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Mo'ssbauer Study of Cys56Ser Mutant 2Fe Table 1. Hyperfine Parameters at 4.2 K for frdand Fd'?13
Ferredoxin from Clostridium Pasteurianum+ AEq(mm/s)  d(mmis)  Aso (MHZz)
Evidence for Double Exchange in an [Fg5) Fdp, F&' 32 073 20.0
Cluster Fet 1.0 0.32 —48.3
Fdop  Fe25'Fe2st 1.8 0.50 -9.2
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1.0F

Ferredoxins containing E8,(cys) clusters have been studied
intensively for the past 30 yeatsThe iron-sulfur cluster of
these electron transport agents undergoes redox transitions
between an FeFe** form and a mixed-valence Fe€* state.

In the latter state, designated PS¢l ™, the local spins$ = 2,

S, = 5/,) are coupled by strong antiferromagnetic Heisenberg bW S
Dirac—van Vleck (HDvV) exchangeX150 cnm! $+S) to yield TR e
a cluster ground state with= 1/,.2 Mdssbauer spectroscopy VELOCITY (mms)
has revealed two distinct, valence-trappeéfand Fé* sites?

The parameters listed in Table 1 are typical for such sites. In
contrast, [F€54]° and [FeSy] 2" clusters containlelocalized
Fe*5tFe?5t pairs? In addition to HDVV exchange, the sites
of the delocalized pairs are coupled by double exchange (spin-

ABSORPTION (%)

Figure 1. Mossbauer spectra (4.2 K) of the dithionite-reduced
Cys56Ser mutant (30% glycerol). (A) Spectrum recorded in zero field.
The solid line is the experimental zero-field spectrum of an$Hé"

Rieske proteift scaled to 72% of the area of the mutant ferredoxin.
(B) Spectrum of Fg), obtained by taking the difference of the spectra

dependent resonance delocalization). . shown in part A. The solid line is a spectral simulation based on the
Among the mutated forms df. pasteurianunteS; ferre- spin HamiltonianH = D{S? — (S + 1)/3 + (E/D)(S2 — S} +
doxin? the Cys60Ser and Cys56Ser variants have been reportetbgy.s + 5., ASA-l; — gfH-l; + Holi)} for S= %, (D = 1.5
by Crouse et &l.to contain a mixture of clusters witB= 1/, cm? (this work); E/D = 0.13 (ref 6)). (C) Spectrum recorded in a
(Fduz, g =2.01, 1.92, 1.88) an8 = % (Fdgy, go = 2.03,D = parallel field of 0.05 T (hash marks). The solid lines are spectral
—1.0 cnT?, E/D = 0.13 for the Cys56Ser mutant). Crouse et simulations for Fgl, (shown above the data) and for the sum of Fd
al. raised the possibility that tH&= %/, ground state in Fgh is (72%) and Fel, (28%). For Fdj,, the above Hamiltonian was used
the result of double exchan@aithin a valence-delocalized  for S= /,, with the other parameters as given in ref 13. (D) Difference
cluster® Here, we demonstrate that this state is indesdnce- spectrum obtained by subtracting a spectrum recorded in a transverse
delocalized field of 0.05 T (not shown) from the spectrum of part C. The solid
We have studied the Mwsbauer spectra éfFe-enriched line is a theoretical difference spectrum for:zd

sample$in the oxidized and reduced states, without and with
glycerol. The highest fraction (28%) of f;glwas obtained for

a sample with 30% (v/v) glycerdl. The following spectral
properties of Fgl, are relevant for our analysis. Up to 8 K,
only the ground Kramers doublet of &g is measurably
populated® For E/D = 0.13%¢ its calculated effectivg values
aregy ~ gy ~ 0, g, = 18.25. In weak applied magnetic fields,
H, or for H = 0, such a doublet gives rise to a"b&bauer
spectrum consisting of six absorption lines with a 3:2:1:1:2:3

intensity pattern for each site of the §Sg]™ cluster. ForH

< |DJ, the intensities of these lines do not depend on the
orientation ofH relative to they-radiation. Two methods have
been used to quantitate the contributions ofifahd Fd,. The
first one is based on the fact that the spectra affetépend on
the direction ofH relative to they-rays?2 in contrast to those of
Fdoo. Thus, the difference of the spectra collected in parallel
and transverse field will contain only the fdcontribution,
which can be used to quantitate the amount afFdn a second

lggrAnegie Mellon University approach, we used the fact that the low-energy feature of the
: i 11 ;
(1) For a review on protein-bound F® clusters, see: Cammack, R. zero-fieldspectrum of ng does not overlap with the E’Q
Adv. Inorg. Chem 1992 38, 281, ‘ spectrum. Tht_erefore, this feature can be used to determine the
(2) Palmer, G. Idron—Sulfur ProteinsLovenberg, W., Ed.; Academic ~ amount of Fd,in a sample. Both methods gave the same result.
Pfe(giiM’.L\]‘ﬁ(‘:"l’(YngDles’tzr ﬁnxgr' 2 P28 s 3 C M. Gunsalus. | o Figure 1 shows 4.2 K Mssbauer spectra of the Cys56Ser
Biochemistryl971, 11, 855. Sands, R. H.; Dunham, W. &. Rev. Biophys mutant. The spectrum of b@ which is the difference spectrum
1975 7, 443. given in Figure 1B, exhibits aingle six-line pattern (the two
(4) Papaefthymiou, V.; Girerd, J.-J.; Moura, |.; Moura, J. J. G:nbly
E. J. Am Chem Soc 1987 109 4703. Noodleman, L.; Case, D. Adv. (9) The sample was produced by reducing the ferredoxin with 3-fold

Inorg. Chem 1992 38, 423. Minck, E.; Papaefthymiou, V.; Surerus, K.  molar excess sodium dithionite; 8% of the ferredoxin was observedyas Fd
K.; Girerd, J.-J. IrMetal Clusters in ProteinQue, L., Ed.; ACS Symposium Addition of glycerol to 30% (v/v) (sample of Figure 1) and 50% (v/v)
Series No. 372; American Chemical Society: Washington, DC, 1988; p yielded 28% and 8%, respectively, of &d Information on glycerol

302. concentrations has been communicated to us by B. R. Crouse and M. K.
(5) Fujinaga, J.; Gaillard, J.; Meyer,Biochem Biophys Res Commun Johnson. The amount of fglattainable may depend on factors such as
1993 194 104. Meyer, J.; Fujinaga, J.; Gaillard, J.; Lutz, Blochemistry incubation time after glycerol addition, sequence for reduction and glycerol
1994 33, 13642. addition, freezing rate, or protein concentration. Moreover, different batches
(6) Crouse, B. R.; Meyer, J.; Johnson, M. X.Am Chem Soc 1995 of glycerol-free samples contained variable amounts gkFanging from

117, 9612. 0 to 8%. These effects are presently being studied.
(7) Girerd, J.-JJ. Chem Phys 1983 79, 1766. Borshch, S. A.; Kotov, (10) Mossbauer results for k@ show that-D > 1.5 cnt. This value
I. N.; Bersuker, I. B.Sw. J. Chem Phys 1985 3, 1009. Blondin, G.; is larger than the reporté® = —1 cnr..
Girerd, J.-JChem Rev. 1990 90, 1359. Zener, CPhys Rev. 1951, 82, (11) The zero-field spectra of [F®)]: ferredoxins are remarkably similar.
403. We have used here the Rieske protein fldés@udomonas mendocinRikus,
(8) Enrichment was achieved by overexpressing the Fd geBedali® J. D.; Studts, J. M.; Achim, C.; Kauffmann, K. E.;'Mck, E.; Steffan, R.;
grown in a®"Fe-containing synthetic medium. McClay, K.; Fox, B. G.Biochemistry1996 35, 9106.
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low-energy lines overlap at3 mm/s). Thus, the two Fe sites S ers T T SRejz T
of Fdy, contribute nearly identical spectra proving that the ] .

system idelocalized The analysis shows that 28% of the iron ] I ]
in this sample belongs to k@ The evidence for the site 25(,, 1 25F72 7
equivalence is supported by the high-temperature data. At 150 ] -

K, the spectrum of Fgh (not shown) consists ahequadrupole
doublet withAEg ~ 1.8 mm/s and ~ 0.46 mm/s. As shown
in Table 1, the 4.2 K isomer shift of the delocalized pair in Ci72
Fdy/2, 0av = 0.50 mm/si2 is close to the average of the values [
for the ferric and ferrous sites in the fd We used the isotropic ~ -2.5 ]
parts of the Fg, magnetic hyperfine coupling tensoiss,, to

E/IBI
)

)
E/1BI
©
;

I

estimate theA value for the delocalized pair; this yields the LA ]

value—9.1 MHz3in excellent agreement with the experimental -5 ! L bt

result,—9.2 MHz. -0.4 -0.83 -0.2 -0.1 0 -0.4 -0.3 -0.2 -0.1 0
Spin state and electron delocalization in mixed-valence el Jnsi

compounds with paramagnetic sites depend on an interplay ofFigure 2. Spin level diagrams evaluated by taking energies at potential-
HDvV exchanged), double exchangdsj, and vibronic coupling well minima. The levels are labeled by system sfin Solid and

(.7 In the absence of vibronic coupling, the dependence of broken lines represent delocalized and localized states, respectively.
the energy of a binuclear system BrandJ can be expressed  Parameters used; = 0 (A, all states delocalized) and= 7|B| (B).

asE = Ey, — J9S+ 1) + B(S+ Y,). The ground state h&® Energies at the arrow are obtained for the parameter valu&s=fol,

= 9, for |J/B| < Ys. Figure 2A shows that for a broa#iB [Fe:S;]* clusters given in text.

range the ground state has intermediate Sirs S< 7/>. This  py analyzing the effect of varying one parameter at a time while
range narrows in the presence of vibronic coupling up to a single keeping the remaining ones fixed at the above values. The
point at the localization limit of th&s = %, state (10B|/y = procedure gives eithéB| > 2250 cnr! for —J > 250 cnt or

1)4 The narrowing diminishes the likelihood of finding an  —3 < 111 cnrfor |B| = 1000 cnt?, while variations ofy fail
intermediate-spin ground state, and it reduces the size of thetg stabilize the ground stafé,..'® B values as large as 2250

variation inJ needed for converting the ground state fr8m cm1 have as yet not been reported for Fe dimers. (BH)s-

Y20c INtO ¥24e, (Figure 2B). Parameters for [F®]* clusters  (tmtacn}]2*, the only extensively studiedelocalizedFe? >+

in plant-type ferredoxins have been estimatedBis~ 1000  Fe25+ comple*51°has|B| = 1350 cn1; this complex contains

cm %2 ~ =250 entt (—2JS§+S), andy ~ 7000 cntt.te face-sharing octahedral Fe sites, an arrangement favorable for
For these values, theory predictibealizeddoublet ground state,  double exchange. Thus, it seems not very likely thagfrths

S= 15, in accord with the state observed foripdwhile the IB| = 2250 cnrt.20

S = 9 excited state is delocalized. We have estimated the ' |n summary, our analysis indicates that the valueslfand
parameters needed for stabiliziBg= %2, ' as the ground state  possibly forB in Fdy, must significantly differ from those in

(12) Simulations suggest that the two sites of Bie- %, species are plan'g-type ferredoxm.s. .Explormg the intrinsic eIectromc de-
slightly inequivalentAEq(1) = AEq(2) = 1.80 mm/sg(1) = 0.46(4) mm/ terminants and extrinsic factors that govern the spin state
s,0(2) = 0.54(4) mm/sA(1) = —9.4(2) MHz, andA(2) = —9.1(2) MHz. variability in the Cys56Ser mutant is the subject of ongoing
Since these differences are barely larger than the uncertainties, we havelnvesti ations
quoted the average values in Table 1. Moreover, the ground doublet of g )
the Fdy, state is sensitive only tdy; the x- andy-components of thé

tensors are undetermined. Acknowledgment. This work was supported by NSF grant MCB
(13) The fits to Fd, gaveA(Fe") = —(50,51,44) MHz AEq(Fe¥") = 9406274 (E.M.) and NIH grant GM 22701 (E.M.).

+1.0 mm/sy(Fe¢t) = 0.5 andA(FE) = +(6,26,28) MHz AEq(FE#") =

—3.2 mm/s,n(Fet) = —1.8. Averaging the components to obtag, JA9617698

and correcting by the spin-coupling factdi@3 and—4/3 yields for the

intrinsic a valuesa(Fe**) = —20.7 MHz anda(Fe**) = —15 MHz. For (17) The delocalization fo = °/, requires|B| = »/10 = 700 cnt?,

the delocalizeds = 9, system, we then obtaiA®2 = [(5/9)a(Fe*") + (4/ which implies strong double exchange ingfzd

9)a(Fe2h)])/2 = —9.1 MHz. (18) Madifications in ligation may cause the change in the values for
(14) Energy splittings between spin stafasith (2S+ 1)|B|/y < 1 (the andB. It is also possible that the observed;HiFdy, mixture reflects a

< sign corresponds to localized states) are described by an effective HDvV situation where the system is close to the crossing point of Figure 2B and

Hamiltonian with coupling constadks = J + B%y.7 the quantityd/B is distributed. Then, changes in the reorganization energy
(15) (a) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K; as a consequence of variation in the glycerol content could alter the

Solomon, E. I.J. Am Chem Soc In press. Gamelin, D. R.; Bominaar, E. composition of the mixture.

L.; Mathonige, C.; Kirk, M. L.; Wieghardt, K.; Girerd, J.-J.; Solomon, E. (19) Recent studies indicate valence delocalization in anotifeFEe

I. Inorg. Chem 1996 35, 4323. (b) Ding, X.-Q.; Bominaar, E. L.; Bill, complex with octahedral N/O coordination at each site: Haase, W.;

E.; Winkler, H.; Trautwein, A. X.; Dreke, S.; Chaudhuri, P.; Wieghardt, = Fleischauer, P.; Werner, R.; Behlendorf, M.; Ensling, J.; Dutta, S. K.; Nag,

K. J. Chem Phys 199Q 92, 178. K. J. Inorg. Biochem 1995 59, 285.
(16) x represents the reorganization energy and is assumed to contain  (20) For the Cys60Ser mutant, Crouse €t ladve tentatively attributed

equal contrinutions for inner-sphergnj and outer-sphere§.) reorganiza- an MCD band at 700 nm to a valence-delocalized intervalence transition

tion energieg:152 which would correspond tB| = 1430 cnt™.



