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ABSTRACT. The SoxAX complex of the bacteriuRhodaulum sulfidophilumis a heterodimeric-type
cytochrome that plays an essential role in photosynthetic thiosulfate and sulfide oxidation. The three
heme sites of SoxAX have been analyzed using electronic absorption, electron paramagnetic resonance,
and magnetic circular dichroism spectroscopies. Heme-3 in the ferric state is characterized by a Large
Omax EPR signal and has histidine and methionine axial heme iron ligands which are retained on reduction
to the ferrous state. Hemes-1 and -2 both have thiolate plus nitrogenous ligand sets in the ferric state and
give rise to rhombic EPR spectra. Heme-1, whose ligands derive from cysteinate and histidine residues,
remains ferric in the presence of dithionite ion. Ferric heme-2 exists with a preparation-dependent mixture
of two different ligand sets, one being cysteinate/histidine, the other an unidentified pair with a weaker
crystal-field strength. Upon reduction of the SoxAX complex with dithionite, a change occurs in the
ligands of heme-2 in which the thiolate is either protonated or replaced by an unidentified ligand. Sequence
analysis places the histidine/methionine-coordinated heme in SoxX and the thiolate-liganded hemes in
SoxA. SoxAX is the first naturally occurring-type cytochrome in which a thiolate-coordinated heme

has been identified.

Sulfide and thiosulfate are the most abundant environ- One essential component of TOMES is a hemoprotein
mentally available forms of reduced inorganic sulfur. Their encoded by thesoxAgene 2, 4, 6, 9, 10. The reaction
oxidation to sulfate is the major part of the oxidative half of catalyzed by SoxA is uncertain but may, on the basis that
the global sulfur cycle, and this process can be accomplishedalternative functions in thiosulfate metabolism have been
biologically either by photosynthetic Sulfur Bacteria, which assigned to other TOMES components, involve oxidation
use the sulfur compounds as the reductant for carbon dioxideof sulfur atoms in the zerovalent oxidation state to sulfite.
fixation, or by chemotrophic Sulfur Bacteria that additionally The SoxA protein of the photosynthetic Purple Bacterium
use the sulfur compounds as respiratory electron dordgrs (  Rhodaulum sulfidophiluntopurifies with a second polypep-
2). However, our knowledge of the molecular processes tide termed SoxX). The heme cofactors &. sulfidophilum
underlying this ancient metabolism is extremely limited in SoxAX are of the covalently linked-type as judged by
comparison, for example, to our understanding of the alkaline pyridine hemochrome spectf. (Sequence analysis
bacterial metalloenzymes involved in the nitrogen cycle. The of the SoxAX polypeptides together with mass data show
TOMES (thiosulfate-oxidizing multi-enzyme system) or Sox that SoxA binds two, and SoxX one, heme groups while
mechanism is the best characterized pathway of thiosulfateanalytical ultracentrifugation experiments demonstrate that
oxidation. This pathway occurs in two phylogenetically SoxAX is a heterodimerg). Thus, the SoxAX complex of
distinct groups of photosynthetic Sulfur Bacteria and in many R. sulfidophilumcontains three different heme sites.
facultatively chemaolithotrophic nonphotosynthetic bacteria  Here we report a characterization of the heme cofactors
(2—6). In the TOMES mechanism, thiosulfate oxidation is of R. sulfidophilun5oxAX by electronic absorption, electron
thought to proceed via enzyme-bound intermediaf®s ( paramagnetic resonance (EPRand magnetic circular
Sulfide oxidation by these bacteria can also involve elementsdichroism (MCD) spectroscopies at room temperature (RT)
of the TOMES pathway¥, 7, 8. and at 4.2 K. Two of the SoxAX heme irons have thiolate/

nitrogen coordination while the third heme has methionine/
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MATERIALS AND METHODS 500 T T T T T

Sample PreparatiorThe thiosulfate-induced multiheme wo b &0 ; 3
cytochromecss; (SoxAX) was purified from the photo- S ]
synthetica-ProteobacteriurRhodaulum sulfidophilumDSM
1374 as described elsewher®)(To record MCD through
the 1400-2000 nm region, interference from absorptions
caused by vibrational overtones was minimized by preparing
samples in deuterium oxide solutiondl). These were
buffered using 10 mM NaHEPES at pH* 7.0 (pH* is the
apparent pH of the solution inJ® measured using a standard C
glass electrode). Sodium dithionite solutions were prepared S BT I I A
in the same buffer and added to SoxAX solutions in an 360 400 500 600 700 800
anaerobic glovebox (Faircrest Engineering, oxygen lexdls Wavelength (nm)
ppm in a nitrogen atmosphere). Buffer solutions and SoxAX FIGURE 1. Room-temperature electronic absorption spectrR.of

samples were first stirred in the anaerobic atmosphere toSulfidophilumSoxAX as prepared oxidized), dithionite-treated
remove traces of oxygen (= — —), and the (dithionite treatechinus oxidized) difference

spectrum {--). Buffers were as described under Materials and
Total heme content was determined using the alkaline Methods. Sample concentrations were 8 and:6B

pyridine hemochrome method 2). The SoxAX complex
contains three hemes per molecu, @nd to reflect this,

all spectra are plotted normalized to concentrations equal to
one-third of the total heme concentration.

Dithionite-Treated SoxAXTo prepare the sample of
dithionite-treated SoxAX, two L aliquots of 125 mM
sodium dithionite in the HEPES buffer solution were
sequentially added to the SoxAX sample used for low-
temperature MCD spectroscopy. The absorption spectrum
was recorded after each addition using a sealed quartz cuvette
and showed no further changes upon addition of the second
aliquot of sodium dithionite solution. At this point, the
sample contained a 37-fold molar excess of sodium dithionite
over SoxAX.

PR IONYTRENT ST S ATV SOUT ST SN NN TR WY ST TN N SO ST T 1

Spectroscopic Measuremertiectronic absorption spectra 100 200 200 200 500
were recorded using Hitachi U3200 and U4001 spectro- Magnetic Field (mT)

photometers, E.P.R spectra were recorded on an EPR SPECEGURe 2: X-band EPR spectra of the as-prepared oxidized (a) and
trometer comprising an ER-200D electromagnet and micro- githionite-treated (b) forms oR. sulfidophilumSoxAX. Buffers
wave bridge interfaced to an EMX control system (Bt were as described under Materials and Methods. The spectra were
Spectrospin) and fitted with a liquid helium flow cryostat recorded at 10 K using 1 mT modulation amplitude and 2 mwW
(ESR-9, Oxford Instruments) and a dual-mode X-band cavity microwave power. Sample concentrations were 56 andM5
(Bruker, type ER4116DM). MCD spectra were recorded

using circular dichrographs, JASCO models J-500D and RESULTS AND SPECTROSCOPIC ASSIGNMENTS
J-730 for the U\~ visible and near-infrared regions, respec-  Electronic Absorption Spectrdhe electronic absorption
tively. An Oxford Instruments superconducting solenoid with  spectrum of oxidized SoxAX (Figure 1, solid line) is typical

a 25 mm ambient temperature bore was used to generate &f low-spin ferric heme. The intensities{>.5 nm= 350 mM1
magnetic field 6 6 T for the room-temperature MCD  cm™; ess35 nm= 39.7 mM1 cm™1) are consistent with the
measurements. Low-temperature MCD measurements werepresence of three such species. There is some additional weak
made using an Oxford Instruments SM4 split-coil super- intensity to wavelengths longer than 600 nm which will be
conducting solenoid generating a magnetic field of 5 T. Low- discussed below.

temperature MCD intensitieé\¢) are plotted in units of M* EPR Spectrum of Oxidized SoxAXe 10 K X-band EPR
cm ! at a stated magnetic field which in this work is 5 T.  spectrum of oxidized SoxAX (Figure 2a) can be assigned to
At room temperature, MCD intensities are linearly dependent at least three different low-spin ferric heme species as
on magnetic field and are plotted normalized to magnetic described below. Other signalsgt- 5.8, 4.3, and 2.06 are
field as Ae/H (M~ cm™® T71). To obtain optical-quality — due to low levels of high-spin ferric hem#5), adventitious
glasses on freezing for low-temperature MCD measurements,Fe(lll) ion, and adventitious Cu(ll) ion, respectively. The
glycerol was added to samples to a level of 50% /) ( = 3.50 peak is the, of a Largegmax (or Type 1) spectrum,
That these additions had no effect on the state of the sampleone of the two limiting types of normal low-spin ferric heme
was verified by measuring absorption and EPR spectra prior EPR (16, 17 (the other twag-values are often unobservable).
to recording the MCD. Quantitation of low-spin ferric EPR  Such spectra are known for His/His, His/Met, and His/Lys
signals was achieved by the integration methods of Aasa and(or amine) axial coordination18—22 and see Table 1).
Vangard (3) and De Vries and Albrachtlé) using 1 mM However, the last of these three combinations gives rise to
Cu(Il)EDTA as a spin concentration standard. Gaussian, not asymmetric, band shape @2, 32 and is

¢ (mM'em™)

b)
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Table 1: EPR and NIR MCD Properties of Low-Spin His/Met-Liganded Low-Spin Ferric Hemes

wavelength ) and intensity
(A€) of NIR-CT MCD band

hemoprotein EPR-value$ Anr—ct/nMm Ae/M~tcm™ ref
Ps. stutzertyt cd;, hemec 2.97,2.24~1.4 1775 (1775) 160 (0.8) 23
E. colicyt bse 3.03,2.18~1.4 1860 175 24
horse heart cyt 3.07,2.23,1.26 1750 (1725) 285 (0.8) 25
Ps. aeruginosayt Cssy 3.20, 2.05~ 1800 330 26
E. colicyt bd, hemebsss 3.32,—, — 1820 200 27
N. europea&yt Css, 3.34,—, — 1800 340 28
SoxAX, heme-3 3.50;, — 1900 (1800) 240 (0.84) this work
cellobiose oxidase ~3.50,—, — (1870) 29
Ps. stutzerNOR, hemec 3.54,—, — (1840) (0.76) 30
Az.vinelandiicyt cs 3.64,—, — 1900 ~290 31
3.22,—,—¢

a A dash indicates undetermineg or g, values.” Values refer to data recorded at 4.2 K gsih T magnetic field except where parentheses
denote room-temperature measurements for whletis expressed in units of M cm™ T~ ¢ Cytochromec, contains two types of histidine/
methionine-liganded hemes with thegevalues. Average MCD intensity is shown.

Table 2: EPRg-Values of Low-Spin Ferric Hemes with Thiolate as an Axial Ligand

heme species ol Oy Ok axial ligands ref
SoxA LSa 2.58 2.30 1.87 Cy3gHis this work
SoxA LSy 2.52 2.23 1.84 Cy3His this work
SoxA LS 2.42 2.26 191 @ this work
Ccyt P45Qam WT 2.45 2.26 1.91 CysH,0 37
cyt P450 BM-3 WT 2.42 2.26 1.92 Cy&,0 38
nNOS WT 243 2.28 1.89 Cy#H,0 39
human eNOS WT 2.45 2.30 1.87 Cys:0 40
2.42 2.30 1.90 Cy3H,0O 41
cyt P45Qam+ O-donor ligands 2.432.48 2.25-2.27 1.91-1.93 Cys/(0O) 37
cyt P45Qam+ imidazole 2.56 2.27 1.87 Cy8m 37
cyt P450 BM-3+ imidazole 2.61 2.25 1.83 CyAm 38
cyt P450+ imidazole derivatives 2.472.62 2.25-2.28 1.85-1.89 Cys/Im 37,42
chloroperoxidase- imidazole 2.53 2.28 1.85 CyAm 43
eNOS+ imidazole, major at pH 8 2.70 2.30 1.75 Cylsn 40
eNOS+ imidazole, major at pH 6 2.57 2.30 1.83 Cylsn 40
eNOS, major at pH 8 2.66 2.28 1.81 Cylsn 40
+4-methylimidazole, major at pH 6 2.57 2.28 1.83 Ch 40
eNOS+ 1-(4-hydroxyphenyl)imidazole 2.57 2.30 1.84 Cilsn 41
eNOS+ 1-(3-aminopropyl)imidazole 2.61 2.29 1.80 Cylsn 41
2.54 2.29 1.80 41
CooA+Im 2.52 2.27 1.85 Cydim 44
myoglobin+ HS~ 2.56 2.24 1.84 His/RS 45
2.58 2.25 1.83 His/RS 46
cytc M80C 2.56 2.27 1.85 CysgHis 45
chloroperoxidase- pyridine 2.58 2.29 1.84 Cy4(N) 43
human eNOSt+ pyridine 2.50 2.30 1.85 Cy4(N) 40
cyt P45Qam + 2-phenylimidazole 2.41/2.45 2.25/2.27 1.91/1.92 Tyhim 37
cyt P45Qam + benzylimidazole 2.44 2.28 1.93 CyBenzim 37
cyt P45Qam+ indole 2.41 2.26 1.93 CyéTrp 37
human eNOS lysine 2.58 2.28 1.82 Cy4(N) 40
cyt P45Q.m+ 1-octylamine 2.49 2.26 1.89 Cymmine 42
cyt P45Qam + metyrapone 2.47 2.27 1.92 Cyamine 47
CooA WT (major) 2.46 2.26 1.91 Cy&ro(N) 48
CooA WT (minor) 2.58 2.26 1.85 Cy#Pro(N) 44,48

a Modified ligand set as described in text.

unlikely to be the ligand set of this particular low-spin species lower than that of Larggmax cases, but in practice there are
(hereafter Lg). The intensity at 266380 mT comprises two  ligand-dependent limits to how low this value falls. For all
overlapping rhombic (or Type Il) spectra witirvalues of known combinations of His, Lys, and Met ligands, the lowest
242 (LS) and ~2.55 (LS). The latter shows structure g-value observed is 2.86 for bis-methionirg&8@nd refer-
indicative of a minor heterogeneity. Small differences in the ences cited therein). Thg-values observed here for LS
power dependence of the signals (not shown) and variationsand LS are lower still, and there are few precedents for this.
in their relative intensities between different SoxAX prepara- Alkaline globins havey, = 2.57-2.51 34, 39, close to that
tions allow an assignment of thggvalues to two spectra:  of LS;. However,g, for these His/HO-liganded hemes is
LS; (g= ~2.55,2.30~1.87) and L (g = 2.42, 2.25,1.92). 2.16-2.19, lower than the 2.30 observed here. Furthermore,
The g-value in a rhombic spectrum is always significantly these alkaline globins are always in thermal equilibrium
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FIGURE 4: UV—visible MCD spectra of as-prepared oxidizBd
sulfidophilumSoxAX. Buffers were as described under Materials
and Methods. (a) Room-temperature MCD spectrum recorded using
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Ficure 3: (a) X-band EPR spectrum in the low-spin ferric heme @ magnetic field of 6 T. Sample concentrations used were 18 and
region of the as-prepared oxidized formrfsulfidophilumBSoxAX 147 uM. (b) Low-temperature MCD spectra recorded using a
(—) and the simulated spectrum-+) offset slightly for clarity. (b), magnetic field 6 5 T and temperatures as shown. Sample
(c), and (d) are the individual simulated spectra contributing to the concentrations used were 8 and /&4.

simulation in (2). LS, accounts for~2/3 of the total heme content and the

between the high- and low-spin stat@&§) but the SoxAX = 3.50 for the remaining heme. However, the;le®id LS
electronic absorption and MCD spectra presented later showspectra do not appear to be of equivalent intensity, and so
no characteristic high-spin transitions at any temperature.the relative contributions were determined by simulation
Extremely good matches for all thrgevalues of LS and using the method of Oganesy&®) (Figure 3a). The minor
LS; are found only in the EPR of hemes for which one axial heterogeneity of L§ evidenced by the structure gp was
ligand is cysteinate, the properties of which dominate the accommodated by simulating three separate rhombic spectra,
spectrum. This EPR therefore provides compelling evidence shown individually in Figure 3bd, using an L&/LS1/LS;
that LS and LS have a cysteinate or similar thiolate axial ratio of 85/68/47 (expressed as percentages totalling 200).
ligand. It provides less information concerning the ligands The total LS/LS; ratio for four samples of SoxAX varied
trans to thiolate. Similag-values to those of LShave been between 154/46 and 105/95, but, significantly, it never fell
reported for hemes with nitrogenous ligands distal to below 100/100, suggesting that one heme (arbitrarily heme-
cysteinate (Table 2). These include the imidazole derivatives 1) remains in the LSform whereas heme-2 can occur as an
of P450, NOS and CPO, thiolate-bound globins, and the LS; or an LS form. Note that this variation in the level of
Met80Cys axial ligand variant of cytochronee However, total LS, is not due simply to variations in the level of one
nitrogenous ligands other than histidine are not completely of its components. This would require that either 4 6r
ruled out. P450, ligated by several different amine deriva- LS;,remains at a level equivalent to one heme in all samples
tives, givedower g-values (2.472.49), but lysine-liganded  while the magnitude of the other varies inversely with that
eNOS and metyrapone-bound cytochrome R4rbaveg, of LS,. This is not observed. Rather, each of the hemes
= 2.56—-2.58. One of the two EPR forms of oxidized CooA contributing to LS has a splitg, feature. A similar small
also hagy, = 2.58, and in this protein, the nitrogenous ligand pH-dependent splitting aj, has been observed for imidazole
trans to cysteinate was identified, somewhat unexpectedly,derivatives of NOS 41). The site of protonation was not
as the terminal proline residué4, 49-51). Thus, the EPR identified. The pH dependence of SoxAX spectra is currently
g-values indicate that Lishas a nitrogenous ligand distal to  being investigated but is complicated by further changes in
thiolate but do not identify this ligand. The L$-values the EPR and MCD which occur following prolonged
are more ambiguous. They are typical of native P450 and handling of the enzyme. These changes produce additional
NOS (Cys/water) and of adducts in which water is displaced new spectroscopic features which are not observed in fresh
by oxygen-donor ligands (Table 2). However, thealues samples and will not be discussed further here.
of the majority EPR species in oxidized CooA (C¥Rro) UV—Visible Region MCD of Oxidized SoxAX.the RT
are also very similar as are those of P450 when ligated by UV —visible MCD spectrum of oxidized SoxAX (Figure 4a),
imidazole modified with various electron-withdrawing sub- the intense bands at 36800 nm are characteristic of low-
stituents 87). spin ferric heme. With combinations of His, Met, and Lys
Quantitation and Simulation of the EPR Signals of axial ligands, peak-to-trough Soret intensities are usually
Oxidized SoxAXThe SoxAX low-spin heme EPR signals ~150 Mt cm® T (50). Heme-3 is in this category and
were quantitated using standard integration methb8s1(9, will make the largest contribution to this band. Soret intensity
showing that the 266380 mT spectral envelope of L&nd for thiolate-liganded hemes is significantly weaker, typically
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At 800—2000 nm, these spectra contain positive features

= 09 with intensities found only for the CT transition of low-spin
Eos ferric heme. The exact energy of this transition is diagnostic
50‘3 of the heme axial ligation44, 495. Two such bands are
5 immediately obvious in the MCD of SoxAX, at 1150 and
=00 1900 nm (4.2 K), but there is also significant additional

intensity in the region 13661700 nm. The 1900 nm band
is unambiguously diagnostic of His/Met coordination and is
of intensity consistent with one heme (see Table 1). The
species responsible for tle= 3.50 EPR signal must give
rise to a NIR-CT band, and this EPR feature is the only one
which could arise from His/Met coordination. Therefore, the
685 and 1900 nm MCD bands are both due to heme-3. The
prominent band at 1150 nm is thus the NIR-CT transition
of one or more of the thiolate-bound hemes detected in the
EPR. For imidazole-P450 and native CooA, both of which
have a nitrogenous ligand distal to cysteinate, the CT
transition is at 1180 nnBg) and 1120 nm44), respectively.
There is no peak in the SoxAX spectrum at the wavelength
observed for native P450 (Cy#1,0), 1080 nm 88). The
1150 nm band is therefore assigned to hemes with thiolate/
A ] nitrogen ligation and must account for at least the; LS
Rl T T T PO PO T species. NIR-CT MCD intensity is governed primarily by
600 800 1000 1200 1400 1600 1800 2000 the relative energies of the ferric d-orbitals as is the form of
Wavelength (nm) the EPR spectruns@). LS; g-values are similar to those of
Ficure 5: NIR MCD spectra oR. sulfidophilunSoxAX. Buffers imidazole-P450, which has an NIR-CT MCD peak intensity

were as described under Materials and Methods. (a) Room-of Ac = 120 ML cm? at 4.2 K 38). Thus, the 1150 nm

temperature MCD spectrum of as-prepared oxidized form recorded band (170 M cm?) must arise from more than one heme
using a magnetic fieldfo6 T and a sample concentration of 147 . o - '
M. (b) Low-temperature MCD spectra of as-prepared oxidized USiNg the value of 120 M cm™ yields an estimate-1.42

form recorded using a magnetic field ® T and temperatures as hemes, in reasonable agreement with the figure of 1.53 for
shown. Sample concentration was &8l. (c) MCD spectrum at LS; derived from the EPR. Thus, LSor which the second
4%25K (_I__) gf d'thl'on'te'”eatfdtform recorggsl using a ”;]agnet'fc field Jigand is not identified, does not appear to contribute to the
0 - >ample concentration ‘was - ASO SAown for 1150 nm band. The only unassigned intensity remaining is
ison i lot of the 4.2 K spectrum from (b : Y 9 ty remaining
comparison is & repiot of the spectrum from (b)) at 1306-1700 nm, and this must be the CT intensity from
50-00 M+ cm* T~% (37, 41, 53-58). Thiolate coordination -S> NIR-CT bards atihese wavelengihe have been observed
therefore explains a Soret intensity which, at 240 \m* 205r GGmﬁls wit 'Sh i45, 5 b 4 or His ySI |ga§ SZ| Y
T-1, is relatively low for three low-spin hemes. The visible 2> 89- However, these combinations are already ruled out

region (450-600 nm) is consistent with this; MCB-bands by the EPR. Theg, = 3.50 peak is the only EPR feature

are also weaker for thiolate coordinatiob9). The 306~ WhiCh could in prlinciple arise from these Iigand.sets, but
600 nm region of the low-temperature MCD (Figure 4b) this has to be assigned to heme-3, shown unambiguously by

supports the above conclusions and furthermore shows noMCD to have His/Met ligands. Furthermore, one of the LS

evidence for temperature-dependent spin or oxidation stateIIgandS must be_ a th|olgte._ Therefore, there s no kno_wn

changes. The few low-temperature MCD spectra reported precedent for this combination of spectroscopic properties,
o ; " and the LS ligands cannot be unambiguously identified.

for thiolate-bound hemes have Soret intensities, at 4.2 K, of L

7-16 MM cm-* (38, 44, also much reduced compared to Dithionite-Reduced SoxAXhe sharpa-band at 551 nm

the 25-35 mM- lel 01" other ligand sets. The SoxAX in the absorption spectrum of dithionite-reduced SoxAX

intensity is therefore again comparatively low due to thiolate (Figure 1f d‘fhe‘? trace) V\fIOU|d mhprlnggmé be sufficient to
ligation. Weak MCD intensity between 620 and 850 nm is account for three low-spin ferrous hemé8 (67. However,

) . . the 4.2 K MCD of this sample (Figure 6) shows a
expanded as part of Figure 5 and will be discussed beIOW'characteristic sharp low-spin ferrous derivative shaped

NIR MCD spectra of oxidized SoxAX are shown in Figure  g-band at 548 nm but a low-spin ferric Soret band at-350
5a,b. The well-resolved MCD bands at 68800 nm cor- 450 nm, indicating that reduction is incomplete. The sample
respond to weak shoulders in the absorption spectrum. Nowas reclaimed from the MCD cryostat for EPR spectroscopy
significant bands characteristic of high-spin ferric heme are (Figure 2b) which showed that the only ferric species
observed. The minor trough at631 nm at RT, if due to  remaining is that witlg, ~ 2.55. The ferric Soret intensity
high-spin His/water coordination, would represent no more is therefore due to unreduced {&he small sample volume
than~3% of one heme. The analogous transition for high- makes EPR integration unreliable, and the MCD intensities
spin P450 and NOS, which occurs-ab55 nm (see redl), are a better indication of the level of unreduced heme).
is not apparent here. These wavelengths are dominated by @bsence of they = 3.50 EPR signal shows that heme-3 is
sharp derivative feature centered at 685 nm with a trough atfully reduced. The MCDo-band at 548 nm is almost
695 nm. This is characteristic of His/Met coordinati@i ( identical to that of reduced cytochrorng547 nm) §9, 67
60—62). as would be anticipated for heme-3 if it retains His/Met
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T T T T state with retention of ligands. The Cyslis heme-1 remains
r oxidized. Heme-2, which displays variable {ISS, hetero-
3 1 geneity in oxidized protein, is reduced to the low-spin ferrous
Sr . state. However, the UMvisible MCD is not consistent with
r 1 the presence of a cysteinate ligand to reduced heme-2.
ﬂ A 1 Instead, thiolate has been either protonated and retained as
a thiol ligand or replaced by an alternative coordinating
[ ] group. The spectrum rules out histidine and lysine as the
Sr ] replacement, and the sequence makes methionine unlikely
i ] as SoxA does not contain a conserved methionine residue
10k J (6).
e e s e s T The nature of the ligand in the L$ieme species is not
Wavelength (am) determined b){ these studies. Thevalues are amblguous,
but the red-shift of the NIR MCD CT band relative to that

Ficure 6: UV—visible MCD spectrum of the as-prepared di- oI ; ol o
thionite-treated form oR. sulfidophilumSoxAX recorded at 4.2 of Cys'/His at 1150 nm points to an axial ligand pair with

K using a magnetic field of 5 T. Buffers were as described under & lower crystal-field strength. Itis unlikely that the His ligand
Materials and Methods. Sample concentrations were 8 apd65 ~ of the heme binding motif of LShas been chemically
o ) ) o modified or replaced. However, if the unknown4i8iolate
ligation upon reduction. But the band intensity is ap- |igand is more electron-withdrawing than unmodified Cys
proximately twice that expected for one heme, and the featureihen this could account for the NIR MCD since the NIR-CT
shows no splitting. This implies that the second of the two pang energy reflects the separation between the porphyrin
reduced hemes now has similar coordination to that of heme-HoMOS and the ferric d-orbital manifold and is determined
3, although hemes-1 and -2 had a th|ola_te ligand in the ferric primarily by ligand basicity. We therefore propose thab LS
state. The MCIn-band of ferrous CooA is at 555 nm, close s coordinated by His and a thiolate species that is derived
to that of cytochromés (His/His, 557 nm) §4), but shifted either from chemical modification of the cysteinate or from
from the region typical of thiolate ligation (562567 nm) its substitution with an exogenous thiolate ligand. Exogenous
(54, 67, 68. This was taken to indicate reductive displace- gy|fide or alkanethiolate is ruled out because this would give
ment of the cysteinate by a nitrogenous ligaAd)( Since NIR-CT bands at 10001200 nm §5). Cysteine residues
the effect on the spectrum of the thiolate ligand is unlike oyidized to the level of sulfenate (Rs—0") or sulfinate
that of methionine, a similar phenomenon is suggested here(R_Sog) are known to occur in proteins, and both are
for SoxAX. There are several possible interpretations: metal ion ligands in non-heme iron and cobalt-containing
thiolate has been replaced by methionine; thiolate has beeryjyile hydratasesgg). However, this degree of modification
replaced by a residue to give a combination not previously gt the sulfur atom makes it unlikely that coordination of these
characterized by MCD; or thiolate is protonated but retained species to heme iron would result in the EPR spectra typical
as a thiol ligand in the reduced state [thiol is comparable in of thiolate ligation. The spectroscopic properties of t&uld
its effect on the spectrum to' methionine.or other thioethers pe accounted for by conjugation of the cysteine sulfur atom
(67, 68]. In the NIR MCD (Figure 5c, solid trace), the 695 5 one or more further sulfur atoms. Examples would be
and 1900 nm His/Met bar_1ds are absent, consistent withihiosulfate (S—S057), polysulfides (S—(Sh—S"), or cys-
reduction of .heme—3. The intensity at 1300700 nm has teine-based Sconjugates such as cysteine sulfane (Cys-S
completely disappeared whereas the @Ns1150 nm band - For these ligands, partial delocalization of the ligand
is diminished to~120 M cm™, approximately that  charge over additional sulfur would constitute the electron-
expected for one heme. withdrawing effect responsible for the long-wavelength of
the MCD NIR-CT band of L& The apparent mass of SoxA,
CONCLUSIONS from electrospray mass spectrometry, wast3%b Da greater
The threec-type hemes of oxidized SoxAX are low spin. than that expected from the gene sequence plus the mass of
Heme-3 is responsible for a Larggax EPR signal and has  two hemes ). This addition could represent the additional
His/Met ligands. We infer that heme-3 is bound to SoxX sulfur atom of cysteine sulfane. The iresulfur cluster of
and axially ligated by Met92R. sulfidophiluntmumbering), D. vulgaris prismane protein70) provides a precedent for
the only invariant methionine residu6)( and by His46 of cysteine sulfane as an iron ligand in biology. We note,
the single heme attachment motif in this subunit. Heme-1 however, that long-chain polysulfides can be cleaved under
and heme-2 are associated with SoxA, and each has a thiolateelatively mild conditions to leave cysteine sulfaifd)( and
ligand in the oxidized state. Both can occur in a form giving it cannot be ruled out that this such a modification is
rise to an L3 EPR spectrum and an MCD band near 1150 occurring during mass spectrometry of SoxAX.
nm, the spectroscopic properties of heme with a nitrogenous Basic EPR spectra have previously been reported for one
ligand distal to cysteinate. It can be assumed that the nitrogenother member of the SoxAX family, the cytochrorog; s
ligand is the histidine of the two SoxA heme attachment of Paracoccussersutus(7). These show four different low-
motifs (His80 and His181) and then that the cysteinate spin ferric heme signatures which, on the basis of nearly
ligands are the conserved residues Cys114 and Cy§)22 ( identicalg-values, correlate directly with the hemes described
A preparation-dependent fraction of heme-2 is found in a in this work. Although not discussed in réfl, the relative
modified form which gives rise to the LEPR spectrum.  levels of the hemes witly, ~ 2.55 andg, ~ 2.43 are
When SoxAX is treated with the reductant dithionite, the significantly different in two spectra of what is apparently
His/Met-ligated heme-3 is reduced to the low-spin ferrous the same form of oxidized cytochromeg;, srecorded under

Ae (mM'em™)
o
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identical conditions. Crucially, the two forms appear to be 16. Walker, F. A. (1999 oord. Chem. Re 186 471-534.
present at comparable levels in one spectrum whereas in a 17. Walker, F. A, Huynh, B. H., Scheidt, W. R., and Osvath, S.
second they, ~ 2.43 form is much reduced relative to the
g, ~ 2.55.

Most thiolate-liganded hemoproteins are P450s or related
enzymes, such as NOS and CPO, and have /By®-bound
ferric b-type heme at the active site. CooA and human
cystathioning3-synthase also contain Cyigandedb-type

heme, but both have been shown to have a nitrogenous

second ligand, a terminal proline residue in the case of CooA.
Cystathionine3-synthase was suggested to be the first
example of Cys/His ligation (72). The rat protein H450,

recognized for some years to contain thiolate-liganded heme,

is now known to be equivalent to cystathionifiesynthase

(56,

73. Thus SoxAX is the first protein shown to contain

c-type heme with a cysteinate ligand and is one of only two
known examples of naturally occurring Cyslis coordina-

tion. In addition, SoxAX contains a heme with a novel
modified thiolate ligand. The unusual coordination of the
two SoxA hemes is likely to be of functional importance

and reinforces the idea that SoxAX has an enzymatic rather

than solely electron-transfer function.
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