei with small hyperfine splittings are sup-
pressed so that tHéN resonance(s) at 17 MHz are better seen.
Fort, = 64 ns, other peaks are seen corresponding to the low-
frequency branch of proton resonances having hyperfine split-
tings between 5 and 12 MHz, and for = 320 ns, a pair of
lines are seen corresponding to a proton splitting of around 3
MHz.

The ENDOR spectrum of G8Sco in DO with t, = 64 ns
is essentially identical to that inJ®, demonstrating that none
of the large proton splittings are due to exchangeable protons
(Figure S1, Supporting Information). Some differences are seen
with t, = 320 ns, and these correspond to a loss of intensity
corresponding to a splitting withA; of 3.5 MHz for an
exchangeable proton.

To better quantify the smaller proton splittings as well as
the proton splitting of 19 MHz and the nitrogen resonance at
34 MHz, simulations were performed. By allowing for anisot-
ropy in the hyperfine splittings, reasonable fits could be obtained
for both the HO and DO spectra if five proton splittings, as
listed in Table 3, were used. Three protons, H1, H2, and H3,
have fairly isotropic tensors with isotropic splittings of 18.5,
8.4, and 5.1 MHz, respectively (Table 3). The other two protons,
Hex (exchangeabl® and Hrem (remote3 have smaller and
more anisotropic splitting®.

(65) Simulation of the CW EPR spectrum in®l using the line widths used in
simulating the RO spectrum and assuming two equivalent protons gives
proton couplings of 4.8, 7.2, and 9.6 MHz fa;, A, andA;. These splittings
are larger than those obtained from ENDOR and may represent additional
broadening from more distant or matrix solvent molecules.
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Table 3. Spin Hamiltonian Parameters for Cul'lBSco Obtained
from Simulation of ENDOR Spectra?

intensity weighting
at pulse length (ns)

A A, A, Ao w320 64 24

N1¢d 33,58 41.39 30.22 3506 1.01 1.00 1.00 1.00
H1° 20.72 1798 16.66 1845 0.88 0.81 0.98 0.73
H2¢ 5.43 781 12.02 842 070 104 106 0.34

H3f 7.30 4.00 4.00 510 0.65 1.23 0.52 0.05
Hex 130 —-350 —-350 —-190 050 1.08 035 011
Hreml 355 —-155 -155 -0.15 0.75 4.05 040 0.08 b

alsotropic and principal hyperfine values in MHzLine width in MHz
(Gaussian peak-to-peal)Euler angles as from CW simulations (Table 3).
dQD = —1.42 andQE = 0.09. The Euler angles fo® are assumed
coincident withA. ¢ 8 ~ 30°. f Assignment ofA, vs A, is arbitrary.

Comparison of values in Tables 2 and 3 shows very good
agreement between EPR and ENDOR results for the hyperfine
tensor of the nitrogen and the H1. For the most part, the values
are in agreement with experimental error (1 MHz for EPR and Frequency (MHz)

0.5 MHz for ENDOR). Although the values from ENDOR  Figure 7. Two-dimensionall vs 7 three-pulse ESEEM spectra of Gu
should be more accurate, the overlap from the partially BScoin HO fort, = 32 ns: (a)r = 304 ns; (b)r = 384 ns; (c) projection
suppressed proton peaks as well as the broad line widths andongT-

unresolved splitting due to the nuclear quadrupole coupling rape 4. Fits Obtained to the EXAFS of the Cu'BSco by Curve
limits the accuracy of the ENDOR measurements for the Fitting Using the Program EXCURYV 9.2

nitrogen. cu-s C-N(His)? Cu-NIO

ENDOR spectra show the presence of only one unique ; . = ROy DWEA) noc R(Y DWR) no: R(Y DW(R) -
nitrogen and could be fitted with a nitrogen/H1 proton intensity

i i o . . A 0558 2 2188 0.014 1 1.909 0.002 1.07
ratio of 1:1 (Table 3). This is consistent with and supports the 5 5589 2 2211 0.018 1 1.948 0011 1 1.948 0.011 1.19
results of the simulations of the CW spectra. It is possible that ¢ 0.204 2 2.216 0.018 2 1.947 0.010 1.50
observed splittings in the CW spectrum correspond to two D 0.210 1 2151 0.007 2 1.938 0.012 1.10
equivalent nuclei. Simulations of the CW EPR spectra, in 1 2276 0.007
particu!ar the X-band BD sp_ectrum, V\_’hiCh has t_he best aF is a least-squares fitting parameter definedFas (1/N)y L1k5(data
resolution, were repeated with two nitrogens (Figure S2, — model®. P Fits modeled histidine coordination by an imidazole ring,

Supporting Information) and/or two protons. The observed which included single and multiple scattering contributions from the second
. . . shell (C2/C5) and third shell (C3/N4) atoms, respectivél@oordination

SPECtra could not be fit in any way W'th ) two equwglent numbers are generally considered accurat&25%.%In any one fit, the

nitrogens. The spectra also could not be fit using two equivalent statistical error in bond lengths #0.005 A. However, when errors due to

protons, but a second inequivalent proton could be included if imperfect background subtraction, phase-shift calculations, and noise in the
the spli,tting was around 512 MHz. These values are in data are compounded, the actual error is probably closgi0t62 A.

agreement with the splittings for H2 determined from ENDOR  ,antum transition is also expected for the backbone nitrogen(s)
spectra. . around 4 MH£° and, as such, will overlap with the double
D. ESEEM Spectroscopy Although ENDOR spectra give  gyantum transition for the histidif@ The peak at 0.73 MHz is
a good account of coupling to nearby nuclei, ESEEM can be qe 19 at least three different pure quadrupole transitions, which
u;ed to exp_lore couplings to more remote nuclel,_ espe_mally is why it is the most intense peak in the spectrum. Also
nitrogens. Figure 7 shows two slices from a two-dimensional pqticeable in the projection spectrum is that the peaks for the
three-pulse ESEEM experiment. The top spectrury 804 1S packpone nitrogens at 2.2 and 2.9 MHz are about twice as
slice) shows peaks at 0.73, 1.6, and 4.0 MHz, which are j,ense as the 1.6 MHz histidine peak and half as intense as the
characteristic of the remote nitrogen of a copper-coordinated o 73 MHz peak. This 4:1:2:2 ratio is consistent with a cysteine/
imidazole®® Also seen in the two-dimensional ESEEM spectra istidine ratio of 2-1.
are sharp peaks at 2.19 and 2.93 MHz, which can be clearly £ ExAFS. The EXAFES of ClIBSco was simulated using
seen in the middle spectrum & 384 ns slice) of Figure 7. 5 approach similar to that of the Cu(l)-loaded form. Table 4
These peaks have been attributed to a backbone nitrogen, injsis a number of fits generated using different chemical models
particular that of the copper-bound cysteffi@hese two peaks ot cy(11) coordination. We first tested a simple 3-coordinate
along with the peak at 0.73 MHz form a set of three pure nqqe| involving two Ce-S(Cys) and one GeN(His) which
quadrupole transitions and are consistent witle’gQ| of 3.4 would correspond to the minimal number of ligands consistent
MHz and ary of 0.44 (see Supporting Information). A double \\ith ENDOR and ESEEM and the EXAFS of the '8Gco.

- . - Because of the known preference of Cu(ll) for coordination
(66) The Hrem contribution makes a relatively large contribution totthe . . .
320 ns spectrum signal and is probably due to more than one type of weakly numbers of 4 and higher, we introduced next additional Bw-
coupled (remote) proton. scatterers, either as imidazoles from histidine or as isolated O/N

(67) A sharp peak at 3.46 MHz is observed in concert with the copper EPR
signal, which we cannot assign at this time.

(68) Mims, W. B.; Peisach, J. Chem. Phys1978 69, 4291-4930. (70) Because of the overlap between peaks from the histidine and backbone
(69) van Gastel, M.; Coremans, J. W. A,; Jeuken, L. J. C.; Canters, G. W.; nitrogens, the presence of combination peaks, which could arise from the
Groenen, E. J. I. Phys. Chem. A998 102, 4462-4470. presence of more than one histidine nitrogen, could not be determined.
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Figure 8. Experimental (black) and simulated (red) Fourier transforms R(4)
(phase corrected) and EXAFS (inset, right) for'8&co. (a) Two CtS, Figure 9. Experimental (black) and simulated (red) Fourier transforms

one Cu-His, and one CuN/O (fit B, Table 4). (b) Two Cu-S and two (phase corrected) and EXAFS (inset, right) for (a))BBco (fit B, Table
_Cu—Hls (fit C, Table 4). The absorption edge is also shown in the left 5) and (b) NiBSco (fit D, Table 5). The absorption edge is shown in the
inset of the top panel. left inset for each metal complex.

(solve.nt) scatterers..The results are listed in Tgble 4 ﬁffDA A (both values are phase corrected). This splitting is partially
The simple 3-coord|nat_e model produced an |n_fer|or fit COM-  .iributable to the increased range of the diata @—16 A~
pgred to that of 4-coordinate mo_del_s . The '?eSt fit was obte_uned but arises more from a larger metrical difference between the
with two r?u;S ??}d wo CtrN(His) mterac_tlons (Table 4, fit Zn—N/O and Znr-S shells of backscatterers. Simulations (Table
C), and € '.t \.N't two CerS, one Ct-N(His), and one Ce 5, fits A and B) showed that two ZrS interactions at 2.28 A
ON (nqnhlstldlne) was worse by a factor (,)f,40% (T.able 4, fit and two O/N ligands at 2.01 A fit the data well and that the
B). Similar to CuBSco, the Cu-S shell exhibited a high DW o\ shell was about equally well-fit by two histidines (fit A)
factor, suggestive of structural disorder. We therefore tested or by one His and one non-His ligand. In contrast to the Cu(ll)
whether the data could tolerate a split-€3si shell. A good fit data, the Zn(ll) data showed a small preference for the one

was optained (Table 4, fit E) with t\{vol differentI.CT:lS h histidine model. Also in contrast, the DW factors of both the
|nteract|ons.at 2..15 and.2.28 A respectively, but splitting the Zn—S and Zn-OIN shells were much reduced, suggesting a
Cu—S shell in this way did not improve tHevalue. However, more homogeneous Zn(ll) site

these simulations decreased the DW factor from the unreason- Nil' Bsco. A. Electronic Spectrum.Ni'BSco is pink. The

; 5 1 .
ably high va;:ue 9f ﬁ =0.018 ﬁl forl theol;n%spht C;rijl;ell optical spectrum (Figure 10) shows two weak bands at 540 and
toa more chemically reasonable vajue . 0'00. or 360 nm which correlate with the two low-energy bands of the
th.e spl!t Cg—S shell. Thereforg, the EXAFS ',S not inconsistent Cu(ll) spectrum but are shifted to higher energy. The intense
W't.h d|ffe'r|ng Cu-S |nter§ctlons but provides only weak high-energy band seen at 350 nm in the Cu(ll) derivative is
evidence n sgpport of a_spht shell. AIthqugh the two His model either missing or, more likely, red shifted into the protein 280
was quantitatively superior o the one H'?” one O/N model, Car® hm band. In support of the latter premise, the absorbance at
must be used when choosing peMegn His and no_n-H|s s_catt_erer§80 nm increases more on Ni(ll) loading than on Cu(ll) loading.
because these can only be distinguished by their contrlbutlonsWe did not attempt to investigate further the high-energy
o theﬁextremgly Vlveak outer;jsgell Eeaks around 3 apric(i 4 A, which thiolate-metal charge-transfer (CT) band in the Ni(ll) species.
are often seriously impacted by the energy range irktgace Such bands are generally observed at wavelengths below 300

and by noise in the data. Although_ NMR of the .CL_J(I_I) form  nmin inorganic Ni—thiolate complexe$! The Ni(ll) spectrum
showed that proton resonances assigned to two histidines (H55is similar to that reported previously for the bacterial Sco

H135, Figure 1) are broadened so that the £HES), model is homologue Prr(2

reasonable, evidence from EPR for a single N hyperfine B. EXAFS Spectroscopy.The experimental and simulated
coupling is more compelling. The experimental and simulated gy AFs and FT for the NiBSco is shown in Figure 9b, with
data for the CugHis), and Cug(His)X (X = nonimidazole o fitting parameters listed in Table 5, fits C and D. As in the
N/O)”models are shown_ in Figure 8. ) Zn(ll) derivative, a model involving two NiS and two O/N
Zn. BSco. The experimental and S|m.ulat.ed EXAFS and ligands fits the data well, with a small preference for one
Fourier transform (FT) for the Zn(ll) derivative of BSco are histidine over two histidine structures.
shown in Figure 9a, with parameters used to fit the data listed
in Table 5. The Zn EXAFS is of particular interest because it (71) Maroney, M. J.; Choudhury, S. B.; Bryngelson, P. A.; Mirza, S. A.; Sherrod,
shows a resolved splitting of the first-shell FT peak into a Bw- M. J. Inorg. Chem.1996 35, 1073-1076.

(72) McEwan, A. G.; Lewin, A.; Davy, S. L.; Boetzel, R.; Leech, A.; Walker,
(O/N) component at-2.0 A and a Zr-S component at2.3 D.; Wood, T.; Moore, G. RFEBS Lett.2002 518 10-16.
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Table 5. Fits Obtained to the EXAFS of the Zn(ll)- and Ni(ll)-Loaded BSco by Curve Fitting Using the Program EXCURYV 9.2

metal-S metal-N(His)? metal-N/O
fit F no.¢ R (R) DW (A2) no.¢ R (Ay DW (A?) no.¢ R (Ay DW (A2) -E
Zn'BSco k= 2—-16)
A 0.338 2 2.277 0.006 2 1.999 0.006 2.95
B 0.314 2 2.278 0.006 1 2.021 0.002 1 1.942 0.007 3.06
Ni"BSco k = 2—13)
C 0.373 2 2.186 0.011 2 1.991 0.014 5.80
D 0.282 2 2.178 0.010 1 1.942 0.003 1 2.085 0.004 6.78

aF is a least-squares fitting parameter defined-as= (1/N)yN..ké(data— modelf P Fits modeled histidine coordination by an imidazole ring, which
included single and multiple scattering contributions from the second shell (C2/C5) and third shell (C3/N4) atoms, respgeCtioetination numbers are
generally considered accurate@5%. 9 In any one fit, the statistical error in bond lengthsti6.005 A. However, when errors due to imperfect background
subtraction, phase-shift calculations, and noise in the data are compounded, the actual error is probably-4eto8ario

1.0 7 the dithionite reduced form. The 8983 eV feature is well
established as an accurate marker for coordination number and/
081 or site symmetry. The intensity of this feature is inversely
§ 06 | proportional to the coordination number, with linear 2-coordina-
g tion exhibiting much more intensity than 3-coordinath§n2°
E 04 - Although the intensity of the 8983 eV feature in Sco is typical
< of 3-coordinate species, the slight attenuation in the reconstituted
0.2 1 sample may be the result of exogenous acetonitrile coordination
by a subpopulation of molecules. Thus, we leave open the
o0 200 500 600 700 300 possibility that the Cu(l)-loaded BSco binds Cu(l) primarily via

the two cysteine residues of the CXXXC motif, with weak
association of a third ligand, X. It is possible that different forms
of the protein partition among forms with X H135, H55,
Discussion water, buffer ion, or acetonitrile. The ability for bis-cysteinate
Cu(l) centers in copper transporter chaperones to bind exogenous
ligands has been reported previou&ly?® Alternatively, at least
some of these differences might arise as the result of the small

Wavelength
Figure 10. UV/vis spectrum of NIBSco.

We have used a number of spectroscopic techniques to
investigate Cu, Zn, Ni, and Co binding by a soluble form of
the B. subtilis Sco cytochrome oxidase assembly chaperone k o
protein, produced as an untagged soluble construct by truncatiorl~10%) population of molecules exhibiting the broad copper
of the N-terminal membrane-anchoring helix. The analogous Signal seen in the CW EPR spectrum.
protein from yeast, Scolp, has been reported to bind a single The ability of BSco to form a stable Cu(Il) complex is unusual
Cu(l) per protein and has been identified as an accessory proteir@mong copper chaperones which are generally believed to
in COX assembly, specifically accepting Cu(l) from Cox@%#5 transport copper in the Cu(l) form. The copper trafficking
The PrrC homologue frorRhodobacter sphaeroidésms also  protein CopC fromPseudomonas syringdes been shown to
been reported to bind Cu(ll) and Ni(i%.The existence of the  bind copper in both oxidation states, but in this case, different
Cu(ll) complex has been noted previouslyZbut its properties binding sites were proposééiThe electronic spectrum of Cu-
or those of other metal-bound congeners were not explored in(Il) Sco shows two weak bands at 455 and 560 nm and a more
detail. Our data have established a 1:1 binding stoichiometry intense bande(= 4700 Mt cm™?) at 354 nm which can be
for Cu(ll), Zn(ll), and Ni(ll) but no binding for Co(ll). The assigned to a thiolateCu(ll) charge-transfer transition. The
reddish-orange Cu(ll) form of the protein is reducible by extinction coefficient is more than twice that reported previously
dithionite to the colorless Cu(l) derivative which could be by Balatri et al** on a heterogeneous Cu(ll)-reconstituted form
prepared directly by reconstitution with the 'Gacetonitrile of BSco. The difference may be due to the smalfed$%)
complex, but this procedure always led to levels of Cu(l) binding population of the second Cu(ll) species in our preparation in
(0.5-0.7) lower than those of reconstitution to the Cu(ll) form. comparison to the earlier sample, where 50% of the copper was

Previous XAS characterization of Scolp by Winge and co- present in a different form. The UV/vis spectrum is typical of
workers established that Cu(l) was bound by two cystethes. tetragonal type-2 Cuthiolates where the Sptransition (354
Subsequent mutagenesis identified C148 and C152 as probablem) is more intense than that of thesSpnd occurs at higher
candidates. H239 was also implicated as a ligand from mu- energy’4-8 The high-energy Sp interaction is dominant in
tagenesis, but inclusion as a Cu(l) ligand did not improve tetragonal Cli—thiolates such as tet b and analogous complexes
EXAFS fits. Our XAS data on the Cu(l) form of the bacterial and occurs around 36870 nm with extinctions of~5000 M
Sco are in agreement with these predictions, where the corre-cm=1,76.77with weaker Sp — CU' transitions to lower energy.
sponding residues are C45, C49, and H135. The metrical detailsThe closest analogue of Cu(ll) Sco is nitrosocyanin, the red
of the samples produced by dithionite reconstitution or by direct
reconstitution are similar and are comparable to those reported(73) Arnesano, F.; Banci, L.; Bertini, I.; Mangani, S.; Thompsett, APRoc.
previou'sly for Scolp. Our a,m?‘lYSiS .Iikeyvise fails to pro}"de (74) ’/\iﬁtcli'r?vs?dc'. SF‘ec.i;'géﬁdﬁ?ﬁoéﬁ?ﬂ?cl%ﬁgﬁReagge 29, 365-372.
unambiguous evidence for histidine ligation. One minor differ- (75) Solomon, E. I.; Szilagyi, R. K.; DeBeer George, S.; Basumallick;them.
ence between the two Cu(l) samples of this study is the .. R&- 2004 104 419-458.

. . i i (76) John, E.; Bharadwaj, P. K.; Potenza, J. A.; Schugar, thalg. Chem.
absorption edge feature at 8983 eV which is more intense for 1986 25, 3065-3069.
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cupredoxin protein fronNitrosonomas europavhich exhibits
bands at 390, 496, and 720 of similar intensity to those in
BSco’881

ENDOR spectra of ClBsco show the presence of a single
19N coupling, and simulations of second-derivative CW EPR
show that this coupling arises from only one nitrogen. The nearly
isotropic*N coupling @iso Of 35 MHZz) is characteristic of that
expected for coppetimidazole complexes. The value 8fs,

p-methylene couplings are expected to be anisotropic and
relatively small. The data are thus consistent with the-Nu
bond and one CuS bond lying close to the lobes of the.dz
orbital, whereas the other €& bond lies off axis somewhere
between the lobe of thealy? orbital and the bisector between
the lobes of the @ 2 orbital.

CW EPR spectra in gD show that the copper site is
accessible to solvent molecules. ENDOR spectra also show the

is larger than that seen for type-1 complexes such as azurin (17presence of an exchangeable proton, presumably from ar OH

and 27 MHZ?) but smaller than that seen for a square planar
CuN, complexe such as [Cu(imigf" (40 MHZ%3). The EPR
parameters ofy = 2.15 andA; = 180 G are similar to those of
square planar p&, complexe$*85However, these values are
also expected to be consistent with a;X®omplex, where X

is an oxygenic ligand.

For a square planar N® copper complex, the four ligands
are expected to have their metéigand bonds oriented close
to the lobes of the ground-state.dz orbital. The smaller the
angle between the GtN bond and a lobe of theal 2 orbital,
the greater the spin density on the N will eThe value of
Aiso (35 MHz) and the orientation of the major component of
the YN hyperfine tensor lying close (2Bto the g, axis are
consistent with the GuN bond being close to one of the lobes
of the dz—y2 orbital.

The two cysteines should lie along two other lobes of the
de—y2 orbital and would be expected to have similar values of
spin density and give rise to four approximately eqgéahe-

H,0. From the proton splittings, the €id can be estimated
as 3.7 A (see Supporting Information). This distance is too long
to place the OH/H,O molecule as the fourth planar ligand and
suggests that solvent may occupy an axial position.

The EXAFS data of the CiBSco can be simulated by a
4-coordinate site composed of two €8 and two Cu-N/O
scatterers. Axially coordinated solvent species are generally
undetectable by EXAFS because of extremely high DW factors.
The Cu-S distance of 2.21 A is not as short as that found in
native cupredoxins such as azurin, where the trigonal planar
blue copper CtS distance is 2.142.16 A8 put is shorter
than typical type-2 CuS distance$&! However, EXAFS analysis
may suggest that this shorter distance is a composite of a normal
Cu—S distance of 2.27 A and a short cupredoxin-like-Gu
distance of 2.15 A (Table 4, fit D). Although EXAFS analysis
is more compatible with two histidine ligands, distinguishing
between N(His) and non-His O/N ligation can only be done by
analysis of outer-shell scattering, which is weak and can be

thylene splittings. Analysis of ENDOR spectra shows large significantly impacted by noise in the data or by the small
couplings assignable to one cysteine, and for this cysteine, theamount of adventitiously bound copper. The presence of
two f-methylene protons are markedly inequivalent. This couplings from only one N in the EPR and ENDOR argues
inequivalence suggests that one of the Cys ligands in BSco mustagainst the two His model and supports an O scatterer as the
lie somewhat between the lobes of the g orbital but with origin of the fourth ligand. Lack of a strongly coupled
suboptimal orientation of the cysteine with respect to the Cu exchangeable proton rules out equatorial water. Thus, when the
de—y2 orbital for pr bond formation. Assuming thesrporbital EXAFS, EPR, and ENDOR data are considered together, it
lies perpendicular to the Ct5—C;g plane as it does in type-1 ~ seems probable that the Cu(ll) coordination in oxidized-Cu
complexes, we estimate the €8—Cg—Hpg dihedral angles to BSco can be approximated by a distorted tetragonal structure
be 79 and—41°, respectively?” The second cysteine is likely  with equatorial ligation to a histidine and cysteine (more typical
coordinated in a more optimal orientation for square planar of square planar M5, complexes), a second cysteine having a
geometry, giving rise to a strong €& po bond where the pr bond (but weaker than that in type-1 complexes), and a fourth
OI/N ligand which could be a histidine but is more likely to be
an oxygenic endogenous ligand. Such a structure would require
a geometry that is nominally square planar (tetragonal), yet with
significant distortion (Figure 11). A weakly bound axial water
ligand is probably also present. Although there appears to be
significant structural asymmetry in the €8 bonds, with

2001, £ 568 ' - evidence for one short and one long -€3i interaction, the
T e e e e and s o byai & ram €lectronic origin of this is probably quite different from the

Glu in‘an axial position. Detailed electronic structural analysis has assigned cupredoxin site and the shorter €8 most likely exhibits a
the 390 and 496 nm bands to the €8(0) and Cu-S(r) components, type-2 Cu-S(po) interaction

respectively, where the reversal in the relative intensities as compared to
blue copper sites originates from the increase to 5-coordination accompanied The EXAFS data for the Zn and Ni complexes of BSco
provide further insight into the structure and selectivity of the

by a rotation of the @2 orbital relative to the CuS axis. Basumallick,
L.; Sarangi, R.; DeBeer George, S.; EImore, B.; Hooper, A. B.; Hedman,

metal binding site. The ZaS distance of 2.28 A is typical of
4-coordinate tetrahedral Zp®l/O), complexes$? The average

(77) Stibrany, R. T.; Fikar, R.; Brader, M.; Potenza, M. N.; Potenza, J. A.;
Schugar, H. Jinorg. Chem.2002 41, 5203-5215.

(78) Basumallick, L.; Sarangi, R.; DeBeer George, S.; Elmore, B.; Hooper, A.
B.; Hedman, B.; Hodgson, K. O.; Solomon, EJI.Am. Chem. So2005
127, 35313544,

(79) Arciero, D. M.; Pierce, B. S.; Hendrich, M. P.; Hooper, A.Bochemistry
2002 41, 1703-1709.

(80) Lieberman, R. L.; Arciero, D. M.; Hooper, A. B.; Rosenzweig, A. C.
Biochemistry2001, 40, 5674-5681.
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3544.
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113 1533-1538.
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2107
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200Q 56, 697-704.
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(86) On the basis of the value of 0.09 foN (the nitrogen spin density) for
[Cu(imid)4]2* (Werst, D. E.; Davoust, C. E.; Hoffman, B. M. Am. Chem. (90) Berry, S. M.; Ralle, M.; Low, D. W.; Blackburn, N. J.; Lu, ¥. Am. Chem.
Soc.199], 113 1533-1538), we estimatgN to be 0.07 for CliBSco. So0c.2003 125, 8760-8768.
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Figure 11. Orientation of the ligands to Cu(ll) in BSco relative to the
direction of the ¢—2 orbital, as suggested by analysis of EPR and ENDOR
spectra.

Zn—S distance is largely unaffected by substituting O for N in
one of the lowZ scatterers, although few examples of mixed
Zn—S,0ON coordination exist. Examples of Zn(Cy@)is), are
common in zinc finger motif§3 and ZnSNO coordination is

The absorption edge of the NiBSco is unusual. Two transi-
tions appear on the rising edge at 8335.96 and 8337.74 eV.
Although the latter transition is in the range reported for the
1s— 4p, transition expected for a square planar Ni(ll) cerAtér,
the lower energy transition is atypical of Ni(ll) complexes and
would be more characteristic of a Ni(l) state. The absence of
an EPR spectrum argues against an equilibrium mixture of Ni-
(1) and Ni(Il), although photoreduction in the beam cannot be
excluded.
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as methionine syntha¥&® and farnesyl transferase in the
presence of thiol substrat&&-or Ni, the EXAFS derived NiS
bond length of 2.19 A is typical of NiS interactions in square
planar NiSN, complexes found in the Cambridge database but
is significantly shorter than the value found in tetrahedral Ni-
(1) complexes, which typically is around 2.24%Planar Ni —
thiolates exhibit thiolate Ni"' CT bands at higher energies than
their Cu(ll) homologueg! and it is likely that the ligand-to-
metal charge-transfer (LMCT) band is obscured by the protein
280 nm absorption. The observed-N8 bond length and the
lack of EPR signal is therefore suggestive of square planar Ni-
(1) in the NiBSco. If we assume that the Zn(Il) complex adopts
tetrahedral geometry, it is apparent that either a variety of
geometries is available to accommodate metal ion binding to
BSco or that different coordinating residues are chosen by
different metal ions. The reduced Ni(ll) form of NiSOD has
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Note Added in Proof. During the review of this manuscript,
a paper by Horng et al. describing the UV/vis and X-band EPR
of human Scol and Sco2 was published. (Horng, Y.; Leary, S.
C.; Cobine, P. A.; Young, F. B. J.; George, G. N.; Shoubridge,
E. A.; Wing, D. R.J. Biol. Chem.2005 34113-34121.) In
this work, mutation of D238 to Ala bleached the Cu(ll)
chromophore but had no effect on Cu(l) binding. Thus, it is
probable that an analogous aspartate residue in BSco may be
the origin of the oxygenic ligand inferred from the EXAFS and
ENDOR.

Supporting Information Available: Extended discussion of

recently been shown to be coordinated by two cysteines andParameters obtained by simulations of EPR spectra, analysis of

two peptide amide grou@$;>° which leaves open the question
of whether the NiBSco complex might differ from the Cu(ll)
complex and include coordination to the peptide backbone.

(92) In 26 structures with Zn8l, coordination listed in the Cambridge database,
the average znS distance was 2.280 A and the average-Eindistance
was 2.072 A

(93) Laity, J. H.; Lee, B. M.; Wright, P. ECurr. Opin. Struct. Biol2001, 11,
39-46.

(94) Zhou, Z. Z.; Peariso, K.; Penner-Hahn, J. E.; Mathews, Ri@&hemistry
1999 38, 15915-15926.

(95) Peariso, K.; Zhou, Z. S.; Smith, A. E.; Matthews, R. G.; Penner-Hahn, J.
E. Biochemistry2001, 40, 987—-993.

(96) Harris, C. M.; Derdowski, A. M.; Poulter, C. Biochemistry2002 41,
10554-10562.

(97) In 55 structures with square planar BB coordination listed in the
Cambridge database, the average-Sidistance was 2.168 A and the
average Ni-N distance was 1.933 A. In 10 structures with tetrahedral
NiS;N, coordination, the average NB distance was 2.246 A and the
average Ni-N distance was 1.983 A.

16558 J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005

nitrogen quadrupole ESEEM peaks, analysisgahethylene
splittings, analysis of exchangeable proton splittings, SIMPIPM
program, experimental and simulated X-band ENDOR spectra
of CU'BSco in HO (Figure S1), and experimental and simulated
second-derivative X-band EPR spectra of'B8co in DO
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.

JA0529539

(98) Wuerges, J.; Lee, J. W.; Yim, Y. I; Yim, H. S.; Kang, S. O.; Carugo, K.
D. Proc. Natl. Acad. Sci. U.S.2004 101, 8569-8574.

(99) Barondeau, D. P.; Kassmann, C. J.; Bruns, C. K.; Tainer, J. A.; Getzoff,
E. D. Biochemistry2004 43, 8038-8047.

(100) Colpas, G. J.; Maroney, M. J.; Bagyinka, C.; Kumar, M.; Willis, W. S;
Suib, S. L.; Mascharak, P. K.; Baidya, khorg. Chem.1991, 30, 920-
928.



