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ABSTRACT:. BsSco is a membrane-associated protein fRamillus subtilischaracterized by the sequence
CXXXCP, which is conserved in yeast and human mitochondrial Sco proteins, and their bacterial
homologues. BsSco is involved in the assembly of the €anter in cytochrome oxidase and may play

a role in the transfer of copper to this site. We have characterized the soluble domain of BsSco by
biochemical, spectroscopic, and structural approaches. Soluble BsSco is monomeric in solution, and the
two conserved cysteines are involved in an intramolecular cystine bridge. The cystine bridge is easily
reduced, and circular dichroism spectroscopy shows no large-scale changes in BsSco’s secondary structure
upon reduction. The crystal structure of soluble BsSco, determined at 1.7 A resolution, reveals typical
elements of a thioredoxin fold. The CXXXCP motif, in which Cys45 and Cys49 are conserved, is located
in a turn structure on the surface of the protein. In various native and His135Ala mutant structures, both
disulfide-bonded and non-disulfide-bonded forms of CXXXCP are observed. However, despite extensive
attempts, copper has not been found near or beyond the CXXXCP motif, a presumptive copper-binding
site. Another potential copper binding residue, His135, is located in a highly flexible loop parallel to the
CXXXCP loop but is more than 10 A from Cys45 and Cys49. If these three residues are to coordinate
copper, a conformational change is necessary. The structural identification of a disulfide switch demonstrates
that BsSco has the capability to fill a redox role in Cassembly.

The heme-copper oxidases of aerobic respiratory chains and the second is a mononuclear site within subunit | (i.e.,
are oligomeric, integral membrane protein complexes. Per- Cug) that is buried within the membran®)( The mechanisms
haps the best-known members of the hemoepper family for how copper ions are delivered to Cand Cu sites are
are the cytochrome oxidases that act as terminal enzymes poorly understood.
in respiratory chains of mitochondria and some aerobic In the past few years, information about a new protein
bacteria. Cytochrome oxidase catalyzes electron transfer family, the Scé family, has emergedy. Proteins belonging
from cytochromec to molecular oxygen, giving water as to this family are required for the assembly of cytochrome
the primary product and generating a proton electrochemicalc oxidase in both prokaryotics] and eukaryotic cells6g).
gradient (). The multimeric structures of bacterial and Scol was first identified in yeast), and other members of
mitochondrial enzymes are strikingly similar within the two this family have been recognized by the similarity of their
core subunits (I and II) that are required for catalytic activity sequence to that of Scol. The key features of sequence
(2). These two subunits contain four redox active centers: similarity among Sco proteins are a pair of cysteine residues
two heme A moieties (i.e., cytochron@and cytochrome  in the sequence CXXXCP and a histidine residi8 amino
ag) and two copper centers (i.e., Cand Cy). The assembly  acids toward the C-terminus. EXAFS studies with recom-
of cytochromec oxidase is a multistep process depending binant Scol from yeast have led to the proposal that the
on several accessory proteins responsible for the transportonserved cysteines and single histidine serve as inner sphere
and insertion of heme and copper cofactors, as well asligands for copper coordinatior8),
magnesium, zinc, and sodium ions, and for coordination of  In addition to the proposed copper binding and transfer
the assembly and folding of the subunify).(Functional functions of Scol, it is also suggested, because of limited
cytochromec oxidase requires a total of three copper ions sequence similarity to bacterial thioredoxins, that Scol may
to be inserted into two centers. One center is a dinuclear
copper site within the soluble domain of subunit Il (i.e.AZu
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act as a thiol:disulfide oxidoreductas®.(lt is feasible that
Scol may coordinate the reduction of cysteine residues,
within the copper-binding center of subunit 1l of cytochrome
c oxidase, with the insertion of copper. Efficient Cu
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His135; however, there is little change in sBsSco’s overall
structure. The facile redox activity of these two cysteines is
consistent with a proposed function of Sco as a thioredoxin
for the Cu site of subunit II.

assembly in yeast seems to require participation of at least

one additional accessory protein, known as CoXDy. (Yeast
Cox17 is a 69-residue, water-soluble protein that is found
in both the cytoplasm and mitochondrial intermembrane
space {1). However, the strict requirement for Cox17 in
this process is not supported by the lack of a homologue of
Cox17 inBacillus subtilis In addition, the exclusive function

of Sco in Cy assembly is questioned by the finding that
some bacteria express an apparent Sco homologue but d
not make a protein containing a g£eaenter (2). A more
general function for Sco proteins in protection against
oxidative stress is envisioned.

A member of the Sco family is expressed in the aerobic
Gram-positive bacteriunB. subtilis(i.e., BsSco) from the
ypmQgene. BsSco is required for the assembly of Ghut
not for the assembly of Gu(13). Hydropathy analysis of
BsSco’s sequence, derived from the sequence oypheQ
gene, predicts that the first 2@4 amino acids make up a
transmembrane-helix. However, this sequence includes a
signal peptidase Il recognition sitdé4), and mass spectra
of purified BsSco show that the mature protein is processed
(15). Processing of native BsSco involves cleavage at
cysteine residue 19 followed by attachment of a diacyl
glycerol moiety to the thiol side chain of the now N-terminal
cysteine residue. Mature, native BsSco is, therefore, anchore
to the membrane via this covalently attached lipid.

Purification of wild-type BsSco or His-tagged, recombi-
nant BsSco fronB. subtilisplasma membranes yields only
small amounts of protein (i.e., 6zD.5 mg/L) (5. In
addition, expression of native, lipidated BsSco is lethal in
Escherichia coli Therefore, to obtain quantities of BsSco
appropriate for biochemical and biophysical characterization,
the soluble domain was expressedbn coli as a fusion
protein (L6). Cleavage of the fusion protein gives a soluble
version of BsSco (i.e., sBsSco) that is free of covalently
bound lipid and has an additional two amino acids, relative
to the native processed protein. We propose that sBsSco i
a useful model of the membrane-anchored native protein.
The two conserved cysteine residues are susceptible t
oxidation, and in purified sBsSco, the vast majority is present

as an intramolecular cystine bridge that can be easily reduced

Analysis of UV circular dichroism spectra shows that sBsSco
is a mixture ofo-helical andg-sheet secondary structural
elements that is similar to that found for the lipid-bound
protein isolated fronB. subtilisplasma membranes. We have
determined the sBsSco structure at 1.7 A resolution. Numer-
ous attempts have been made to generate crystals of coppe
bound sBsSco without success. As our work was progressing
the solution structure of a similar construct of sBsSco was
determined by NMR 17). These workers were also unable
to obtain a structure for a coppeBco complex, although
evidence of copper binding was reported. Our findings extend
this structural work, and in addition, we have observed
oxidized and reduced forms of the protein involving forma-
tion and dissolution of a disulfide bond between the two
conserved cysteine residues. The two redox states of sBsSc
differ in their conformation in the vicinity of the cysteine-
containing loop and in the loop containing the conserved

0

S

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization.
Protein expression, purification, and crystallization of sSBsSco
were carried out as previously describdd)( Briefly, the
portion ofypmQencoding the soluble domain of BsSco was
cloned into the pGEX-4T3 expression vector, and trans-
formed intoE. coli DH5a cells for sBsSco expression, or
into the methionine auxotroph DL41DE3 for Se-Met labeling.
The recombinant proteins were overexpressed as fusion
constructs with glutathion&transferase and purified by
affinity chromatography on glutathioresepharose 4 Fast
Flow (Amersham). The His135Ala mutant of sBsSco, which
was originally constructed for expressionBnsubtilis(13),
was amplified and transferred to the pGEX-4T3 expression
vector and purified fronfe. coliin the same manner as native
sBsSco. The purity of the preparations was checked routinely
by electrophoresis in denaturing 15% polyacrylamide gels
run under reducing conditions. The presence of copper in
sBsSco as purified was assayed using the Cu(l) chelator BCA
according to the method of Brenner and Harrik8)(
Crystallization was carried out using the hanging drop
method at room temperature. The drop consisted ojlL.5

Oof 8 mg/mL protein in PB3buffer at pH 7.4 or Tris HCI at

pH 7.4 mixed with 1.5L of a reservoir solution containing
8.5% polyethylene glycol 5K monomethyl ether, 3.5% GdCI
0.2 M CaC}, and 0.1 M MES at pH 6.5. Cocrystallization
was performed with Cu(l) or Cu(ll), ranging in final
concentration from 0.5 to 25 mM, using Bis-Tris propane
buffer from pH 6.5 to 8.5, with or without 2 mM DTT, under
an argon atmosphere. Bis-Tris propane was the only common
buffer at our disposal in which copper remained soluble in
the mixture. Crystals of a size suitable for X-ray structural
analysis were obtained in5 days. We also attempted to
soak sBsSco crystals with 25 mM Cu(l) or 20 mM Cu(ll)
and 5 mM DTT or TCEP under the same crystallization
conditions for 2, 4, 12, and 54 h. The expression and
purification of His-BsSco fronB. subtilisplasma membranes

%have been described previoushsy.

Gel Filtration Chromatography with Multiangle Light
Scattering.sBsSco was concentrated to 9 mg/mL by ultra-
filtration, degassed, and loaded (500:L) onto a Sephacryl
S-200 (Amersham) column (104 cs 0.7 cm). The S-200
column was equilibrated in degassed PBS (pH 7.4) supple-
mented with 0.01% (v/v) Tween 20. The eluate was filtered

lt_hrough a 0.22um filter (Millipore) and passed on-line to

an absorbance monitor (LC-75, Perkin-Elmer) set at 280 nm
and then to a DAWN-DSP multiangle laser light scattering
detector (Wyatt Technology). The laser light scattered at 15,
26, 35, 43, 52, 60, 69, 80, 90, 100, 111, 121, 132, 142, 152,
and 163 angles was collected every 4.0 s. Data collection
and analysis were performed using the Astra software

2 Abbreviations: BCA, bicinchoninic acid; DTDP, 4;dithiodipy-
idine; DTT, dithiothreitol; PBS, phosphate-buffered saline (10 mM

aHPQ,, 2.7 mM KCI, 137 mM NaCl, and 2 mM KKPQ,); TCEP,
tris(2-carboxyethyl)phosphine hydrochloride; GdnHCI, guanidinium
hydrochloride, rmsd; root-mean-square deviation.
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package included with the laser light scattering system (Wyatt Circular Dichroism SpectroscopyCD spectra were re-
Technology). The weight-averaged molar malsk,)(was corded at room temperature on an OLIS RSM CD spectro-
calculated by regression analysis of the Debye plot accordingphotometer. Spectra were recorded from 260 to 177.5 nm
to the method of ZimmX9, 20). The value for the protein  in either a 0.1 or 0.01 cm path length cell (Hellma) using
concentration used in this calculation was determined by concentrations of BsSco ranging from 5 to 100 (i.e., from
absorption at 280 nm using an extinction coefficient of ~0.1 to 2 mg/mL) in a buffer of 10 mM sodium phosphate
19180 M1 cm™ (pH 7.0). The protein concentration was determined by the
Assessment of BsSco Sulfhydryl Residiie. free thiol sgmple's absorption at 28Q nm and the extinction coefficient
content of BsSco was determined using the spectrophoto-9iven above. Deconvolution of the secondary structural
metric DTDP assay2(). Sufficient buffer [25 mM sodium ~ content was carried out with CDNN2g) using the 23-
phosphate (pH 7.0)] was added to both sides of a split cuvetteSPECtrum basis set. _ .
to record a buffer blank spectrum. An aliquot of BsSco (final  Diffraction Data Collection and Processingrystals were
concentration of 210 uM) was added to one side of the transferred to precipitant solution containing 25% glycerol
split cuvette and the spectrum of the protein recorded. An @nd flash-frozen in liquid nitrogen. The crystals belong to
aliquot of stock DTDP (final concentration of 2@M) was space groujp3,21, with the following unit cell dimensions:
added to the other side of the split cuvette to maintain equal@ = b = 68 A andc =191 A. The asymmetric unit contains
volumes between the two sides, and spectra were recorded0 sBsSco molecules, _and the solvent content is estimated
as a function of time to obtain a basal rate of hydrolysis of {0 P& 60.3%. X-ray diffraction data were collected at
DTDP. Following this incubation period, the contents of the P€amline X12B of the Brookhaven National Laboratory
two sides of the cuvette were mixed. The spectrum obtained (UPton, NY) at a wavelength of 0.97960 A for single
just before mixing was subtracted from that obtained just @nomalous dispersion (SAD) phasing. Measured data were
after mixing. The intensity of the absorption band at 324 Integrated, scaled, and merged using DENZO/SCALEPACK

nm produced by the product 4-thiopyridone was used to (23). . , )

calculate the concentration of reactive thiols. The molar Phasing Calculations and Structure Refinemeibe
absorptivity of 4-thiopyridone [i.e@z4] determined under ~ S€lenium positions were determined using SOLY#)(and

the same conditions using known cysteine concentrations is@fter density modification using RESOLVES), an initial

18 992+ 341 M! cm2. The cysteine content was deter- electron densny map was calculated at 2.0 A. The map
mined on sBsSco as isolated, on sBsSco treated with thiol@llowed unambiguous tracing of most parts of the molecules,
reductants, on the guanidinium HCl-denatured sBsSco based on which two molecules in the asymmetric unit were

treated and not treated with reductant, on sBsScoHA treatedPUilt into the electron density map using Xfi2). High-
and not treated with reductant, and on His-BsSco. resolution data (1.7 A) were then used for further cycles of

model building and refinement. The model was refined using

Bst_colfy(\j/asbtregteqrévliEtg eitg1er .DTT or TCI.EF;tO “?duce RAFMAC (27) and CNS packages2®). Throughout the
any disuifide bonds. reduction was carried outin One rofinement process, 5% of the reflections were excluded to

of two ways, with stoichiometric amounts of TCEP, or with monitor Ryee. Several cycles of refinement resulted in a final

thz reductantsm large gxcebss. '(;‘ th‘; cag,e of StOICh'Or‘nemCRfactor of 23.8% and a findRyee Of 28.9%. The structure
reduction, BsSco was incubated with TCEP at a concentra-, o5 \ell-defined in the final electron density map with the

tion twice that of BsSco for 30 min at room temperature. In g, cantion of N-terminal residues Glyl and Ser2 in both
experiments in which the reductant was in large excess, molecules, and Glu130 in molecule A due to their weak

BsSco was incubated with-2 mM TCEP, or 22 MM jactron densities. In the course of refinement, we observed
DTT, for 2—12 h at room temperature. The excess reducing ot theF, — F, difference electron densities in several

agent was removed by gel filtration on G-25 superfine resin. |,c4ities were too strong to assign as water molecules. They
Denatured BsSco was prepared by incubation of the proteiny,,y, result from ions included in the crystallization solution.
in PBS with 6 M guanidinium hydrochloridefd hatroom ¢ negatively charged environment suggests that they are
temperature prior to determination of free thiol content.  ,5papiy cations. Our crystallization solution contained two
Mass Spectrometry Analysi&.stock solution of sSBsSco  such candidates, calcium ions and cadmium ions. In ac-
at 1 mg/mL (i.e., 50.7uM) was dialyzed into 10 mM  cordance with the levels of the difference density, we
ammonium bicarbonate, diluted to 3 pmdl/in 50% (v/v) included 14 calcium ions and 5 cadmium ions in the
acetonitrile and 0.2% (v/v) formic acid, and sprayed using a refinement. The final average temperature factors for the
syringe pump at a rate of 0/d/min. Mass spectroscopic  calcium ions and cadmium ions are 28.44 and 36.71,
analysis was carried out on a Q-Tafltima GLOBAL respectively. There are two molecules in the asymmetric unit.
(Waters Corp.) mass spectrometer fitted with a nano Z sprayThe final crystallographic dimer includes 343 amino acid
source. The instrument was calibrated over the mass rangeesidues of the 348 total, together with 390 water molecules,
of m/z 70—1400, using the collision-induced dissociation 14 calcium ions, and 5 cadmium ions. A Ramachandran plot
spectra of Glu-fibrinopeptide B, with a polynomial fit of 1.  generated with PROCHECK®) shows that the final model
Data were acquired over the rangenoz 500—3000 with a exhibits good geometry with 90% of the residues in the most
2.4 s integration time. Summed spectra were backgroundfavored regions. There are three residues, GIn4, lle5, and
subtracted, smoothed, and centroided. The resulting spectrd_.ys6, located at the N-terminus that are clear outliers. This
were analyzed using the component option in Masslynx 4 is not surprising given that the N-terminus is highly flexible
(Waters Corp.) to determine the charge state of each ion inand the electron density for these residues is much less well-
the series. The Transform algorithm was used to display thedefined. Detailed statistics are listed in Table 1. Since there
m/z spectrum on a true molecular mass axis. is very little difference between the native protein structure
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Table 1: Analysis of Secondary Structure (%) by UV Circular (&) 1 2

Dichroism of Various Forms of BsSto = =
—— | 974

reductant-treatedsBsScoHA His-
sBsSco sBsSco mutant BsSco —— | 562
e

a-helix 26.0£1.9 28.3 22.3 30.2

antiparallel 16.0+ 1.7 16.5 19.9 12.8
[-sheet

parallelg-sheet 6.2+ 0.15 6.4 5.9 8.8

p-turn 16.5+ 0.45 15.9 17.3 18.0

random coil 39.6+ 0.96 40.3 38.2 31.0 — 3]

@ The values for sBsSco were determined on four different samples,
and the reported values are the means and standard deviations. The
values for the other forms of BsSco are from a single spectral
measurement.

45

at lower resolution (2.5 A, data not shown) and the Se-Met- @)
labeled protein structure (1.7 A), in the discussion below

the Se-Met structure will be used unless otherwise stated. 5 1
Figures were generated using MOLSCRIP30)( and
RASTER3D 1).

Azen

Detector 11
(]

RESULTS AND DISCUSSION

Oligomerization and Redox Status of Purified sBsSbte.
SDS-PAGE profile of a sample of purified sBsSco from a L
typical preparation shows a single band with an apparent 0 ! . I . .
molecular mass of 23.2 kDa (Figure 1A). Purified sBsSco 0 2% 50 75 100 125
was subjected to gel filtration chromatography on Sephacryl Volume (mi)

S-200 coupled to multiangle light scattering for characteriza- Ficure 1: Molecular mass and oligomerization state of sBsSco.

tion of its molar mass and oligomerization state. The elution (a) SDS-PAGE of purified BsSco (15%, stained with Coomassie
profile (Figure 1B) detected by light scattering reveals two Blue). Lane 1 contained 2g of purified sBsSco. Lane 2 contained
high-molecular mass species centered-20 and~40 mL a sample of low-molecular mass protein standards from Bio-Rad.
with molar masses of 4.7% 10° and 1.66x 10, respec- The molecular mass of soluble sBsSco was determined from a

. . . semilog plot of the migration position of the standards vs their
tively. These high-molecular mass species, presumablymolecular masses. The molecular masses for the standard proteins

aggregated forms of sBsSco, make little contribution to the are indicated at the right. (B) Gel filtration of sBsSco over S-200
overall protein content. The vast majority of the protein, Sephacryl equilibrated in PBS (pH 7.4) with 0.01% Tween 20. The
91.5% in the sample in Figure 1, elutes in the third peak thin line shows laser light scattered by sBsSco at detector 11, which
centered at 80 mL with a weight-average molar mass of 3 at.a”ha“gk')e of 9.“""'“}] rﬁSpGCt tc|> the é%%dem light. The thick
19 970+ 550 g/mol. The poly-dispersity index of the major ne Is the absorption of the sample at has)-
protein band is 1.0& 0.063, indicating that this species is of the mutant sBsScoHA from a mass of 19 655:40.26
homogeneous. The molar mass determined as describedo 19 657.17+ 0.36 Da. These data along with the mono-
above agrees very well with the value of 19 721:48.18 meric form of sBsSco lead us to conclude that the two
obtained by mass spectrometry and the molecular mass ofconserved cysteine residues are in the form of an intramo-
19724.1 Da calculated from the primary sequence, andlecular disulfide in the vast majority of the protein as isolated.
allows us to conclude that more than 90% of sBsSco is in a In addition, His-BsSco exhibits a similar pattern in that the
monomeric state. protein as isolated reveals no free sulfhydryls under native
The redox status of the conserved pair of cysteine residuesor denaturing conditions, but two sulfhydryls per BsSco can
in sBsSco was determined by their reactivity with the reagent be regenerated by incubation of the native protein with a
DTDP. In the protein as isolated, the cysteines are largely reductant. In addition, our mass determinations are consistent
nonreactive with DTDP and give a value for the number of with the nondetectable levels of copper that we find for both
cysteines of 0.136t 0.11 mol of cysteine per mole of sBsSco and sBsScoHA, as isolated. In contrast, yeast
sBsSco. The cysteine reactivity is unchanged when sBsScamitochondrial Scol has been reported to be purified with 1
is denaturedri 6 M GdnHCI, indicating that the low value equiv of Cu(l) 82). This difference may reflect an inherent
for the number of cysteines is not due to their inaccessibility difference in the affinity of Sco for copper from the two
in the folded protein. When sBsSco is treated with either of different sources, or that our isolation conditions have led
the thiol reductants, TCEP or DTT, nearly two cysteines to dissociation of a coppeiSco complex.
(1.964+ 0.23) per mole of sBsSco are observed. Once sBsSco Estimation of the Secondary Structure of BsSdwe far-
is reduced, its thiol content is stable and returns to basalUV CD spectrum of sBsSco shows double minima at 208
levels with a half-life of 35 h when incubated in air at room and 222 nm and a positive peak at 193 nm characteristic of
temperature. In addition, the mass as determined by ES-MSsignificant a-helical secondary structure (Figure 2). This
of reductant-treated sBsSco increases to 19 723 3635 spectral form was constant over a period of storage of 18
Da, an increase of approximately 2 Da relative to sBsSco asdays at 4°C, indicating that sBsSco is highly stable. Using
isolated. The same 2 Da change is observed upon reductiorthe secondary structure analysis program CDXN),(the
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Ficure 3: Overall structure of two sBsSco molecules, labeled
molecules A and B, in the asymmetric unit.

ellipticity mdegrees

(Table 1) or in the mutant sBsScoHA. Neither the redox state
of the two cysteine residues nor the change of histidine 135
15 to alanine is coupled to large-scale changes in sBsSco’s
secondary structure. This view is consistent with the limited
and local structural changes observed near the active site
cysteines for reduced and oxidizE&d coli thioredoxin @3).
However, for sBsSco to bind copper with the two cysteines
and His135 as inner sphere ligands, a significant conforma-

Ficure 2: Circular dichroism spectrum of sBsSco in the ultraviolet tional change is required (see below).
region. The protein was dissolved in 10 mM sodium phosphate Overall Crystal StructureThere are two molecules in the

(pH 7.0) at a concentration of 0.452 mg/mL. The CD spectra were @Symmetric unit, although sBsSco is a monomer in solution.
measured in a 0.1 cm path length cell; the data are the average ofA single molecule of sBsSco contains foarhelices and
eight scans, and the line through the data was generated with nineeight 8-strands (Figure 3). The overall structure of the
point smoothing. molecule contains a typical thioredoxin-like fold, despite a
relatively low level of sequence identity with other thiore-
doxin family members 17%), which includes a central

-30

170 190 210 230 250 270
‘Wavelength (nm)

Table 2: Data Collection and Refinement Statistics

Se-Met-labeled  His135Ala p-sheet that is made up 8#, 55, 57, andj8. Three flanking
protein mutant o-helices correspond 1, 3, anda4. There are, however,
rescilutionf(A)ﬂ _ 51%3-17140 5%21-375 a number of significant differences. For example, in sBsSco,
total no. of reflections i _ i _
no. of unique reflections 108990 21269 there IS”aIru hﬁhx ((12.)hnesar |0(§)p 3.and A ?r;md £6) form(sj
Rym 0.082 0.084 a para_eﬂ-s eet wit ﬁ_ and is inserte etwee#b an
completeness (%) 96.2 92 /32, which are not seen in thioredoxi@4). ThreeS-strands
WoO _ o 16.3 9.5 (81—p3) and a 3r-helix are present at the N-terminus. The
SAn%PQfﬁégg St:tt('jsrgcgtes 3 short32 andB3 strands also form a hairpin.
reslolution\?)g\) 50-2.0 The backbone superimposition of the sBsSco Crys_tal
EOM 0.42 structure of molecule A (molecule A of the crystallographic
refinement dimer illustrated in Figure 3 will be used for discussion from
reso'?“c’f? range A 553515; 52;%-?‘)‘2 now on unless otherwise stated) and the NMR structurds (
go(hforee;e ections 238 (28.9) 24.0 (31.8) show that the overall backbone root-mean-square deviation
no. of protein atoms 2719 2719 (rmsd) is 1.97 A. Apart from the flexible N-terminus (rmsd
no. of divalent ions 19 19 = 8.8 A) and the C-terminus (rms¢ 18.45 A), the most
?n(:-sgff\gfé%fnzt?gzths & 39(5’06 % 009 significant difference between the crystal and NMR structures
rmsd for bond angles (deg) 119 147 is in the loop 3 region (residues 4%0) and loop 8 region

(residues 126136). The values of the average rmsd for these
percentage of amino acid residues im-aelical conformation two regions are 2.91 and 7.36 A, respectively.

is estimated to be 26%. This is in good agreement with the  Although the overall structure of the two crystallographi-
number of residues (i.e., 27%) that are in arhelical cally independent molecules is nearly identical (rms@.14
conformation in the crystal structure of sBsSso (see below). A), there are several large local structural differences. The
The full analysis is shown in Table 1 and compared to values rmsd between loop 8 (residues 12636) of molecule A and
obtained for reduced sBsSco, sBsScoHA, and His-BsSco.of molecule B is 4.66 A. The temperatuBsfactor of loop
Although there are small differences between the different 8 is 53.56, as compared to the aver&gkactor of 30.81 for
forms of BsSco, they retain a very similar complement of molecule A and 31.23 for molecule B. The conserved
secondary structural elements. The native detergent-solubi-His135, which is a potential copper binding resid8g (s
lized version of BsSco is similar to its soluble counterpart, located in this loop, where the electron density map is weak.
indicating that the structure of sBsSco is a good model of Taken together, these observations indicate that His135-
the lipid-bound native protein. However, the possibility that containing loop 8 is very flexible. Loop 3 (residues4=0)

the differences observed between soluble and lipidatedof molecule A and loop 3 of molecule B also exhibit
versions of BsSco affect the protein’s reactivity and reflect differences, although much less than loop 8. The rmsd of
a role for membrane anchoring in Sco’s functional status loop3 between the two molecules is 1.56 A. TBdactor
must be further explored. The secondary structure appearg49.40) is also higher than the protein average. Significantly,
to be largely unchanged when oxidized sBsSco is reducedthe conserved Cys45 and Cys49 residues of the CXXXCP
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motif are located in this loop. These two loops, loop 8 and
loop 3, are both implicated in copper binding, and interest-
ingly, both clearly exhibit conformational plasticity in the
structure.

Copper Bindinglt has been shown that BsSco is involved
in the assembly of the Gucenter in cytochrome oxidase
and may play a role in the transfer of copper to this site. 3
Mutants of BsSco, in which each of the cysteines has been §
changed to serine or His135 to alanine and expressed in a:
BsSco-null strain oB. subtilis are unable to restore assembly
of cytochromec oxidase 13). It has been proposed that the
CXXXCP motif and His135 are involved in copper binding
(3, 8, 35). As previously mentioned, the presumptive copper
binding residues Cys45 and Cys49 are located in loop 3
betweenal and 4. In the various native and mutant
structures and crystallographically independent molecules,
the side chain conformations of the two Cys residues are
different to varying degrees. In the reduced, or non-disulfide-
bonded structure (such as the 1.7 A Se-Met structure), the
thiol group of Cys45 in molecule B is exposed to the solvent -
while the side chain of Cys49 is encompassed in the FiIGURE4: Electron density of the non-disulfide-bonded CXXXCP
CXXXCP loop. In other words, the two groups do not point Motif in native sBsSco.
at each other and the distance between the two S atoms is
7.84 A. In comparison, the thiol groups of the two cysteines
in molecule A are both encompassed in the loop, with an
inter-S distance of 3.44 A. The side chains in molecule A,
although closer, still do not point at each other in a linear
fashion, and therefore, a disulfide bridge is not formed. If
copper were to be coordinated by the two Cys residues, it
would not be possible to have copper bound in a linear
manner as demonstrated for the structure of CueR, which
reveals linear Cudithiolate coordination by two conserved
cysteines §6), because the distance is too short. Copper
binding to molecule A would require the loop to expand
outward a great deal.

We have made extensive attempts, via cocrystallization
and crystal soaking, using a range of concentrations of Cu-
() or Cu(ll) with or without reducing agents, different
buffers, various pH'’s (6.2 to 8.5), variation of the soaking
time (from 2 to 54 h). In addition, cocrystallization for
reduced sBsSco has been set up with argon-equilibrated
samples, and the manipulations were carried out in an argon ; .
atmosphere. These precautions against exposure to oxygemcure5: Electron density of the disulfide-bonded CXXXCP motif
together with the stability of the reduced protein ensure that in the His135Ala mutant.
reduced sBsSco has not undergone nonspecific oxidation
during the crystallization process. Unfortunately, after de- not by coincidence, since conformational freedom would be
termination of more than 20 structures, we have thus far not required for either copper binding or other functions (see
found any copper ion in, or beyond the CXXXCP motif. As below).
discussed above, His135 is located in loop 8 that is parallel Disulfide Switchln some structures of copper cocrystals
to loop 3 where the two cysteines are present. The nearesbr copper-soaked crystals, a disulfide bridge is observed
distance between His135 and Cys454s4.1 A, and between  between Cys45 and Cys49 in molecule A but not in molecule
His135 and Cys49 is-16.1 A, in molecule A. The distance B (Figures 4 and 5). The conditions under which the crystals
between His135 and the two cysteines in molecule B is were obtained vary widely, for example, with or without
slightly shorter. The distances are10.9 A between His135  reducing agents, different buffer and pH, variation of soaking
and Cys45 and-12.5 A between His135 and Cys49. Clearly, time, and cocrystallization in argon atmosphe3@)( Fur-
if these three residues are to coordinate copper, a largethermore, the His135Ala mutant structure shows that there
conformational change is necessary (Figure 6). Both loop 3 are disulfide bonds in both crystallographically independent
and loop 8 are flexible which is evident from their weak molecules. At this point, it is not clear to us, however, why
electron density and relatively higB-factors. These two  disulfide bridges form in some crystals but not in others, in
loops show the greatest variation in structures between themolecule A, but not in molecule B, or in both molecules.
crystallographically independent molecules. This is perhaps There seems to be only a small energy barrier separating
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Ficure 7: Backbone superposition of sBsSco molecule A and
oxidoreductase fronM. tuberculosiswith the two key cysteines
highlighted. sBsSco is colored light brown, and side chains are
colored red. Oxidoreductase is colored green, and side chains are
colored blue.

FicurRe 6: Ribbon representation of sBsSco showing the secondary
structure elements and CXXXCP maotif (pink) with two cysteines.
In the highlighted box, three putative copper binding residues are
illustrated.

Lhe 3"'3 c%nfgtrlmat;?ns, d|sglf|de-btor|1|(_je<i_and n(()j?—dlsulfllc(i.e— homologues, two functionally essential cysteines are posi-
onged. subtie changes In crystallization and/or S0aKing ;a4 far from each other in the sequence and have two
solutions appear to be able to readily trigger bond formation Val-Cvs-Pro motifs in TrvP and HBP23. Mtb DsbE and
or breakage. In light of the fact that disulfide bond formation TryX );1ave an active Cr))zXC motif Bséco is the only
and breakage are hallmarks of the redox activity of thiore-  : - : : . ) ;

) . thioredoxin-like protein that has a three-residue insertion
doxin family members 38-40) and the o_verall structure between the twg Cys residues. Although the core of the
2]9 g:é%%yi’sv}lti trr:jr()eioa:gti?/lijtgg\?vﬁiéuarﬁ ;’nr:glpt;) erganngfbusr;c;;t/lgg thioredoxin-like fold is similar in all structures, there are

X some interesting differences in the position of key cysteines

directly until now. We envisage that BsSco may be able to R
carry out disulfide exchange with the target protein, subunit and their vicinity. TryP and HBP23 are both 2-Cys perox-

Il of cytochromec oxidase, which contains the g@enter. |redo>_<ins in which Cys52 is positio_ned at the end of an
More specifically, the disulfide switch in BsSco could ©helix near the monomemonomer interface and Cys173

facilitate the assembly of the Gcenter in cytochrome is located in the flexible C-terminus directed toward the
oxidase via a redox reaction, ensuring the appropriate redoxSClVent. Cyss2 from one monomer and Cys173 from another
state of the protein partner. The cysteine-containing loop 3 Monomer form the active site. TryX and Mtb DsbE have
is situated on the surface, is flexible, and projects outward, CXXC motifs, both of which are positioned in a redox active
which are all appropriate attributes for interacting with other Site- One cysteine is located at an end obahelix, and the
protein(s). It is possible that the loop could insert itself into Other is in the preceding short loop region. The disulfide
the vicinity of the Cu center, not only delivering copper Ponds or thiolate groups of the pair of cysteines in the active
but also carrying out redox activity by disulfide exchange. Site are only partially exposed. In comparison, the two
In this view, His135 of loop 8 would play a crucial role in  Cys residues in sBsSco are located in a protruding loop
protein target recognition and docking, or in modulating the that is exposed to the solvent. The environment of this
reactivity of the key cysteine pair. Such a role for His135 putative active site is unusually acidic due to residues Glu46,
would account for its conservation B subtilis yeast, and ~ Glul28, Glul30, and Asp131. Phe42, Pro50, Try94, and
human forms of Sco. Phe90 form a hydrophobic groove running alongside the pair

Comparison between the Structures of BsSco and Thiore-0f cysteines. The hydrophobic characteristics would help
doxin-like ProteinsWe searched for structural homologues BsSco interact with another protei#6). These features are
of BsSco #1) and identified several proteins that share notobserved in other thioredoxin-like proteins. The cysteines
structural homology with BsSco. These are Mtb DsbE of the CXXC motif of TryX and Mtb DsbE are in an
(Mycobacterium tuberculosisxidoreductase)4@) (rmsd approximately similar location as the CXXXCP motif of
= 2.75 A), TryP (tryparedoxin peroxidase}3) (rmsd sBsSco. However, CXXXCP in sBsSco loop3 protrudes
= 2.82 A), HBP23 (2-Cys peroxiredoxin heme-binding toward the solvent much more than TryX and Mtbh DsbE
protein 23) 44) (rmsd= 2.8 A), and TryX (tryparedoxin)  (Figure 7), supporting the notion that the Cys pair of BsSco
(45) (rmsd= 2.9 A), which all share a thioredoxin-like fold. is perhaps more flexible than its counterparts in TryX and
However, the level of sequence identity is less than 17% Mtb DsbE which leads to the dual function of copper delivery
between BsSco and these structural homologues. In thesand redox activity.
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