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High-potential iron-sulfur proteins (HiPIPs)2 are found in
photosynthetic purple nonsulfur bacteria.3 The three-dimensional
structure of Chromatium Vinosum HiPIP features two short
segments ofR-helix, three strands of antiparallelâ-pleated sheet,
and a small helix near the N-terminus.4 The cubane [Fe4S4] cluster
is attached covalently to the polypeptide matrix through Fe-Sγ

bonds to cysteines 43, 46, 63, and 77. The side chains of Tyr19,
Phe48, Trp60, Phe66, Trp76, Trp80, and other nonpolar residues
encapsulate the cluster in a hydrophobic cavity that is inaccessible
to solvent.5 Tyr19, which contacts the [Fe4S4] core, has been
suggested to play a particularly important structural role.6 In both
oxidation states, the cysteinyl and core inorganic sulfur atoms
are involved in H-bonding interactions with peptide NH protons.7

We have studied intramolecular electron transfer inC. V. HiPIPs
in which surface histidines at positions 18, 42, 50, and 81 (42 is
wild type; 18, 50, and 81 are mutants in which 42 is Gln)8 were
modified by coordination of Ru(bpy)2(im)2+ (Figure 1A).9,10 The
calculated [Fe4S4]2+:[Ru(HisX)]3+ electronic couplings in these
four Ru-modified proteins vary dramatically, even though the
closest Fe-Ru ET distances fall in a narrow range (Figure 1B-

E). Thus these Ru-HiPIPs provide a particularly rigorous test of
the tunneling-pathway model of ET in proteins.11,12

Kinetics of ET from [Fe4S4]2+ to Ru(HisX)3+ (X ) 18, 42, 50,
81) were measured by transient absorption changes following
intramolecular quenching of electronically excited Ru-HiPIPs.13

Rate constants (kET) and driving forces (-∆G°) are set out in
Table 1. It is likely that the reorganization energy (λ) is below 1
eV for these reactions, since NMR work has established that the
solution structures of oxidized and reducedC. V. HiPIP14 are
similar.15 A value in the 0.6-0.9 eV range16-18 accounts for the
very small changes in rate that accompany driving-force (X )
42, 81) and temperature (X ) 50)19 variations. Thus the observed
rates closely approximate coupling-limitedkET values.
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It is striking that the tunneling times vary over 2 orders of
magnitude in proteins in which the distances between Ru and

the closest Fe in the Fe4S4 core differ by less than 2 Å. The 340-
fold rate difference His50, His 81 is attributed to a 5-bond
shorter pathway in His 81 (His50, 12 covalent bonds plus 1
H-bond; His81, 7+ 1). Pathway predictions of rate ratios for the
full set [1(His50):0.36(His18):28(His42):12(His81)],20 however,
are different from experimental values [1:30:150:340]. Inclusion
of all chemical groups containing atoms that lie on paths within
50% of the strongest path provides a better description of the
protein-mediated coupling. Relative rates based on calculated
couplings at the Hartree-Fock 3-21G level are [1:18:45:71],20

in accord with the order observed experimentally.
The dramatic rate differences observed for the Ru(HisX)-

HiPIPs arise from the nature of the tunneling pathways. The rapid
electron tunneling in Ru(His81)-HiPIP underscores the importance
of hydrogen-bond-mediated coupling.21 The Fe-Ru coupling in
this mutant is comparable in strength to that in Ru(His42)-HiPIP,
in which the donor, Fe(Cys43), is directly (42-43) coupled to
the acceptor. Approximate quantum chemical analysis that
includes secondary pathways, interactions beyond nearest neigh-
bors, and orbital symmetry effects accounts for many of the other
observed rate differences. We conclude that the relative strengths
of the electronic couplings in HiPIP can be understood only in
the context of bond-mediated coupling, which takes the three-
dimensional structure of the folded protein into explicit account.

Acknowledgment. We thank Brian Crane for helpful discussions.
This research was supported by NIH (DK19038 to H.B.G.; GM48043 to
D.N.B.), the Howard Hughes Medical Institute (summer undergraduate
research fellowship to X.Z.), and CAPES-Brazil (graduate fellowship to
G.L.C.M.).

Supporting Information Available: Ruthenium modification pro-
cedure; absorption spectra; electrochemical procedure, voltammograms,
and reduction potentials for HiPIP and Ru(His42)HiPIP (Ru3+/2+ and
Fe3+/2+ couples) measured at eight different temperatures; HiPIP and
ruthenium difference absorption spectra; transient absorption kinetics
traces (PDF). This material is available free of charge via the Internet at
http://pubs.acs.org.

JA994472T

(18) Di Bilio, A. J.; Hill, M. G.; Bonander, N.; Karlsson, B. G.;
Villahermosa, R. M.; Malmstro¨m, B. G.; Winkler, J. R.; Gray, H. B.J. Am.
Chem. Soc.1997, 119, 9921-9922. Skov, L. K.; Pascher, T.; Winkler, J. R.;
Gray, H. B.J. Am. Chem. Soc.1998, 120, 1102-1103.

(19)kET[Ru(His50)HiPIP] is independent of temperature in the range 4-30
°C.

(20) Pathway values are based on metal-to-metal couplings. Searches
performed to the edges of the Ru ligands gave similar results. Donor and
acceptor groups in the quantum calculations were represented by hydrogen
atoms with binding energies of-5 eV. For details of the methodology see:
Kurnikov, I. V.; Beratan, D. N.J. Chem. Phys.1996, 105, 9561-9573.

(21) Studies of other Ru-modified proteins11,12 and donor-acceptor com-
plexes (de Rege, P. J. F.; Williams, S. A.; Therien, M. J.Science 1995, 269,
1409-1413. Yang, J.; Seneviratne, D.; Arbatin, G.; Andersson, A. M.; Curtis,
J. C.J. Am. Chem. Soc. 1997, 119, 5329-5336. Kirby, J. P.; Roberts, J. A.;
Nocera, D. G.J. Am. Chem. Soc. 1997, 119, 9230-9236. Williamson, D. A.;
Bowler, B. E.J. Am. Chem. Soc. 1998, 120, 10902-10911) have shown that
hydrogen-bond bridges can be very effective in mediating distant couplings.

Figure 1. (A) Structure ofC. V. HiPIP with histidines at positions 18,
42, 50, and 81. (B-E). Electron tunneling pathways in Ru(HisX)-HiPIPs
(X ) 18, 42, 50, 81). Structures were built using HyperChem 5.0
(HyperChem(TM), Hypercube, Inc.: 1115 NW 4th Street, Gainesville,
FL 32601) and partially energy minimized using AMBER 4.1 (Pearlman,
D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S.; Cheatham, T. E., III;
Ferguson, D. M.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P.
A. AMBER 4.1, University of California, San Francisco, 1995.). Atomic
coordinates for HiPIP (PDB code 1CKU)4 and [Ru(bpy)2(im)2]SO4‚10H2O
(Faham, S.; Day, M. W.; Connick, W. B.; Crane, B. R.; Di Bilio, A. J.;
Schaefer, W. P.; Rees, D. C.; Gray, H. B.Acta Crystallogr.1999, D55,
379-385; PDB code 1BEX) were used for modeling. Stereochemical
and van der Waals constraints place an upper limit of about 1 Å on the
uncertainty in Fe-Ru distances.

Table 1. [Fe4S4]2+ f Ru(HisX)3+ ET Data for Ru-HiPIPsa

protein kET (s-1) -∆G° (eV)b

Ru(bpy)2(im)(His18)HiPIP 6.0(10)× 107 0.71
Ru(bpy)2(im)(His42)HiPIP 2.7(5)× 108 0.65
Ru(dmbpy)2(im)(His42)HiPIP 1.9(4)× 108 0.57
Ru(bpy)2(im)(His50)HiPIP 1.8(2)× 106 0.69
Ru(bpy)2(im)(His81)HiPIP 6.1(10)× 108 0.69
Ru(dmbpy)2(im)(His81)HiPIP 5.7(10)× 108 0.61

a 0.1 M NaPi, pH 7.0, 22°C. b E° (V vs NHE): Ru(bpy)2(im)(His-
42)HiPIP[Fe4S4]3+/2+ ) 0.393; [Ru(bpy)2(im)(His42)]3+/2+HiPIP )
1.046; (Lys18His, His42Gln)HiPIP[Fe4S4]3+/2+ ) 0.341; (Gln50His,
His42Gln)HiPIP[Fe4S4]3+/2+ ) 0.356; (Thr81His, His42Gln)HiPIP[Fe4-
S4]3+/2+ ) 0.352; [Ru(dmbpy)2(im)2]3+/2+ ) 0.96.17

Communications to the Editor J. Am. Chem. Soc., Vol. 122, No. 18, 20004533


