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Models of several types of irersulfur clusters (e.g., R&(SCH)s?>"*/4") have been studied with the density
functional B3LYP method and medium-sized basis sets. In a vacuum, the inner-sphere reorganization energies
are 40, 76, 40, 62, 43, and 42 kJ/mol for the rubredoxin, {2F%] ferredoxin, Rieske, [4Fe4S] ferredoxin,
high-potential iron protein, and desulfoferrodoxin models, respectively. The first two types of clusters were also
studied in the protein, where the reorganization energy was approximately halved. This change is caused by the
numerous NH-Scys hydrogen bonds to the negatively charged isualfur cluster, giving rise to a polar local
environment. The reorganization energy of the ianlfur clusters is low because the iron ions retain the same
geometry and coordination number in both oxidation states. Cysteine ligands give approximately the same
reorganization energy as imidazole, but they have the advantage of stabilizing a lower coordination number and
giving more covalent bonds and therefore more effective electron-transfer paths.

)

Here, Hpa is the electronic coupling matrix element, which

Introduction on HDA2 —(AGO + /1)2
Iron—sulfur clusters are ubiquitous in biology, being present Ker = h 4m1RTex MRT
in all types of organisms from bacteria to higher plants and

animals!2 They consist of iron ions surrounded by four sulfur .
ions, either cysteine thiolate groups or inorganic sulfide ions. 9€Pends on the overlap of the wave functions of the two states

Regular clusters with one (rubredoxins), two, three, or four INVolved inthe reactionAGy is the free energy of the reaction
(ferredoxins) iron ions are known, as well as a number of more (the change in reduction potential), ahds the reorganization
irregular clusters (occasionally with protein ligands other than €Nergy (the energy associated with relaxing the geometry of

cysteine)3~6 The properties of the six types of sites studied in the system a_fter_electron transfer). The coupling element depends
this paper are summarized in Table 1. on the localization of the electron to be transferred and the

The prime function of the ironsulfur clusters is electron protein matrix between the two active sites. The reduction

transfer. Together with cytochromes and blue copper proteins p_otenti_al is a function of the_ eIectron_ic and solvation energies
they constitute the most important groups of electron carriers (including both the surrounding protein and solvent) of the two

in nature. The reduction potentials of iron sulfur clusterg@0 sites. The reorganization energy is normally divided into two

to 400 mVS all reduction potentials are relative to the standard P&rts: inner-spherel{ and outer-sphere reorganization energy

hydrogen electrode) are in general lower than those of the other(o), depending on which atoms are relaxed. For a metal-
two types of electron carriers—G00 to +500 mV for the  containing protein, the inner-sphere reorganization energy is

cytochrome&” and +180 to 1000 mV for the blue copper associated with the structural change of Fhe .first coordipation
proteing). However, potentials of the individual sites and sphere, whereas the outer-sphe.re reorganization energy involves
proteins vary a lot. During electron transfer, iron alternates structural changes of the remaining protein as well as the soIv_ent.
between the Fe(ll) and Fe(lll) states. In general, the iron ions Several groups have studied the variation of the reduction

are in the high-spin state, but for the polynuclear sites, they arePotential in various irofsulfur clusters using theoretical
antiferromagnetically coupled to give a low total spff9:10 methodst?-20 For example, it has been shown that the reduction

According to the semiclassical Marcus thedhthe rate of potential of related proteins and mutants can be predicted with
electron transfer is given by reasonable accuracy (average error of 50 mV) if the crystal
structure is knownr! If the structure is not known, the accuracy

*To whom correspondence shoulc_i be addressed. Phod&-46-222 is worse?!
4(51)02|5 'TaX? +4G6"|;6'2§?k4?E 43. E-Q_allih Ulfi'z)éﬁie%g%gegm-lu-se- However, no direct estimate of the inner-sphere reorganization
almer, G.; ReedljK, kur. J. blochem . . . . .
(2) J. Cowan, Alnorganic biochemistry, an introductioiWiley-VCH: energy of Iron—§UIfur (_:Iuster§ in pmt?ms seems to be ava'_lab!e'
New York, 1997. From a theoretical point of view, the inner-sphere reorganization
(3) Cammack, RAdv. Inorg. Chem.1993 38, 281-322. energy is interesting because it is the only parameter in eq 1
(4) Matsubara, H.; Saeki, Kdv. Inorg. Chem1992 3§, 223. that does not depend on the detailed structure of the surrounding
(5) Holm, R. H.; Kennepohl, P.; Solomon, E.Chem. Re. 1996 96, . - -
2239-2314. protein. Therefore, accurate calculations of realistic models of
(6) Fratsto da Silvia, J. J. R.; Williams, R. P. The biological chemistry the isolated metal centers would allow a general comparison of
of the elemeniClarendon Press: Oxford, 1994. the various types of electron-transfer proteins and how they have
(7) Zhou, H.-X.J. Biol. Inorg. Chem1997, 2, 109. timized their i
(8) Gray, H. B.; Williams, R. J. P.; Malmsto, B. G. J. Biol. Inorg. optimize €lr function.

Chem 200Q 5, 551—-559.
(9) Noodleman, L.; Peng, C. Y.; Case, D. A.; Moesca, JEdord. Chem. (10) Noodleman, L.; Case, D. MAdv. Inorg. Chem.1996 38, 423.
Rev. 1995 144, 199. (11) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
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Table 1. Chemical Structure, Formal Oxidation States, and Reduction Potential of the SixSuifur Clusters Included in This

Investigatioi®
site structure reduced state oxidized state reduction potential (mV)

rubredoxin FeCys Fe! Fé —100to 0
desulfoferrodoxin FeCysHis Fe! Fel 240

[2Fe—2S] ferredoxin Cys—eSFeCys Fe'Fe" Fe', —450 to—150

Rieske site Cy#eSFeHis Fe'Fe! Fe', —100 to+400

[4Fe-4S] ferredoxin CyFeS, Fe'sFe! Fe',Fe', —700 to—300
high-potential iron protein CybeS, Fe',Fe', Fe'Fe's -+100 to+400

aThe reduction potentials are relative the standard hydrogen electrode.

Recently, we have published a detailed discussion of the models was optimized until the change in energy between two iterations
inner-sphere reorganization energy of the blue copper proteinswas below 10° hartree (2.6 J/mol) and the norm of the internal

and the related Gudimer (found in cytochrome oxidase and
nitrous oxide reductase), both in a vacuum and in the préteif.

To put these results in perspective, we calculate in this paper

the inner-sphere reorganization energy of a number of-iron

sulfur cluster models. We compare the results with each other

gradients was below 18 au (0.053 pm or 0.057. Several starting
structures were tested to reduce the risk of being trapped in local
minima. Only the structures with the lowest energy are reported. No
symmetry restraints were imposed.

Six models of iror-sulfur clusters were studied, involving one to
ur iron ions and zero to four sulfide ions (cf. Table 1). Cysteine

and with those of the blue copper proteins and discuss how the“gandS were modeled by SGHand histidine by an imidazole (Im)

various sites have achieved a low reorganization energy.

Methods

Quantum Chemical Geometry Optimizations.Quantum chemical
geometry optimizations were performed with the density functional
method B3LYP (unrestricted formalism), as implemented in the
Turbomole softwaré>26Hybrid density functional methods have been

group. The rubredoxin and desulfoferrodoxin models were assumed to
be in the high-spin state (quintet for'Fesextet for F#), whereas the
other models were studied in the open-shell low-spin states (singlet or
doublet), obtained from antiferromagnetically coupling of the high-
spin state. This is in accordance with experimerasd earlier
calculations of the electronic structures of the compléx€3hus, the
oxidized form of the two [2Fe2S] clusters contained two Fe(lll) ions

in their high-spin state, antiferromagnetically coupled to an open-shell

shown to give as good or better geometries as correlated ab initio singlet®° and the reduced form contained Fe() Fe(lll), both in

methods for first-row transition metal complexés?® and the B3LYP

method in particular seems to give the most reliable results among the

widely available density functional metho#sin all calculations, we
have used for iron the doublebasis set of ScHar et al®! (62111111/
33111/311), enhanced with one d, one f, and two p functions with

the high-spin state coupled to a doublet.

Similarly, the [4Fe-4S] clusters were treated as two pairs of
ferromagnetically coupled high-spin iron iof3? coupled antiferro-
magnetically together to give a low total spin quantum number. Yet, it
should be noted that especially for the reduced cluster, there are several

exponents 0.1244, 1.339, 0.134 915, and 0.041 843, respectively. Forcompeting electronic stat&4Our study is not intended to exhaustively

the other atoms, we have employed the 6-31G* basi¥’senly the

investigate the electronic structures of these clusters but to give a picture

five pure d and seven pure f-type functions were used. Calibrations of their reorganization energies compared to those of other-satiur
have shown that geometries obtained with this approach do not changeg|usters. Therefore, we have only studied one electronic state at each

much when the basis set is incread&#.The full geometry of all

(12) Noodleman, L.; Norman, J. G.; Osborne, J. H.; Aizman, A.; Case, D.
A. J. Am. Chem. S0d.985 107, 3418.

(13) Mouesca, J.-M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D.
A. J. Am. Chem. S0d.994 116 11898.

(14) Noodleman, LJ. Biol. Inorg. Chem1996§ 1, 177.

(15) Li, J.; Nelson, M. R.; Peng, C. Y.; Bashford, D.; Noodleman,JL.
Phys. Chem. A998 102 6311-6324.

(16) Jensen, G. M.; Warshel, A.; Stephens, PBidchemistry1994 33,
10911.

(17) Stephens, P. J.; Jollie, D. R.; WarshelGhem. Re. 1996 96, 2491.

(18) Swartz, P. D.; Beck, B. W.; Ichiye, Biophys. J.1996 71, 2958.

(19) Swartz, P. D.; Ichiye, TBiophys. J.1997, 73, 2733.

(20) Bertini, I.J. Biol. Inorg. Chem1997, 2, 114.

(21) Langen, R.; Warshel, Al. Mol. Biol. 1992 224, 589.

(22) Olsson, M. H. M.; Ryde, U.; Roos, B. ®rotein Sci.1998 7, 2659
2668

(23) Olsson, M. H. M.; Ryde, UJ. Am. Chem. Sacsubmitted.

(24) Ryde, U.; Olsson, M. H. Mint. J. Quantum Chen2001, 81, 335~
347.

(25) Treutler, D.; Ahlrich, RJ. Chem. Phys1995 102 346.

(26) Hertwig, R. H.; Koch, WChem. Phys. Lettl997, 268 345-351

(27) Ricca, A.; Bauschlicher, C. WI. Phys. Chem1994 98, 12899
12903.

(28) Ricca, A.; Bauschlicher, C. WIheor. Chim. Actal995 92, 123~
131.

(29) Holthausen, M. C.; Mohr, M.; Koch, WChem. Phys. Leti995 240,
245-252.

(30) Bauschlicher, C. WChem. Phys. Lettl995 246, 40.

(31) Schéer, A.; Huber, C.; Ahlrichs, RJ. Chem. Physl994 100, 5829.

(32) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. AAbrinitio
molecular orbital theory Wiley-Interscience: New York, 1986.

(33) Ryde, U.; Olsson, M. H. M.; Pierloot, K.; Roos, B. @.Mol. Biol.
1996 261, 586-596.

(34) Ryde, U.; Olsson, M. H. M.; Carlos Borin, A.; Roos. B. Theor.
Chem. AccountDOI 10.1007/S002140000242.

oxidation level, the lowest open-shell singlet or doublet obtained by
an antiferromagnetic coupling of the high-spin states. This gives states
that are similar (in terms of geometry, spin densities, and charges) to
those studied in detail by Noodleman and co-worRé?#lore precisely,

our Fe/3Fe!" state closely corresponds to their OC1 state (i.e., the highest
occupied orbital has arather thany interactions between the reduced
iron pair, even if the interaction is far from pure), whereas out-Fe
Fe''; state is close to their OS3 state (i.e., the lowest unoccupied
minority spin orbital has iron, rather than sulfur, character).

Reorganization Energies.The inner-sphere reorganization energy
was estimated in the same way as for the blue copper proteiie
reorganization energy for the oxidized compléx,) was calculated
as the difference in energy between the oxidized complex at its optimal
geometry and the reduced complex at the optimal geometry. Likewise,
AreaWas calculated as the energy of the reduced complex at its optimal
geometry minus the energy of the reduced complex calculated at the
geometry optimal for the oxidized complex. The total inner-sphere
reorganization energy for a self-exchange reactighi¢ the sum of
Aox and e At variance with the outer-sphere reorganization energy,
the inner-sphere reorganization energy does not change significantly
when a protein docks with its donor or acceptor proteifiherefore,
it makes sense to study the inner-sphere reorganization energy of
isolated sites without considering their redox partners.

Frequencies were calculated for some of the optimized complexes
with the Gaussian 98 softwafe.They were scaled by a factor of
0.963% Force constants for the various bonds, angles, and torsions
were calculated from the Hessian matrix using the method of Semi-

(35) Ryde, U.; Olsson, M. H. M.; Pierloot, K. The structure and function
of blue copper proteins. [fiheoretical Biochemistry: Processes and
properties of biological systemEriksson, L., Ed; Elsevier: Amster-
dam, 2001; pp +56.
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nario® which has the advantage of being invariant to the choice of which combines the quantum chemical software Turboffoldth
internal coordinates. The force constants were used to calculatemolecular mechanical minimizations performed by Amber “8.0.
approximate contributions to the reorganization energy from various ComQum divides the protein (including solvent) into three subsystems.

internal distortions: The central system 1 (Fe(S@H or (SCH).FeSFe(SCH),) was
optimized by the B3LYP method. System 2 consisted of all atoms in

/1j — kL(box _ bred)Z + kl()(eox _ gred)2 + all amino acids (or solvent mole'cu_les) within 1.Q nm of any ato_m in
the quantum system. It was optimized by classical methods. Finally,

system 3 comprised the rest of the protein and a cap of water molecules
» 1 > with a radius of 2.42.6 nm centered on the geometric center of the
ZE( — CoSO(¢ox ~ Pred)) (2) protein. System 3 was included in all calculations but was kept fixed
¢ at the crystal geometry (an equilibrated conformation for the water cap;
. . crystal waters were kept at the crystal geometry).
‘Q’heé? the tf(\jr((ajt_ehteémf represent the en_ergleE of gong stretchln%, angle In the quantum chemical calculations, system 1 was represented by
ending, and dihedral torsions, respectivély, brea fox, Ores Pox an a wave function, whereas systems 2 and 3 were modeled by an array

q)re_(:jgredthe bgnd Isngths, angles, and. d|r|1edr_al angledsw_ln the rc:ptlmal of point charges, one for each atom, taken from the Amber force-field
oxidize o(;_re lche geometry, respl_etglve Y, kt‘gdﬁ’ andk, ﬁre the libraries?* Therefore, the polarization of the quantum system by the
corresponding force constants applied 1o sjateherej is either the protein is considered in a self-consistent way. In the classical energy

oxglz_edcor rei_ducgfstatei: he [2Fe-2S] si ined th and force calculations, systems-3 were represented by the Amber
pin-t-oupling & ects. For the [ €z ] site, we examine .t € force field but without any electrostatic interactions (which are already
_effect of spin COL.Jp“ng on th? reorganization energy (the low-spin state treated by quantum mechanics). Special action was taken when there
IS not a pure sp;g state) using the methods developed by l_\loodlemanis a bond between the classical and quantum chemical systems (a
and co-worker$:*In essence, the energy of the pure low-spin ground junction)3 The quantum chemical system was truncated by hydrogen

state (Eox ?ndEgd;P e;]qs 3-7) is obtained fré)rg the Iow-spin (‘_‘k;]roﬁen atoms at the junctions (the*®f the cysteine ligands), the positions of
symmetry) and nign-spin energiefds and Ews) together W't_ t_e which were linearly related to the corresponding heavy (typically
Heisenberg spin couplingld and Jeq and electron delocalization carbon) atoms in the full system

pargmetersl?g), the [atter estimated from the energy difference of the The total energy was calculated as
orbitals corresponding to the u and g components of the metal d orbitals
split by resonance delocalizatioa§,, exsg.*® It was hard to identify -
the correct orbitals in the present systems without symmetry, where Eiot = Eoc T Evmizs — Eums (8)

the orbitals are far from pure. Therefore, we simply used the HGMO

LUMO gap of thes high-spin orbitals. This gives the smallest possible Here,Eqcis the quantum chemical energy of system 1 with H junction
B factor, which, however, was still too large compared to experimental atoms, including all the electrostatic interactions. SimilaByu, is
results (see below). The high-spin wave function was calculated at the the classical energy of system 1, still with H junction atoms but without
same geometry as the low-spin solution. However, we also tested two any electrostatic interactions. FinalBuw123 is the classical energy of
other conceivable geometries, the optimal high-spin geometry and a systems 3 with C junction atoms and no electrostatics. This approach
symmetrized low-spin geometry (with all F& and Fe-Scys equal is similar to the one used in the Oniom metHédhe calculated forces

to their average in the low-spin geomet#y)This changed the are the gradient of this energy, taking into account the variation in the
orbital energy difference by less than 5%. The following relations junction atoms*

were used® Optionally, system 2 was optimized by a full molecular mechanics
optimization within each cycle of the quantum chemical geometry
Jox = 2(Eys — Egg)/25 (3) optimization. In these calculations, systems3lwere represented by
standard parameters from the classical force field. Electrostatic interac-
E, = Egg — 5J,,/2 4) tions were included, using Amber charges for systems 2 &hdrii

quantum chemical charges for systerff 1.
The reorganization energy in the protein was calculated from the
B = (64su— €4s,9/10 (5) energies of the isolated quantum system only. For calculations with a
fixed protein, we could have included also the electrostatic interaction
with the protein in the reorganization energies. This changes the
individual values oftox andi.eq, but not their sum, by more than a few
kJ/mol2® However, for the flexible proteins, this procedure would
Erea= Eas — 2eq (7) include a significant amount of the outer-sphere contribution to the
reorganization energy and it would give unstable energies. This is
Geometry Optimizations in the Protein. For the rubredoxin and caused by the local minima problem. We use a single minimized
[2Fe—2S] ferredoxin sites, geometry optimizations were also performed structure for the calculation of the reorganization energy. However,
inside the proteins. These were run with the ComQum-00 progtéin, differences in the hydrogen-bond structure or the positions of the water
molecules strongly affect the estimates, and it is impossible to ensure
(36) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, that we have found the global minimum. Moreover, the reorganization
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; energies should be free energies, so they should reflect the dynamics
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,  of the system, especially for the solvent molecules. Therefore, direct

A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, ; _ At
V.: Cossi, M.: Cammi, R.. Mennucei, B.: Pomelli, C. Adamo, C.: estimates of the outer-sphere reorganization energy from the ComQum

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; data are not reliable.
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; (40) Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., IlI;

Jrea= (Eys — Egg)/10+ B/2 (6)

Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton,

L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.;

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Radmer, R. J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman,

Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, P. A. Amber version 5; University of California, San Francisco, CA,

E. S.; Pople, J. A.Gaussian 98 revision A.5; Gaussian, Inc.: 1997.

Pittsburgh, PA, 1998. (41) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.,
(37) Rahut, G.; Pulay, RI. Phys. Chem1995 99, 3093-3100. Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W;
(38) Seminario, J. Mint. J. Quantum Chem., Quantum Chem. Syh996 Kollman, P. A.J. Am. Chem. S0d.995 117, 5179-5197.

30, 59. (42) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.; Sieber,

(39) Ryde, U.J. Comput. Aided Mol. De4.996 10, 153-164. S.; Morokuma, K.J. Phys. Chem1996 100, 19357.
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Table 2. Number of Amino Acids, Water Molecules, and Atoms in  Interestingly, small inorganic model complexes have an even
Systems 2 and 3 in the ComQum Calculations of Rubredoxin and longer Fe-S bond length, 236 pi&t.

Ferredoxin When our Fe(SCkJ4 model is oxidized, the FeS bond
protein system  residues  water  atoms  |engths decrease to 232 pm (Figure 1). Again, this is longer
rubredoxin, oxidized 2 36 252 1268 than those obtained from experiments. The averageSre
_ 3 16 1340 4237 distance in the six most accurate structures of oxidized proteins
rubredoxin, reduced s 2 1636 1362757 43112f4 is 229 pm®2 This is slightly longer than the EXAFS result of
o . .
terredoxin 5 54 599 1465 ggg prﬁ"ﬂand the average F€S distance in model compounds,
3 44 1664 5618 pm- S .
Thus, we can conclude that our vacuum optimizations give
The Proteins. The calculations on rubredoxin (froBesulfaibrio Fe—S bonds that are-56 pm longer than those of accurately

wulgaris) were based on two crystal structures: the reduced protein at determined model compounds. However, tliéerencein the

92 pm resolution and the oxidized protein at 200 pm resolution Fe—S bond length between the reduced and oxidized structure
(Brookhaven Protein Data Bank files 1rb9 and 1rdv, respectivéfy). is well described in our calculations: Our estimate, 10 pm, is
The calculations on [2Fe2S] ferredoxin were based on the oxidized very close to the result obtained for inorganic models, 9°pm.

and reduced Cl’ystal structures from Anabaena PCC7119 (130 and 117Therefore' the calculated reorganization energy, 40 k\]/moL
pm resolution; PDB files 1qt9 and 1czp, respectivé¥yJhe proteins should be quite accurate.

were protonated and equilibrated (keeping heavy atoms fixed at the However, there is a clear difference between the Sgs

crystal position) together with a water cap (2.4 nm for rubredoxin, 2.6 bond | hs in i . del di . iall
nm for ferredoxin) in the same way as for the blue copper proftéitis. ond lengths in inorganic models and in proteins, especially

For residues with multiple conformations, the one with the lower for the reduced model. This is probably an effect of polar
occupancy was ignored, except for residues-48 in reduced ferre- interactions in the protein. In the rubredoxins, there are at least

doxin, where the conformation representative of the reduced site wassix hydrogen bonds between backbone amide groups and the

used (0.4 occupancy). Some water molecules far from the proteins or Scys atoms® A detailed study of the analogous ZnG3scluster

with low occupancy and close to other atoms were also removed.  in alcohol dehydrogenase showed that such hydrogen bonds
On the basis of the solvent accessibility and hydrogen-bond pattern, decrease the 2aS distances by-7 pm>4

the two histidine residues in rubredoxin were assumed to be doubly Therefore, we ran a series of geometry optimizations of the

protonated (positively charged). No histidines are present in the rubredoxin cluster in the protein, using the combined quantum

ferredoxin. The other amino acids were assumed to be in their normal chemical and molecular mechanical broaram ComOurftad
protonation state at neutral pH, except for the cysteine ligands of the ! u Ical prog Qu )

iron sites, which were considered to be deprotonated and negativerTWO crystal structures were used (one oxidized, one re-
charged. The charges of all atoms were taken from the Amber libfaries,  duced)!*#4For each protein, two calculations at each oxidation
except for the iron site, which were obtained by quantum chemical State were run, one with the protein fixed at the crystal structure
calculations. Those of ferredoxin were taken from Noodleman &t al., and one where the protein was allowed to relax. The results in
assuming that the most solvent-exposed iron ion (the one bound to Table 3 show that the average F&cys bond length in the
Cys-41 and 46) is the reduced ion. Those of the rubredoxin site were protein (237 pm) is 5 pm shorter than in a vacuum for the
taken from Merz-Kollman calculation¥ on Fe(SCH)4, using a large reduced complex. This is 5 pm longer than the EXAFS v&fue,
number of potential points~40 000). They were 1.209;0.8434, reflecting a systematic error of the B3LYP methi8d“ The

0.2200,—0.0594, and 0.0041 e for the Fe, ¢, H%, and C atoms in - . - .
the reduced site and 0.81440.5422, 0.0353, 0.0178, ancD.1687 ¢ VAriation among the four calculations is quite smail. pm,
showing that the results are reliable.

in the oxidized site. The numbers of amino acids, water molecules, -
and atoms in each protein are given in Table 2. All calculations were ~ FOr the oxidized complex, the F&cys bonds are only 2 pm

run on IBM SP2, SGI Origin 2000, or Octane workstations. shorter in the protein (231 pm) than in a vacuum. Again, this is
6 pm longer than the EXAFS resuft8?55Therefore, the change
Results and Discussion in the Fe-Scys bond length upon oxidation is very well

reproduced, giving confidence in the calculated reorganization
energies, presented in Table 4. It can be seen that these energies
vary quite substantially among the various calculations+11

The Rubredoxin Site. First, we studied Fe(SGJ, 2~ as a
model of the rubredoxin site. The optimized geometries are set

out in Table 3. In the reduced state, all four+® distances 35 kd/mol, average 22 kd/mol), but all are smaller than the

are 242 pm. This is longer than the values from experimental
structure determinations. For the three most accurate (Iowestv‘.e‘cuum value (40. kJ/mol). '.I'hus,. we can conclude thgt t.he
dielectric surroundings of the iron site reduce the reorganization

resolution) crystal structures of reduced proteins in the Brookhavenenergy by almost a factor of 2. The reason for this effect is that

E;?;?}IQ ega;?rsaglt()’sct)?etig\rgefri?]gee:t:r%cotltjsr?z(S(EFggmziure- the isolated iron site has a high charge, in the reduced state
y P and—1 in the oxidized state. NHScys hydrogen bonds in the

ments give a slightly longer FeS bond length, 232 piff. protein solvate this charge, but more for the reduced than the
oxidized state. This explains why the change is larger for the

(43) Dauter, Z.; Butterworth, S.; Sieker, L. C.; Sheldrick, G.; Wilson, K.

S. Brookhaven Protein Data Bank, structure 1rb9, 1997. reduced state.
(44) Misaki, S.; Morimoto, Y.; Ogata, M.; Yagi, T.; Higuchi, Y.; Yasuoka, The inner-sphere reorganization energy of rubredoxin has
N. Acta Crystallogr.1999 D55, 408. been estimated to be 226 kJ/mol from the change in the Fe

(45) Morales, R.; Chron, M.-H.; Hudry-Clergeon, G tilket, Y.; Norager,
S.; Medina, M.; Frey, MBiochemistry1999 38, 15764.
(46) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Roos, B.DAm. Chem. (51) Lane, R. W.; Ibers, J. A.; Rankel, R. B.; Papaefthymiou, G. C.; Holm,

Soc.1997 119, 218-226. R. H.J. Am. Chem. Sod.975 99, 84.

(47) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos, (52) Brookhaven Protein Data Bank files: 1lcaa, 1dfx, 1rdg, 4rxn, 5rxn,
B. O.J. Am. Chem. S0d.998 120, 13156-13166 and 6rxn.

(48) Besler, B. H.; Merz, K. M.; Kollman, P. Al. Comput. Cheni99Q (53) Adman, E. T.; Watenpaugh, K. D.; Jensen, L.Rfoc. Natl. Acad.
11, 431. Sci. U.S.A1975 72, 4854-4858.

(49) Brookhaven Protein Data Bank files: 1cad, arb9, and 8rxn. (54) Ryde, U.Eur. J. Biophys1996 24, 213-221.

(50) Shulman, R. G.; Eisenberger, P.; Teo, B. K.; Kincaid, B. M.; Brown, (55) Lippard, S. J.; Berg, J. MPrinciples of bioinorganic chemistry
G. S.J. Mol. Biol. 1978 124, 305. University Science Books: Mill Valley, CA, 1994.
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Table 3. Optimized Fe-Scys Distances for the Rubredoxin Model (Fe(S§41in Vacuum and Calculated in the Protein with ComGti#pe
distance to Fe (pm)

oxidation state system AE;, kd/mol S S S Sy Saverage

I vacuum 242 242 242 242 242.3
reduced protein fixed 20.6 234 238 236 238 236.2
reduced protein flexible 18.1 236 238 238 236 236.7
oxidized protein fixed 27.4 234 241 237 239 237.7
oxidized protein flexible 37.2 237 238 239 240 238.5
models 232-238 236
protein crystals 224236 229
protein EXAFS 232

1} vacuum 232 232 232 232 232.4
reduced protein fixed 25.0 229 233 228 232 231.0
reduced protein flexible 36.6 228 232 231 233 230.9
oxidized protein fixed 15.9 229 231 229 231 230.1
oxidized protein flexible 14.1 231 229 230 230 230.2
models 225228 227
protein crystals 223233 229
protein EXAFS 226

aFor the latter calculations, it is indicated what protein structure has been used (oxidized or fetfuaad whether system 2 was allowed to
relax or not (flexible or fixed)AE; is the energy difference (calculated in a vacuum) of system 1 between the vacuum and ComQum geometries.
Experimental data from model compoukidand proteins (both crystal structut®¥ and EXAFS data®®%) are also included.

bond lengths contribute by less than 1 kJ/mol and the angles
by less than 6 kJ/mol (dominated by the Be—S angles). The
contribution from the dihedral angles is larger, but for these,
the simple approximation in eq 2 breaks down (their sum is
much larger than the total reorganization energy). However, it
is clear that our calculated reorganization energy is more
accurate than estimates from vibrational frequencies because
we consider all degrees of freedom and not only the four Fe
Scys bonds.

Desulforedoxins and the S-Fe—S Angle. The S-Fe-S
angles in our optimized models are 10B1L(° for the reduced
and 106-112 for the oxidized model. The larger variation in
the latter model is due to stronger hydrogen bonds between the
methyl groups and the thiolate ions (cf. Figure 1). The angle is
104-115 in inorganic model8! Most rubredoxins have a
similar variation in the SFe—S angles, 104117.

However, in the desulforedoxins, a group of rubredoxins from

@] the bacteridDesulfaibrio, the variation is appreciably larger,
Figure 1. Difference in geometry between the reduced and oxidized 103—122°.58 The reason for this is that two of the cysteine
(shaded) forms of the rubredoxin model Fe(SEH ligands come directly after each other in the sequence (Cys-28

Table 4. Inner-Sphere Reorganization Energies (kJ/mol) for the and Cys-29), which for steric reasons gives rise (o the largest
Rubredoxin Model (Fe(SC##) Calculated in Vacuum and in the angle. This has been taken as evidence that the site is in an

Protein with ComQurh entatic staté® i.e., a state strained by the protein to give a
catalytic advantage.

system Ared Aox A To test this suggestion, we optimized the geometry of the
vaé:uurr(; ein fixed 211549 18é32 329471 rubredoxin model with one of the-F-e—S angles constrained
reguced protein Txe : | : to 121.8 as in desulforedoxif® This increased the energy of
reduced protein flexible 6.7 4.0 10.7 .
oxidized protein fixed 14.4 3.2 17.6 the complex, but only by 3 kJ/mol in both the reduced and
oxidized protein flexible 19.0 16.1 35.1 oxidized states. Thus, the strain is very small in energy terms.

aFor the latter calculations, it is indicated what protein structure Moreover, the calculated reorganization energy of the con-

has been used (oxidized or reduted and whether system 2 was strained complex is 4 kJ/maligherthan for the unconstrained
allowed to relax or not (flexible or fixed). complex, so the constraint does not enhance the rate of electron

) ) ] ) _transfer. Similarly, the reduction potential is unlikely to change
Scys distances in EXAFS experiments (6 pm) combined with  sjgnificantly because the energy of reduced and oxidized forms
the corresponding vibrational frequerféy>’ This is close to our - jncreased by the same amount when constrained. Therefore, it

Hessian matrix and the geometry change during reduction in athe folding of the protein, does not affect the properties of the
vacuum shows that the F&cys bonds give the major contribu-  jron—sulfur site in any significant way.

tion to the reorganization energy, in tota0 kJ/mol. Other This analysis shows that a large difference in a geometric

parameter between two protein structures does not necessarily

(56) Lowery, M. D.; Guckert, J. A.; Gebhard, M. S.; Solomon, EJ.I.
Am. Chem. Sod 993 115 3012.

(57) Reynolds, J. G.; Coyle, C. L.; Holm, R. Bl. Am. Chem. S0d.98Q (58) Archer, M.; Carvalho, A. L.; Teixeira, S.; Moura, |.; Moura, J. J. G;
102 4350-4355. Rusnak, F.; Roff@ M. J.Protein Sci.1999 8, 1536.
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Table 5. Optimized Geometries for the [2FRS] Ferredoxin Model (SChLFeSFe(SCH), in Vacuum and Calculated in the Protein with the
ComQum Prograft3%2

distance to Fe (pm)

Fe—Scys Fe-S
oxidation state system AEj, kd/mol range av range av Fée

I+ vacuum 245-249 247.4 225241 233.0 299
reduced protein 92.5 23243 239.0 225241 233.0 301
oxidized protein 54.6 234240 2375 221246 231.6 289
protein crystals 230236 232 218229 224 275
protein EXAFS 224 276
vacuum, high spin 247248 248 236-237 233.2 280

I+ 1 vacuum 235-237 236.4 226227 226.5 285
reduced protein 42.6 23234 232.1 223231 226.5 283
oxidized protein 110.5 228238 233.8 226233 228.4 302
models 236-233 232 219-223 221 267270
protein crystals 222237 229 211228 221 266-278
protein EXAFS 223 276273
vacuum, high spin 235237 236.2 236233 231.6 304

aFor the latter calculations, it is indicated what protein structure has been used (oxidized or ¥@didlechliculations were run with a fixed
system 2AE,; is the energy difference (calculated in a vacuum) of system 1 between the vacuum and ComQum geometries. In vacuum, a set of
calculations of the high-spin state are also presented. Experimental data from model coffgéandsproteins (both crystal structute® and
EXAFS dat&? are also included.

Figure 2. Difference in geometry between the mixed-valence and oxidized (shaded) forms of the2@Ferredoxin model (SCiLFeSFe-
(SCH).

imply any relationship to the function of the site; instead, it 25 T
may reflect a small force constant (the bond or angle is flexible) i
so that the difference in energy terms is small and therefore of
minor functional importance. Similar results have been obtained
for axial interactions in blue copper proteins anda&#°°60
[2Fe—2S] Ferredoxin Site.Next, we studied (SCh.FeS-
Fe(SCH), as a model of the [2Fe2S] ferredoxins. The
optimized structures are described in Table 5. The-fe
distance in the oxidized site is 285 pm, while the—Se
distances are 226227 pm and the FeScys distances 235
237 pm (S denotes an inorganic sulfide ion). The variation in
the Fe-S distances is caused by hydrogen bonds between the
methyl groups and the sulfur ions (cf. Figure 2). The-Be [
distances are 47 pm longer than in model compounds and 0
protein crystal structuréd: 63 Similarly, the calculated FeFe 260 270 280 290 300 310 320
distances seem to bel5 pm too long. However, as can be Fe-Fe distance (pm)
seen in Figure 3, the Fd-e potential energy surface is quite Figure 3. Potential surface of the Fere interaction in the mixed-
flat: A 15 pm difference corresponds to a change in energy of valence (Mv) and oxidized (Ox) state of (SQkFeSFe(SCH)..

only ~5 kymol. Moreover, spin coupling efects (see below)  £1Er9 & G s both e bioken syt souton (o bt
tend to shorten this distance by at least 4 pm. spin ground state (Cor).

S\ Ox Corr
\ ¥

Relative energy (kJ/mole)

(59) EygeBLinl; ?rgsosrgn’c'\f]é'*%aggoss’%% 4De Kerpel, J. O. A Pierloot,  \nhan the model is reduced, the-F8cysand Fe-Fe distances

(60) Olsson, M. H. M.; Ryde, Wl. Biol. Inorg. Chem1999 4, 654-663. become 9-12 and 14 pm longer, respectively (Figure 2). The

(61) Mayerle, J. J.; Iaenmark, S. E.; DePamphilis, B. V.; Ibers, J. A.; Holm, Fe—S distances to one of the iron ions increase by 15 pm,

(62) ?J'eyér‘:{aAn.'(i(:rrr?éds;aoa\-(??(s)lgr’ntcr)gzlr.—A.' Kimura, S.; Nakamura whereas thpse '?‘O the other ion decrease by 2 pm. Thus, they
A |n0rg_’Chém_1996 3’,5' 6473-6484. ' T " become quite dissimilar, 241 and225 pm. This shows that

(63) Brookhaven Protein Data Bank files: 1frd, 1frr, 1fxi, 1qt9, and 4fxc. the added electron is localized on one iron atom (the one with
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the longer bonds). However, it is also strongly delocalized over Table 6. Inner-Sphere Reorganization Energies (kJ/mol) for the
the neighboring sulfur ions. [2Fe—2S] Ferredoxin Model (SCHLFeSFe(SCH), Calculated in
Vacuum and in the Protein with ComQém

No binuclear inorganic models in the reduced state seem to

exist>® However, the first crystal structure of a reduced [2Fe protein Ared ox Ai

28] site in a protein was recently publish®dt does not show vacuum 34.3 (35.5) 41.5 (44.7) 75.8 (80.2)
the same asymmetry as our structures. This is because the reduced protein 44.7 (50.6) 6.9 (7.9) 51.9 (58.5)
unpaired electron alternates between the two iron sites during ©Xidized protein — 29.0 (17.2) 7.8(9.8) 36.8(27.0)
the data collectio® EXAFS data are also availabiébut they vacuum, high spin - 25.5 335 59.0

do not distinguish between the two types off®bonds. Yet, aFor the latter calculations, it is indicated what protein structure

it is clear that our calculated F&S and Fe-Fe distances are has been used (OXidiZed or redu@zdReorganization energies have

longer than those in the proteins. Moreover, the experimental P€en .CalCUI"at?d bOtr? directly froT ;}he low-spin (“broken-symlmetéyf”)

; i energies and from the energies of the pure-spin state extrapolated from
structu_res_show a smgller decrease n the&;@ilstance_ upon the broken-symmetry and high-spin solutions (the latter in parentheses).
reduction in the protein (3 pm) than in our calculations (9 paa for the high-spin vacuum structure are also given.

pm). This is not surprising becaus&0% of the iror-sulfur
sites in the crystal are oxidizé#,giving rise to multiple  The results of these calculations are gathered in Table 5. As
conformations that are hard to discern. for rubredoxin, the FeScys bond lengths are shortened in the
The calculated reorganization energy of our model in a protein by 9 pm in the reduced site and by 3 pm in the oxidized
vacuum is quite large, 76 kJ/mol, almost twice as much as for site. These changes are larger than for the rubredoxins, reflecting
the rubredoxin model. This is in accordance with a lower rate the larger net charge of the binuclear sites. Interestingly, the
of electron transfer for the [2Fe2S] sites in proteins as well  Fe—S bond lengths do not change significantly in the protein,
as in model systen®:51 The increase can be rationalized by a but the variation increases slightly. The-Hee distance varies
detailed study of the change in bond lengths and force constantsjuite substantially in the calculations but without any clear trend.
of the two models. In the dimer, the reduction is mainly confined This probably reflects the flexibility of the bond (cf. Figure 3).
to one of the iron ions. The changes in the bond lengths upon Consequently, our optimizations in the protein predict that
reduction of this iron ion are slightly larger than for the the average FeScysand Fe-S bond lengths should decrease
rubredoxin monomer (on average 13 pm compared to 9 pm). by ~5 pm upon oxidation. This leads to a reduced reorganization
However, there are also appreciable changes around the otheenergy inside the protein (Table 6). As for the rubredoxins, the
iron ion (6 pm on average). The F&s force constants are  individual values vary quite a lot, 3752 kJ/mol, but both
slightly lower in the dimeric site (0.017 compared+®.015 estimates are appreciably lower than in a vacuum (75 kJ/mol).
kJ molt pm=2 in the reduced site and 0.032 compared to On average (44 kJ/mol), the reorganization energy is almost
~0.026 kJ mot! pm=2 in the oxidized site), but those of the halved in the protein. It is also notable thay is appreciably
Fe—S bonds (which are not present in the monomer) are larger larger thameq This is most likely caused by the large variation
(0.027 and 0.039 kJ mot pm~?). Therefore, the total reorga-  in the Fe-S bonds in the reduced site.
nization energy of the ferredoxin model is almost doubled. At Finally, it should be noted that th®E; values (also included
first, the increase in reorganization energy for the dimericron  in Table 5), i.e., the cost of changing the energy of the iron site
sulfur clusters may seem strange, considering that the reorgafrom the vacuum geometry to the one in the protein, are quite
nization energy of the dimeric Gusite was found to be large for the [2Fe-2S] ferredoxin models, 43110 kJ/mol. This
appreciablylower than for the blue-copper monomer (43 kJ/ is larger than the corresponding values for rubredoxin; 38}
mol compared to 62 kJ/mol). However, the reason for this kJ/mol (Table 3), and also for the blue copper proteins and
difference is that the unpaired electron in the mixed-valence alcohol dehydrogenase (300 kJ/mol)?4396870 This is prob-
Cua site is delocalized over the two copper iGR$%66 As ably an effect of the large charge of the cluster and the many
suggested by Larsson and co-workérand confirmed by polar interactions in the proteiAE; can be interpreted as the
detailed calculation® such delocalization of an electron over strain energy of the cluster when it is bound to the protein. It
two monomers reduces both the bond length change and theincludes, however, several terms normally not considered as
force constants of the site, leading to a reduction of the protein strairf® Interestingly AE; is larger for the native protein
reorganization energy. structure (i.e., the oxidized site in the oxidized structure and
It is clear that there are significant differences between the Vice versa); the opposite is normally fouffdAE; can be
calculated and experimental structure of the reduced site.€xpected to decrease if the protein is allowed to relax, typically
Considering the results for the rubredoxins, an important reasonby 5-20 kJ/mol*
for this discrepancy may be solvation effects in the protein. The  All energies presented until now are those directly obtained
isolated site has a charge of3, which is larger than for the ~ from the B3LYP low-spin calculations (the “broken-symmetry”
reduced rubredoxin site<). Therefore, we also ran a series solution$19. As discussed in Methods, this solution is not a
of ComQum calculations of the [2F@S] ferredoxins in the ~ Pure spin state. Instead, the energy of the pure-spin ground state
protein. Again, we used crystal structures for both reduced and can be obtained by an extrapolation from this energy using also

oxidized sites, but the protein was kept rigid in all calculations. the properties of the high-spin wave function at the same
geometry (eqs 37).21%13|n Figure 3 we compare the Fé&e

potential surface of the pure-spin and broken-symmetry states.

(64) Teo, B.-K.; Shulman, R. G.; Brow, G. S.; Meixner, AEAmM. Chem.

S0c.1979 90, 5624-5631. It can be seen that the difference is quite small, less than 4
(65) Farrar, J. A.; Neese, F.; Lappalainen, P.; Kroneck, P. M. H.; Saraste, kJ/mol for all investigated distances (26810 pm). Yet, spin
M.; Zumft, W. G.; Thomson, A. JJ. Am. Chem. Sod996 118 coupling systematically favors shorter-Fe distances in both

11501-11514. . . . . .
(66) Gamelin, D. R.; Randall, D. W.; Hay, M. T.; Houser, R. P.: Mulder, ©0Xidation states. Therefore, the optimum-free distance is

T. C,; Canters, G. W.; de Vries, S.; Tolman, W. B.; Lu, Y.; Solomon,

E. I.J. Am. Chem. S0d.998 120, 5246-5263. (68) Ryde, U.; Hemmingsen, 1. Biol. Inorg. Chem1997, 2, 567-579
(67) Larsson, S.; Kiebring, B.; Wittung, P.; Malmsthm, B. G.Proc. Natl. (69) Ryde, U.Protein Sci.1995 4, 1124-1132

Acad. Sci. U.S.A1995 92, 7167-7171. (70) Ryde, U.Eur. J. Biophys1996 24, 213-221.
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Table 7. Geometries and Inner-Sphere Reorganization Energies
(kJ/mol) for the Rieske (SCHbFeSFe(Im) Models Calculated by
the B3LYP Method, Both at the Low-Spin (in Accordance with
Experiments) and High-Spin States

distance to Fe (pm)

oxidation A,
state system kd/mol Sy S Nhis  Fe
I+ 1l vacuum 18.3 233239 225-229 216-220 271

protein crystals 222231 223-235 213-223 271
vacuum, high spin  39.1 23440 229-233 216-219 261
vacuum 21.8 227232 219-230 210-212 275
vacuum, high spin  43.0 227231 222-239 21%-212 293

i+

a Experimental results have also been included.

Sigfridsson et al.

There are two crystal structures available for Rieske centers,
one from mitochondria and one from chloroplagté?Both are
in the mixed-valence (reduced) state. As can be seen from Table
7, the calculated FeScys bond lengths are too long by-81
pm (as an effect of deficiencies in the B3LYP method and
protein solvation effects), whereas thef% and Fe-N bonds
lengths are close to the experimental averages. Thé&Edond
length is exactly the same as in the two crystal structures, 271
pm, which of course is a lucky coincidence, considering the
low resolution of the structures and the flexibility of this bond.

Upon oxidation, the FeScys and Fe-N distances of the
Rieske model decrease by’ pm, whereas the Fe-e distance
increases by 4 pm. As in the [2F€S] ferredoxin model, the

reduced by 4 pm in the oxidized state and by 6 pm in the mixed- Fe-S5 distances decrease slightly for the iron ion that is not
valence state. This makes the distances closer to those found imxidized (by -2 pm), whereas the distances to the other iron

experiments (cf. Table 5), even if the discrepancy is stilt-10

15 pm, corresponding to an energy cost ef5lkJ/mol.

ion increase by #8 pm. However, contrary to what was found
for the former system, the F€5 distances are quite similar in

Moreover, we have estimated the effect of spin coupling on the mixed-valence state, 22229, whereas they are distinctly
the reorganization energies. From Table 6, it can be seen thatdissimilar in the oxidized state (230 pm for the iron ion bound

the effect in most cases is smalk-3 kJ/mol. However, for the

to the thiolate groups and 219 pm for the other iron ion). This

two mixed-valence calculations in the protein, the effect is is of course an effect of the ligand substitution.

larger, 6-12 kJ/mol, but with a varying sign. This can be traced

back to the electron delocalization parameByr This parameter

Interestingly, the inner-sphere reorganization energy of the
Rieske model, 40 kJ/mol, is appreciably lower than for the

can be estimated together with the Heisenberg spin couplingferredoxin model and similar to that of the rubredoxin model.
parametersJ) from eqs 3-6. The Heisenberg spin coupling The reason for this is that the change in all irdigand distances
parameters for the oxidized stathk,, are 252-381 cntl, in is quite small,<8 pm, i.e., less than in the rubredoxin model.
excellent agreement with experimental estimates {2l Recently, it has been suggested that theoretical calculations
cmY) but less than half as large as earlier quantum chemical of antiferromagnetically coupled polynuclear metal complexes
estimates (763868 cnt?) obtained with other, less accurate often can be done in the ferromagnetically coupled high-spin
functionalst®> However, the electron delocalization parameters state (which is computationally more simplé&y2 Therefore,

for the mixed-valence state, 1982200 cnt?, are much larger
than in earlier calculations (39812 cnt1).1> This overestima-
tion propagates to the Heisenberg spin coupling paraméigys,
which also are too large (1140260 cnt!) compared both to
experiments (196 cm) and to other calculations (534604
cm~1).151f the B-factor contribution talieqis ignored, the results
are only slightly smaller than experiments, 386 cnt . This
indicates that the method to estimate Bhéactor from orbital

we have also calculated structures and reorganization energies
of the [2Fe-2S] ferredoxin and Rieske models in the high-
spin states (with 9 or 10 unpaired electrons). The results in
Tables 5-7 show appreciable differences compared to the low-
spin calculations. Even if the distances to the terminal ligands
do not differ by more than 1 pm, the +& bond lengths may
change by up to 9 pm and the flexible Hee distances by as
much as 18 pm. For the Rieske site, the-Bebonds lengthen

energy differences does not work properly for these systemsin the high-spin state, whereas in the ferredoxin model they
without symmetry. Therefore, and also because of the small both increase and decrease, giving a smaller variation in the
effect of spin coupling observed in most systems, we decided reduced state but a larger one in the mixed-valence state.

to ignore this effect for the other spin-coupled systems.

Most importantly, these changes in geometry have large

Finally, it should be mentioned that we have also studied the effects on the reorganization energy. As can be seen in Tables

fully reduced (SCH),FeSFe(SCH), 4~ complex. However, the

6 and 7, the reorganization energy of the ferredoxin model in

large negative charge of this complex makes it unstable in a the high-spin state is decreased by 18 kJ/mol to 59 kJ/mol,
vacuum: Two of the cysteine models dissociate from the iron Whereas it is more than doubled for the Rieske model, to 82

ions when it is optimized in a vacuum.

Rieske Site.In the electron-transport chain of chloroplasts

and mitochondria, binuclear irersulfur clusters are found with

unusually high reduction potentials (cf. Table 1). These so-called
Rieske centers are [2F2S] ferredoxins with the cysteine
ligands of one of the iron ions replaced by two histidine ligands.
In the reduced state (lHe€"), the extra electron resides on iron
ions with two histidine ligands, whereas it alternates between

the two ions in the normal ferredoxiAsThis is reproduced
in our calculations. We have modeled these sites by GpEES-

Fe(Imy%~. The optimized structures are shown in Table 7. All

distances around the iron ions are shorter than Sf8CHy),,
the Fe-Fe distance by 10 and 28 pm, the-F&s distances
by 2 and 6 pm, and the average-F& distances by 7 and 9

pm, for the oxidized and mixed-valence states, respectively. This

is probably an effect of the smaller net chargel(and 0) of

the Rieske models. The F& distances are 211 and 218 pm,

respectively.

kJ/mol. Thus, for geometries and reorganization energies, it is
not a good idea to use high-spin models, at least for-rifur
clusters.

[4Fe—4S] Ferredoxin Site.Next, we studied three oxidation
states of F§54(SCHs)4 as a model of the [4FeS] ferredoxin
site. The optimized structures are described in Table 8. As
expected, they are slightly distorted cubes (cf. Figure 4).
Compared to the [2Fe2S] sites, the FeScys distances are
consistently shorter; the average+&s bond lengths in the
three oxidation states are 239, 232, and 226 pm compared to
247 and 236 pm in the two E8(SCHs)4 complexes. The Fe

(71) Iwata, S.; Saynovits, M.; Link, T. A.; Michel, Fstructure1996 4,
567.

(72) Carrell, C. J.; Zhang, H.; Cramer, W. A.; Smith, JStructure1997,
5, 1613.

(73) Pavlov, M.; Blomberg, M. R. A,; Siegbahn, P. E. Mt. J. Quantum
Chem.1999 73, 197-207.

(74) Siegbahn, P. E. M.; Westerberg, J.; Svensson, M.; Carbtree, R. H.
Phys. Chem1998 B102 1615-1623.
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Table 8. Geometries and Inner-Sphere Reorganization Energ)es (
for the FaS4(SCH;)4 Ferredoxin Models Calculated by the B3LYP
Method!

distance to Fe (pm)

oxidation ,
state system kJ/mol Sys S Fe
I3l vacuum 327 237241 233-246 277322
models 228231 227237 271281
protein crystals 228232 226-232 254-270
protein EXAFS 226 271
ol vacuum Ared=29.2 232-233 234-237 282-293
Aox = 18.3
models 224229 223-233 276-279
protein crystals 213233 214-240 256-279
protein EXAFS 225 266273
40l vacuum 24.8 226227 227240 284-310
models 226-221 223-228 274
protein crystals 218226 215-237 267
protein EXAFS 226 274

aExperimental results for model compleXEe% 758 as well as
proteins (both crystal structufé§3and EXAFS dat) have also been
included when availablé.Average distance.

S and Fe-Fe distances are similar to those found in the dimeric
sites, but they vary quite a lot within the cuboidal sites.
Crystallographically characterized inorganic models and
protein crystal structures are available for all three oxidation
state$$162.64.7583 Their structures are included in Table 8. It
can be seen that our calculated models hav&2lpm too long
Fe—S bonds and 641 pm too long FeFe bonds. Probably,

all distances will be shorter in the protein, as an effect of the

hydrogen bonds present there (typically eight to tlg &nd
three to the Satoms?).

As in the inorganic model systems, the calculated distances
can be divided into two or three groups representing distances

within or between F£5, dimer planes (with the same or different
oxidation state). For example, in the'lzE€" ; state, the eight
Fe—S distances within the two mixed-valence,Bgpairs are

Inorganic Chemistry, Vol. 40, No. 11, 2002517

(a)

(b)

longer,~237 pm, than those between the two planes, 234 pm.
In the model systems, the difference is similar,8pm’¢ The
same is true for the Fe~e distances; the four between the planes
are shorter than the two within the planes, 282 and 293 pm,
respectively. In the models, the same trend is present, but the
difference is smallefé-82

For the reduced cluster, model compounds show large var-
iation in the structure, ranging from compressed to elongated
sites’>~78 This indicates that it is highly plastf2°> Our optimi- Figure 4. Difference in geometry (a) between the'ged" and Fé,-
zed structure is similar to two of the observed structures, with Fe''; (shaded) forms and (b) between thé'f/&"'; (shaded) and Fe

four short bonds within the mixed-valence,Bgpair, four long
bonds within the reduced F® pair, and two short and two

Fe''; forms of the [4Fe-4S] ferredoxin model F&(SCH)a.

long distances between the two pairs. Of course, such a clear€Xtra electron is localized on one pair, which is unlikely in mo-

distinction between the two B8, pairs can only be seen if the

(75) Laskowski, E. J.; Frankel, R. B.; Gilum, W. O.; Papaefthymiou, G.
C.; Renaud, J.; Ibers, J. A.; Holm, R. B. Am. Chem. Sod. 978
100, 5322-5337.

(76) Berg, J. M.; Hodgson, K. O.; Holm, R. H. Am. Chem. Sod.979
101, 4586-4593.

(77) Stephans, D. W.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. H.
Inorg. Chem.1983 22, 1550-1557.

(78) Hagen, K. S.; Watson, A. D.; Holm, R. thorg. Chem.1984 23,
2984-2990.

(79) Marscharak, P. K.; Hagen, K. S.; Spence, J. T.; Holm, Rinbkg.
Chim. Actal1983 80, 157—170.

(80) O'Sullivan, T. M.; Millar, M. J. Am. Chem. So0d.985 107, 4096~
4097.

(81) Dauter, Z.; Wilson, K. S.; Sieker, L. C.; Meyer, J.; Moulis, J.-M.
Biochemistry1997, 36, 16065-16073.

(82) Que, L.; Bobrik, M. A.; Ibers, J. A.; Holm, R. H.. Am. Chem. Soc.
1974 96, 4168-4178.

(83) Brookhaven Protein Data Bank files: 1fca, 1fdb, 1fdc, 1hip, and lisu.

dels and protein&:85This may explain why our structures show
a larger variation in the bond lengths than the experimental ones.
When the FésFe' site is oxidized, several changes are seen
(cf. Figure 4a). The FeScys bonds contract by 58 pm (most
for the reduced F; pair), and the Fe S distances within the
reduced Fg£5, pair decrease by 9 pm, whereas those of the
mixed-valence pair hardly change at all. Two of the-BSebonds
between the pairs decrease by 8 pm, whereas the other two
increase by 1 pm. Thus, six F& bonds change by the same
amount as in the rubredoxin site (where there are only four
bonds). Therefore, the reorganization energy is slightly larger
than this site, 62 kJ/mol.

(84) Beinert, HJ. Biol. Inorg. Chem200Q 5, 2—15.

(85) Dilg, A. W. E.; Mincione, G.; Achterhold, K.; lakovleva, O.; Mentler,
M.; Luchinat, C.; Bertini, I.; Parak, F. G. Biol. Inorg. Chem1999
4, 727-741.
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Table 9. Geometries and Inner-Sphere Reorganization Energies for Table 10. Geometries and Inner-Sphere Reorganization Energies
Some Iron Models Related to Desulfoferrodoxin Calculated by the  (kJ/mol) for Some Four- and Six-Coordinate Iron Models Calculated

B3LYP Method by the B3LYP Method
distance to Fe (pm) distance to Fe (pm)
model oxidation state/;, kJ/mol L1 L, Lz Ls Ls model oxidation state A;, kJ/mol L Lo Ls La
Fe(Imy(SCHs) 1 21.7 218 218 229 230 234 Fe(HO)s 1 30.5 215 215 215 215
] 20.1 213 213 217 217 226 1l 34.9 205 205 205 205
protein crystai® 1] 206 211 220 221 229 Fe(H0), 1] 35.9 204 204 204 204
Fe(lm) Il 23.1 208 208 208 208 11l 29.9 196 196 196 196
I 23.8 200 200 200 200 Fe(NHs), I 8.0 214 214 214 214
Fe(Im)(SCHy) I 24.0 204 204 205 223 " 95 209 209 209 209
1] 25.5 211 211 211 228
Fe(Imy(SCH)2 Il 229 216 217 232 232 a All complexes were assumed to be high spin. The order of the
1] 24.1 207 208 224 224 L;—L4 ligands is the same as in the chemical formula for the model.
Fe(Im)(SCH)3 Il 215 221 236 236 239 For Fe(HO)s, all six distances are the same, so only four are given.

1] 25.3 212 227 228 228

2 All complexes were studied in the high-spin state. The order of Structures, whereas our calculated-Sgys distance is 3 pm
the Li—L, ligands is the same as in the model formula. shorter than in the crystal structure. The reorganization energy
) o of the desulfoferrodoxin model is close to that of rubredoxin,
When the complex is further oxidized to the'lFe" ; state, 42 ki/mol.
changes in the geometry are smaller (see Figure 4b). Al Fe s indicates that imidazole and cysteine give rise to sites
Scysbonds decrease by 6 pm, whereas most&eonds lengths  ith similar electron-transfer properties. Therefore, we studied
change by less than 1 pm. Only two bond§ within a pair increase the five models of the type Fe(IR{BCHs)s_n, With n = 0—4
by 3 pm and two bonds between the pairs decrease by 7 pm.(n = 0 gives the rubredoxin site). The results are also included
All these changes are less than in the rubredoxin site. Therefore,, Taple 9 and show that the reorganization energy varies
it is somewhat unexpected that the reorganization energy ispetween 40 and 49 kd/mol. It is lowest for the rubredoxin site,
slightly larger than the energy for that site, 43 kJ/mol (even \hereas the other four sites all have a reorganization energy
considering that there are 4 times as many 8ebonds in the  around 47 kJ/mol. Interestingly, the F&c,sbonds change more
[4Fe-43] site). The reason is probably that there are quite gyring oxidation than the FeNys bonds. This indicates that
substantial changes in theJSg core structure, as is flagged by the Jatter bond is stiffer, although the +8c,s bond involves
a 28 pm increase in two of the F&e bonds. Compared to  ap interaction between two oppositely charged ions. This is
inorganic models, the calculated changes seem to be reasonablggnfirmed by direct calculations of the corresponding force
for the average FeS distances (2 pm) but slightly too large constants, which are 0.027 and 0.038 kJ Th@m 2 for the

for the Fe-Scys bonds (4 pmf? Fe—N bonds in Fe(Imy/3* but 0.017 and 0.032 kJ mdl pm2
Holm and co-workers have estimated the total self-exchangefor the Fe-S bonds in Fe(SCHL2 /1.
reorganization energyA( + o) for the FésFe! —FelFel; Thus, in terms of reorganization energy, cysteine and histidine

couple of the FgS(SGH4CHg)a model compound to be 146 ¢an pe used almost interchangeably. However, cysteine has the
kJ/mol>” They also estimated the inner-sphere part from the agvantage of stabilizing a low coordination number for both
observed changes in the ¥8 bonds and the corresponding  oxjdation states (because of its negative charge and bulkiness),
frequencies to be 32 kJ/mol. The latter estimate is half as large\yhereas higher coordination numbers are preferred with the
as ours probably because we have not included the protein inyncharged histidine ligands. Moreover, cysteine forms more

our calculations. o covalent bonds and therefore a better path for electron transfer.
_Similarly, the total self-exchange reorganization energy of a Thjs can be seen from the higher spin densities on the cysteine
high-potential iron protein has been estimated to be9®kJ/  models than on the imidazoles (e.g., 0.10 e compared to 0.05 e

mol8 This result is in accordance with our calculations, for the reduced Fe(SGHt and Fe(Im) complexes and 0.30 e
provided that the outer-sphere contribution of this protein is compared to 0.20 e for the oxidized complexes).
similar to that of plastocyanin (a protein of a similar size0 Comparison with the Blue Copper Proteins. We have
kJ/mol?” and that the reorganization energy of the HiPIP model shown that the inner-sphere reorganization energy of six types
inside the protein is approximately half of the vacuum estimate, of jron—sulfur clusters is similar to those found for the blue
as was observed for the rubredoxin and [2B&] ferredoxin copper proteins and the binuclear Csite, both in a vacuum
models, as well as for blue copper proteifis. (43-90 kJ/mo¥2-24%) and in the proteins (2738 kJ/mok). It
Desulfoferrodoxin Site. Recently, it has been shown that s instructive to compare how the two types of sites have
desulfoferrqdpx.in cqntains an iron site with only one qysteine achieved such a low reorganization energy. The blue copper
and four histidine ligand® We have modeled this site by  proteins reduce their reorganization energy by using ligands with
Fe(Im)(SCH;)*/>*. As can be seen in Table 9, the optimized 3 small force constant for the bond to copper (methionine) and
structures have two short and two long-+éis bonds due to  py ysing ligands that give structures that are similar to those
CH-+-Scys hydrogen bonds. The bond lengths in the oxidized for cy(l) and Cu(ll) (cysteine}?2 The Cu site has a delocalized
structure are close to those in the crystal structure of desulfo- gjectron in the mixed-valence state, which reduces the force
ferrodoxin; the average FeN distance is 215 pm in both  ¢onstants and the change in the metigiand bond lengths upon

reduction?3
(86) Babini, E.; Bertini, |.; Borsari, M.; Capozzi, F.; Luchinat, C.; Zhang, . . .
X.: Moura. G. L. C.. Kurnikov, 1. V.- Beratan, D. N.; Ponce. A.: Di To examine how the ironsulfur clysters _have_ ac_hleved a
Bilio, A. J.; Winkler, J. R.; Gray, H. BJ. Am. Chem. So€00Q 122, low reorganization energy, we examine an iron ion in agueous
4532. S ) solution, modeled by Fe(}@)s. As can be seen in Table 10,
(87) Soriano, G.M.; Cramer, W. A.; Krishtalik, L. Biopys. J.1997 73, this complex has an inner-sphere reorganization energy of 65

265. g ; 2
(88) Coelho, A. V.; Matias, P.; Fiép, V.; Thompson, A.; Gonzalez, A.; kJ/mol. This is actually slightly less than for the [2F2S] site.

Carrondo, M. AJ. Biol. Inorg. Chem1997, 2, 680-689. However, the outer-sphere component is large in aqueous
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solution, giving a total reorganization energy o250 kJ/
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Thus, we can conclude that iron a priori is a much better

mol.8%-9°The reorganization energy of the corresponding copper electron-transfer ion than copper because the two oxidation states

complex is more than 5 times larger (336 kJ/rfbhecause
Cu(l) assumes a lower coordination number than Cu(ll). Yet,
even if Cu(l) is forced to have the same coordination number
and geometry as Cu(ll), the reorganization energy is still twice
as large as for iron (112 kJ/méf)because the changes in the
metal-ligand bond distances are larger: 24 pm for four bonds
and 3 pm for two bonds for copper (Euis Jahn-Teller
distorted) compared to 10 pm for all bonds in the iron complex.
Both the iron-sulfur clusters and the blue copper proteins
are four-coordinate. Therefore, we studied the RLE(kIsystem.
The reorganization energy of this complex is almost identical
to that of the six-coordinate complex, 66 kJ/mol. This is an

of iron have the same preferences in coordination number and
geometry. Moreover, the irersulfur clusters, like the blue
copper proteins, employ nitrogen and sulfur ligands rather than
oxygen ligands to reduce the metdigand force constants and
therefore the reorganization energy. This is a general rule that
has also been observed experimentdlililowever, after this,

it seems that the actual choice of iron ligands is determined
more by practical reasons (e.g., that the metal should bind
strongly to the protein) and by the need for obtaining a proper
electronic path rather than by considerations of the reorganiza-
tion energy. Similarly, the choice of the type of iresulfur
cluster (i.e., the number of iron ions and the type of ligands)

effect of a smaller change in the bond lengths (8 pm) and a seems to be mainly a question of stability and reduction

lower number of bonds combined with more stiff bonds. The

potential. A large cluster may decrease the distance of electron

geometry is tetrahedral for both oxidation states. This is in strong ransferss may allow the site to be more buried in the protein,

contrast to copper, for which Cu(l) forms a tetrahedral complex,

and may give a directionality for electron transteP2This may

whereas Cu(ll) assumes a square-planar structure. Thereforeexmain why the polynuclear iremsulfur clusters are more

the reorganization energy of copper (136 kJ/mol) is almost 3
times higher than for irof?

The situation is similar for the Fe(Ndt complex. It has a
very low reorganization energy of only 18 kJ/mol, which is more
than 7 times lower than for copper (122 kJ/mol). Thus, such a
complex would constitute an excellent electron-transfer site.
However, four neutral ligands do not form stable complexes
with Fe(lll), and amine ligands are not available in most proteins
(the functional group of lysine has an acid constant that is too

common than the rubredoxin site.
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