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Figure 1. Mo K-edge and Cu K-edge EXAFS spectra of the orange
protein (left), and corresponding Fourier transforms, phase-corrected for
sulfur backscattering (right). The solid lines indicate experimental data,
an broken lines, best fits:A4 MeS at 2.207(3) A, v'gthr2 = 0.0038(3)
; 2,1 Mo---Cu at 2.749(6) A, witho?> = 0.0027(3) A&, and 4 Cu-S at
Receied March 17, 2000 2.305(6) A, witho? = 0.0056(3) &, 2 Cu--Mo at 2.736(6) A, witho?

Four categories of mixed-metal sulfide clusters are known to = 0.0031(3) & o2 are the mean square deviations in interatomic
participate in enzyme catalysis; the nickélon—sulfur and distances, and the values in parentheses are 95% confidence limits
nickel—iron—selenium-sulfur clusters of nickel hydrogenases (precisions) from t_he diagonal elem_ents of the covarianc_e matri_x. We
and the molybdenumiron—sulfur and vanadiumiron—sulfur note that these will be an underestimate of the_ accuracies, which are
clusters of nitrogenas@sAll of these clusters contain iron, and ~ YPically better thant0.02 A for bond lengths. The inset shows the long-
all are involved in redox reactions. We present herein X-ray ;;‘ng?MmgeraCt'o”’ ftgrggtg’ek' _I'_genft.'f'.edl ZS M.“CLI""MO with ‘a
absorption spectroscopic evidence for a previously unknown and0 80550 istance of 5.56(9) A. The fit includes single-scatteriog €

; . . . . . (21)), plus three- and four-leg multiple scattering paths involving
quite different type of protein-bound mixed-metal sulfide cluster " " & = 0.0064(27)) and a Me-Cur+-Mo bond angle of 170
containing molyb.denum and copper th no iron, isolated from The copper EXAFS data are truncateckat 13 A1 because of traces
the sulfate reducing organisbesulfaibrio gigas _ of zinc in the preparation (the Zn K-edge occurs at this position).

When D. gigas NCIB 9332 cells are grown at 37C in a
lactate-sulfate medium under anaerobic conditibas orange
colored protein of as yet unknown function can be isolated.
Chemical analysésndicate that it contains copper and molyb-

denum in the ratio 1.0:2.1, with no other metal or metalloid present o~ SV
in significant amounts. P 8979 eV 1s— 3d peak characteristic of &3 indicating a Cl

The orange protein Mo and Cu K-edge extended X-ray oxidgtion state. The protein contai_ns n_egligible phospHéarsl
absorption fine structure (EXAFS3pectra (Figure 1) clearly show  chlorine, as deduced from examination of these K-edges (not
both metat-sulfur and metatmetal backscattering. Quantitative  illustrated).
curve-fitting analysis of the Mo data indicated 4 M8 at a The molybdenum |}, Ly, and sulfur K near-edge spectra
distance of 2.21 A, plus a single MeCu interaction at 2.75 A, (Figure 2) provide direct information about the electronic structure
while the copper EXAFS indicated 4 €& at 2.31 A, with two of the cluster. The intense Mo L preedge absorption is due to
Cu---Mo at 2.74 A. Thus, the EXAFS indicates that the metals dipole-allowed 2p— 4d transition$! The two peaks which
have only sulfur ligands, and that each molybdenum has a singlecomprise this feature (see Figure 2, second derivatives) are due
copper neighbor, while the copper has two molybdenum neigh- to 2p— 4d(t) and 2p— 4d(e) transitions, and their separation
bors. The molybdenum K near-edge spectrum of the orange thys gives an excited-state Mo ligand-field splitting of about 1.34

T Stanford Synchrotron Radiation Laboratory. and 1.24 eV for the |, and L, edges, respectivelf.Because of

# ExxonMobil Research and Engineering Company. the presence of a core-hole the observed (excited-state) ligand-

(B'Z'E;’)efl'grgiﬁt!\‘g‘_’?:_ng'&')sc?ﬁ% Biophys. Acta994 1188 167-204. field splitting will be slightly larger than that of the ground-state,

(b) Volbeda, A.; Garcin, E.; Piras, C.; de Lacey, A. L.; Fernandez, V. M,;

protein strongly resembles that of tetrathiomolybdate (Figure 2),
suggesting thio-coordinated Mowith approximately tetrahedral
geometry, and the Cu K near-edge spectrum (Figure 2) lacks the

Hatchikian, E. C.; Frey, M.; Fontecilla-Camps, J.JCAm. Chem. So0d.996 (6) George, G. N.; Garrett, R. M.; Graf, T.; Prince, R. C.; Rajagopalan, K.
118 12989-96. V. J. Am. Chem. S0d.998 120, 4522-4523.
(2) Burgess, B. K.; Lowe, D. hem. Re. 1996 96, 2983-3011. (7) George, G. N.; Garrett, R. M.; Prince, R. C.; Rajagopalan, KJ.V.
(3) LeGall, J.; Mazza, G.; Dragoni, NBiochim. Biophys. Actd965 99, Am. Chem. Socl996 118 8588-8592.
385-387. (8) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, RJ.GAm.

(4) Purification was performed aerobically at pH 7.6, employing ion Chem. Soc199], 113 5135-5140.
exchange DEAE-52 cellulose, hydroxyapatite (HTP), and Superdex 75 gel  (9) Pickering, I. J.; George, G. Nnorg. Chem.1995 34, 3142-3152.
filtration. SDS-PAGE of the pure protein showed a single dye-stained band  (10) The lack of phosphorus indicates that the orange protein does not
with a mobility corresponding te-12 kDa, and gel filtration indicated that it contain the molybdopterin cofactor [Johnson, J. L.; Rajagopalan, KI.V.
is a monomer. One single N-terminal sequence was found for protein, Biol. Chem.1977 252 2017-2025].
confirming the purity. Electrospray mass spectrometry reveals a single peak  (11) George, G. N.; Cleland, W. E.; Enemark, J. E.; Smith, B. E.; Kipke,
corresponding to 11.9 kDa, agreeing with the calculated value from the C. A.; Roberts, S. A.; Cramer, S. . Am. Chem. S0d.99Q 112, 2, 2541
sequence of 11.8 kDa. Metal analysis was performed by inductively coupled 2548.
plasma emission analysis. (Bursakov, S. A.; Gavel, O. Y.; Moura, |.; Moura (12) Accurate positions for spectral features were estimated by pseudo-

J. J. G., unpublished). Voigt deconvolution using the program EDG_FITWe note that under
(5) X-ray absorption data acquisition was carried out at SSRL as previously idealized symmetry the .. and L, edges will exhibit differences in the
described using beamline-B for Cu and Mo K-edge%and beamline 62 transition probability to the various components of the 4d-manifold [e.g., (&)

for S K and Mo L-edge$.The EXAFSPAK programs [http://ssrl.slac.stan- ~ Sham, T. K.J. Am. Chem. S0d983 8, 2269-2273. (b) Tyson, T. A.; Case,
ford.edu/exafspak.html] were used to analyze the data, EXAFS curve-fitting D. A.; Hedman, B.; Hodgson, K. O. M-ray Synchrotron Radiation Research
employed asg initio phase and amplitude functions generated with the program Balerna, A., Bernieri, E., Mobilio, S., Eds.; SIF: Bologna, 1990; pp-247
FEFF v8.03 250].
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Figure 3. Postulated structure for the f80S,CuSMoS;]3~ cluster of
x20 the orange protein.

2.19, 2.20, and 2.64 A, respectivély.For the former, the
increased metalmetal distances is primarily due to longerA§
bonds (2.52 A), compared with 8. The Cambridge Structural
’ L | ; Databas® suggests a typical fqur-coordinate'es b_ond-Iength
%0 635 e aom of about 2.30 A, and the GtS distance observed with the orange
protein is in excellent agreement with this value. Long distance
Mo---Cu---Mo multiple scattering EXAFS would be expected for
a linear arrangement of atoms within the clustegiving rise to
a small Mo EXAFS Fourier transform peak at about 5.5 A. Such
a feature is indeed observed at marginally above the noise level
of the data, which fits well to a Me-Mo distance of 5.56(9) A
(Figure 1), although rather less intense than expected for a totally
linear arrangement of metals. We attribute this to an approximately
T 10° deviation from linearity?? which has the effect of reducing
2465 2470 2475 2480 the intensity of the multiple scattering interactions. A possible
Energy (€V) structure for the orange protein mixed-metal cluster is shown in

Figure 2. Mo K-edge, Cu K-edge, Mo L-edge, and S K-edge spectra of Figure 3% ) )

the orange protein. The broken line (- - -) in the Mo K-edge and S K-edge ~ In summary, we have structurally characterized a hitherto
plots show the spectra of tetrathiomolybdate and methionine, respectively. Unknown protein-bound mixed-metal cluster in the orange protein
The dotted lines+¢-) in the molybdenum L-edge and sulfur K-edge plots  Of D. gigas We deduce that it is the approximately linear species
show the second derivative spectra. The Mo L-edge and S K-edge plots[S;M0S,CuSMo0S;]3~. While the function of the orange protein
share the same energy range (20 eV) but have been shifted so as to aligis at present unknown, the J80S,CuSMoS;]3~ cluster can

the transitions involving the Mo 4d-manifold. The relative ordinate scales potentially accept electrons, and a redox role seems quite
of all plots have been adjusted for clarity. plausible.
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which we estimate to be 1.19 é¥The S K near-edge (Figure

D o e by DOE GBE .t wofkas anded b e Avard
- ; : . GM57375 (G.N.G.). Research at the Universidade Nova de Lisboa is

yv|th substantial sulfur 3p and metal d-orbital characte_r. A5 CU finded by PRAXIS 2/2.1/BIO/05/94 (J.J.G.M.), BPD/14146/97 (S.A.B.),

is formally 3d1° these must be molybdenum-based orbitals, and gnd BD/13775/97 (0.Yu.G.).

the splitting of this feature thus also gives an approximate Mo

ligand-field splitting of about 1.09 eV, in reasonable agreement

with the Mo L-edge value. The electronic spectrum (see Sup-  Supporting Information Available: The electronic spectrum of the

porting Information) shows protein absorbance at 274 nm plus °range protein (PDF). This material is available free of charge via the

two bands at 480 and 338 nrado = 5500 andesss = 10700  'Nternet at hitp://pubs.acs.org.

M~ cm™) and a weaker shoulder at 433 nm. The 480 and 338

nm bands can be assigned as ligand to metal charge-transferga000955H

involving Mo, and corresponding to a ligand-field splitting of i i

1.08 eV, in excellent agreement with the values derived from the (%‘5‘) g.eﬁfg.e' Gi NJ \,(309”9' CR- GC- _UBPUb“ShTEdCOF‘SgVE‘“O”SG FEBS

X-ray spectra. The S K-edge transition energy of 2467.6 eV is ,_et(t_ 12;9;431”%1_'14_’ finee, 1. Lo DIVErS, 1. &y eorge, &.

lower than typically observed for thiolate ligantsyut charac- (16) Analysis of the intensity of the features attributable to methionine in

ioti ; 2— the S K-edge dataindicated the occupancy of the cluster must be low (
teristic of Mo hound sulfide (cf. [Mog*" at 2467.3, 1.12 eV ~20—-25%), with the presence of substantial apo-protein. Subsequent deter-

splitting'¥). The spectrum also shows features attributable to mination of the protein by amino acid composition confirmed that the copper
methionine but not cysteing;in agreement, the amino acid  molybdenum cluster is present in approximately 20% of the protein molecules.
sequence indicates no cysteine and three methioMifde lack The protein as-isolated was air stable and did not lose cluster with time.

of cysteine suggests the cluster is not covalently tethered to the 88 ,\Hﬂ'ﬂﬁérR‘:h%"gégg‘ 1H?9§§§’r,?éfs7k?ﬁf?l,§énk M.: Nieradzik. K.:

protein by an amino acid side chain (e.g., ref 17), except perhapsbartmann, M.; Krickemeyer, E.; Schimanski, J.; Romer, C.; Romer, M.;
via methionine, although longer metadulfur bonds might be Dornfeld, H.; Wienboker, U.; Hellmann, W.; Zimmermann Bonatsh.
expected Chem.,1989 120, 367—371. )
p ' . . (19) Acott, S. R.; Garner, C. D.; Nicholson, J. R.; CleggJMChem. Soc.,
Together, the data are consistent with thd\[8S,CuSMoS;]*~ Dalton Trans, 1983 713-719.

cluster shown in Figure 3. This is expected to be EPR silent, as g% ﬁgg{;{z’; '?: E?“ggmysgﬁh&mk\[?egegtsorg-_Noeﬁ%A& El—K?I'Zn £
observed. The synthetic chemistry of Cu and Mo sulfide clusters ¢,mmins, C. C.; George, G. N.; Pickering, I.11.Am. Chem. Sod996

has been well investigated, including species related to the orange118 8623-863s.
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protein clustet8°The cluster [gM0S,AgS,M0S;]3~ has Mo-S |1(822|) lntehfestingl{btdhe [%/_'OSzngSzll\_/losz]?t‘ cluster reported by Muller et
.. ; ; al® also shows a I0deviation from linearity.
and Mo--Ag distances of 2.18 and 2.94 A, respectivEiand (23) The EXAFS-derived interatomic distances can also be used to compute

[S:2M0S,CuSRF~ has Mo-S, Cu-S, and Me--Cu distances of additional metrical information about the cluster. If all the #® bond lengths
were identical, the Me S—Cu bond angles would be 74;@&s bridging sulfur

(13) Using the DGauss density functional theory we calculate that the effects is expected to have slightly longer bond lengths than the terminal sulfur, this
of a core hole will be to increase the (observed) 4d-orbital splittings by value is a maximum. Maximum values fo-$10—S and S-Cu—S bond
approximately 8% relative to those of the ground state. lengths can also be estimated as 10&iid 102.1, respectively.




