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Characterization of the Redox and Metal Binding Activity of BsSco, a Protein
Implicated in the Assembly of CytochroneeOxidasé
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ABSTRACT. Members of the Sco protein family are implicated in the assembly of the respiratory complex
cytochromec oxidase. Several possible roles have been proposed for Sco: a copper delivery agent, a
site-specific thiol reductase, and an indicator of cellular redox status. Two cysteine residues (C45 and
C49) in the sequence CXXXCP and a histidine (H139D residues toward the C-terminus are conserved

in Sco from bacteria, yeast, and humans. The soluble domain of Sco has a thioredoxin fold that is suggestive
of redox activity for this protein. We have characterized the soluble domain of the Sco protein from
Bacillus subtilis(i.e., sBsSco) for its redox reactivity and metal binding capacity. In oxidized sBsSco, the
cysteines are present as an intramolecular disulfide. Oxidized sBsSco does not bind metal, but can be
reduced in vitro to a metal-binding form. Reduction of the disulfide in sBsSco is accompanied by increased
intrinsic fluorescence. The reducibility of the cystine is unchanged when the conserved histidine is mutated
to alanine. Tight binding by reduced sBsSco is observed for Cu(ll) by electronic absorption, intrinsic
fluorescence, and EPR spectroscopies, and isothermal titration calorimetry with an observed stoichiometry
of one Cu(ll) ion per sBsSco andky of ~50 nM. Tight binding of Cu(l) and Ag(l) is observed by
guenching of intrinsic tryptophan fluorescence. Cobalt(ll) exhibits weak binding, whereas Ni(ll) and Zn-
(1) do not appear to bind. The high-affinity binding of metals by BsSco is triggered by its redox state,
and this property could be important for its function in vivo.

The heme-copper oxidases are a family of oligomeric, Oy -binding site defined by the cytochronae—Cug center.
integral membrane enzymes that include mitochondrial One of the two is a second heme A moiety, known as
cytochromec oxidase, as well as cytochroneeand quinol cytochromea, that is low-spin with both axial ligand
oxidases from aerobic bacteria and aerobic archdga ( positions occupied by histidine residues within subunit I. A
Heme-copper oxidases catalyze the reduction of oxygen to second copper center, known as,Cis found in the solvent-
water using electrons derived from reduced cytochrame exposed domain of subunit Il. This site has been shown to
or quinol. Some of the free energy of the redox process is receive electrons from cytochromelirectly and is proposed
used to move protons across the membrane bilayer in ato be the electron entry site for mitochondrial cytochractne
coupled proton transfer reaction. The most highly conserved oxidase 8, 4). The Cu site has two copper ions that are
features of members of the hemeopper oxidase family are  separated by bonding distance and are bridged by the thiol
found within the subunit | protein. Subunit | houses a side chains of two cysteine residues within subunit Il, in the
binuclear heme copper center that acts as the site of oxygen sequenceGAELC-.* A major difference between the cyto-
binding and reduction. The binuclear, oxygen reaction site chromec oxidases and the quinol oxidases (e.g., cytochrome
is composed of a heme A moiety, known as cytochr@ge  bo; or ubiquinol oxidase fronEscherichia coli and cyto-
which is located~5 A from a copper center, known asCu  chromeaas-600 or menaquinol oxidase froBacillus sub-
The copper ion in the Gueenter is ligated by three histidines, tilis) is that the quinol oxidases do not have theyCenter
one of which is subjected to post-translational modification. in their otherwise similar subunits II.

Oxygen is proposed to interact with each of the metals of The assembly of hemecopper oxidases is an inherently
the cytochrome;—Cug center during the multistep process complex processhj. Multiple subunits are assembled within
of O, binding and reduction2j. the membrane, and this is coordinated with the delivery and

In the cytochrome oxidases, there are two other redox insertion of the redox active heme and copper ions. There
active centers that are involved in delivering electrons to the are additional redox inert metals such as zinc and calcium
that are also incorporated in the final structure. Specific
Thi . ed b i  from the Natural accessory proteins have been implicated in the assembly of
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proteins. In the case of the gwenter, the small, soluble
protein Cox17 was originally proposed to pick up copper in
the cytosol, perhaps directly from one of the plasma

Imriskova-Sosova et al.

AgNOs;, ZnCk, CoCk, and NiCh. Stock solutions of Cu(l)
were prepared fresh by stoichiometric addition of glutathione,
DTT, or TCEP to a solution of Cuglnder an atmosphere

membrane-bound copper pumps, and then to shuttle coppenf argon in a Thunberg celll@). Reduction of sBsSco was

from the cytosol to the intermembrane space of the mito-
chondrial organelleg). However, recent studies in which

achieved by incubation with-12 mM DTT for 1-2 h at 20
°C. Excess DTT was removed by gel filtration over G-25

Cox17 was tethered to the inner mitochondrial membrane Sephadex, or by ultrafiltration ugina 5 kDa cutoff filter.

without a loss of functionality have drawn into question the
shuttle role of Cox179). Cox17 is proposed to be involved
along with Scé in the late stages of Guassembly within

All reagents were the purest grade commercially available.

Fluorescence spectroscopy was performed on a Fluo-
rolog-3 spectrometer from Horiba Jobin-Yvon. Emission

aposubunit Il of the oxidase. Cox17 could pass copper to intensity data were collected with excitation at either 280 or
the inner mitochondrial membrane-bound Sco protein, or 295 nm, with the excitation slit set at 1 nm and the emission

directly to subunit II with Sco serving the function of
maintaining the two Cu site cysteine thiols in a reduced
state.

slit set at 2 nm. Absorption spectra were obtained on either
a Hewlett-Packard 8452A diode array or a Cary-50 spec-
trophotometer. For each reported fluorescence determination,

Sco was first characterized in yeast as a protein requiredthe absorption spectrum was determined over the appropriate

for cytochromec oxidase expressiord () and later proposed
to participate in the delivery of copper to the oxidag&)(
Metal analysis of the purified soluble domain of the yeast
Scol protein reveals a stoichiometry-08.8 mol of copper/
mol of Sco, and EXAFSstudies show that in these samples
Cu(l) is bound to Sco via two cysteines and one histidine in
a trigonal complex 12). Purified native Scol from yeast
mitochondria contains 0-71 mol of copper/mol of Scol@).

In contrast, the protein purified fromB. subtilis plasma
membrane is almost copper free (i.€0.1 copper/BsSco)
(14). Moreover, structural studies of the recombinant soluble
domain of BsSco in solutionlf) or in crystals 16), and
crystals of the human proteirl?), have not produced a
structure for a metal-bound form of Sco.

To further delineate the possible functions of the Sco

range so that inner filter effect2@ on the fluorescence
emission could be corrected.

EPR spectra were collected on a Bruker EMX spectrometer
fitted with an Oxford Instruments ESR9 flow cryostat. Power
saturation experiments were conducted between 20 and 120
K to determine the relaxation properties of the Cufll)
sBsSco complex. Spectra were recorded under nonsaturating
conditions at 80 K with a power of 2 mW. Quantification of
the spin system of the Cu(l)sBsSco complex was done
by double integration in comparison to a sample of the-Cu
EDTA species run under the same conditions. This method
shows that our reconstitution of copper with reduced apo-
sBsSco yields, within experimental error, complete formation
of a 1:1 Cu(ll}-sBsSco complex. Spectral simulations were
done using the SimFonia software from Bruker that is able

family of proteins, we have characterized the redox and metalto account for anisotropy of thg value as well as nuclear

binding properties of the Sco protein from the aerobic
bacteriumB. subtilis We have taken advantage of the Cu-

free form produced by our preparation of sBsSco to measure

the strength and capacity of metal complex formation, which

and ligand hyperfine splitting. The simulation parameters are
given in Figure 5.

Isothermal titration calorimetry data were collected on a
MicroCal VP-ITC instrument. The temperature for all

to date have not been quantified. The conserved cysteinetitrations was 30C. The protein sample was in the reaction
pair of BsSco is redox active, although the reduced protein cell, and the ligand to be added was in the titration syringe.

is relatively stable to oxidation by £n vitro. The reduced
protein binds both Cu(l) and Cu(ll) with high affinity with

The protein and ligand sample solutions were degassed
thoroughly prior to loading the calorimeter. ITC data were

a 1:1 stoichiometry. Nickel and zinc do not appear to bind, analyzed with the processing software supplied by MicroCal
whereas cobalt forms a low-affinity 1:1 complex. These using the Origin package. The plot of heat change at each
properties of BsSco are consistent with possible roles for ligand concentration was fit to a model specifying a single

this protein in the delivery of copper, and in sensing the metal type of binding site to obtain the equilibrium constant,

or redox level of the cellular environment.

EXPERIMENTAL PROCEDURES

sBsSco was purified frori. coli as described previously
(18). The mutant of sBsSco with His135 changed to Ala was
generated as described previoudlg)( The standard buffer

used in all the experiments reported here was 50 mM sodium
phosphate (pH 7.0) that had been passed over a Chele
(Sigma) column to remove any trace metal ion contamina-

tion. The metal ions were used as the following salts: GuCl

2Sco nomenclature: Sco, Sco family of proteins; BsSco, Sco protein

from B. subtilis sBsSco, soluble domain of BsSco; sBsScoHA, mutant
of sBsSco in which His135 has been changed to alanine.
3 Abbreviations: DTT, dithiothreitol; EDTA, ethylenediaminetet-

raacetic acid; EPR, electron paramagnetic resonance; EXAFS, extende

X-ray absorption fine structure; ITC, isothermal titration calorimetry;
TCEP, tris(2-carboxyethyl)phosphine; TRX, thioredoxin.

enthalpy change/AH), and stoichiometry.

Sedimentation velocity data were collected on a Beckman
Optima XL-I ultracentrifuge. The protein concentrations were
close to 0.2 mg/mL in each case. The runs were conducted
at a speed of 55 000 rpm, and at ZD. The concentration
profiles across the cells were monitored over time by
scanning in absorbance mode at 280 nm. Analysis was done

)ysing SEDFIT 21).

RESULTS

Redox Reactity of the Cysteine Pair of BsSc8sSco
has two available cysteine residues in the mature, native
protein, and in the soluble domain described here. We have
employed the thiol reactive reagent 4,4-dipyridyl disulfide

422) to determine the content of reduced and reactive cysteine

residues in sBsSco. Our preparation of purified sBsSco
results in a nearly fully oxidized protein with-0.2 mol of
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Ficure 2: Intrinsic protein fluorescence and kinetics of reduction
of sBsSco by dithiothreitol. (A) Emission spectra of oxidized (i)
and DTT-reduced (ii) sBsSco. The concentration of sBsSco was
= . . . . . . 4.95uM in each trace, and reduction was achieved by treatment
IGURE 1: Detection of available thiol groups in sBsSco. A solution with 1 mM DTT. The buffer was 50 mM sodium phosphate (pH

of 5.12uM sBsSco was placed on one side of a split cuvette. A 7 4) 34 the temperature was 20. The excitation wavelength
spectrum was recorded with buffer on the other side to determine . 25'>g0 nm, the excitation band-pass 1 nm, and the emission band-
the protein concentration. To the buffer side was addet af 50 pass 2 nm. (B) Time courses for the fluorescence change of sBsSco
mM 4,4-dithiopyridine, and spectra were recorded over timéq induced by the addition of excess DTT. The concentration of SBsSco

min) to determine the background rate of hydrolysis. The contents , -5 54M, and the DTT concentrations were (i) 204, (ii) 280
of the two sides were mixed, and recording was continued to assess and (ii’i) 2.80 mM. The line through the data is the single-

the extent and rate of thiol reactivity of sBsSco. (A) The solid line exponential fit from which the observed rate of reduction was

is the spectrum of sBsSco referenced to buffer. The dotted line is ;i ained Other experimental conditions were the same as outlined
the spectrum obtained following mixing of the contents of the two )

compartments of the split cuvette with the spectrum before mixing

taken as the reference. The extinction coefficient for sBsSco at 280 . ) . . .
nm is 19.2 mM™ cm-! and for thiopyridone 18.8 mM cm L. are oxidized in an intramolecular disulfide. We sought,

The ratio of thiol to sBsSco obtained from this sample is 1.90. (B) therefore, to characterize the intrinsic fluorescence of sBsSco
A sample of reduced sBsSco was left in air at room temperature, to determine if its redox state could be monitored using the
3nd at the indicated times, the thiol content was determined asprotein's fluorescence. sBsSco has two tryptophan and eight
escribed above. . . . .

tyrosine residues, and when excited at either 280 or 295 nm,

sBsSco has an emission maximum at 330 nm that is typical
free cysteine/mol of protein, and this number is unchanged for protein fluorescence arising primarily from tryptophan
when sBsSco is denatured. Previous work has shown that in(Figure 2A). There is also a shoulder centered at 310 nm,
oxidized sBsSco the cysteine pair is in an intramolecular even after correcting for the contribution due to Raman
disulfide (16). When oxidized sBsSco is treated with either scattering of the aqueous buffer, that is slightly more
of the reducing agents, DTT or TCEP, and the excess pronounced when excitation is at 280 nm compared to when
reducing agent removed by gel filtration, up to 2 mol of thiol excitation is at 295 nm. This is consistent with the 310 nm
(1.854+ 0.18,n = 7) is detected per mole of protein (Figure component of the spectrum arising from a contribution from
1A). Once the protein is reduced, its return to the oxidized tyrosine. It is often the case in proteins containing both
state under the conditions used here is slow. The half-life of tryptophan and tyrosine that a distinct contribution from
reduced sBsSco at neutral pH and room temperature is 32 htyrosine is difficult to detect due to the higher absorption
(Figure 1B). and quantum vyield of tryptophan, and/or due to efficient

Intrinsic Fluorescence and Redox Kinetics of sBs®eo  energy transfer from tyrosine to tryptophan. The 310 nm

many members of the thioredoxin family, intrinsic protein feature of the emission spectrum of sBsSco is a feature of
fluorescence has proven to be a sensitive and useful indicatothe native protein as it disappears upon denaturation.
of the status of the redox active cysteine pai, (24). This The intrinsic fluorescence of sBsSco increases upon
is due to the highly efficient quenching of tryptophan addition of DTT (Figure 2A), and the rate of this increase is
fluorescence by the disulfide-bonded, cystine residi®. ( proportional to the reductant concentration as illustrated for
BsSco has two conserved cysteine residues that are key ta few DTT concentrations (Figure 2B). A plot of the
its function in vivo @6), and in our preparations of sSBsSco observed reduction rate of sSBsSco versus DTT concentration

0 T T T
n 20 40 60 30

Time (h)post filization
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Table 1: Second-Order Reduction Rates for BsSco and consistent with lack of a large-scale protein_conformational
Thioredoxirt change upon formation of the metglrotein complex.
reduction rate (M's ) A!though the putative copper ligands (Cys45, Cys49, and
) His135) are too far apart in the crystal structure of sBsSco
protein il TCEP ref (16) to bind a metal ion, only small structural changes are
SBsSco 20.12.58  0.341£0.093  thiswork required to allow a binding site to form. When the Cu(ll)-
EB(SSI??:'; 165107‘& 1.68 0443 0.091 ztg's work induced, fluorescence change is used to measure the affinity
: - — , , of copper binding, the magnitude of the fluorescence decrease
“ Reactions were started by mixing a small aliquot of DTT with is linear as the copper concentration increases until a sharp
uM sBsSco. S . o
break point is reached, after which further copper addition
causes no change (Figure 3B). The break point was deter-
mined to be at 0.94- 0.54 Cu(ll) per sBsSco in three
independent experiments. The addition of EDTA in excess
does not reverse the fluorescence decline induced by copper
on a time scale of minutes. This is probably a reflection of
the slow rate of dissociation of Cu(ll) from the CufH)
sBsSco complex rather than the fact that sBsSco has a higher
binding constant for copper than EDTA. These data are
consistent with formation of a high-affinity 1:1 complex
between reduced apo-sBsSco and copper(ll).
Equilibrium binding of Cu(ll) to reduced apo-sBsSco was
also monitored by absorption spectroscopy. Addition of Cu-
’ (B) (INCl, to reduced sBsSco gives rise to an absorption
. spectrum with peaks at 354, 456, and 552 nm with the most
intense absorption band at 354 nm having an extinction
coefficient of 4.78+ 0.45 mM™ cm™! (Figure 4A). When
formation of the UV-vis absorption spectrum is used to
follow the binding of copper to reduced sBsSco (Figure 4B),
CuCl, (mM) the form of the titration shows a linear increase in absorption
FIGURE 3: Measurement of the extent of binding of Cu(ll) to With incremental additions of Cugluntil a maximum
reduced sBsSco by intrinsic fluorescence. (A) Intrinsic fluorescence absorption is obtained, after which there is no further increase
O e e o s op s, e 1 adeiton o (Fgure 4C). The break point occurs in this example at a
5.8% UM. Tr21e experimental and instrumental c%nditions were CuCl, ancemratlon of 95'.\/' anfj a Cu(ll):sBsSco ratlo.of
otherwise as outlined in the legend of Figure 2. (B) Titration of 0.90. This ratio was determined in three separate experiments
the copper-induced fluorescence change. The fluorescence intensitfo give an average value of 0.95 0.05 and is consistent
was measured at 330 nm following each addition of copper. The with formation of a 1:1 complex of sBsSco with Cu(ll). The
fluorescence level was followed vs time after each addition to ensurefagtures of this absorbance-based titration mirror those

that equilibrium was established prior to the next addition. There . : .
is a sharp discontinuity in the fluorescence decline indicated by obtained when using fluorescence change to monitor copper

the arrow. Further addition of copper results in no further binding. _
fluorescence change. The break point in this case occurs at a CuCl  We have used EPR spectroscopy to confirm the redox state

concentration of 5.0xM at a ratio of 0.92 Cu(ll) to sSBsSCO. of the copper that is present in the complex formed with
reduced sBsSco. Figure 5A shows EPR spectra for reduced
is linear with a slope, corresponding to the bimolecular rate apo-sBsSco and after addition of 1 equiv of Cu@iddition
constant, of 20.1= 2.58 M s* (Table 1). The rate of  of CuCh, to apo-sBsSco gives rise to an EPR spectrum with
bimolecular reduction of sBsSco by DTT is 80-fold slower features of Copper(”)_ When more than 1 equiv of CUEI
than that reported for thioredoxin frok coli. As eXpeCted, added to apO-SBSSCO, a second form of copper can be
a similar emission increase is observed when the phosphineqetected by EPR, and it is similar to the signal observed
based reducing agent, TCEP, is used. The reactivity of when CuC}is added to buffer alone. Power saturation studies
OXidiZed SBSSCO, hoWeVer, iS SIOWer Wlth TCEP than W|th Of the CU(II)_SBSSCO Comp'ex from 20to 120 K ShOW that
DTT, although TCEP is a thermodynamically stronger the features of the spectrum arise from the same spin system.
reducing agent. The slower reactivity of sBsSco with TCEP The EPR spectrum of the Cu(tsBsSco complex is shown
compared to DTT may reflect the steric hindrance of the j5 more detail and at higher concentrations in Figure 5B.
disulfide site in sBsSco toward the bulkier TCEP molecule The copper site exhibits a rhombic Character, W|tgza)f
27). 2.170 and metal hyperfine splitting{= 178 G), consistent
Spectroscopic Characterization of the Reaction of sBsScowith metat-thiolate ligation 28). The g« and g, terms do
with Copper Addition of CuC} to previously reduced apo-  not differ by much, and metal hyperfine splitting is observed
sBsSco results in quenching of the protein’s intrinsic on both of these two higher-field transitions. In addition,
fluorescence by~80% (Figure 3A), whereas addition of broadening of the spectral lines indicates the presence of
CuCl, to oxidized apo-sBsSco or to mutants of sSBsSCO in nonresolved“N—ligand hyperfine interactions from the
which either Cys45 or Cys49 is changed to Ser or His135 is histidine side chain. Further work is underway to understand
changed to Ala causes no change. The shape of the emissiothe details of this spectrum, but it does illustrate that the
spectrum of sBsSco is unchanged upon copper binding,addition of Cu(ll) to reduced apo-sBsSco does not result in
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Ficure 4: UV—visible absorption of sBsSco and its complex with

Cu(ll). (A) Absolute absorption spectra for apo-sBsSco and the U\
Cu(ll)—sBsSco complex. The concentration of sBsSco was 99.5

uM with CuCl, concentrations of 0 (i) and 1QM (ii). The inset
shows a blow-up of the difference spectrum of Cu(ll)-bound
sBsSCO with apo-sBsSCO as a reference from 300 to 640 nm. (B)
Difference spectra generated by the addition of GuiGl apo-
sBsSco. The spectrum of the apoprotein was used as a reference
and was subtracted from the spectrum at each copper concentration.
The concentration of reduced sBSco wasuM, and spectra 19
correspond to increasing concentrations of GuQthe final .
concentrations of Cugfor each spectrum were (1) 1.11, (2) 2.21, 1 @
(3) 3.32, (4) 4.42, (5) 5.52, (6) 7.71, (7) 9.92, (8) 12.2, and (9)
14.6uM. (C) Plot of the change in absorbance at 354 nm vs copper
concentration. The data are from panel B. The experiments were
conducted at 20C, and the buffer was 50 mM sodium phosphate
(pH 7.0).

copper reduction but instead leads to a protein complex with
oxidized copper. The features of this spectrum disappear 2700 2900 3100 3300 3500
upon reduction by sodium dithionite, as the reduced) (

Cu(l) ion is EPR silent. Furthermore, when Cu@ added _ _
to oxidized apo-sBsSco, a spectrum that is identical to that FIGURES: EPR spectroscopy of sBsSco bound with Cu()Ch)

. . ... EPR spectra for apo-sBsSco (i) and apo-sBsSco with 1 equiv of
of CuCl added to buffer alone is observed, consistent with CuCh (ji). The concentration of sBsSco was 35:M, and the

the requirement that the disulfide site on BsSco be reducedconcentration of added copper was @8l. The EPR conditions
for high-affinity metal binding. were as follows: microwave frequency, 9.362 GHz; power, 2 mW;
ITC Characterization of Binding of Copper to sBsSco Mmodulation amplitude, 4 G; and temperature, 80 K. (B) (i) EPR

et ; .« spectrum of the copper(H)sBsSco complex. The protein concen-
Isothermal titration calorimetry has been used to quantify trl?ation was 99.5¢Mp%ncng?he concentrart)ion of adged copper was

the energetics of sBsSco’s interactions with metal ions. 100 ,M. EPR conditions were as follows: microwave frequency,
Figure 6 shows the results of titrations of reduced and 9.371 GHz; power, 2 mW; modulation amplitude, 4 G; and

oxidized apo-sBsSco with Cu(Il)&lin panel A, the amount ~ temperature, 80 K. The spin intensity of the Cufi§BsSCO

of power (microcalories per second) used at each injection Csic_’mp"e)_( was qhuagtifiﬁd bé’ réaference to a{$hDTA Standafd-f(“) A

is plotted versus time for the titration of reduced sBsSco imulation of the Cu(lty sBs >C0 SpeCtruin' < parame_ters orthe
. L -~ . simulation were as followsg, = 2.048,g, = 2.066, andy, = 2.170

with Cu(Il)Cl, and for a titration of oxidized sBsSco with  jith hyperfine splitting ofA, = 25 G,A, = 45 G, andA, = 178 G.

Cu(I)Cl,. For the titration of reduced sBsSco with copper, The simulation was done using Simfonia (Bruker).

the first injection gives a small response that is, presumably,

a result of the loss of some titrant out of the tip of the syringe portion of the binding curve in which the concentration of
during the incubation period prior to the start of the titration. added ligand is well below saturation so each addition of
Following the first injection, there are a series of deflections ligand produces a similar signal increment. Such a result is
that are similar for each injection. This corresponds to a found in tight binding interactions even as saturation is

Magnetic field (Gauss)
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Time (min) value observed here. TiaH andAS components were 6.94
0 90 40 B0 80 100 120 140 kcal/mol and 9.88 cal mot K1, respectively. The binding
T T T T T T T T energetics are apparent and include not only the contribution

- i - from binding of copper(ll) to the protein but also any coupled

changes in the protein or buffer (e.g., protonation), or that
of solvent interactions with the protein and/or the metal ion.
A replicate titration of another sample gave a stoichiometry
of 0.87 Cu(ll) per sBsSco with Kp of 45 nM.

7 We have also generated a mutant of sBsSco in which the
. third putative copper ligand (i.e., His135) is changed to Ala
0.3 i (sBsScoHA) 16). This mutant form of sBsSco exhibits
similar reactivity with reducing agents (see Table 1), and
once reduced is stable in air in a manner similar to that shown
above for the native protein. Therefore, the change of the
conserved histidine does not alter the reducibility and stability
] of the reactive cysteine pair. ITC analysis of Cu(ll) binding
1 by sBsScoHA reveals a similar reaction profile as shown
. above for the reaction of oxidized apo-sBsSco; that is, upon
] addition of Cu(ll) to sBsScoHA, only the heat of dilution is
observed. We conclude, therefore, that the mutant has a very
much lower affinity for copper. Consistent with the calori-
5] . metric analysis, addition of copper to apo-sBsScoHA does
00 05 10 15 920 25 30 35 not cause a decline in the intrinsic fluorescence, or formation
Molar Ratio of an electronic or EPR absorption spectrum.

FIGURE 6: Isothermal titration calorimetry to assess the binding of ~ Binding of Other Metal lons to sBsSd&e have used the
Cu(l) to apo-sBsSco in the reduced and oxidized states. (A) The fluorescence quenching assay to screen for interactions of
power (microcalories per second) is plotted vs time over the raqyced apo-sBsSco with other metal ions. Metal ions Ag-
titration. Each downward deflection corresponds to the injection | d cull f d ind hi f
of an aliquot of Cu(Il)C. The solid trace is for addition of copper () @nd Cu(l) were found to induce a strong quenching o
to a solution of reduced apo-sBsSco. The concentration of apo-the intrinsic fluorescence that titrated with a 1:1 stoichiom-
sBsSco in the reaction cell was LM, and the concentration of  etry. The Cu(l) titrations were conducted by adding a

CuCl, was 130uM. The dotted trace is for addition of copper o gygichiometric amount of reducing agent (i.e., either glu-
oxidized apo-sBsSco. In this experiment, the concentration of apo- . . ' .
sBsSco was 25M and that of CuGl was 500uM. (B) The tathione, DTT, or TCEP) to a Cu(ll) solution under anaerobic

integrated heat is plotted vs the molar ratio of copper to sBsSco. conditions. Because the same quenching curve is obtained
The empty circles are data for reduced sBsSco, and the filled squaresyith different reductants, we conclude that the reductant is

are data for the oxidized protein. The line through the titration of ; ; ; ; ;
reduced sBsSco is the fit from a single-binding site model with a not interfering with the Cu(fysBsSco interaction. Zn(ll),

stoichiometry of 0.94 Cu(ll) per sBsSco and an equilibrium binding CO(I1), anq Ni(1) cause no Change in f!uorescgnce directly,
constant of 1.54< 10/ M~ (i.e.,Kp = 65.0 nM). TheAH andAS but Co(ll) in excess interfered with the interaction of sBsSco

components were—6.94 kcal/mol and 9.88 cal mol K™, with Cu(ll). Zn(I1) and Ni(ll) do not appear to interact with
respectively. sBsSco. ITC analysis of Co(ll) indicates complex formation
with sBsSco with a stoichiomtery close to 1 Co(ll) per
approached. In the next few injections, the magnitude of the sBsSco molecule and Kp of 85 «M, or more than 1000-
signal declines in each subsequent injection to reach a valuefold weaker than the binding of copper.
that is constant for the remainder of the titration. This value Aggregation State of Sco in Oxidized, Reduced, and Cu-
represents the heat of dilution that occurs throughout the(ll)-Bound Forms Previously, gel filtration and multiangle
titration. In the curve for oxidized apo-sBsSco, only the heat light scattering were used ’to show that sBsSco is in a

of dilution is observed, indicating that no specific binding . -
) : S L . monodisperse state and that the molecular mass is in good
interactions occur when sBsSco is oxidized. This is consistent ) .

greement with that obtained from mass spectrosco@y (

with both the absorbance-based and fluorescence-base h d sedi tati locity o look at th
titrations in which there is no quenching, or absorption band ere, we have used sedimentation veloctly to fook at the
number of species in solution for three different states of

formed when the cysteines of sBsSco are in the disulfide -
state. In Figure 6B, the integrated heat flow for each injection SBSSCO, the oxidized apo form, the reduced apo form, and

is plotted versus the ratio of copper to sBsSco. In each "educed sBsSco bound with Cu(ll). Oxidized apo-sBsSco
titration, the heat of dilution has been set to zero. The line Sédiments in one major band with &nalue of 2.06+ 0.028.

through the titration of reduced sBsSco is the fit from a Integration of the sedimentation profile indicates that more
single-binding site model with a stoichiometry of 0.94 and than 95% of the sample is found in this band. Sedimentation
an equilibrium binding constant of 1.54 10" M~* (i.e.,Kp ~ Of reduced apo-sBsSco and the reduced Cu@BsSco

= 65.0 nM). The equilibrium binding constant should be complex gives a profile that is indistinguishable from that
taken as an upper limit. Competition experiments will have of oxidized apo-sBsSco. We, therefore, conclude that the
to be conducted to determine if the true interaction between redox status and metalation status of sBsSco are not coupled
copper and sBsSco is of higher affinity than the apparent to its aggregation state.

0.0 4

-0.1

-0.2 H

ucalfsec

kcal/mole of injectant
1
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DISCUSSION affinity site (16), and such a conformational change would
) ) o ) ) not occur when sBsSco interacts with the other metals. It

The Cu center is contained within subunit Il in the i he of interest to explore mutants of sBsSco to see if
?:ytochromec o|><|df15e sfubfamndy of zemecohpper oc>i<|dases. this metal selectivity can be tuned to a different preference.
U receives electrons from reduced cytochramamd passes BsSco forms stable complexes with both Cu(l) and Cu-

them onto a low-spin heme center (i.e., cytochr@nund ; L ; . )
: . N II) ions in vitro. Our EPR and optical absorption properties
in subunit I. SCO has been implicated as an accessory factorf)f the Cu(Il)—sBsSco species together with EXAFS studies

in the assembly of the integral membrane enzyme cyto- . ; :
chromec oxidase. Evidence from studies in yeakt)(and on the C}J(I)—Scp Comp'ex %2) are consistent W!th an inner
sphere ligand field, including two cysteine thiols and one

B. subtilis(26) supports a specific role in the assembly of ; histidi he invol ¢ .
the Cw center of cytochrome oxidase. Several different nitrogen from histidine. The involvement of two cysteine
views have been advanced for SCO’s role in@ssembly residues is somewhat unusual as such closely spaced thiols
SCO has been proposed to be a copper delivery agent thaﬁv;tlalogin d]cics)Ll]:‘]idae (?:)Iz?\gldfi'rrgz:t?opneri(ril) Irsotgﬁgnuis:ger?d
specifically brings copper to apo subunit Il of cytochrome ataly o . prot 9 '
oxidase P9). Alternatively, the discovery that SCO is a disulfide cross-linking experiment83). The interaction of

X . - : . : . Cu(ll) with proteins often results in the induction of an
member of the thioredoxin family has rekindled interest in ~ "\ . . :

oxidation process in which the metal catalyzes electron

a possible redox role for SCO in &assembly 16). The transfer from a group on the protein to molecular oxygen
Cu, site includes two copper ions bridged by two thiol side a group on the protei ecu xygen.
chain from two cysteine residues. Presumably, the two For exgmple, |nthe_amyI.0|d precursor protein, two cysteines
cysteines within the Gusite are maintained in a reduced are O.X'd'zed tp cystine .W'th redgctlpn qf Cu(ll) to Cu(®d),
state because formation of a disulfide would preclude and in the prion protein, methionine is propos_ed o be the
incorporation of copper into this site. SCO could then source of reducing equw_alents for the reduction of Cu(l_l)
function as a thiol oxidoreductase specific for the,Gite. to Cu(l) 39). The;g reactions are examples of the potential
A third possibility is that SCO proteins serve in a more dar!gers.of transition metal-catal.yzed production of free
radicals in biological systems which has led to the metal-

general role as a redox signaling molecui@(In this work, lochaperone paradigm for escorting transition metals safel
we have focused on a recombinant, soluble form of SCO P p 9 . 9 . y
to their proper reaction site8). The stability of sBsSco

derived fromB. subtilis(i.e., sSBsSco). We have shown that metal complexes that we observe could afford SCO a role
sBsSco forms high-affinity complexes with copper and silver . np . )
in protecting cells from the potential damaging effects that

and that metal binding is strictly dependent on the conserved Id b d by f tal
cysteine pair being in their reduced dithiol state. In addition, could be CaPS_'e y ree metal. _ o
the third highly conserved residue (i.e., H135) is also critical ~ 1he reactivity of the conserved cysteine pair in sBsSco
for metal binding. These properties are consistent with BsSco@nd its capacity to bind metals have been determined here
acting as a copper delivery molecule, but whatever the for the first time. When the protein is in the reduced state,

ultimate redox and metal binding states, these residues ardt exhibits a high affinity for Cu(ll), Cu(l), and Ag(l). The
key determinants of BsSco’s functional status. dissociation constant for the CusBsSco complex is'50

nM, and our results are consistent with a binding site for
Cu(ll) that includes two cysteine thiolates, an imidazole from
histidine, and at least one water molecule. We propose that
this ligation environment will change when the Cu(ll) ion
is reduced to Cu(l), and this may be an important aspect of
Sco’s function. The properties we have observed here for
sBsSco are consistent with a proposed role for Sco proteins
in delivering copper to the Gusite of cytochrome oxidase.

In addition, the features reported here for sBsSco would also
allow Sco proteins to respond to a cell's metal content and
redox state, and thus may suit Sco for a role as a redox
sensor. To clarify the role of Sco in cytochroro®@xidase
assembly, further work is required to reach a detailed
understanding of this protein’s interactions with metals and
redox determinants within the environment of the cell.

Another feature of the participation of metals in biology
is the specificity that proteins exhibit for binding particular
metal ions. In our work, sBsSco exhibits the ability to
distinguish copper from cobalt, nickel, and zinc. If copper
delivery is SCO'’s role in vivo, then distinguishing copper
from these other metals, particularly zinc, would be an
important property. In the absence of a high-resolution
structure for metal-bound SCO, we do not know the precise
ligand geometry at the metal binding site. For Cu(ll)-bound
sBsSco, our spectral properties are consistent with two
cysteine thiols, one imidazole nitrogen, and one water.
Although further work is required to assign this spectrum in
molecular detail, the form is consistent with contributions
from a ligand to metal charge transfer, along with—dd
transitions centered on the metal 080, Our UV—vis
absorbance and rhombic EPR signal for sBsSco resembl
data for the red copper site in nitrosocyansi)( a protein

whose sequence is homologous to those of simple blue e are grateful to Mr. Kim Munro of the Protein Function
copper proteins, but a unique electronic structure at the piscovery facility for assistance with the analytical ultra-
copper. Nitrosocyanin has both thiol and imidazole ligation. centrifuge.

If the ligand arrangement of sBsSco is square planar and
fairly inflexible, it could explain sBsSco’s preference for REFERENCES
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