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ABSTRACT. Adenosine triphosphate sulfurylase catalyzes the formation of adendspi$phosulfate

from adenosine triphosphate and sulfate. The enzyme plays a crucial role in sulfate activation, the key
step for sulfate utilization, and has been purified from crude extra@siilfaibrio desulfuricansATCC

27774 andDesulfaiibrio gigas Both proteins are homotrimers [141 kDa x347) for D. desulfuricans

and 147 kDa (3x 49) forD. gigad and have been identified, for the first time, as metalloproteins containing
cobalt and zinc. EXAFS reveals that either cobalt or zinc binds endogenously at presumably equivalent
metal binding sites and is tetrahedrally coordinated to one nitrogen and three sulfur atoms. Furthermore,
the electronic absorption spectra display charge-transfer bands at 335 and 370 nm consistent with sulfur
coordination to cobalt, and as expected for a distorted tetrahedral cobalt geometiyadds are observed

at 625, 666, and 715 nm. This geometry is supported by the observation of high-gpiER signals

atg ~ 6.5.

Sulfate is a stable nonreactive compound that must besulfur cycle in anaerobic ecosystems such as marine and
activated to participate in subsequent metabolic reactions,freshwater environments. The ability to use this quite
such as reduction and sulfur transfer. The first activation unreactive molecule (inorganic sulfate) as an external electron
step in assimilatory and dissimilatory sulfate reduction acceptor, under moderate environmental conditions, is a
pathways is accomplished by transferring and coupling the common feature of dissimilatory sulfate-reducing bacteria.

adenosine sphosphoryl moiety of ATP to sulfatel( 2). The dissimilatory process occurring in these organisms
This reaction catalyzed by ATP sulfurylase (ATP8TP involves APS as the active intermediate compouw)d (n
sulfate adenyltransferase, EC 2.7.7.4) is represented by theulfate-reducing bacteria of the geridssulfaibrio, the APS
equation formed is reduced to AMP and sulfite through the mediation
of APS reductase4-6). Sulfite is then further reduced to
ATP + SO = APS+ PP hydrogen sulfide, the end product of the sequential reactions.

All the enzymes in this pathway are well characterizéd (
The reduction of sulfate plays a very important role in the 7) with the exception of the ATPS(s).

: : : ATPS(s) are widely distributed in nature and have been

and Grants BPD/14146/97 and BD/13775/97, and the Stanford Syn- .. . .
chrotron Radiation Laboratory is funded by the Department of Energy, first characterized?, 10). The enzyme has been partially

Office of Basic Energy Sciences, with further support by the National Or extensively purified and characterized from yedsl),(
Institutes of Health, and the Department of Energy, Office of Biological Penicillum chrisogenungl2, 13), Penicillum duponti(14),

and Environmental Research. ; ;
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;Universidade Nova de Lishoa. other sources. ATPS activity has been previously detected
1 At Bach Institute of Biochemistry RAS. in Desulfaibrio desulfuricans Desulfaibrio gigas, Des-
o Stanford University SLAC. ulfovibrio vulgaris, Desulfasibrio africanus Desulfaibrio
1 Abbreviations: ATPS(s), adenosine-triphosphate sulfurylase(s); salexigensDesulfotomaculum orientisndDesulfotomacu-
D.d, D. desulfuricansD.g., D. gigas APS, adenosine'§hosphosul-  |ym ruminis(20), and ATPS has been partially purified from

fate; PEP, phosphoenolpyruvate; EDTA, ethylenedianNidgN',N'- : - : ]
tetraacetic acid; SDSPAGE, sodium dodecyl sulfatgolyacrylamide D. wulgaris strain Hildenborough21, 22) and Desulfoto

gel electrophoresis; Tris, tris(hydroxymethyl)aminomethane; MOPS, maculum nigrificang22). No reference to the presence of
3-(N-morpholino)propanesulfonic acid; BSA, bovine serum albumin; metals in ATPS(s) was made. It appears that this family of

PR, inorganic pyrophosphate; PPitase, inorganic pyrophosphatase; i ; ; ; _
FPLC, fast profein liquid chromatography: HTP, hydroxyapatite: enzymes, as isolated from different sources, is quite hetero

LMCT, ligand-to-metal charge transfer; EPR, electron paramagnetic 9N€0Us in terms of amino acid sequence, molecular mass,
resonance; EXAFS, extended X-ray absorption fine structure. and subunit composition.

10.1021/bi9816709 CCC: $15.00 © 1998 American Chemical Society
Published on Web 10/26/1998



16226 Biochemistry, Vol. 37, No. 46, 1998 Gavel et al.

The object of this study is to describe the purification and FPLC (Pharmacia) performed using a Source 15Q column
biochemical and spectroscopic characterization of ATPS(s) (2.6 cmx 25 cm) equilibrated with 10 mM Tris-HCI buffer
isolated from twoDesulfaibrio species. Both enzymes at pH 7.6. A linear Tris-HCI gradient of 10 to 500 mM at
contain cobalt and zinc, with identical ligation to the metal, pH 7.6 was applied with a flow rate of 3 mL/min over the
and are probably alternatively coordinated at the same course of 3 h. Fractions containing mainly ATPS activity
binding site. The enzymes can thus be classified aswere collected at an ionic strength of 5000 mM. Sub-

metalloproteins. sequent steps of purification were as described above, except
Superdex 75 was used instead of Superdex 200.
MATERIALS AND METHODS Enzymatic AssayDuring purification, the enzymes were

assayed by the MgATP synthesis reaction (reverse reaction)
via the rate of NADP formation (L8). The reaction was
started by addition APS and PRfter measuring the
background rate.

The molybdolysis activity of the enzymes was assayed
y measuring the rate of AMP formation at 3G via the
coupling reaction to NADH oxidation16). The overall
stoichiometry is 2 mol of NADH oxidized per mole of AMP

Growth Conditions and Preparation of the Soluble Frac-
tion. D. desulfuricansATCC 27774 was grown under
anaerobic conditions in the medium described by Liu and
Peck @3) and nitrate used as a terminal electron acceptor.
D. gigascells were grown in a basal medium as described b
by LeGall et al. 24), using a lactate/sulfate medium. Cells
were harvested at the beginning of the stationary phase (

gigas 500 g; andD. desulfuricans900 g), suspended in 10 : : :
mM Tris-HCI buffer in a 1/1 ratio (w/v) at pH 7.6, and passed g:tfi%s 5T rrLeN: n&;iﬁ? n5 rrr::)l\(ﬂtuericgg;allﬂ\égggﬁq&f r\}@r_m_)
through a Manton-Gaulin press at 9000 psi. The extract WaSMoO4 75 mMKCI. 0.4 r,nM PEP. 0.3 mM NADH. 2.5 units/
centrifuged at 150afor 1 h; the pellet was then discarded, mL PI,Dit.ase 30 ur;its./mL myokiﬁa.se 40 units/r,nL. pyruvate
and the supernatant obtained was termed the crude extract; 204 60 units/mL lactate deHydrogenase All com-
This extract was subjected to further centrifugation at poundé were prepared in 50 mM Tris-HCI buffer ét pH 8.0
18000@ for 1 h toeliminate the membrane fraction. A clear The reaction was started by adding M@Oafter measuring' '
supernatant_,'cor'ltaining the soluble fraction, was then usedthe background rate.
for the_ purification of ATPS(s), which were processed Typical enzyme concentrations used in analyses with the
|mmeq!ate!y. o most higly purified preparations were 0:60.03ug/mL for
Purification of ATPS(s) Purification procedures were  ihe molybdolysis and ATP synthesis reactions. One unit of
performed at £C, and the specific activity was determined enzyme activity is defined as the amount of enzyme that

at each step along the purification process. produces lumol of primary product per minute.
D. gigas Enzyme The soluble fraction was loaded onto  Molecular Mass and Purity DeterminatioriThe molecular
an ion exchange DEAE-52 cellulose column (5.5 gn86 masses of the purified proteins were determined by gel

cm) equilibrated with 10 mM Tris-HCI buffer at pH 7.6. filtration using a Superdex 200 column (1 ceai30 cm) with
Using a 2 L linear gradient of 10 to 250 mM Tris-HCl at  flow rate of 0.5 mL/min. The elution buffer was 50 mM
pH 7.6, a fraction containing mainly ATPS activity was Tris-HCI buffer (pH 7.6) with 150 mM NaCl. The standards
eluted at 106200 mM and concentrated on a Diaflo ysed were cytochromed; from Pseudomonas nautiqd 20
apparatus with a YM 30 membrane. The ionic strength was kDa), fuscaredoxin fronD. desulfuricansATCC 27774 (58
decreased by adding 10 mM Tris-HCl buffer (pH 7.6) during kDa), and ferritin (440 kDa), catalase (232 kDa), aldolase
the concentration. The next steps of the purification were (158 kDa), BSA (67 kDa), ovalbumin (43 kDa), chymo-
performed by FPLC (Pharmacia). lon exchange chroma- trypsinogen A (25 kDa), and ribonuclease A (13.7 kDa) (the
tography was performed using a Source 15Q column (1.6 |ast seven being purchased from Pharmacia).

cm x 22 cm) equilibrated with 10 mM potassium phosphate  Electrospray ionization mass spectrometric analysis was
buffer at pH 7.6. Using a linear gradient of 10 to 500 mM carried out using a Sciex API Il Lc-MS/MS system.
potassium phosphate buffer (pH 7.6) and a flow rate of 4  The purity and subunit composition were determined by
mL/min over the course of 3 h, a fraction containing mainly SDS-PAGE at 12.5% (w/v). The proteins used as standards
ATPS activity was collected at an ionic strength of about were (from Pharmacia) phosphorylase b (94 kDa), BSA (67
125 mM. The fraction concentrated on a Diaflo apparatus kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa),
with a YM 30 membrane was loaded onto a Superdex 200 soybean trypsin inhibitor (20.1 kDa), andactalbumin (14.4

gel filtration column (2.6 cmx 55 cm) equilibrated with kDa). Protein staining was performed using R-250 Coo-
300 mM Tris-HCI buffer (pH 7.6) and eluted with the same massie blue.

buffer with a flow rate of 1 mL/min. The active fraction Spectroscopic MethoddJV —visible absorption data were
was pooled and passed through a HTP column (1.6xcm  recorded on a Shimadzu UV-265 split-beam spectrophotom-
20 cm), equilibrated with 300 mM Tris-HCI buffer (pH 7.6).  eter using 1 cm quartz cells. Low-temperature EPR mea-
Alinear gradient of 1 to 300 mM potassium phosphate buffer surements of the enzymes were taken on an X-band Bruker
(pH 7.6) was applied with a flow rate of 2.5 mL/min over EMX spectrophotometer equipped with an Oxford Instru-
the course of 3 h. Pure ATPS was eluted at about 60 MM. ments helium liquid flow cryostat.

D. desulfuricans EnzymeThe first purification step was EXAFS MeasurementsX-ray absorption spectroscopic
carried out as described above. The active fractions-(50 measurements were taken at the Stanford Synchrotron
150 mM) were combined and concentrated on a Diaflo Radiation Laboratory with the SPEAR storage ring contain-
apparatus with YM 30 membrane. The ionic strength was ing 55-100 mA at 3.0 GeV. Data were collected on
decreased by adding 10 mM Tris-HCI buffer (pH 7.6) during beamline 7-3 using a Si(220) double-crystal monochromator,
the concentration process. The next step was ion exchangevith an upstream vertical aperture of 1 mm, and a wiggler
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field of 1.8 T. Harmonic rejection was accomplished by Tapie 1. purification of ATP Sulfurylases from. desulfuricans
detuning one monochromator crystal to approximately 50% ATCC 27774 andD. gigas
off peak, and no specular optics were present in the beamline:

volume protein activity specific activity

The incident X-ray intensity was monitored using a nitrogen- step (mL)  (mg) (units) (units/mg of protein)
filled ionization chamber, and X-ray absorption was mea- D. gigas
sured as the X-ray & fluorescence excitation spectrum using ¢rude extract 1780 64600 155000 2.4
an array of 13 germanium intrinsic detecto?$)( During soluble fraction 2180 27900 106000 3.8
data collection, samples were maintained at a temperatureDEAE-52 850 7120 98900 13.9
of approximately 10 K, using an Oxford Instruments liquid gource 15 420 853 45100 52.9
; . - uperdex 200 29.5 444 10800 24.3
helium flow cryostat. For each sample eight to ten 35 min p1p 8 243 7030 28.9
scans were accumulated, and the absorption of a metal foil D. desulfuricans
was measured simultaneously by transmittance. The energycrude extract 3200 152000 274000 18
was calibrated with reference to the lowest-energy inflection soluble fraction 6700 85800 222400 2.6
point of the molybdenum foil, which was assumed to be DEAE-52 810 3720 44200 11.9
7709.5 and 9660.7 eV for Co and Zn, respectively. gource 15 1366 2780 24200 8.1
o L uperdex 75 128 696 10800 15.5
EXAFS oscillationsy(k) were quantitatively analyzed by  p{tp 10 222 5000 225
curve fitting with the EXAFSPAK suite of computer
programs [http://ssrl.slac.stanford.edu/exafspak.html] using 1 D) 3 4

ab initio theoretical phase and amplitude functions generated
with the programeff version 7.02 26, 27).
Protein Assay. Protein determinations were performed

according to the methods of Bradfor2igj and Lowry et al. 94 kDa —
(29) with BSA as a standard, and also estimated by amino
acid composition analysis. 67 kDa —

N-Terminal Sequence and Amino Acid Composition De-
termination. The N-terminal sequences were determined by
automated Edman degradation in an Applied Biosystem 43 kDa —
model 477 A protein sequencer coupled to an Applied
Biosystem 120 analyzer following the manufacturer’s in-
structions. A total of 125200 pmol of ATPS(s) was used.
Amino acid analysis was performed with a Pharmacia Alpha
Plus amino acid analyzer after hydrolysis for 24 and 48 hin 30 kpg —
6 N HCl at 110°C.
Metal Analysis. Zinc and cobalt levels were determined
chemically as indicated in ref30 and 31, respectively, and
by atomic absorption spectroscopy (Perkin-Elmer 1313,
furnace 4100 ZL). 20.1 kDa—
Chemicals and Chromatographic MaterialsThe bio-
chemicals and enzymes used in the coupled assays were
obtained from Sigma: Na-NADP (N-505), NADH (N-8129),
APS (A-5508), PEP (P-7002), hexokinase (H-4502), glucose- 14.4 kDa—
6-phosphate dehydrogenase (G-4134), myokinase (N-5520), = ™
PPitase (I-1643), and a pyruvate kinase/lactate dehydrogenase
mixture (P-0294). None of the auxiliary enzymes were Ficure 1: SDS-PAGE in 12.5% acrylamide of (lane B). gigas
desalted before being used. Superdex 75 and Superdex 20¢R #9) and (lane 3D. desulfuricansATCC 27774 (3ug) ATPS-
were purchased from Bio-Rad and Source 15Q and HTP (S)- Lanes 1 and 4 contained the standards.
from Pharmacia, and DEAE-52 was purchased from What- SDS-PAGE of the pureD. desulfuricansand D. gigas
man. All other chemicals were of reagent grade at the ATPS(s) disclosed a single dye-stained band with a mobility
highest available purity. corresponding to molecular masses of 48 and 50 kDa,
RESULTS respectively (Figure 1). Both enzymes were homogeneous.
The molecular masses of the ATPS(s) were also estimated
Table 1 summarizes the results of purification of the by gel filtration. The protein fronD. desulfuricansluted
ATPS(s) fromD. desulfuricansATCC 27774 andD. gigas at aK,, of 0.316 (138 kDa) and thB. gigasenzyme at a
crude extracts. Both proteins have similar chromatographic K,, of 0.307 (151 kDa), suggesting that both enzymes adopt
behavior, but theD. gigasenzyme is more acidic. It was a homotrimer structure under native conditions. The mo-
noticed that both proteins are not very stable during purifica- lecular masses of the subunits were also estimated by
tion. The best specific activity obtained fBr. gigasATPS, electrospray mass spectrometry: 47.1 kDaDordesulfu-
after the Source 15Q column, was 52.9 units/mg at which ricansand 48-50 kDa forD. gigas The difference between
stage the enzyme was 80% pure according to SPAGE subunit mass determination by different methodologies was
analysis. The final enzyme preparations had specific activi- not greater than 3%.
ties of 28.9+ 1.1 (D. gigag and 22.5£ 0.8 units/mg D. One single N-terminal sequence was found for each
desulfuricans) protein, suggesting that all the subunits are identical. The
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Table 2: Amino Acid Composition (moles per 100 mol of total 1.4 B |14
amino acids) oD. gigasandD. desulfuricansATCC 27774 ATP 2
Sulfurylases 1.2 - [ 1.2
residue D. gigas D. desulfuricans 1. ! 4
Asp and Asn 9.34 (41) 8.49 (36) Q 2
Thr 4.28 (19) 3.73 (16) S 081 - 0.8 §
Ser 3.86 (17) 4.24 (18) £ 5
Gln and Glu 11.72 (52) 12.19 (52) 2 o8 06 2
Pro 4.24 (19) 4.68 (20)
Gly 9.59 (42) 9.81 (42) 0.4 - L 0.4
Ala 10.13 (45) 8.07 (35)
Cys 1.46 (7) 1.05 (5) 0.2 | L 02
Val 7.15 (32) 8.09 (35)
Met 3.64 (16) 4.65 (20) 0 . ; - 1 0
lle 4.89 (22) 3.65 (16) 250 450 650 250 450 650
Leu 8.56 (38) 8.76 (38) Wavelength (nm) Wavelength (nm)
Tyr 3.64 (16) 3.08 (13)
Phe 3.65 (16) 3.89 (17) Ficure 2: Electronic spectra of ATPS(s) from (A). gigas(1—
His 2.17 (10) 2.11(9) 5.7uM, 2—200uM) and (B) D. desulfuricansATCC 27774 (+
Lys 7.49 (34) 8.71 (37) 7.9 uM, 2—157 uM) in 60 mM potassium phosphate buffer (pH
Arg 4.19 (18) 4.81 (21) 7.6).
aThe number of residues calculated EargigasandD. desulfuricans
enzymes, assuming subunit molecular masses of 49 and 47 kDa, g=645
respectively, are shown in brackets. l ' A

N termini of both ATPS(s) presented here are not very ‘J\M\/.”

homologous with the data available in the databaBe: lg=6-5

desulfuricansKMLSEGAD-VPDHFGRDEVLAILREYYS- B
GLTEKVEV; andD. gigas AKLVPXHGGKGLVVXLLE-
GAELESSV.

Table 2 shows the amino acid compositionbfdesulfu-
ricans and D. gigasenzymes (per monomer) and contains ‘ ‘
the nearest integer calculated for each residue assuming 100 1100 2100 3100 4100
molecular masses of 47 and 49 kDa, respectively. Magnetic field (Gauss)

Metal analysis of ATPS(s) from both sources indicated Fgyre 3: EPR spectra of ATPS(s) from (A). gigas (200 uM,
the presence of cobalt and zinc. The cobalt and zinc contentsnative) and (B)D. desulfuricang(200 «M, reduced with 20 mM

(per trimer) were 1.8% 0.02 mol of Co and 0.72 0.01 dithionite) in the 60 mM potassium phosphate buffer (pH 7.6). The

mol of Zn per mole of protein for thd®. desulfuricans spectrum was recorded at 4 K, with a microwave frequency of 9.55

enzyme and 1.53 0.03 mol of Co and 1.3& 0.04 mol of c()Slezd zli microwave power of 2.0 mW, and a modulation amplitude

Zn per mole of protein for th®. gigasenzyme. We can

conclude that both enzymes contain close to one metal atome7;s = 535 M™% cm™? for D. desulfuricansandesss = 4117
(Co or Zn) per subunit. This is a first indication that cobalt M~! cm™, €370 = 2410 M1 cm™%, €g25 = 460 M1 cm™2,

and zinc are probably occupying the same coordination site eges = 705 Mt cm %, ande715= 415 Mt cm for D. gigas

and some molecules contain cobalt and others contain zinc.Addition of APS, sulfate, and P pure ATPS(s) prepara-
This suggestion was further supported by EXAFS measure-tions in a 1/1 ratio did not induce noticeable changes in the
ments (see below). spectra.

Incubation of both enzymes in 50 mM MOPS (pH 7.4) Figure 3 shows the comparison of the low-temperature
with 2 x 104 M CoCl, and 2 x 104 M ZnCl, over the X-band EPR spectra of both enzymes. The spectra are very
course of 12 and 48 h atC did not affect the enzymatic  similar, with intense features centeredjatalues of ca. 6.5.
activity. Incubation of ATPS(s) with 5 mM EDTA for 24 h  The main spectral features were studied in the range-804
in 60 mM phosphate buffer at pH 8.0 at@ did not result K. Their shape was essentially unchanged up to about 30
in metal chelation and noticeable loss of activity. However, K and observable, although broadened, up to 50 K. Reduc-
a 10-15% loss of activity was achieved after treatment of tion with dithionite does not affect their intensities. Both
72 h. As a control, ATPS(s) were incubated without EDTA ATPS(s) display the same qualitative profile. The spectra
under the same conditions. are characteristic of high-spin Co(lI5& 3/5) in a rhomb-

ATPS(s) are light blue-greenish in color. The electronic ically distorted environment witlgmax Values of~6.51 for
spectra of both purified ATPS(s) are shown in Figure 2. The D. desulfuricansgnd 6.45 foD. gigasenzymes, respectively.
absorption features and maxima are very similar for both Very minor features assinged to contaminating free high-
enzymes. They exhibit a protein absorbance band at 279spin iron(lll) (for D. desulfuricany and copper(ll) are
nm and charge-transfer bands at 335 and 370 nm witth d  identified aroundy ~ 4.31 andy ~ 2.05 region, respectively.
band contributions at 625, 666, and 715 nm. The molar Theg = 4.3 signal was bleached after dithionite reduction,
extinction coefficients were calculated on the basis of the and theg = 2 signal is due to cavity contamination. The
total cobalt contentiezss = 4496 M1 cm™?, €370 = 2430 EPR spectra arise from the ground Kramers doublet of the
M~tcm™, €go5 =598 Mt cm ™2, €gs6 = 865 M1 cm %, and S= 3/, multiplet of high-spin Co(ll). The observeagivalue
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Ficure 4: Cobalt and zinc X-ray absorption K-edge near-edge
spectra oD. gigas(broken lines) andD. desulfuricangsolid lines)
ATPS(s). The inset in the Co K-edge panel shows the-13d
region vertically expanded.

—

Transform Magnitude
=

—

of the EPR spectra is close to that of a pseudotetrahedral
complex, but neither thg values nor the zero-field splitting o
parameters are reliable indicators of the geometry. However,

spectra are related to those of four-coordinate tetrahedral Co- 1
(1) complexes, as observed in model compounds such as
Co(I1)(CHsCOO ) (imid), (32) and in Co(ll)-reconstituted
enzymes such as bovine carbonic anhydras&3, (iver
alcohol dehydrogenasé&4), carboxypeptidase A36), the FIGURE5: (A) EXAFS spectra and (B) EXAFS Fourier transforms

~ [PE ; ; B . (phase-corrected for sulfur backscattering). In all cases, the solid
a-fragment of rabbit liver metallothionein&§), Co-des lines show experimental data and the broken lines the best fits.

R+A (A)

quoredoxi_n fromD.gigas(37), arthropod_ hemocyanir8g), Traces a and b show the Zn K-edge data fbrgigas and D.
and azurin fromPseudomonas aeruginog@9). Cobalt desulfuricansATPS(s), respectively, while traces ¢ and d show Co
hyperfine splitting arising from thé®Co nuclear spinl(= K-edge data foD. gigasandD. desulfuricansATPS(s), respec-

’I,) in the low-field region is observed in cobalt-substituted tively.
and cobalt-containing protein89, 40), but was not detected

in OUr Cases. Figure 5 shows the EXAFS spectra of the Co and Zn sites

. in D. gigasandD. desulfuricansATPS(s), together with the

The EXAFS data of ATPS(s) fro. desulfuricansand gy AFs Fourier transforms. The data from the two different
D. gigascomplement and clarify the EPR spectral analysis, oqanisms were again very similar, suggesting a nearly
since the zinc is EPR silent and does not contribute to the jyentical metal coordination environment in both. The results
electromc spectra. In Figure 4 are compared.the X-1ay of the EXAFS curve-fitting analyses are summarized in Table
absorption near-edge spectra of the cobalt and zinc K-edges;  The curve-fitting analysis gave adequate fits with four
for bothD. gigasandD. desulfurican®ATPS(s). The spectra  gyifur ligands, but in all four cases, the fits were improved
from the two enzymes are strikingly similar, suggesting slightly by postulating a M@\ coordination (see Table 3).
almost identical metal coolrdinations. Both_ Co K-edge and As the improvement in the EXAFS fit error parameters is,
Zn K-edge spectra are typical of an approximate tetrahedralin a|| four cases, rather subtle, we considered the possibility
coordination for the metal. In particular, the Co K-edge that this was an artifact of analysis, perhaps due to the
spectra show a pronounced-2s3d transition at about 7709 jnadequacy of the ab initio theoretical phase and amplitude
eV. This dipole forbidden, quadrupole allowed, transition functions that were employed. We therefore attempted to
gains dipole intensity from an admixture of metal 4p states fit the Zn EXAFS of zinc-substituted rubredoxiA2), which
in noncentrosymmetric environments (e.g., tetrahedral sym-is known to be a Zn§site, with a ZngN model, using &
metry), and its intense presence here supports the notion okange identical to the ATPS data. When this was done, the
an approximately tetrahedral site. For both metals, the EXAFS error parameter increased from 0.235 for Zt®
spectra show a strong resemblance to those of the ap-0.243 for ZngN. Further support for the postulated N donor
proximately tetrahedral sulfur-coordinated model complexes ligand can be obtained from examination of the loRg
(NMey),Co(SPh) and Zn(diethyldithiophosphatg)not il- features in the EXAFS Fourier transform. In Figure 6, the
lustrated), suggesting that the coordination of the metal is Zn K-edge EXAFS Fourier transform d@. desulfuricans
predominantly via sulfur ligands. ATPS is compared with that of a [Zn(imidazafg)nodel
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Table 3: EXAFS Curve-Fitting Analysis

M—S distance M-N distance
sample N R(A) 02 (A2 N R(A) 02 (A2 AEq(eV) erroP
D.g.Zn 4 2.301 (2) 0.0054 (1) —16.8 (6) 0.243
3 2.309 (3) 0.0034 (2) 1 2.061 (13) 0.0024 —16.6 (8) 0.232
D.d.Zn 4 2.311 (3) 0.0049 (1) —15.4 (6) 0.261
3 2.318 (3) 0.0030 (2) 1 2.070 (14) 0.0024 —15.0 (8) 0.246
D.g.Co 4 2.269 (3) 0.0062 (2) —-11.8 (6) 0.274
3 2.287 (3) 0.0048 (3) 1 2.071 (13) 0.0025 —9.3 (6) 0.266
D.d.Co 4 2.278 (3) 0.0058 (2) —10.1 (6) 0.292
3 2.291 (3) 0.0039 (2) 1 2.051 (15) 0.0025 —9.0(8) 0.276

a2 The values in parentheses are the estimated standard deviations (precisions) obtained from the diagonal elements of the covariance matrix. We
note that the accuracies will always be somewhat larger than the precisions, tygifadig A for R and£20% for N ando2 Note that EXAFS
cannot readily distinguish between scatterers with similar atomic numbers, such as chlorine and sulfur, or nitrogen anfl thedererror is
defined by equatiok8(yexpt — Ycaicd /=Ky expi?- ¢ The Zn—N o2 value showed high mutual correlation in the refinements with that of theZn
EXAFS and could not be independently refined. The-Bho? value was therefore fixed at the value estimated for-@midazole coordination (A.
V. Poiarkova and J. J. Rehr, personal communicatdj,;

T T N

S (Cys)

N
2.07 (2.06)x 231 (229 A
M

Transform Magnitude

3
R+A (A)

6
Ficure 6: Comparison of Zn K-edge EXAFS Fourier transforms
of D. desulfuricanATPS and that of Zn[imidazolg]Zn—S phase
corrected for comparison with Figure 7. The arrows indicate Fourier
transform features that can be attributed in the model to outer shell S (Cys)

C and N from the imidazole ring. Similar features can be seen with
the enzyme data. 231 (229) A

S (Cys)

; A ; Ficure 7: Postulated structure for Co and Zn sitesDofgigas
complex. Although the signal-to-noise ratio of the enzyme andD. desulfuricangsolid lines) ATPS(s). In the figure, M is either

data did not allow us to attempt a quantitative analysis, SOme cq or zn and bond lengths are the average ofdhgigasandD.
similarity of the outer shell Fourier transform peaks (indi- desulfuricansZn values, with values in parentheses the average
cated) is clearly visible. These features are due to singlefor Co.
and multiple scattering involving the outer carbons and
nitrogens of the imidazole ring and are characteristic of the pure ATPS(s) fronD. desulfuricansand D. gigasare
histidine coordination in metalloproteins. While the intensity ©on the order of the specific activities found in other systems
of these features in the enzyme spectra is close to that of[in the direction of ATP production values of ATPS(s)
the noise, they remain when therange of the Fourier  activities from different sources are 20 units/mg (rat liver)
trasform is reduced, and when Gausskaspace window  (15), 38 units/mg (cabbage leafL?), 48 units/mg D.
functions were applied, indicating that they are not artifacts vulgaris Hildenborough) 21), and 50 units/mgR. dupont)
due to noise or series termination effects. (14) and in the specific molybdolysis activities are 68 units/
A search of the Cambridge Crystallographic Data Base mg (D. wulgaris Hildenborough) 22), 24 units/mg P.
indicated that the bond lengths determined (in Table 3) were chrisogenur(12), 20 units/mg P. dupont) (14), 20 units/
typical of four-coordinate metal thiolate sites for which mg (rat liver) (L5), and 8.3 units/mg¥m. nigrificang (22)].

typical M—S bond lengths were 2.36 and 2.31 Afor Znand  The molecular masses of native ATPS(s) vary with the
Co, reSpeCtively. For ZinC, but not for CObaIt, a model exists Species and have a monomeMX dimeric (17), tetrameric
with three thiolates and one imidazole ligaréB). This (16), and hexameric1(2, 14) organization. Most of the
compound has ZnS and Zn-N bond lengths of 2.36 and  ATPS(s) have identical subunit compositions, in contrast to
2.06 A, respectively, which are in good agreement with the E_ coli K12 enzyme which is composed of two different
values determined from EXAFS curve fitting (Table 3). A gypunits (7). ATPS(s) fromD. desulfuricansndD. gigas
postulated structure for the metal site is shown in Figure 7. 5re homotrimers with approximate molecular masses of 141
(8 x 47) and 147 (3x 49) kDa. These subunit sizes are

DISCUSSION similar to those of the spinach leaf (480 kDa) (L6) and

The isolation and the characterization of the enzyme trophosome tissue of hydrothermal vent tube worm (48 kDa)
responsible for the activation of the sulfate molecule are key (45) enzymes but smaller than those of the subunits from
steps in the understanding of one of the most primitive fungi, rat liver, and yeast (6269 kDa) (L1, 12, 14, 15).
respiratory chains. Furthermore, the enzyme was identified ATPS(s) from different sulfate reducers seem to have quite
as a metalloprotein. The enzymatic activities associated with distinct behaviors in terms of electrophoretic mobiliB0).
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Dissimilatory ATPS(s) fronD. desulfuricangndD. gigas periods of time. The activity of the pure ATPS(s) could not
contain 5 and 7 cysteines and 20 and 16 methionines,be increased by adding €9 Zn?", or both.

respectively. Sulfate assimilators contain relatively few  Cobalt and zinc are necessary as trace elements in all cells

su]fur amino a}cid residues. 3 cygtgines ar_ld 612 me- but can be toxic at higher concentrations. Cobalt is a central
th|(_)n|nes) (16_3) in contrast with theRiftia syr_nbl_ont enzyme  metal cofactor in the corrin ring of vitamin;Band plays
which contains 7 cysteines and 21 methionin€g.( This important roles in a wide range of biological functions. This

suggests that dissimilatory ATPS(s) are more closely relatedion is present in many noncorrinoid enzymes such as
to the chemolitotrophs in terms of sulfur-containing amino methionyl aminopeptidas&%), transcarboxylaség), lysine
acids. 2,3-aminomutased(), nitrile hydrataseg7), bromoperoxi-
The visible absorbance spectra of ATPS(s) either originate dase $4), amidase %8), and cobalt transport proteinSg).
from electronic transitions between electronic energy levels Zinc is present in more than 300 enzymes, which contain a
of the metal binding sites ed transition due to C0) or single Zi#* ion, several ZA" ions, or different metal ions,
are electronic transitions from electronic levels of the ligand including Zr#*. Zinc and cobalt can be intersubstituted and
to the energy levels of the metal. The low-wavelength display activities comparable to that of the native enzyme
absorbance is assigned to a LMCT band indicative of sulfur- (60). Both metals in ATPS(s) fronD. desulfuricansand
to-cobalt charge transfer resulting from thiolate coordination D. gigascan be functional and necessary for the catalytic
(48). The charge-transfer bands from the ligand to zinc will action and/or structure and even not involved in the catalytic
be located around 225 and 275 nm and will be hidden by mechanism but necessary to keep the protein in the proper
the protein absorbance bands that have a higher extinctionconformation.
coefficient @9). The near-ultraviolet LMCT band lies at 335 The enzymes characterized from two sulfate reducers from
nm with a molar absorptivity of 4496 M cm™ for . the genuDesulfaibrio are quite similar in terms of masses,
desulfuricansand 4117 M* cm* for D. gigas and is  gpecific activities, and metal coordination spheres. The
assigned to charge-transfer transitions from the bound presence of the two different metals, cobalt and zinc in
IigandS’ sulfur to C8*. The extinction coefficients OfLMCT ATPS(S), means these proteins are related to the diverse
bands are normally 9661300 M™* cm™ per cobalt-thiolate  family of the Zn-containing enzymes and also to the small
bond 60). Therefore, we can conclude that cobalt is bound group of Co-containing enzymes (excluding the distinct
to at least three sulfur groups. The positions and intensitiestamily of cobalamin proteins). This is the first report
of bands at 335, 666, and 715 nm are comparable to thosejescribing ATPS(s) as metalloproteins. The EPR and
of known tetrahedral C6 complexes with three or four  glectronic spectra are compatible with the EXAFS results
thiolate ligands, e.g., inorganic tetrathiolatec®" complexes and are indicative of high-spin @b in a tetrahedral
(49, 51) and Cé"-substituted metalloproteins such as horse ¢oordination. Zinc is diamagnetic and is not observed by
liver alcohol dehydrogenase with €obound at the non-  EpPR. From the metal analysis and the results obtained from

catalytic metal binding site 5¢), rabbit liver Co(lly— EXAFS, we can conclude that cobalt and zinc are probably
metallothionein $3), Co**—rubredoxin 87, 50), Co**~ occupying the same coordination sites. The total metal
desulforedoxin §7), and theo-fragment of rabbit liver  contentis very close to three per trimer, suggesting that each
Co**—metallothionein 86). We suggest that botes-  monomer has a full metal complement. This is also

ulfovibrio ATPS(s) have most probably three sulfur atoms consistent with the fact that, after incubation with extra metal,

coordinating the cobalt. EXAFS data confirm that zinc is no alterations are observed in the specific activity or in the
in a similar environment (see below). Also, the spectra of yisjple spectra.

ATPS(s) fromD. desulfuricansandD. gigasare somewhat

similar with the spectrum of bromoperoxidase freseudomo-  ACKNOWLEDGMENT
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