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ABSTRACT. The heterodimeric hemoprotein SoxXA, essential for lithotrophic sulfur oxidation of the aerobic
bacteriumParacoccus pantotrophusias examined by a combination of spectroelectrochemistry and EPR
spectroscopy. The EPR spectra for SoxXA showed contributions from three paramagnetic heme iron centers.
One highly anisotropic low-spin (HALS) speciggbx = 3.45) and two “standard” cytochrome-like low-

spin heme species with closely spacgténsor values were identified, LSd, (= 2.54,g, = 2.30, andgy

= 1.87) and LS2 ¢, = 2.43,9y = 2.26, andgy = 1.90). The crystal structure of SoxXA fror.
pantotrophusconfirmed the presence of three heme groups, one of which (heme 3) has a His/Met axial
coordination and is located on the SoxX subunit [Dambe et al. (2005)ruct. Biol. 152229-234].

This heme was assigned to the HALS species in the EPR spectra of the isolated SoxX subunit. The LS1
and LS2 species were associated with heme 1 and heme 2 located on the SoxA subunit, both of which
have EPR parameters characteristic for an axial His/thiolate coordination. Using thin-layer spectroelec-
trochemistry the midpoint potentials of heme 3 and heme 2 were determiiagds +189+ 15 mV and

Em2 = —432 4+ 15 mV (vs NHE, pH 7.0). Heme 1 was not reducible even with 20 mM titanium(lll)
citrate. TheEn, midpoint potential turned out to be pH dependent. It is proposed that heme 2 participates
in the catalysis and that the cysteine persulfide ligation leads to the unusually low redox potefidial (

mV). The pH dependence of its redox potential may be due to (de)protonation of the Arg247 residue
located in the active site.

The oxidation of reduced inorganic sulfur compounds to SO,
sulfuric acid represents one-half of the global sulfur cycle. SO ‘E_;
This oxidative part is mediated by various aerobic lithotrophic -3 I
and anaerobic phototrophic sulfur-oxidizing bactetia3). S S

The sulfur-oxidizing (Sox) enzyme system of the faculta-
tively chemolithoautotrophia-proteobacteriunfParacoccus
pantotrophug4) has been characterized with respect to the

Sox proteins reconstituting the enzyme system in vitro. The
soxgenes encode the respective proteins and those required
in addition to enable chemotrophic growth.

The Sox enzyme system &f pantotrophuss located in
the periplasm. Four proteins, SoxYZ, SoxB, SoxCD, and SO; +2H"
SoxXA, catalyze the hydrogen sulfide-, sulfur-, thiosulfate-,
and sulfite-dependent reduction of horse heart cytochrome 6e +6 H @. 3 H,O

2H"+ 802

c in vitro (4—6). The proposed cycle of sulfur oxidation by

the Sox enzyme system is depicted in Figure 1. The .@
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heterodimeric SoxYZ protein is the active site of protein-

bound oxidation of sulfur 7). The sulfur dehydrogenase Heme 1

SoxCD is aayf3; heterotetrameric complex of the molyb-

doprotein SoxC (43442 Da) and the dihemype cyto-

chrome SoxD (37637 Da)g]. This complex oxidizes the Q‘ \| His110
protein-bound sulfur to sulfate3( 6, 9). The monomeric
dimanganese SoxB protein (58611 Da), which recently has
been characterized using advanced ERRthods 10), is
proposed to hydrolyze sulfate from SoxY-cystefhsulfate

to regenerate SoxY3]. The heterodimeric SoxXA isatype
cytochrome complex composed of the monoheme SoxX
(14216 Da) and the diheme SoxA (29352 Da). The SoxXA
complex is proposed to fuse the sulfur substrate to the
sulfhydryl Cys138 of SoxY to initiate the reaction cych.(

Homologues of the Sox proteins Bf pantotrophusuch
as SoxX, -Y, -Z, -A, and -B have been identified from the
genomes and partial genomic sequences of other aerobic Heme 2
chemotrophic and anaerobic phototrophic sulfur-oxidizing
bacteria, suggesting a similar principal mechanism of sulfur ; His210
oxidation in chemotrophic and phototrophic bacteia (n
vitro studies revealed the essentiality of tbéype cyto-
chrome complex SoxXA for the sulfur-oxidizing enzyme
system ofP. pantotrophug4, 6). Also, insertional mutagen-
esis in thesoxXAgenes demonstrated the presence of the
soxgenes to be essential for sulfur oxidation in the aerobic
chemotrophiax-proteobacteriunfProtaminobacter salicyla-
toxidans(11) and the anaerobic phototrophic purple non-
sulfur bacteriumRhodaulum sulfidophilum(12).

According to the designation of Cheesman et HB) @nd
Dambe et al.14) heme 1 is located in the N-terminal domain
of SoxA and heme 2 is in its carboxy-terminal domain, while o
heme 3 is located in the small subunit SoxX. Multiple
sequence alignments of the primary structures predicted an
invariant methionine residue as the axial heme iron ligand Heme 3 74 0 His65
for heme 3 of SoxX 12), which was in accordance with )
spectroscopic studiedd). For the SoxA subunit cysteine
residues were predicted as the sixth ligand of heme 1 and
heme 2 12). These assignments have been confirmed in the
X-ray structures of SoxXA irR. sulfidophilum(15) andP.
pantotrophug14). Figure 2 shows the coordination structure 7
of the hemes in SoxXA dP. pantotrophuss defined by its Met111
crystal structureX4). Heme 1 has a classical His/Cys axial c',

COOI‘dIf’I?IIOﬂ (H|'5110 af?‘?' CY3143) Wh'l,e heme 2 .turn_s OUl FouRe 2: Coordination structures of the heme cofactors in the
to have its cysteine modified into a cysteine persulfide ligand soxxA protein according to the X-ray data4) (PDB file 1C2D.
(His210 and Css251). This may have a strong effect on its Heme 1 and heme 2 are present in chain A (SoxA subunit) while
redox potential (vide infra). Heme 3 in subunit X has a His/ heme 3 is bound to chain B (SoxX subunit).

Met coordination (His65 and Metll1l). In SoxA of the
SoxAX complex of the sulfur-oxidizing chemotropBtarkea
novella, however, heme 1 is replaced by a disulfide)(
According to the crystal structures of the SoxXA complex
of R. sulfidophilum(15) and P. pantotrophus(14) the
subunits form a cleft suited to fit in the carboxy-terminal MATERIALS AND METHODS
end of SoxY which reaches toward heme 2 which is believed
to be the active site of the enzyme. However, the actual

mechanism of how the sulfur substrate is fused to the : k -
from P. pantotrophuscB17 cultivated lithoautotrophically

sulfhydryl of SoxY is not yet understood. ) . : :
H d ibe the electrochemical and EPR ¢ with thiosulfate as described previouslg).( The SoxX
ere, we describe the electrochemical an SPECHO~  hunit of SoxXA of P. pantotrophuswas produced in

scopic properties of thetype cytochrome complex SoxXA Escherichia coliand prepared from periplasmic extracts as
of P. pantotrophusWe have isolated the SoxX subunit, described 17). Soxxpw:fs isolated f?ompzoo mL of peri-

plasmic extract and concentrated to 8 mL. Proteins were
1 Abbreviation: EPR, electron paramagnetic resonance. separated by chromatography on Q-Sepharose, and SoxX was

=

identified the axial heme ligands of its heme 3, and

determined the heme 3 redox potential. Heme 2 of SoxA
was found to be also redox active. Heme 1, however, could
not be reduced.

Purification of SoxXA and SoxXThe heterodimeric
cytochrome complex SoxXA was purified to homogeneity
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eluted from a step gradient at 0.15 M sodium chloride in a

25 mM potassium phosphate buffer, pH 7.5. The concentra-

tion of the eluate resulted in 0.75 mL of a homogeneous
preparation of 1.32 mg of SoxX/mL, equivalent to 9¥
SoxX.

ElectrochemistryElectrochemical reduction of the SoxXA

Reijerse et al.

chemical cell equilibrated at the desired potential. The protein
concentration in this case was 100 in a 100 mM
potassium phosphate buffer, pH 7.0, while the mediators were
present at 1M each.

Analytical ProceduresThe mass of SoxXA was deter-
mined by matrix-assisted laser desorption ionization

protein complex monitoring the optical absorbance changes(MALDI) mass spectrometry (Voyager; Perceptive Biosys-

in situ was performed in two different spectroelectrochemical
thin-layer cells.

The ultrathin layer cell for the UV/vis detection was used
as previously describedl®, 19). The gold grid working
electrode was chemically modified with a 1:1 mixture of 2
mM cysteamine and 2 mM mercaptopropionic acid in

tems, Manchester, U.K.). Protein was determined from cell
free extracts by the method of Bradfor2ly.

RESULTS

Electrochemical TitrationsThe potential dependent de-
velopment of the SoxXA complex frof. pantotrophusvas

aqueous solution. Potentials quoted with the data have beemmonitored using two different electrochemical approaches.

obtained vs a Ag/AgCl/3 M KCI reference electrode: for
NHE potentials (pH 7) a correction af208 mV has been
added. All measurements were performed &C5and the
pH was adjusted in 100 mM sodium phosphate buffer to pH
7. Data analysis was carried out using the program EHTIT
developed by Hellwig et al2Q). EHTIT yields the midpoint
potentialsE,, and the numben of transferred electrons by

A thin-layer UV/vis cell (180um, uncoated gold electrode)
was used for monitoring optical spectra (3300 nm) while
continuously scanning the potential range betwe@00 and
—600 mV. The pH of the solution containing SoxXA and a
cocktail of different redox mediators was adjusted to pH 7
using a 100 mM sodium phosphate buffer or to pH 6 and
pH 8 using a 100 mM Tris buffer. The individual oxidative

adjusting a calculated Nernst curve to the measured absor-and reductive waves often showed a hysteresis despite the

bance change at a single wavelength by an interactive fit.
Alternatively, the electrochemical titrations were per-
formed in a thin-layer spectroelectrochemical cell of L&®
path length mounted into a Perkin-Elmer diode array UV/
vis spectrophotometer. The longer light path allowed the
recording of optical spectra at a relatively low SoxXA protein
concentration of 10tM. The protein was dissolved in a
100 mM potassium phosphate buffer, pH 7.0, or in a 100
mM Tris buffer at pH 6.0 or pH 8.0. In all cases 100 mM
KCl was added. In these experiments the gold grid working

slow scan rate of 0.2 mV/s. This is due to the fact that the
redox reaction for some mediators was not fully reversible
in the studied potential range. The averaged normalized
intensities of the oxidative and reductive waves, as monitored
at 552 nm, corresponding to the hemdand, are displayed

in Figure 3A. The waves were fitted to the Nernst equation
and yielded single electron transitioms=€ 0.88-0.97). The
obtainedE,, values amount te-189+ 10 mV and—432+

10 mV (NHE) at pH= 7.0. As can be seen from the data
curves taken at different pH values, the transition-d32

electrode was not modified. This enabled measurementsmV (pH = 7) depends on pH by approximatei45 mV/

down to—600 mV. The same mediator cocktail as described
by Moss et al. 21) was used at a concentration of A

pH unit, whereas the position of the transitiont&t89 mV
remained unchanged.

for each mediator. To avoid an excessive exposure of the Furthermore, at pi= 7.0 the potential dependent develop-

solutions to low-wavelength light from the spectrophoto-
meter, a cutoff filter (320 nm) was employed. UV/vis spectra
were recorded every 30 s while scanning a cyclic voltam-
mogram (after an equilibration time of 100 s) with a scan
rate of 0.2 mV/s and a scan increment of 20 mV. Potentials
were measured vs an Ag/AgCl/1 M KClI reference electrode,
which was calibrated by performing an experiment in the
same cell with methyl viologen (MV) dissolved in the same
buffer as a standard. For the first redox transition @AW
MV ™) a reduction potential 0of~488 mV vs NHE was
adopted. To obtain th&, values of the heme groups in
SoxXA and SoxX, the absorbance vs potential profiles of
the hemean-band (552 nm) were fitted to the Nernst equation.
EPR SpectroscopyePR spectra were recorded at low

temperatures (10 K) on a Bruker ESP300 spectrometer (S-

ment of the SoxXA protein fromP. pantotrophuswas
monitored at 417 nm (Soret band) in an ultrathih=€ 5
um) electrochemical cell equipped with a modified gold
electrode in the potential range 3780 mV corresponding

to the first redox transition (Figure 3B, solid circles). Using
the same method, the titration of the isolated SoxX subunit
was monitored (Figure 3B, empty circles). The curve for the
SoxX subunit could be fitted to the Nernst equation yielding
a single midpoint potential oE; = 188 + 5 mV (NHE)
with n = 0.9. For the complete SoxXA protein the titration
curve was extending over a somewhat broader potential range
as compared to the isolated SoxX subunit. This curve could
not be fitted well with one midpoint potential only. We
assume that the reduction of the SoxXA protein proceeds
electrochemically reversible in this setup and the solution

band spectra) and a Bruker ELEXSYS E500 spectrometercomposition follows the Nernst equation because of the small
(X-band spectra). The S-band spectra (2.54 GHz) werecell thickness and the coating of the working electrode.

recorded using a Bruker split ring resonator inside an Oxford
CF935 helium flow cryostat while for the X-band experi-

ments (9.627 GHz) a standard TE102 cavity and an Oxford
ESR910 helium flow cryostat were employed. Accurate

Therefore, the first reduction of the SoxXA (in which the
protein is reduced by one electron as revealed by the EPR
measurements, vide infra) may better be represented by the
reduction of two subspecies with slightly different reduction

values of the microwave frequency were obtained using a potentials. Assuming that the two species have different

HP5352B frequency counter. Spectral simulations were
performed using a home-written computer program devel-

extinction coefficients, the curves can be fitted with two
transitions withEz, = 198 #5) mV andEz, = 236 (&5)

oped by F. Neese. EPR samples for the redox titrations weremV. The errors were estimated from the standard deviation

obtained by sampling the reaction mixture in an electro-

of several titrations.
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Ficure 3: (A) UVivis response (at 552 nm) of SoxXA in a thin
wall electrochemical cell (18@m) as a function of the electro-
chemical potential for pH= 6, 7, and 8. The displayed curves are Heme 2
averages of reductive and oxidative waves which were fitted to
the Nerst curve. (B) UV/vis response (at 417 nm) of SoxXA and
the isolated subunit SoxX using the ultrathin wall electrochemical Heme 1
cell (5um) with a modified gold electrode. The circles represent
the measured data interactively fitted to a calculated Nernst curve. Heme 3 HALS
For SoxXA the theoretical Nernst fit yielded two midpoint potentials
atEm, = 198+ 10 mV, andEqm, = 236+ 10 mV (solid circles), |~ HS
while for SoxX (empty circles) a single midpoint potential Bf -
= 188+ 5 mV was found. 100 200 300 400

By (mT
EPR Spectra and Simulatiomhe cw-EPR spectra of 0( )
SoxXA and the isolated subunit SoxX are shown in Figure FIGURE 4: S- (A) and X-band (B) cw-EPR spectrum of SoxXA

.. recorded at 10 K. Experimental conditions for S- and X-band:
4. Spectrum A was recorded at S-band (2.54 GHz) while 1002 re 10 K, microwave power 20/, modulation amplitude

th_e spectra under (B) were measured at X-band (9.627 GHZ)-l mT, modulation frequency 100 kHz, time constant and conversion
Since the SoxXA spectra show the same EPR spectroscopiaime 82 ms, and recording time 15 min. (C) Decomposition of the

features at both frequencies, spipin interaction between  simulated X-band EPR spectrum (indicated in red) into the species
the individual heme centers must be smaller than the line rL]_S%](he_me 1), Ls2 |(_|hSeme 2), and HALS (heme 3) and the residual
width in these spectra which is dominated dpgtrain. The igh-spin species (HS).
simulation of the X-band EPR spectrum (Figure 4C, red line) (weight= 1.0) were fitted to the EPR spectra. gt 3.45
therefore consists of Simple additions of |nd|V|dua”y simu- a small peak was detected7 which is diagnostic for a h|gh|y
lated heme species. The spectral analysis program EPRSIManisotropic low-spin (HALS) species. Typically a His/His
(F. Neese, personal communication) allows the simulation or His/Met ligation of the heme group is observed for HALS
and Welghted addition of EPR Subspectra based on thEirspeciesl HALS Species are characterized tgfnﬁ Signa|
double integral, and the resulting simulation parameters arejarger than g= 3.0; the otheig-tensor components are not
listed in Table 1. The spectrum of the separate subunit SoxX easily detected23—26). In the simulationg, and g, were
at X-band is shown in Figure 4B. The two spectra were set arhitrarily to values of 1.85 and 0.9. In most HALS model
normalized, taking into account the relative concentrations complexes these values lie in the rangeyof 1.8-2.1 and
of both samples. o = 0.5-1.0 while obeying the relatiog + g2 + g2 =

The EPR spectra are dominated by low-spin heme signals16 (23). Since extreme line broadening often hinders the
in the range ofg = 2.6 to g = 1.8. These signals are detection ofgy, andg;, their line width parameters were set
characteristic for His/Cys coordinated heme grou; {6, to relatively high values. Although the intensity of thgax
23). Two species (LS1 and LS2) with equal contributions signal is rather low, the contribution of the HALS species is
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Table 1: Simulation Parameters of the EPR Spectra Shown in Figure 4 for the Individual Spectroscopically Different Heme Species in SoxXA

of P. pantotrophu’

W, (mT) for W, (mT) for W (mT) for
frequency band frequency band frequency band
species [oN Oy Ok weight S X S X S X
heme 2 2.54 2.30 1.85 1.0 1.4 4.3 0.7 1.9 1.2 53
heme 2 2.43 2.26 1.90 1.0 14 45 0.8 2.6 1.4 5
heme 3 3.45 1.85 0.9 0.5 1.3 4.0 55 20 13.4 50
HS 2.0 5.8 5.9 0.04 2.0 8.0 1.2 4.0 1.2 4.0

a2 The same set of-tensor values was used in the simulation of S-

and X-band EPR spectra. The erroginales wast0.01 unit. The

line width parameters (W W,, and W,) depend on the microwave frequency (S or X-band) and are given in°g+Values for SoxXA R.
sulfidophilum (13): 2.55, 2.30, 1.87¢ g-values for SoxXA R. sulfidophilur (13): 2.42, 2.26, 1.919 g-values for SoxXA R. sulfidophilur

(13): gmax = 3.50.

significant. In the simulation the HALS species has a
weighing factor of 0.5. The total heme content was deter-
mined to be 2.53/mol of SoxXA5). Therefore, the signals

LS1 and LS2 are tentatively assigned to heme 1 and heme

2 (with a weighing factor of 1 for each heme), respectively,
while the HALS species corresponds to the tltitype heme

of SoxXA, designated heme 3 (with a weighing factor of
0.5). To clearly differentiate the signals of heme 3 of SoxX
of P. pantotrophusthe subunit was produced i coli after
heterologous expression $6xXand purified to homogeneity
from the periplasm. EPR spectra from the isolated SoxX
subunit clearly allowed the assignment of the HALS species
(heme 3) to this subunit (Figure 4B). The specific intensity
of the SoxX HALS spectrum was, however; 2 times lower
than that observed in the complete SoxXA complex. There-
fore, in Figure 4B a scaling factor of 2.5 was used. The
reason for the apparent lability of the HALS species is
presently unknown.

The EPR spectra of the SoxXA complex also exhibit a
typical high-spin heme signal at= 6 (Figure 4), and this
signal was not present in the spectrum of the isolated subuni
SoxX (Figure 4B). From SoxXA the signal intensity of this
high-spin heme (HS) contributes only with a weighting factor
of 0.04 to the simulation, which corresponds to 2% of the
total heme. Due to its large transition moment high-spin heme
often tends to dominate EPR spectra, even if it is only a
minor part of the sample2d—26). The additional EPR
signals ag = 4.3 and around = 2 might have corresponded
to small Fe(lll) and Cu(ll) impurities in the sample. The
decomposition of the simulated X-band spectrum of SoxXA
into the four subspecies is presented in Figure 4C.

EPR-Monitored Electrochemical Titrationtn order to

20x Ti citrate (~ -800mV)

20x dithionite (~ -400 mV)

50 mv

250 mV HALS Ls1Ls2 [\f

100 150 200 250 300 350 400
By(mT)

FicurRe 5: Development of SoxXA EPR spectra upon progressive
chemical reduction with titanium(lll) citrate and dithionite. The
lower two spectra were obtained from protein solutions in phosphate
buffer, pH 7, with mediators and chemically poised to the indicated
potential. The upper two spectra were obtained from solutions
without mediators but with excess reductant. The reduction
potentials were estimated.

Yitrations and allowed the unequivocal assignment of the

+186 mV transition to the HALS species and thd30 mV
transition to LS2. The remaining heme species (LS1) was
remarkably resistant to reduction: The EPR spectrum of the
oxidized LS1 was still present at a potential at which all
other iron species (including high-spin and inorganic impuri-
ties) were reduced.

DISCUSSION

On the basis of the X-ray crystal structure of SoxXA of
P. pantotrophug¢PDB code 2C1D)X4), the comparison to

assign the observed redox transitions to the respective heméoxAX from R. sulfidophilum(13, 15), and the EPR and
species, EPR spectra of the SoxXA complex were recordedelectrochemical studies reported here, we assign the heme

as a function of the solution potential after chemical reduction
with dithionite and titanium(lll) citrate. The results for the
first reduction in the potential range arout@00 @&50) mV

are presented in Figure 5 (lower two traces). To maintain
the redox equilibrium during the sample transfer at potentials
lower than—400 mV for the second reduction, a 20-fold
excess of either dithionite or titanium(lll) citrate was used.

groups in SoxXA as follows:

The highly anisotropic low-spin (HALS) EPR species
which was observed in the isolated SoxX subunit is assigned
to heme 3, which has an axial coordination by His/Met (see
Figure 2). The His ligand is part of the Cys-X-Y-Cys-His
c-type binding motif in SoxX (the residue numbers are His65,
Cys61, and Cys64). Met111 from SoxX is the sixth ligand

The EPR spectra obtained in these experiments are alsof heme 3, which matches the analysis of amino acid

shown in Figure 5 (upper two traces).

The electrochemical reduction clearly showed that the
HALS species was reduced betwee¢d50 and+250 mV
while the EPR spectrum of the LS2 species only fully
disappeared upon 20-fold excess of titanium(lll) citrate. The

sequence alignment43, 14). The other two heme groups,
heme 1 and heme 2, are located in the SoxA subunit. They
are assigned to EPR species LS1 and LS2 of which the EPR
parameters are typical for a His/thiolate coordinati@®, (

16, 23). Heme 2 is located in the carboxy-terminal domain

EPR experiments were, therefore, consistent with the opticalof SoxA. In both SoxXA proteins oR. sulfidophilum(13,
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15) and P. pantotrophus(14), this heme has a cysteine According to the proposed overall mechanism of the Sox
persulfide (Css251 ifP. pantotrophup as the axial heme  system (Figure 1), SoxYZ is able to reduce SoxXA in the
iron ligand (Figure 2). Heme 1 is located in the amino- presence of thiosulfate (as substrate). Since the addition of
terminal domain of SoxA and has the thiolate group of thiosulfate to the sulfhydryl group of SoxY represents a two-
Cys143 as the axial heme iron ligand. Heme 1 and heme 2electron oxidation, one would expect that two hemes of
are both anchored to the structure through Cys-X-Y-Cys- SoxXA will be reduced: heme 3 (HALS) and heme 2 (LS2).
His binding motifs. There are no reduction potentials reported Both have reduction potentials below that of cytochrame

for His/Cys or His/Css (persulfide) ligated hemes in natural (+250 mV). Therefore, cytochrontg can act as an electron
systems. From studies on model hemes, however, it has beemmcceptor, and our data seem to be consistent with the
shown that, in general, the ferric state is stabilized and the proposed model of the Sox mechanism. It is not completely

reduction potential lowered when tieedonor ability of the
axial ligand is increased2{). Based on K, values, the
thiolate (K, of 8—10) should be a better donor to the
ferric state than persulfide®), thus lowering its reduction

clear why the heme 2 potential is so negative as compared
to heme 3. The results obtained on the analogous SoxAX
proteins fromR. sulfidophilum(13) and Starkeya neella

(16) suggest that the redox potentials of heme 3 and heme 2

potential relative to the persulfide ligand. This logic would are almost identical. On the other hand, no EPR electro-
support the assignment of EPR species LS2 to heme 2 (whichchemical titrations have been presented for these systems,
has a persulfide ligand and is reducible) and LS1 to heme 1and it seems that these proteins exhibit a stronger heme

(which has a thiolate ligand and is not reducible).
Notably, the cw X-band EPR spectrum for SoxAX from
R. sulfidophilum(13) is very similar to that of SoxXA from
P. pantotrophusn our current study. Thg-components of
the heme %3 spectra of both proteins are almost identical
(Table 1). The EPR line width in the spectrum of SoxAX
from R. sulfidophilums somewhat more narrow as compared
to SoxXA from P. pantotrophus This could indicate a

ligand variability than SoxXA fromP. pantotrophusIn
contrast to SoxXA fromP. pantotrophughe protein from

S. naella (16) has a strongly pH-dependent redox behavior
for heme 3 while the heme 2 EPR spectrum (LS2) shows
several coexisting conformations (heme 1 is lacking in this
protein). The SoxAX protein fronR. sulfidophilum(13)
exhibits a similar variability for LS2. The SoxXA protein
from P. pantotrophuseems remarkably stable in this respect,

slightly more heterogeneous binding situation for the heme i.e., pH-dependent redox behavior only for LS2 and low

groups in SoxXA fromP. pantotrophusOn the other hand,
the species LS2 iR. sulfidophilunoccurs in a preparation-
dependent mixture of two environments3[ whereas LS2
(heme 2) ofP. pantotrophusoccurs in a pure state. One

ligand variability in general except for the HALS species.
The persulfide ligand to heme 2 is known to stabilize the
anionic form of the sulfhydryl of cysteine. This might lead

to a rather negative redox potential. It is very likely that the

difference between the two proteins might be that SoxXA observed LS2 species (persulfide-coordinated heme) repre-
from P. pantotrophuss isolated in a pure state for heme sents a resting (intermediate) state formed during isolation
2,which is coordinated by a persulfide cysteine. For SoxAX from the thiosulfate-bound reaction intermediate. This could
from R. sulfidophilumthe dominant species in the crystal occur if no electron acceptor (cytochrommg was available
structure also contains the persulfide coordination, but in and the bound thiosulfate is reduced upon release of sulfite.
frozen solution an additional preparation-dependent LS1 EPRSoxYZ, possibly in combination with thiosulfate as substrate,

contribution is observed for heme 2, suggesting a “regular”
cysteine coordination. Apparently, during isolation, the
catalytic cycle of the two proteins gives rise to different ratios

will reactivate the active site by removing one sulfur from
the persulfide group. This will probably lower the reduction
potential of heme 2 such that the binding of a new thiosulfate

in intermediate sulfur species in the active site.
Electrochemical analysis of the SoxXA protein at pH
7.0 revealed mid-potentials &t189 and—432 mV for the

is facilitated. The pH dependence of the heme 2 mid-potential
might be due to the protonation of Arg247 in the active site.
This residue is proposed to provide an anionic binding pocket
HALS and LS2 species, respectively. The HALS transition for the thiosulfate substrate and orient the sulfane sulfur
was studied additionally with an ultrathin electrochemical toward the catalytic cysteine residue Cys2%5)(
cell. In these experiments some broadening was observed The role of heme 1 in the C-terminal region of chain B is
such that the best fit to the Nernst equation was obtainedstill an open question. The distance to heme 2 is too large
using two mid-potentials, one @198 mV and one at-236 (24 A) for any electron transfer. Clearly, heme 1 cannot be
mV. The slight broadening of the redox transition under directly involved in the catalytic cycle of the SoxXA enzyme.
certain conditions might be assigned to a variability of the In several members of the SoxA family the Cys-Xaa-Xaa-
axial ligand(s). It should be noted that the EPR HALS species Cys-His heme binding motif seems to be absent and is
is populated to only 50% in the complete SoxXA protein replaced by a disulfide bridgd ). It may be that the heme
and less than 25% in the isolated SoxX subunit. The crystal 1 site is a product of gene duplication and that the general
structure indicated a substantial flexibility of the SoxX protein fold in this region fulfills a structural role but that
subunit especially in the interface to the SoxA subunit. It is the heme cofactor itself is not essential for the function of
therefore reasonable to assume that a slight variability of the enzyme.
the methionine ligand could occur which would cause a
substantial broadening of the EPR spectrum such that onIyCONCLUSIONS
a limited range of structures is observable in the EPR The three heme centers of SoxXA frden pantotrophus
spectrum. But all structures might be electrochemically have been identified and assigned unequivocally and char-
active, albeit with slightly different reduction potentials. acterized by EPR spectroscopy. Only heme 2 (SoxA C-
Heme 2 bound to the SoxA subunit is reduced at the very terminal region) and heme 3 (SoxX subunit) are reducible
negative reduction potential of430 mV (pH = 7.0). under physiological conditions and seem to participate in
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the catalytic cycle. Heme 1 (SoxA N-terminal region) is not
reducible and probably not relevant for the catalytic mech-
anism. Since it is missing in several Sox proteins from other
organisms, it is tempting to suggest that the heme binding
fold only has a structural role for the protein. While the redox

potential of heme 3 (HALS) is quite representative for a 14.

c-type cytochrome+189 mV), the mid-potential of heme

2 (i.e., binding site of thiosulfate and the docking site of the
SoxY protein) is unusually low-<432 mV). This effect is
tentatively assigned to the presence of the persufide ligand
which stabilizes the anionic form of the sulfhydryl group.
The presence of the essential arginine residue (Arg247) in
the heme 2 active site results in the pH-dependent redox
behavior of heme 2.
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