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Proteins containing [2Fe-2S], [3Fe-4S], and [4Fe-4S] clusters
accomplish many important biological taskall-ferrous states
of these clusters have not yet been observed during normal activity Iradiated "
of any of these proteins. However, considerable efforts are being A Lo |'¢ 1
made to produce such fully reduced states, as they are expected 4 ) 0 2 4
to provide insight into the electronic and magnetic properties of VELOCITY (mnm/s)
multinuclear Fe-S centers such as the P-cluster of nitrogenase.
Recently, the all-ferrous [4Fe-4Sktate of the Fe protein of
nitrogenase has been characterized by a variety of spectroscopi
technique&: The all-ferrous [3Fe-43] state has been attained
by electrochemical reductidt? but spectroscopic data have not outlined above the data. (B) 4.2 K and 50 mT spectrum ofarFdl
yet b_een reported. It has been _shown that the [2Fe-25] _C|USterssampIe radiolytically reduced at 77K. For clarity the doublet (40% of
of spinach and parsley ferredoxin can be reduced to the dlferrous,:e) representing nonreduced [2Fe2Sjas been removed from the data.

state upon treatment with [Cr(15-ang(#,0),]**, Cr'L, but no The solid line outlines the contribution of the [2Fe-28luster.
direct spectroscopic evidence for attainment of the diferrous state

was provided®Im et al. have shown that tIr reduces the [2Fe- We have recorded Mssbauer spectra of oxidized and dithion-
2SP* cluster to the ¥ form, and that the resulting ¢t binds ite-reducecha Fd1; details will be reported elsewhere. The spectra
to the ferredoxin, presumably at an anionic site of the protein, Of the [2Fe-2S}" state were readily simulated, and in the
This binding causes a dramatic upward shift of the redox potential following we will use these simulations, with minor adjustments,
such that a second electron from excesd Geduces the cluster 0 account for the contributions of the [2Fe-2Sktate in the

to the [2Fe-29) state atE® = —410 mV vs NHE (for spinach spectra of the Ci-treated protein. Figures 1A and 2AC show
Fd)s We have applied the same procedure to a [2Fe-2S] SPectra of OfL-trea_tedAa Fd1. Most prominently, the spectrum
ferredoxin from the hyperthermophilic bacterivquifex aeolicus ~ ©f Figure 1A exhibits a quadrupole doublet (bracket, ca. 50% of
(Aa Fd1)7 and in this communication we report Mdebauer ~ F€) with AEq = 2.75 (3) mm/s andd = 0.71 (1) mm/s

Figure 1. (A) 4.2 K Mossbauer spectrum of GtreatedAa Fd1 (2 mM)
éecorded in a parallel 50 mT field. The solid line drawn through the data
Is a spectral simulation, consisting of a doublet for [2Fe?ZBiacket)
superimposed on the paramagnetic [2Fet28pntribution; the latter is

evidence for the generation of a diferrous [2Fe-2S] cluSter. superimposed on a contribution from the [2Fe’2S§tate; a
: — spectral simulation for the [2Fe-2S]fraction is shown above

lggg%’;gn'\é‘gl'?” University. the spectrum. ThAEg andd values of the doublet are strongly
(1) Beinert, H.; Holm, R. H.; Mack, E.Sciencel997 277, 653-659. indicative of high-spin Pesites with tetrahedral sulfur coordina-
(2) Yoo, S. J.; Angove, H. C.; Burgess, B. K.; Hendrich, M. P:indk, E. tion.

J. Am. Chem. S0d.999 121, 2534-2545. _ _ Figure 2A shows an 8.0 T spectrum of thé' Gtreated sample

K e e B oA a0, S gese: B. K Hedman, B Hodgson. - recorded at 4.2 K. At this field, the features of the [2Fe!2S]
(4) Hirst, J.; Jameson, N. L.; Allen, J. W. A,; Armstrong, F. A.Am. cluster can be simulated quite well with the parameters obtained

Chem. Soc1998 120, 11994-11999. _ _ from fitting the low-field spectra. Figure 2B shows the 8.0 T

mo(r%)_ e 5on s g o4 oura. 1 LeGall, J.; Moura, J. J.15. gpectrum of the\Eq = 2.75 mmis species obtained by subtracting
(6) (a) Im, S.-C.; Lam, K.-Y.; Lim, M.-C.; Ooi, B.-L.; Sykes, A. G. Am. the contribution of the [2Fe-285] cluster from the spectrum of

Chem. Soc1995 117, 3635-3636. (b) Im, S.-C.; Kohzuma, T.; McFarlane,  Figure 2A. The solid line in Figure 2B is a simulation based on

W.; Gaillard, J.; Sykes, A. Gnorg. Chem 1997, 36, 1388-1396. ; — ;
(7) The fdx1 gene (entry Ag919a in genome sequence) frAguifex the assumption that thGAEQ = 2.75 mm/s component is

aeolicu has been cloned by PCR and expresse&Escherichia colias diamagnetic at 4.2 K. The good match of the theoretical and

previously described for other ferredoxihéa Fd1 is homologous to plant-  experimental data supports this assumption. Since the values of

and mammalian-type [2Fe-2S] ferredoxins. Its purification and properties will ; ihocni — — ;
be reported elsewhere. Protein samples foshbauer analysis were prepared AE, and 6. imply hlgh spin ferrous & . S 2) sites, the
by growing the cultures if’Fe-enriched mineral mediufrand adding a 50- observed diamagnetism suggests that this spectral component must

fold excess of CiL to the purified protein £ = —580 mV for C#L/Cr''L belong to an antiferromagnetically coupled [2Fe®28ster.

at [H'] = 0.40 M) . . - >
(8) Deckert, G. Warren, P. V.: Gaasterland, T.: Young, W. G.: Lenox, A. Moreover, our simulations show that two sites of the diferrous

L.; Graham, D. E.; Overbeek, R.; Snead, M. A ; Keller, M.; Aujay, M.; Huber, cluster have the sam&E; ando.

?I?é;nglsdsn_wggéR. A.; Short, J. M.; Olsen, G. J.; Swanson, RNature 1998 Because of the presence of [2Fe-2S}lusters and the large
9) Chatelei, C.; Gaillard, J.;Biot, Y.; Louwagie, M.; Meyer, JBiochem. excess of CrL, determination of the eXChan.g.e. CO.UpIIng COT‘Sta”t
Biophys. Res. Commuii999 261, 885-889. J of the [2Fe-28] cluster by magnetic susceptibility is not feasible.
_(10) Meyer, J.; Gagnon, J.; Gaillard, J.; Lutz, M.; Achim, C.iidl, E.; However, we were able to establish a lower limit Jdyy studying
Paion, ¥.; Colangelo, C. M.; Scott, R. ABiochemistryl997 36, 13374~ 8.0 T Missbauer spectra at temperatures above 100 K, using the
(11) Samuels, G. J.; Espenson, J.lkbrg. Chem1979 18, 2587-2592. following strategy. TheS = 1 excited state of the exchange-
(12) We have also carried out preliminary experiments wiiRe- coupled [2Fe-29] cluster has energy) (H = JS-S). At
reconstituted spinach ferredoxin, and detected [2F&-@8%ters £25% of temperatures for which this state is measurably populated, the

Fe) in the Mmsbauer spectra. The spectra also contained contributions from -, . . . . .
[2Fe-2S} clusters £50% of Fe) and from adventitious Fesleased from Fe nuclei experience, for fast relaxation of the electronic spin,

the active site as a consequence of cluster destruction. internal magnetic fieldBj,, = —[3-A/gySn, WhereA is the

10.1021/ja992829n CCC: $18.00 © 1999 American Chemical Society
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Figure 2. 8.0 T Mssbauer spectra of @r-treatedAa Fd1 (same sample
as in Figure 1A) recorded at 4.2 (A) and 150 K (C). The solid lines
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Comparison of the observed splittings of the [2Fe%28]ster at

4.2 and 150 K provides no evidence for the presence of a
detectables£0.2 T) internal magnetic field at 150 K.To establish

a lower limit for J, we have performed spectral simulations based
on an exchange-coupled spin Hamiltonian that includes zero-field
splittings <7 < D; < 7 cnt'L, i = 1, 2) anc®’Fe hyperfine tensors

at arbitrary orientations. On the basis of these simulations, we
conservatively estimate that> 80 cnm? for the diferrous [2Fe-
2SP cluster.

In a recent study of the Fe protein of nitrogenase, Yoo ét al.
have shown that the [4Fe-#Sjluster state can be produced at
77 K by radiolytic reduction in a synchrotron X-ray beam; this
state was indistinguishable from the one obtained by chemical
reduction with Ti(lll) citrate, thus ruling out the possibility of
extensive structural rearrangements caused by the reductant.
Following the same rationale, [2Fe-25]Aa Fd1 was irradiated
under similar conditions and analyzed by $88bauer spectroscopy.
The spectrum of this irradiated sample (Figure 1B) contained 40%
of the iron as [2Fe-23} (AEq = 0. 67 mm/s = 0.27 mm/s),
50% as [2Fe-23], and again a doublet (10%, outlined in Figure
1B) with AEg = 2.75 mm/s andd = 0.71 mm/s. A spectrum
recorded at 4.2 K in an applied field of 1.0 T showed that this
AEq = 2.75 component of the irradiated sample is diamagnetic

drawn through the data of parts A and C are spectral simulations. For |ike that of the C¥L treated sample. Thus, as in the case of the

the simulation of the [2Fe-25] cluster spectra we have assumed slow
and fast electronic spin relaxation at 4.2 and 150 K, respectively. The
arrow of part C points to the spectral contribution of thé Bite of the
[2Fe-2S} cluster. (B) 8.0 T Masbauer spectrum of [2Fe-2$8ptained

by subtracting the simulated 8.0 T spectrum of the [2Fé-28luster
from the data of part A; the solid line in part B is a spectral simulation
for the [2Fe-2S] cluster assuming diamagnetism and two indistinguishable
Fe sites withAEq = 2.75 mm/sy; = 1, andd = 0.71 mm/s. The small
deviations between theory and experiment-atand+ 3.8 mm/s reflect

an imperfect fit for the [2Fe-25} cluster.

magnetic hyperfine tensor of a ferrous site a®iy, is the
thermally averaged cluster sgifiNeglecting zero-field splittings,
(Bl is isotropic and, fofiB < KT, [$,4, is in good approximation
given by S} = (—2gBB/KT)/(3 + e’¥T); the contribution of the

S = 2 state of the spin ladder is negligible in the present case.
ForJ=80cnm?', B=8.0T, andg = 2, [} ~ —0.028 at 150

K. All high-spin Fé'S, sites studied to date in rubredoxins and
[2Fe-2St* clusters havé\-tensors for which one component has
the magnitudedV/gyBn = 20 T (this is expected because at least
one component of the traceless spin-dipolar contribution to the
A-tensor must add to the isotropic contact term). With the above
choices foB andJ, A/gySn = —20 T would produce an internal
field Bjy = —0.56 T at 150 K. The presence of such a field would
decrease the magnetic splittings at 150 K relative to 4.2 K and
would be readily detected in the spectrum of Figure 2C.

(13) Minck, E. InThe Porphyrins Academic Press: New York, 1979;
Vol. IV, Chapter 8.

[4Fe-4S] cluster of the Fe protein of nitrogenase, a diferrous
cluster has been produced by irradiation of [2Fe-28]Fd1,
showing that the most reduced redox level can be reached without
structural rearrangement.

Magnetic susceptibility data of [2Fe-ZS]* clusters are scarce.
For spinach FdJ = 366 and 200 cm have been reported for
the 2+ and 1+ states, respectively. The observation that >
80 cnt! for [2Fe-2S} shows that the diferrous cluster state
exhibits substantial antiferromagnetic exchange. In the absence
of reliable J-values for ferrous ion pairs in more complex-+&
clusters, the present estimate can serve as a useful guide.
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(14) The Fé site of the [2Fe-2SF cluster has\Eq = 2.90 mm/s and =
0.68 mm/s at 150 K; the positive internal field observed for such 8ites
increases the magnetic splittings relative to a diamagnetic compound producing
a shoulder (arrow in Figure 2C) at the low-energy feature of the 150 K
spectrum.
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Biochemistry1972 11, 855-863.
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