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ABSTRACT 

 

Iron-sulfur proteins are an important class of electron transfer proteins found universally 

in living organisms, serving vital roles in the electron transport chains of cellular energy 

utilization. Determining the molecular basis of electron transfer properties of these proteins is 

important in understanding how they promote fast and efficient energy flow in the cell.  

The reduction potential of an electron transfer protein is one of its most important 

properties since its sign and magnitude affects the direction and rate of electron transfer between 

redox sites. Homologous iron-sulfur proteins with the same redox site exhibit a broad range of 

reduction potentials, and thus serve as ideal models for unraveling how the protein tunes the 

reduction potential of its redox site. Here, the determinants responsible for the high reduction 

potential of rubredoxin-like domain of rubrerythrin relative to rubredoxin were identified using a 

bioinformatic sequence/electrostatic structure analysis and molecular dynamics simulations. In 

addition, the biologically relevant dimer of rubrerythrin was identified as the dimer with a 

calculated reduction potential in good agreement with experiment using a combination of a 

quantum mechanical calculation of the redox site and a Poisson-Boltzmann calculation of the 

interaction between the redox site and the surrounding environment. This approach is being 
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developed into a general method for identifying biologically relevant oligomers of redox-active 

proteins. 

The reorganization energy of an electron transfer protein due to the polarization of the 

protein and solvent around the redox site is another important property because the polarization 

creates the activation barrier for electron transfer and thus affects the electron transfer rate. Here, 

the intramolecular electron transfer in the 2[4Fe-4S] ferredoxins was investigated using 

molecular dynamics simulations. The reorganization in response to the electron transfer occured 

mostly in picoseconds, much faster than most biological electron transfers, which implies 

electron transfer chains may be viewed as a series of equilibrium transfers. In addition, the 

polarization due to the surrounding solvent was very large but highly coupled to that of the 

protein and its counterions. Thus, although dynamics of the counterions and protein were slow 

individually, the net time scale of the reorganization was fast. 
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CHAPTER 1 

INTRODUCTION 

Electron transfer proteins, which are generally metalloproteins, are an important class of 

proteins found ubiquitously in living organisms. Electron transfer processes, such as nitrogen 

fixation, photosynthesis, and respiration, are essential in bioenergetics since they transform solar 

and chemical energy into utilizable forms for all living organisms. The sign and magnitude of the 

reduction potentials of the electron donors and acceptors are determining factors for the direction 

and rate of electron transfer between redox sites. Moreover, electron transfer proteins determine 

both the rate and direction of electron transfer reactions found in various biological processes by 

tuning the reduction potentials of their redox sites.     

Electron transfer proteins containing iron-sulfur clusters are found universally in nature 

and play a major role in biological electron transport1. Iron-sulfur proteins were first recognized 

as a distinct group of metalloproteins in the 1960s2, and are characterized by redox sites 

containing different numbers of iron and sulfur atoms. The most common clusters include a 

single iron [1Fe], with the iron tetrahedrally ligated to the protein through four cysteinyl sulfurs 

(Figure 1.1a), and a four iron and four inorganic sulfur thiocubane [4Fe-4S], with the irons also 

ligated to the protein through four cysteinyl sulfurs3,4 (Figure 1.1b). Homologous iron-sulfur 

proteins with the same redox sites exhibit a broad range of redox potentials, e.g., ~ -100 to +200 

mV for [1Fe]3+/2+ rubredoxin5 and ~ -150 to -700 mV for 2[4Fe-4S]2+/+ ferredoxin5, and 

participate in different metabolic processes. Non-homologous proteins can exhibit an even 

broader range of redox potentials and functions. In addition, the structures of over 100 iron-

sulfur proteins have been determined by X-ray crystallography3, and the redox site analogues, 
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devoid of protein, have been synthesized to fully characterize the structural and electronic 

features of the active sites6-9.  

Unraveling the mechanism of electron transfer for an iron-sulfur protein at a molecular 

level includes understanding the following issues: 1) how the redox site changes during electron 

transfer independent of the effects from the surrounding environment including the protein and 

the solvent; 2) how the protein environment modulates the reduction potential of its redox site; 

and 3) how the protein environment responds to the charge change in the redox sites. The work 

presented here involves two types of studies, one on reduction potentials utilizing the 

rubredoxin-type proteins, which is addressed in Chapter 2 to 4, and the other on electron 

transfer utilizing the ferredoxins, which is addressed in Chapter 5 and 6. The rubredoxin-type 

proteins studied are rubredoxin and rubrerythrin, both of which have the simple single iron redox 

site [1Fe]. The ferredoxin studied belongs to the clostridial-type, which contain two [4Fe-4S] 

thiocubane redox sites.  

Reduction Potential Studies of Rubredoxin-type Proteins 

Rubredoxin (Rd), which has one iron redox site bound by four cysteinyl thiolate 

ligands，  has been found in bacteria and archaea, including clostridia, sulfate-reducers, 

methanogens, and phototrophic bacteria10. Other Rd-like proteins or Rd-like domains of larger 

proteins have also been isolated, such as desulforedoxin, which is a homodimer with each 

monomer containing one [1Fe] redox site11, desulfoferredoxin, which is a 2 × 14 kDa homodimer 

with a desulforedoxin-like N-terminal domain and a C-terminal domain containing a 

mononuclear iron site coordinated by four histidines and one cysteine12, and rubrerythrin (Rr), 

which is a  2 × 22 kDa homodimer with a ferritin-like N-terminal domain containing a diiron site 
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and a Rd-like C-terminal domain13,14. Interestingly, the reduction potentials of Rd and the Rd-

domains in desulforedoxin and desulfoferredoxin15,16 for the -1/-2 redox couple generally lie 

between -100 and +50 mV vs. NHE10, whereas the Rd-domain in Rr has a potential higher than 

+200 mV17. In addition, Rr is present in solution as a homodimer; however, it is found as a 

tetramer in crystal structure giving rise to two possible dimers with no solid evidence as to which 

dimer is the one found in solution and thus presumably the biological relevant one.  

Two questions are addressed in chapter 2 to 4: 1) what residues cause the different 

reduction potentials between the Rd and the Rd-domain of Rr? 2) which of the two dimers of Rr 

found in the crystal structure corresponds to the dimer in solution?   

Chapter 2 focuses on identifying the determinants responsible for the high reduction 

potential of Rd domain in Desulfovibrio vulgaris rubrerythrin (DvRr) relative to Clostridium 

pasteurianum rubredoxin (CpRd) through different computational techniques: a combined 

bioinformatics and crystal structure analysis18, and molecular dynamics (MD) simulations. The 

crystal structure analysis of DvRr and CpRd use simple Coulomb’s law to identify which 

residues have very different contributions to the electrostatic potential while the bioinformatics 

analysis of different sequences of homologous Rd and Rr provides supporting evidence since the 

sequence determinants must be consistent in each protein type. The bioinformatics/crystal 

analysis identifies Val8, Leu41 and Val44 of Rd as possible sequence determinants of its lower 

reduction potential. Then the MD simulations of mutant and wild-type CpRd provide the relative 

reduction potential changes when Val8, Leu41 and Val44 are mutated to their corresponding 

residues in DvRr, i.e., Asn, Ala and His, respectively. The combination of two calculations 

predict that Asn160 in DvRr vs. Val8 in CpRd and His179 in DvRr vs. Val44 in CpRd are the 

major determinants while Ala176 in DvRr vs. Leu41 in CpRd is not a major determinant. 
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Overall, the bioinformatics/crystal analysis is useful for identifying sequence determinants from 

homologous proteins while the MD simulations are useful in testing mutants and examining 

dynamical effects. However, both calculations focus on electrostatic contributions from specific 

residues but ignore contributions from neighboring residues and solvent, and thus are qualitative. 

(The work of Chapter 2 was initiated by Dr. Can E. Ergenekan but all the single mutation 

simulations were redone and extended from the original 1 ns to 5 ns, the new triple mutation 

simulations were added in, and all the analyses were performed by the author.) 

Since the methods used in Chapter 2 only give the relative reduction potential change 

due to specific residues, the absolute reduction potentials of the entire proteins are also 

calculated. Our previously proposed method, a combined Quantum Mechanical and Poisson 

Boltzmann (QM+PB) method19, gives very good agreement with experiments for the reduction 

potentials ( ) vs. standard hydrogen electrode (SHE) of the [4Fe-4S] ferredoxins, HiPIPs, and 

nitrogenase iron proteins19. In this approach, is obtained from the reduction free energy of the 

metal cluster in the gas phase ( ) from QM calculations and the outer sphere reduction free 

energy due to the interaction between the cluster and the continuum environment ( ) from 

PB calculations,   

  (1.1) 

where n is the number of electrons transferred, ℑ is the Faraday’s constant, and  (= 

4.43eV) is the absolute free energy of an electron in the standard hydrogen electrode (SHE)20. 

Thus, perturbations to the cluster by the environment are ignored. Here, the same method is 

applied to [1Fe] proteins, specifically, Rd and Rr.  
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 In Chapter 3, the  for [Fe(SCH3)4]1-/2-, the redox couple found in Rd, is obtained 

using broken-symmetry density functional theory (BS-DFT).  is calculated as  

  (1.2) 

where ΔEelec is the electronic reduction energy, is the zero point energy change,  is 

the change in the average vibrational energy, and is the entropy change for [Fe(SCH3)4]1- 

upon reduction in the gas phase. Although  cannot be measured independently, the major 

contributions can be, since the adiabatic detachment energy (ADE), which is the negative of the 

sum of ΔEelec and , and the vertical detachment energy (VDE) can be calibrated against 

experimental data from electrospray photoelectron spectroscopy (PES) for redox couples 

[Fe(SCH3)4]1-/0,21 [Fe(S2-o-xyl)2]1-/0,22 and Na+[Fe(S2-o-xyl)2]2-/1- in the gas phase22 as well as for 

[Fe(SCH3)4]2-/1- through a thermodynamic cycle23. In addition, our optimized geometries are 

compared with available crystal structures for analogue [Fe(SCH3)4]1-,24 [Fe(S2-o-xyl)2]1-,25 

[Fe(S2-o-xyl)2]2-,26 and Na+[Fe(S2-o-xyl)2]2-.25 The careful calibration is essential for accurate 

calculations of the biologically relevant couple [Fe(SCH3)4]2-/1-, since the ADE of [Fe(SCH3)4]2- 

is not directly accessible by experiments because it is not stable in the gas phase. The QM 

calculations also produce the partial charges necessary for the PB calculations. (The work of 

Chapter 3 was contributed to in part by Dr. Shuqiang Niu, who prepared the initial geometries 

and provided guidance in the performance of the calculations.) 

 In Chapter 4, the dimer of DvRr observed in solution is investigated by calculating the 

absolute reduction potential for CpRd, DvRr monomer, and two different DvRr dimers (“head-

to-head” and “head-to-tail” dimer) present in the crystal tetramer using the QM+PB method. This 

novel application of the combined method identifies the “head-to-head” dimer of DvRr as the 
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only possible dimer in solution that matches the experimental reduction potential, which could 

provide insight toward understanding the cellular function of DvRr and the pathway of the 

electron transfer. In addition, the contributions of each residue for CpRd and DvRr are calculated 

to examine whether the results by QM+PB method are consistent with the previous conclusions 

of Chapter 2. (The work of Chapter 4 was contributed to in part by Bradley Scott Perrin Jr., who 

provided guidance on the performance of the calculations.) 

Electron Transfer Studies of 2[4Fe-4S] Ferredoxin 

2[4Fe-4S] ferredoxin (Fd) generally occurs in anaerobic bacteria, especially in clostridial 

species27. The typical clostridial-type Fd is composed of ~55 amino acid residues with two iron-

sulfur clusters containing 8 iron and 16 sulfur atoms in total, which makes it one of the most 

unusual and “inorganic” proteins known27. As a two-electron acceptor, the clostridial-type Fds 

generally have low reduction potentials around ~400 mV6 and are found in an ever increasing 

number of metabolic pathways including photosystem I28-30, respiratory complex I31-33, pyruvate 

metabolism, nitrogen fixation, hydrogenase, and NAD(P)+ reduction34.   

Clostridium acidurici Fd (CaFd) is an example of the simplest form of 2[4Fe-4S] Fd. 

Crystals of CaFd were first reported by Rabinowitz and co-workers in 196335, and have been one 

of the most extensively studied 2[4Fe-4S] Fd. Unlike Rd, which has only one [1Fe] cluster and 

serves mainly as an inter-molecular electron carrier, CaFd has two [4Fe-4S] clusters separated by 

a distance of ~ 12 Å, a typical electron transfer distance in biological systems, and therefore is 

studied as an example for intramolecular electron transfer. Since the donor and the acceptor in 

CaFd are already bound by the protein matrix with a known distance between each other, effects 

of orientation do not need to be considered36,37. In addition, CaFd is a well-characterized protein 

with a high-resolution (0.94 Å) crystal structure38 available in the Protein Data Bank (PDB)39 
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and with a known intramolecular electron transfer rate (~106 s-1) measured by NMR40. Last, the 

protein is very symmetric and the reduction potentials of two redox sites are similar (~ -420 

mV41), indicating a relatively small driving force. 

The framework for current electron transfer studies was developed by Marcus42 and 

Levich43, which assumes that the free energy as a function of the reaction coordinate is parabolic. 

This leads to the well-known Marcus relation42 

  (1.2) 

where  is the activation free energy,  is the driving force, and  is the reorganization 

energy. The free energy curve of the reactant and the product can be constructed by methods 

developed by Warshel and co-workers44-48, which have been applied by others to various 

systems49-51. In addition, our group has constructed the free energy curves of the reactant and 

product from the mean values and the dynamic fluctuations of the reaction coordination, referred 

to as the “Gaussian” parabolas52. Moreover, the derived equations for the , and in 

terms of the means and fluctuations have given values close to those obtained by Warshel’s 

method52 without requiring fitting to the free energy curves. The electron transfer rate obtained 

was in good agreement with experiment. In Chapter 5 and 6, a molecular level understanding of 

how the protein and solvent contribute to the electron transfer probabilities is investigated.  

      In Chapter 5, the relaxation dynamics of the protein during the process of the 

electron transfer, specifically, the transfer of an extra electron between the two oxidized [4Fe-4S] 

clusters in CaFd, which is illustrated as [Fe4S4(SR)4]3-[Fe4S4(SR)4]2-  [Fe4S4(SR)4]2-

[Fe4S4(SR)4]3- or, D3-A2- (Reactant)  D2-A3- (Product),  is investigated by molecular dynamics 

simulations. For an adiabatic process, the electron transfer must occur where the free energy 
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curves of R and P cross and where the polarization energy (ΔV) is zero. The ΔV is defined as the 

difference in the potential energy (or potential energy gap) between the reactant charge state, D3-

A2-, and the product charge state, D2-A3-, for a given nuclear configuration r. The MD 

simulations of the relaxation study start with the system in the reactant state in equilibrium prior 

to the electron transfer, and end when the system now in the product state relaxes back to a new 

equilibrium after the electron is transferred. Properties such as the root mean square of deviation 

of the protein structure, the radius of the gyration of the protein, the distance between the centers 

of the two redox sites, and the polarization energy as function of time are analyzed to study how 

the protein relaxes after the electron is transferred. In addition, the time correlation function of 

the polarization energy in the equilibrium state are used to study how the protein and the solvent 

(including counter-ions, unless referred as solvent only) relax on different time-scales. 

Theoretically, the regression of microscopic thermal fluctuations at equilibrium follows the 

macroscopic law of relaxation of small non-equilibrium disturbances. (The work of Chapter 5 

was contributed to in part by Dr. Mingliang Tan who did the initial equilibrium simulations 

before electron transfer.) 

The solvent has a large contribution to the change in polarization energy upon electron 

transfer compared to the protein since water is a high dielectric media. However, the contribution 

of the counter-ions is not fully understood since it is seldom considered separately from the 

solvent, although counter-ions might couple strongly with the protein and screen the electrostatic 

interactions between neighboring charged residues53. Moreover, the small number of counterions 

of reasonable ionic strengths in a simulations box may lead to artifacts due to samplings. 

Therefore, in Chapter 6, the equilibration of the solvent and counter-ions under different 

simulation conditions, such as different periodic boundary conditions (cube vs. cubic octahedral), 
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different box sizes, and different ionic concentrations, was investigated by molecular dynamics 

simulations. The protein CaFd was fixed so the contribution to the polarization energy from the 

protein is the same under the different simulation conditions. Both the time dependence of 

change in the polarization energy after an electron transfer event and the time correlation 

function of the polarization energy for both solvent and counter-ions are examined to determine 

the time scales of these phenomena. 

Overall, this work focuses on computational studies of the electron transfer properties of 

iron-sulfur proteins, including reduction potentials and intramolecular electron transfer. 

Specifically, the results here demonstrate that our calculation methods are useful not only for 

identifying sequence determinants of reduction potentials, but also potentially for identifying 

biologically relevant oligomers of redox active proteins. In addition, the results here demonstrate 

that the various components of the protein electron systems such as the protein, solvent, and 

counterions, may relax on time scales of over a nanosecond, but the net polarization apparently 

relaxes very quickly with almost 90% relaxing within 1 ps. 

 

 



 

 10 

REFERENCES 

 (1) Beinert, H. FASEB J. 1990, 4, 2483. 

 (2) Beinert, H. Iron-Sulfur Proteins; Academic Press: New York, 1973; Vol. I. 

 (3) Cammack, R. Adv. Inorg. Chem. 1992, 38, 281. 

 (4) Tsibris, J. C. M.; Woody, R. W. Coord. Chem. Rev. 1970, 5, 417. 

 (5) Meyer, J. J. Biol. Inorg. Chem. 2008, 13, 157. 

 (6) Lovenberg, W. Iron-Sulfur Proteins; Academic Press: New York, 1973; Vol. I. 

 (7) Lovenberg, W. Iron-Sulfur Proteins; Academic Press: New York, 1973; Vol. II. 

 (8) Lovenberg, W. Iron-Sulfur Proteins; Academic Press: New York, 1977; Vol. III. 

 (9) Spiro, T. G. Iron-sulfur Proteins; Wiley: New York, 1982. 

 (10) Meyer, J.; Moulis, J.-M. Rubredoxin. In Handbook of Metalloproteins; 

Messerschmidt, A., Huber, R., Poulos, T., Wieghardt, K., Eds.; John Wiley & Sons, LTD: New 

York, 2001; pp 505. 

 (11) Archer, M.; Huber, R.; Tavares, P.; Moura, I.; Moura, J. J. G.; Carrondo, M. A.; 

Sieker, L. C.; LeGall, J.; Romão, M. J. J. Mol. Biol. 1995, 251, 690. 

 (12) Coelho, A. V.; Matias, P.; Fülöp, V.; Thompson, A.; Gonzalez, A.; Carrondo, M. 

A. J. Biol. Inorg. Chem. 1997, 2, 680. 

 (13) deMare, F.; Kurtz, D. M. J.; Nordlund, P. Nat. Struc. Biol. 1996, 3, 539. 

 (14) Sieker, L. C.; Holms, M.; Le Trong, I.; Turley, S.; Liu, M. Y.; Legall, J.; 

Stenkamp, R. E. J. Biol. Inorg. Chem. 2000, 5, 505. 

 (15) Moura, I.; Xavier, A. V.; Cammack, R.; Bruschi, M.; LeGall, J. Biochim. Biophys. 

Acta 1978, 533, 156. 

 (16) Moura, I.; Tavares, P.; Moura, J. J. G. Methods Enzymol. 1994, 243, 216. 



 

 11 

 (17) LeGall, J.; Prickril, B. C.; Moura, I.; Xavier, A. V.; Moura, J. J.; Huynh, B. H. 

Biochem. 1988, 27, 1636. 

 (18) Ichiye, T. Simulations of Electron Transfer Proteins. In Computational 

Biochemistry and Biophysics; Becker, O. M., MacKerell Jr., A. D., Roux, B., Watanabe, M., Eds.; 

Marcel Dekker, Inc.: New York, NY, 2001; pp 393. 

 (19) Perrin, B. S. J.; Ichiye, T. Prot. Struct. Funct. Bioinform. 2010, 78, 2798. 

 (20) Reiss, H.; Heller, A. J. Phys. Chem. 1985, 89, 4207. 

 (21) Wang, X.-B.; Wang, L.-S. J. Chem. Phys. 2000, 112, 6959. 

 (22) Yang, X.; Wang, X.-B.; Fu, Y. J.; Wang, L.-S. J. Phys. Chem. A 2003, 107, 1703. 

 (23) Niu, S.; Wang, X.-B.; Nichols, J. A.; Wang, L.-S.; Ichiye, T. J. Phys. Chem. A 

2003, 107, 2898. 

 (24) Maelia, L. E.; Millar, M.; Koch, S. A. Inorg. Chem. 1992, 31, 4594. 

 (25) Lane, R. W.; Ibers, J. A.; Frankel, R. B.; Papaefthymiou, G. C.; Holm, R. H. J. 

Am. Chem. Soc. 1977, 99, 84. 

 (26) Chung, W. P.; Dewan, J. C.; Tuckerman, M.; Walters, M. A. Inorg. Chim. Acta 

1999, 291, 388. 

 (27) Sieker, L. C.; Adman, E. T. The 2[4Fe-4S] Ferredoxins. In Handbook of 

Metalloproteins; Messerschmidt, A., Huber, R., Roulos, T., Wieghardt, K., Eds.; John Wiley & 

Sons, LTD.: New York, 2001; Vol. 1; pp 574. 

 (28) Boekema, E. J., J.P. Dekker, M.G. van Heel, M. Röger, W. Saenger, I. Witt, and 

H.T. Witt. FEBS Lett 1987, 217, 283. 

 (29) Golbeck, J. H.; Bryant, D. A. Current Topics in Bioenergetics 1991, 16, 83. 



 

 12 

 (30) Schubert, W. D., O, Klukas, N. Krauss, W. Saenger, P. Fromme, and H.T. Witt. J. 

Mol. Biol. 1997, 272, 741. 

 (31) Hinchliffe, P. S., L. A. Science 2005, 309, 771. 

 (32) Sazanov, L. A. H., P. Science 2006, 311, 1430. 

 (33) Cecchini, G. Ann. Rev. Biochem. 2003, 72, 77. 

 (34) Mortenson, L. E.; Nakos, J. Bacterial Ferredoxins and/or Iron-Sulfur Proteins as 

Electron Carriers. In Iron-Sulfur Proteins; Lovenberg, W., Ed.; Academic Press: New York and 

London, 1973; Vol. I. 

 (35) Buchanan, B. B.; Lovenberg, W.; Rabinowitz, J. C. Biochem. 1963, 49, 345. 

 (36) Cusanovich, M. A. Intracomplex and intramolecular electron transfer in 

macromolecules. In Macromolecular Complexes; Tschida, E., Ed.; John Wiley & Sons, Inc., 

1991; pp 213. 

 (37) Mauk, A. G. Essays Biochem. 1999, 34, 101. 

 (38) Dauter, Z.; Wilson, K. S.; Sieker, L. C.; Meyer, J.; Moulis, J. M. Biochem. 1997, 

36, 16065. 

 (39) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F., Jr.; Brice, M. D.; 

Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi, M. J. Mol. Biol. 1977, 112, 535. 

 (40) Kyritsis, P.; G., H. J.; Quinkal, I.; Gaillard, J.; Moulis, J.-M. Biochem. 1997, 36, 

7839. 

 (41) Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich, M. A.; Sweeny, 

W. V.; Adman, E. T.; Sanders-Loehr, J. J. Am. Chem. Soc. 1991, 113, 2055. 

 (42) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265. 

 (43) Levich, V. G. Adv. Electrochem. Electrochem. Eng. 1966, 4, 349. 



 

 13 

 (44) Warshel, A. J. Phys. Chem. 1982, 86, 2218. 

 (45) Churg, A. K.; Weiss, R. M.; Warshel, A.; Takano, T. J. Phys. Chem. 1983, 87, 

1683. 

 (46) Hwang, J.-K., and Warshel, A. J. Am. Chem. Soc. 1987, 109, 715. 

 (47) Creighton, S.; Hwang, J.-K.; Warshel, A.; Parson, W. W.; Norris, J. Biochem. 

1988, 27, 774. 

 (48) King, G., and Warshel, A. J. Chem. Phys. 1990, 93, 8682. 

 (49) Kuharski, R. A.; Bader, J. S.; Chandler, D.; Sprik, M.; Klein, M. L.; Impey, R. W. 

J. Chem. Phys. 1988, 89, 3248. 

 (50) Marchi, M.; Gehlen, J. N.; Chandler, D.; Newton, M. J. Am. Chem. Soc. 1993, 

115, 4178. 

 (51) Yelle, R. B.; Ichiye, T. J. Phys. Chem. B 1997, 101, 4127. 

 (52) Tan, M.-L.; Dolan, E. A.; Ichiye, T. J. Phys. Chem. B 2004, 108, 20435. 

 (53) Pfeiffer, S.; Fushman, D.; Cowburn, D. Prot. Struct. Funct. Gene. 1999, 35, 206. 

 

 



 

 14 

Figure 1.1 Ball and stick rendering of (a) [1Fe] and (b) [4Fe-4S] clusters. Fe is shown in green 

and S in yellow, which is ligated to the Cβ of the Cysteine ligand. 
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ABSTRACT 

 Based on the crystal structures, three possible sequence determinants have been 

suggested as the cause of a 285 mV increase in reduction potential of the rubredoxin domain of 

rubrerythrin over rubredoxin by modulating the polar environment around the redox site.  Here, 

electrostatic calculations of crystal structures of rubredoxin and rubrerythrin and molecular 

dynamics simulations of rubredoxin wild-type and mutants are used to elucidate the 

contributions to the increased reduction potential.  Asn160 and His179 in rubrerythrin versus 

valines in rubredoxins are predicted to be the major contributors since the polar side chains 

contribute significantly to the electrostatic potential in the redox site region.  The mutant 

simulations show both side chains rotating on a nanosecond time scale between two 

conformations with different electrostatic contributions.  Moreover, reduction causes a change in 

the reduction energy that is consistent with a linear response due to the interesting mechanism of 

shifting the relative populations of the two conformations.  Also, a simulation of a triple mutant 

indicates the side chain rotations are approximately anti-correlated so while one is in the high 

potential conformation, the other is in the low potential conformation. On the other hand, Ala176 

in rubrerythrin versus a leucine in rubredoxin is not predicted to be a large contributor because 

the solvent accessibility increases only slightly in mutant simulations and because it is buried in 

the interface of the rubrerythrin homodimer.   
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INTRODUCTION  

The reduction potentials of electron transfer proteins determine the driving force of electron 

transfer reactions they are involved in.  Iron-sulfur proteins are ubiquitous electron transfer 

proteins containing Fe-S sites with one to eight iron atoms (1-3).  Homologous Fe-S proteins can 

have very different reduction potentials that span a few hundred millivolts even though the 

structures of the redox sites are highly similar (4,5).  The simplest Fe-S site contains a single iron 

atom tetrahedrally coordinated by four cysteinyl thiolates, which can be referred to as a [1Fe-0S] 

or [1Fe] cluster.  The [1Fe] cluster is found in rubredoxin, a small (Mr ≈ 6000) electron transfer 

protein in bacteria and archaea (5).  In addition, it is found in rubrerythrin, which was first 

isolated from the sulphate reducing bacteria Desulfovibrio vulgaris (6), and is thought to be 

involved in the reduction of hydrogen peroxide in anaerobic bacteria (7-9).  Rubrerythrin has a 

N-terminal ferritin domain with an oxo-bridged diiron metal center and a C-terminal rubredoxin 

domain (Figure 2.1) with a single [1Fe] center (10).  However, the [1Fe] center in the 

rubredoxin domain of D. vulgaris rubrerythrin has a reduction potential of 230±10 mV (6), 

compared to a range of –100 to +60 mV for the rubredoxins (11).  Finding the molecular 

determinants of this large increase in reduction potential is important in understanding how 

metalloproteins tune their reduction potentials. 

Structural analysis have pointed to three possible determinants in D. vulgaris rubrerythrin 

(DvRr) of the greatly increased reduction potential relative to Clostridium pasteurianum 

rubredoxin (CpRd) and four other rubredoxins (10).  Two are the polar residues Asn160 and 

His179, which are equivalent to Val8 and Val44 in CpRd.  The placement of two polar groups 

near the iron center could greatly increase the reduction potential of a redox site if they are 

oriented around the metal center to stabilize the reduced form of the clusters.  Furthermore, 
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residue 44 has been identified as a sequence determinant of the reduction potential in 

rubredoxins, so a larger non-polar Val side chain at residue 44 results in lower reduction 

potentials by about 50 mV relative to a smaller Ala side chain because of a backbone shift (12-

14).  The third possible determinant is Ala176, which is equivalent to Leu41 in CpRd, where it 

acts as a water gate (15-17).  The smaller Ala might increase the reduction potential by exposing 

the redox site more to solvent, which would increase the reduction potential. 

 Computational studies of reduction potentials of Fe-S proteins have generally focused on 

the overall reduction potentials (18-21).  However, many experimental site-specific mutational 

studies have obtained results contrary to simple physical chemical arguments (22-24) due to a 

multitude of possible changes at a molecular level and so computational studies can play an 

important role in identifying sequence determinants. For instance, our studies of residue 44 in the 

rubredoxins (12-14) showed an indirect effect of non-polar residues on the reduction potential by 

causing a shift in the backbone, which is polar, due to size differences of the side chains.  

Furthermore, these studies showed that the reduction potential was not directly proportional to 

the size of the side chain.  In particular, while a change from Val to Ala increased the potential 

by ~50 mV, a change from Ala to Gly only caused a slight change because the backbone could 

not shift any more and a change from Val to Leu also only caused a slight change because the 

extra atoms of the Leu were accommodated within cavities of the protein.  

From a computational standpoint, our earlier studies indicate that electrostatic 

calculations using high-resolution X-ray crystallographic structures combined with 

bioinformatics sequence analysis (25,26) can in some cases give a better answer than molecular 

dynamics (MD) simulations; thus, assessing the relative accuracy is important since many 

researchers do not have access to computational resources for multi-nanosecond scale MD 
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simulations for simple screening of potential mutants.  In computational studies of rubredoxins 

(12), which have been experimentally verified (13,15,27), and ferredoxins (28), which have also 

been experimentally verified (29-31), sequence determinants involve changes in distance of less 

than 0.5 Å of polar groups hydrogen bonded to the cluster and changes in energy of 50 to 100 

meV.  In particular, sequence determinant(s) of changes between homologous proteins can be 

difficult to identify since they may involve small changes mixed with many other irrelevant 

changes.  For these types of studies, high-resolution X-ray crystal structures are generally more 

reliable than the structures in MD simulations, which are dependent on the potential energy 

function.  Moreover, while Poisson or Poisson-Boltzmann (both referred to here as “PB”) 

continuum electrostatic calculations can give accurate predictions of total reduction potentials, 

contributions of sequence determinants that are hydrogen bonded directly to the cluster are 

sensitive to the grid size and dielectric boundary definition.  For instance, PB calculations of Fe-

S proteins have used a vacuum dielectric for the cluster and nearby residues (20), so that using 

Coulomb’s law and inter-atomic distances for the contribution of nearby residues is more 

accurate than a grid-based solution.  On the other hand, MD simulations are useful in studying 

site-specific mutants once sequence determinants have been identified, particularly in identifying 

factors such as backbone flexibility (32), alternate conformations (which must be explicitly 

added in an X-ray structure determination (33)), and transient water penetration. 

An important question in reconciling the accuracy of the previous studies of reduction 

potentials by X-ray structure analyses of rubredoxins (12), and ferredoxin (28) with more recent 

studies by MD (21,34,35) is that the X-ray analyses assume that the hydrogen bonded groups 

acted as permanently polarized dipoles whereas MD studies generally assume that polar groups 

will respond linearly to the change in charge upon reduction, which ultimately lead to differences 
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of a factor of 1/2 in the reduction potential (see Methods). Generally, the validity of the linear 

response approximation has been an important issue for proteins (36), and while a simple polar 

solvent will have a linear response, proteins appear to have a permanent component to the 

polarization that would still be present at zero charge in addition to the linear response to the 

charge of the redox site (37), which may be similar to Warshel’s preorganization concept (38). 

Here, we examine the linearity of the response of specific residues rather than the entire protein 

in comparisons of X-ray structures of homologous proteins and multi-nanosecond MD 

simulations of mutants.  The work presented here utilizes methods developed earlier (12-15) to 

elucidate the individual contributions of these possible determinants to the increased reduction 

potential of the rubredoxin domain of rubrerythrin over that of rubredoxin from analysis of 

crystal structure of wild-type (wt) DvRr and CpRd, as well as MD simulations of wt and mutant 

rubredoxins.  Specifically, the aim is to examine the effects of mutation to asparagine, histidine, 

and alanine as found in DvRr in the equivalent positions of CpRd, and to relate these results to 

differences between DvRr and CpRd in their experimental reduction potentials.  For 

convenience, the sequence numbering of CpRd is used for the equivalent position of DvRr, such 

that Asn160, His179, and Ala176 are referred to as Asn8, His44, and Ala41 respectively. 

METHODS 

Crystal structure and bioinformatics analysis 

 The crystal structures of oxidized [1FHH at 1.50 Å resolution (16)] and reduced [1FHM 

at 1.50 Å resolution (16)] CpRd, oxidized [1SMM at 1.36 Å resolution (15)] and reduced [1SMU 

at 1.43 Å resolution (15)] L41A CpRd, and oxidized [1LKM at 1.69 Å resolution (39)] and 

reduced [1LKO at 1.63 Å resolution (39)] DvRr were obtained from the Brookhaven Protein 
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Databank (PDB)(40).  The hydrogen positions were built for all polar hydrogens using the 

HBUILD facility of CHARMM 25 (41) followed by 100 steps of steepest descent minimization 

of the entire protein.  In the DvRr crystal structures, the oxygen and nitrogen positions of Asn160 

were switched so that the nitrogen formed a hydrogen bond to the iron site as reported in an 

earlier structure (42).   

 Sequence analysis was performed using BLAST (43).  Forty-two rubrerythrins were 

obtained from the SwissProt and TrEMBL (44) databases and forty-two rubredoxins were 

obtained from the SwissProt database. 

Molecular dynamics simulations  

Molecular dynamics simulations of the wt CpRd and four CpRd mutants (described 

below) were performed with the molecular mechanics and dynamics program package 

CHARMM 29 (41) beginning with the 5RXN at 1.20 Å resolution (45) crystal structure along 

with crystal waters.  The Verlet algorithm was used with a time step of 0.001 ps in the 

microcanonical-ensemble at a temperature of about 300K.  Truncated rectangular-octahedral 

periodic boundary conditions were used.  The potential energy function used the parameters of 

CHARMM 19 (41), TIP3P for water (46) and additional parameters for the ions and the iron-

sulfur site (17), in which non-polar hydrogens were treated implicitly using the extended atom 

method.  All bonds containing hydrogens were constrained to their equilibrium bond lengths 

using the SHAKE algorithm (47).  Long-range forces were switched smoothly to zero using an 

atom-based force-switch method (48) between 10 Å and 14 Å and the non-bonded and image 

atom lists were updated heuristically using a cut off distance of 15 Å.  This method was used to 

maintain consistency with earlier studies; the short-range nature of the dipole interaction makes 

this method reasonable here. 
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The initial wt oxidized and reduced systems were prepared as described in previous work 

(14), consisting of energy minimization and solvation of the crystal structure (protein plus crystal 

waters), followed by 62 ps of solvent equilibration.  The initial wt oxidized system consisted of 

501 protein atoms, 1835 water molecules, 15 sodium ions, and 5 chlorine ions, while the initial 

wt reduced system, which was also constructed from the oxidized crystal structure, consisted of 

501 protein atoms, 1834 water molecules, 16 sodium ions, and 5 chlorine ions.  Structures of the 

oxidized and reduced mutant forms of CpRd, valine 8 to asparagine (V8N CpRd), valine 44 to 

histidine (V44H CpRd), leucine 41 to alanine (L41A CpRd), and the triple mutant (triple CpRd), 

were constructed from the initial oxidized and reduced wt systems respectively, by using 

QUANTA (49) as described in earlier work (14).  However, the crystal structure of DvRr 

(1RYT) 1RYT at 2.10 Å resolution (10) was used to determine the initial starting conformation 

of the dihedral angles for the mutated residues.  

 Molecular dynamics simulations were carried out starting from the oxidized and reduced 

wt and mutant systems.  The systems were equilibrated by molecular dynamics, scaling the 

velocities every 0.2 ps until 10 ps after the last scale for a total of 15 ps to 25 ps, followed by 920 

ps unperturbed.  After equilibration, the systems were propagated for 5 ns and analysis utilized 

coordinates at 0.01 ps intervals from this 5 ns.   

Electrostatic calculations 

The electrostatic interactions of the sequence determinants with the iron site are 

calculated as described in previous work (12,28), and may be related to the reduction potential as 

follows (26).  The free energy change upon reduction ∆G is related to the reduction potential E° 

by the Nernst equation: 

 –nℑE° = ∆G  (1) 
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where ℑ is Faraday’s constant and n is the number of electrons transferred.  Furthermore, the 

free energy of each state can be obtained from the electrostatic energy Ee between the redox site 

and the environment of each state from the thermodynamic integration since the major change is 

in the electrostatics (37) and the self-energy terms cancel for mutants.  In the two extremes, if 

the environmental response is linear with charge, the free energy should equal to half of the 

energy ∆G = ½ ∆Ee, while if the electrostatic potential in the redox site region is a “permanent” 

potential independent of charge (37), the free energy is equal to the energy ∆G = ∆Ee.  To focus 

on a specific sequence determinant, the contribution of residue k to the electrostatic energy is  

  (2) 

where qi is the charge of atom i of the redox site, Qj is the charge of atom i of residue k, and rij is 

the distance between atoms i and j. Thus, the reduction energy is  

  (3) 

For the crystal structure calculations, it denotes a calculation using the structure in the state α 

where α  = oxd, red while for the MD simulations, 〈…〉α denotes a time average in the state α.  

Furthermore, the energy gap is 

   (4) 

where ∆qi is the change in charge of atom i upon reduction and the other variables are as in Eq. 

2.  If the system responds linearly, the free energy is then given by (25,36,50,51)  

  (5) 

Note that a linear response means a purely linear dependence on the charge with no constant 

term corresponding to a permanent polarization. 
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 To examine the linearity of the environmental response in the MD simulations, the 

previously proposed (37) linear polarization measure 

  (6) 

is also calculated, where φ is the electrostatic potential at an ion.  The linearity of the response 

potential with respect to the applied field (i.e., the redox site charge) can be demonstrated from 

continuum electrostatics (52). Note that  implies that the potentials are consistent with 

a linear response, while  implies that the potentials are consistent with a 

permanent polarization; of course, other phenomena may give rise to the same values since only 

the initial and final states are compared.  Since here the change in charge is delocalized over 

several atoms in the redox site, the contributions of residue k to the electrostatic potential at the 

redox site is approximated as –nℑ〈φ (k)〉α≈ 〈∆V(k)〉α; in other words, as an average over the redox 

site weighted by the charge change at each atom. Therefore, the value φ of for a particular redox 

state depends on the process being considered. 

Solvent accessibility 

 The solvent accessibility of the redox site was calculated as the solvent contact surface 

area (SCSA) of the nine atoms of the redox site; namely, the iron plus the Cβ and Sγ of residues 6, 

9, 39, and 42, which are the cysteinyl ligands of the iron site. In practice, the only atoms of the 

redox site with nonzero values of SCSA are the Cβ of residue 9 and residue 42. Lee and 

Richard’s algorithm (53) was used with a probe radius of 1.6 Å. The water penetration of the 

protein in the simulations is qualitatively described by the number of waters that are found in the 
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first shell of water near the iron of the redox site, which is defined as the number of water 

oxygens within 6 Å from the iron. 

RESULTS AND DISCUSSION 

Here, two separate but related questions are addressed: a) what are the sequence 

determinants of the 285 mV higher reduction potential of DvRr relative to CpRd and b) what are 

the structural determinants of differences in reduction potential between V8N, L41A, V44H, 

triple, and wt CpRd.  Because of differences in the environment around each side chain of the 

two proteins and the coupling between residues 8, 41, and 44, the individual contributions of 

each residue difference between DvRr and CpRd may not equal the differences due to each site-

specific mutation.  

Identification of sequence determinants 

Since structural analysis has previously pointed to residues 8, 41, and 44 as possible 

determinants of the difference in reduction potential between the rubrerythrins and rubredoxins 

(10), here these possibilities were evaluated using our general strategy for identifying sequence 

determinants from homologous proteins via bioinformatics sequence and electrostatic crystal 

structure analysis (25,26).  As noted before, sequence determinants that separate homologous 

proteins into different classes based on their reduction potentials tend to be conserved within 

each reduction potential class, but differ between the classes.  The sequence analysis of 42 

rubrerythrins and 42 rubredoxins supported residues 8, 41, and 44 as likely determinants (Figure 

A1 in Appendix A).  Residue 8 and 44 were almost completely conserved as an Asn and a His, 

respectively, in the rubrerythrins while they were 81% and 95%, respectively, non-polar residues 
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in the rubredoxins.  Residue 44 was 88% Ala in rubrerythrins while it was either a polar residue 

or a larger non-polar residue in the rubredoxins. 

The oxidized and reduced crystal structures of the rubredoxin domain of DvRr (1LKM 

and 1LKO, respectively), CpRd (1FHH and 1FHM, respectively), and L41A CpRd (1SMM and 

1SMU, respectively) were analyzed for differences in structure and energetics.  Overall, the 

DvRr oxidized and reduced structures had a total root mean-square deviation (rmsd) of 0.24 Å 

and did not exhibit any significant changes near the [1Fe] center, while the CpRd structures had 

a total rmsd of 0.80 Å and exhibited small differences mainly around residue 41, which is 

involved in water gating of the redox center (16). 

By examining the differences in the reduction energy due to residues 8, 41 and 44 in the 

DvRr versus CpRd crystal structures (Table 2.1), the major contributions appeared to be due to 

the polar side chains of Asn8 and His44 in DvRr.  Moreover, despite the differences in side chain 

sizes, there did not appear to be significant backbone shifts (Figure 2.2) unlike what was found 

previously for other mutations of Val44 in CpRd (12-14).  Thus, backbone contributions were 

small for the nonpolar residues where they are the only contribution (Table 2.1) and ranged from 

only -4 to -19 mV for the polar residues.  Using the assignment of the N and O by Stenkamp 

(42), the DvRr Asn8 side chain had χ2 ≈ 60° and formed a hydrogen bond to the redox site in 

both oxidation states, thus increasing -ΔE/nℑ relative to the wt CpRd Val8 by 352 mV; however, 

using the assignment of Wang (39), it had χ2 ≈ -120°, thus decreasing -ΔE/nℑ by 169 mV.  Since 

distinguishing the N and O is difficult in an electron density map, the assignment of Stenkamp 

with a hydrogen bond between the NH2 and the redox center appears reasonable (see methods).  

The DvRr His44 side chain had χ2 ≈ 57° and was oriented away from the redox site, with a 
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hydrogen bond to the backbone carbonyl of the fourth cysteinyl ligand, thus increasing -ΔE/nℑ 

relative to wt CpRd Val44 by 160 mV.  Finally, Ala41 in DvRr and L41A CpRd made 

insignificant changes in -ΔE/nℑ relative to Leu41 of wt CpRd.   

The solvent contact surface area (SCSA) of the redox site in CpRd increased from 7.8 Å2 

to 13.2 Å2 upon reduction because of the gating behavior of Leu41. However, the SCSA of the 

redox site in CpRd L41A changed only slightly upon reduction (~12.4 Å2 and ~13.0 Å2 in 

oxidized and reduced state, respectively). The SCSA of the redox site in DvRr monomer was 

11.0 Å2 for both the oxidized and reduced crystal structures, larger than that of the oxidized 

CpRd but less than that of the reduced CpRd. In the crystal structure alignment (Figure 2.2), 

DvRr Ala41 (both oxidized and reduced structures) covers the redox site less than Leu41 does in 

the open gate state of oxidized CpRd but more than Leu41 does in the closed gate state of 

reduced CpRd. Moreover, the SCSA of the redox site in the DvRr homodimer was very small in 

both the oxidized and reduced structures, ~0.1 Å2 and ~0 Å2, respectively, because the redox 

sites reside in the interface between the two monomers and thus are restrained from contacting 

water.  

Overall, the results for the energy differences of DvRr were about twice as large as the 

observed differences in the reduction potential for the polar side chains because entropic 

contributions are important for side chains, as seen below.  To obtain more quantitative results, 

the free energy must be determined.  If the system is linear, then ΔG ≈ ½ ΔE but note also that 

when the free energy for the X-ray structures was calculated using Eq. 5, which assumes the 

system is linear, the values were almost identical to the reduction energies ΔG ≈ ΔE since the 

oxidized and reduced structures are almost identical. Moreover, previous studies indicate that the 
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protein contribution of rubredoxin is non-linear because of a permanent polarization contribution 

(37).  To investigate the linearity and determine the free energy, MD simulations were performed 

as described below.  However, the results here along with previous studies of the rubredoxins 

(12) and the ferredoxins (28) show that the bioinformatics sequence and electrostatic structural 

analysis are a useful means of identifying possible sequence determinants as those that can cause 

energy differences.  In particular, this approach is useful for identifying small structural shifts 

giving rise to small changes in reduction potential by finding systematic trends in multiple 

structures (12,28), which would be difficult to separate in MD simulations. 

Mutations of sequence determinants 

MD simulations were analyzed for changes in structure and energetics of V8N, V44H, 

and L41A CpRd from the wt CpRd.  The wt CpRd simulation exhibited a backbone rmsd of 1.4 

and 2.3 Å from the oxidized and reduced crystal structures, respectively, based on the backbone 

alignment. In addition, the differences between the mutant and wt were ~1 and ~2 Å for the 

oxidized and reduced average structures, indicating the mutations did not change the overall 

structure of the protein from the wt simulation.  However, changes were apparent near the redox 

sites.  For instance, the backbone and side chain of residue 8 of both V8N and wt CpRd shifted 

toward the redox site upon reduction (Figure 2.3a).  In addition, V44H and wt CpRd exhibited a 

shift in the backbone near residue 44 upon reduction and the His side chains of both oxidized and 

reduced states of the mutant had slightly different orientations from that in the DvRr crystal so 

that it no longer hydrogen-bonds to the backbone carbonyl (Figure 2.3b).  No shift in the 

backbone near residue 41 between L41A and wt CpRd was observed. 

The shifts in the reduction energy -ΔE/nℑ from wt CpRd calculated from MD (Table 

2.2a) were similar to the values from the X-ray structures except that the magnitude were much 
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larger for the Asn and His (Table 2.1).  The Asn in V8N and the triple mutant increased -ΔE/nℑ 

by ~580 and ~720 mV, respectively, and the His in V44H and the triple mutant increased it by 

~240 and ~280 mV, respectively.  However, shifts in the free energy calculated using Eq. 5 were 

smaller for the polar residues (Table 2.2b) than the shifts in the energies (Table 2.2a).  In 

particular, the Asn in V8N and the triple mutant increased -ΔG/nℑ relative to wt by ~190 and 

~160 mV, respectively, while the His in V44H and the triple mutant increased -ΔG/nℑ by ~180 

and ~130 mV, respectively, which are in very good agreement with the experimental shifts in 

reduction potentials.    

The difference between -ΔΔE/nℑ from the X-ray structures and the MD simulations for 

the Asn and His mutations was due to the rotation of the two polar side chains in the MD.  In 

V8N CpRd, the Asn side chain in the oxidized state made about fifteen transitions between a 

major conformation with ~60% population, which has a χ2 ≈ 70° with the NH2 pointing towards 

the redox site, similar to χ2 ≈ 60° for the DvRr X-ray structure (42), and a minor conformation 

with ~40% population, which has a χ2 ≈ -80° with the NH2 pointing into solution (Figure A2a in 

Appendix A).  However, the Asn in the reduced state stayed in the χ2 ≈ 70° conformation.  Also, 

in V44H CpRd, the His side chain in the oxidized state made about twelve fairly stable 

transitions plus a few rapid crossings between χ2 ≈ 90° with the NH toward the redox site (~85% 

population), somewhat larger than χ2 ≈ 57° for the DvRr X-ray structure, and χ2 ≈ -85° with the 

NH into solution (Figure A2b in Appendix A).  However, the His side chain in the reduced state 

had χ2 ≈ 90° for most of the simulation, while at only the end of simulation the side chain flipped 

twice to χ2 ≈ -85°. Interestingly, the simulation of the triple mutant indicated that the Asn and 
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His side chains were approximately anti-correlated so that when the Asn had χ2 ≈ -80°, the His 

had χ2 ≈ 90° and when the Asn had χ2 ≈ 70°, the His had χ2 ≈ -85°, although there were two 

periods of about 0.8 and 0.1 ns where they were both in phase. However, only three transitions 

for Asn and seven for His were observed so the relative populations were not as well 

characterized.  The electrostatic interaction energy between the two residues was about 5 

kcal/mol more favorable when they were anti-correlated because of the side chain dipole 

moments. 

In summary, the polar side chains had two conformations in the oxidized state but only 

one in the reduced state.  For both the Asn and the His, the interaction energies between the 

positive χ2 conformation and the cluster were very similar to the crystal structure but those of the 

negative χ2 conformation were more positive (less favorable) by 1100 and 213 mV, respectively, 

thus resulting in more positive values of -ΔE/nℑ. Moreover, the interaction energy of the 

negative χ2 conformation was even more unfavorable in the reduced state because the attraction 

between the side chain and the redox site in the more highly charged reduced state was stronger 

so only the positive χ2 conformation was observed.   Thus, while the presence of the negative χ2 

conformation in the oxidized state led to large -ΔE/nℑ implying energetically favorable 

reduction, the reduction of this conformation is unfavorable and so a transition to the positive χ2 

conformation must occur before reduction.  The free energy of reduction is thus much lower than 

the energy of reduction. 

Since the expression for the free energy (Eq. 5) assumes a linear response, the linearity of 

the side chain response to reduction was also explored by calculating  given by Eq. 6 (Table 

2.3).  Previous results indicate that while the protein matrix of CpRr has both a permanent 
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polarization that is present even when the redox site has no net charge as well as a contribution 

that responds by polarizing linearly with respect to the total redox site charge, the overall system 

appears more linear because the solvent has only a response contribution (37).  The non-polar 

residues, which included all the residues except Asn8 in V8N and the triple mutant, and His44 in 

V44H and the triple mutant, generally had  ≈ ½ except for Val44 where the numbers were 

too close to zero, thus indicating a permanent polarization contribution by the backbone dipoles 

of these residues.  On the other hand, the polar Asn and His generally had  ≈ 1, thus 

indicating these residues responded linearly to the reduction.  The ratio of ΔG/ΔE (Table 2.3) 

also provides an indication of the linearity, although the expression for the free energy given by 

Eq. 5 holds only for the linear regime.  ΔG/ΔE ≈ ½ did not hold for the nonpolar side chains, as 

expected when there is a non-linear component to the response while ΔG/ΔE ≈ ½ for the polar 

side chains; i.e., Asn8 in V8N and the triple mutant, and His44 in V44H and the triple mutant.  

Thus, Eq. 5 is reliable for Asn and His but not the nonpolar side chains. Of course, these values 

just indicate consistency with linear and non-linear components, but do not prove either. 

Since the side chains of these two residues had two conformations in the oxidized state 

and only one in the reduced state, these side chains responded apparently linearly to the 

reduction by shifting the populations of the conformations, which have very different 

polarization energies.  This shift in populations is necessary to get good agreement of the free 

energy from MD with the experimental reduction potentials.  However, the backbone and side 

chains that do not rotate contribute to the permanent polarization around the redox center.  

Furthermore, since the two polar side chains did not appear here to be able to rotate in the 

reduced state, they might have only a permanent polarization contribution for a change from the 
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reduced state to a super-reduced state.  However, in the ferredoxins, the side chains did not rotate 

and thus contribute a permanent polarization energy (28).  Interestingly, the ferredoxins utilize a 

2-/3- couple while the HiPIPs and rubredoxins use a 1-/2- couple, indicating that shifting 

conformation populations may saturate for clusters of charge 2- so that the 2-/3- couple may tend 

to be nonlinear.  Finally, the anti-correlation of the Asn and His side chain conformation will 

tend to keep the energy difference between the oxidized and reduced state more constant, which 

is important when considering the effects of the conformations on electron transfer rates. 

MD also suggests that differences in water penetration may play a role here. The MD 

simulations show an increase in water near the redox site upon reduction (Table 2.4) as seen in 

earlier simulations (17,54) and later in crystal structures (15,16). For most of the simulations, the 

number of waters within 6 Å of the iron is around one for the oxidized state and two to three for 

the reduced state. The CpRd L41A and triple mutant show slight increases in water penetration 

relative to wt and may be responsible for the 50 mV increase in E° between L41A and wt. Even 

though both the SCSA of the monomer and the MD of the CpRd L41A mutant show a slight 

increase in the solvent accessibility, the natural form of rubrerythrin is a homodimer, and the 

interface between the hemerythrin domain and the rubredoxin domain completely blocks solvent 

accessibility to the area of the alanine, as evident by nearly 0 Å2 SCSA of the homodimer. This 

means that the alanine determinant cannot provide a significant increase to the reduction 

potential of the rubredoxin-like domain of DvRr over that of CpRd through an increase in 

solvent accessibility to bulk water.  Since all of the simulations show an increase in the number 

of waters near the redox site upon reduction, as was also observed in crystallographically in the 

wt (16), the dimerization of rubrerythrin may actually lead to a decrease in E° because the water 

penetration cannot occur because the redox site is blocked by the other monomer. Thus, while 
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rubredoxin has a water gate allowing entry of water (15-17), rubrerythrin may have a water gate 

that is permanently closed in the homodimer that traps a water inside.   

Overall, the free energy differences from the molecular dynamics between the wt and 

mutants in CpRd were in good agreement with experimental differences between CpRd and 

DvRr for the polar side chains.  However, the free energies for backbone contributions calculated 

using Eq. 5 are less accurate because they are nonlinear (i.e., have a permanent contribution).  

Thus, in cases where backbone shifts are important such as in previous studies of rubredoxins 

(12) and the ferredoxins (28), energy calculations of multiple high-resolution crystal structures 

showing systematic differences in their sequences (26) are likely to be more reliable.  

CONCLUSIONS 

The work presented here provides insights into the increased reduction potential of the 

rubredoxin domain of rubrerythrin over that of rubredoxin. The increased reduction potential 

appears to come mainly from the addition of the polar groups of Asn8 (160, DvRr numbering) 

and His44 (179) near the redox center. Also, Ala41 (176) may be less of a contributor to the 

increased reduction potential because solvent accessibility is negligible in the homodimer, 

although it may be important for the CpRd V41A mutant. Overall, these results along with 

previous studies of the rubredoxins (12) and the ferredoxins (28) show that our method of 

bioinformatics sequence and electrostatic crystal structural analysis (25,26) is useful for 

identifying sequence determinants between homologous proteins where there are many non-

identical residues.  In addition, the differences in reduction potentials predicted by free energies 

calculated from MD simulations of mutants are in good agreement with experimental values. In 

other words, while the simple analyses of crystal structures are useful in identifying sequence 
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determinants of reduction potentials, MD simulations are useful in predicting the changes in 

reduction potentials due to mutations of these sequence determinants. 

More generally, the simulations indicate that different elements of the protein can 

respond differently to the change in charge of the redox sites.  Previous results indicate while the 

protein matrix has both a large permanent polarization as well as a linear response, the overall 

system demonstrates a linear response due to the solvent (37).  Here, individual residues are 

shown to have anywhere from a permanent polarization to a linear response. Specifically, the 

Asn and His exhibit a linear response via the interesting mechanism of changing the relative 

populations of two side chain conformations in the oxidized versus reduced states.   
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TABLES 

Table 2.1 Differences of DvRr and mutant CpRd relative to wt CpRd (absolute numbers given in 

parenthesis) in reduction energy calculated from crystal structures and experimental reduction 

potentials (in mV).  

Protein -ΔΔE(8)/nℑ -ΔΔE(41)/nℑ -ΔΔE(44)/nℑ TOTAL ∆Eº (exp) a 

(CpRd)/ (364) (362) (48) NA (-55) 

DvRr (+)* 352 30 160 542 285±10 

DvRr (-)* -169 30 183 21 285±10 

CpRd L41A -23 -19 14 -29 50 

∗ The “+” denotes χ2 ≈ 60° while “-” denotes χ2 ≈ -120° for Asn. 

a Reduction potentials for CpRd (22), DvRr (6,22) and L41A (15,22).  
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Table 2.2 Differences between CpRd mutants relative wt (absolute values given in parenthesis) 

in the a) reduction energy and b) free energy calculated from molecular dynamics simulations 

compared to experimental reduction potentials (all in mV). 

a) 

Mutant -ΔΔE(8)/nℑ -ΔΔE(41)/nℑ -ΔΔE(44)/nℑ TOTAL ∆Eº (exp) a 

(wt) (417) (384) (68) NA (-55) 

V8N 581 10 -4 587 119 

L41A -8 29 -3 18 50 

V44H 30 1 236 267 NA 

Triple 716 1 284 1001 285±10 

b) 

Mutant -ΔΔG(8)/nℑ -ΔΔG(41)/nℑ -ΔΔG(44)/nℑ ∆Eº (calc) ∆Eº (exp) a 

wt (310) (339) (23) NA (-55) 

V8N 194 -6 -11 177 119 

L41A -8 -18 -0.3 -27 50 

V44H -44 4 177 137 NA 

Triple 156 -2 132 286 285±10 

a Reduction potentials for CpRd (22),V8N (Smith, E.T., Zeng, Q., Eidsness, M.K., Burden, A. 

E., Kurtz, D. M., and Scott, R. A., personal communication), and L41A (15,22).  For the triple 

mutant, the value of DvRr (6,22) is given. 
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Table 2.3 Nonlinearity calculated from molecular dynamics simulations in CpRd wt and 

mutants. 

8 41 44  

Protein  ΔG/ΔE  ΔG/ΔE  ΔG/ΔE 

CpRd 0.60 0.74 0.53 0.88 -* 0.33 

V8N 0.92 0.50 0.55 0.85 -* 0.18 

L41A 0.61 0.74 0.59 0.78 -* 0.34 

V44H 0.74 0.60 0.53 0.89 0.69 0.66 

Triple 1.36 0.41 0.55 0.87 1.05 0.44 

*Numbers are too close to zero.  

 

Table 2.4 Numbers of waters within 6 Å of the iron of the redox site in molecular dynamics 

simulations 

Number of waters Protein 

Oxidized state Reduced state 

CpRd 0.8 2.4 

Cp V8N 0.9 1.8 

Cp L41A 1.3 2.8 

Cp V44H 0.7 1.8 

Cp Triple 1.1 3.0 
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FIGURES 

Figure 2.1 A ribbon diagram depicting the Dv (1LKM) rubrerythrin homodimer in blue, with the 

metal atoms for the diiron site and the Fe(S)4 site shown as gray van der Waals spheres. 
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Figure 2.2 Superposition of the DvRr in oxidized (1LKM) and reduced (1LKO) states (blue and 

ice blue) and CpRd in oxidized (1FHH) and reduced (1FHM) states (red and pink) near the 

Fe(S)4 metal center (white and yellow), aligned on the Fe(S)4 center. 
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Figure 2.3 A licorice model depicting the backbone and side chain relation interaction with the 

Fe(S)4 center (white and yellow) of the average MD structures of a) the oxidized and reduced 

V8N CpRd (green and cyan), and the oxidized and reduced wt CpRd (red and pink) and b) the 

oxidized and reduced V44H CpRd (blue and ice blue), and the oxidized and reduced wt CpRd 

(red and pink).  Also shown is the DvRr (1LKM) crystal structure (ochre).  The alignment is 

based on the Fe(S)4 center. 

 

 

a                                                                                   b 
 
   
                                                                
  
 
 

 

 

 

 

 

8 

44 



 

 48 

APPENDIX A 

Figure A1 Histograms of the amino acid types found at residues a) 8, b) 41, and c) 44 for 

rubrerythrin (blue) and rubredoxin (red). 

a 

 
b 

 
c 
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Figure A2 Histograms of the populations of the χ2 dihedral angle of a) Asn for the oxidized (blue 

line) and reduced (ice blue line) V8N CpRd simulations and for the oxidized (red line) and 

reduced (pink line) triple mutant simulations and b) His for the oxidized (blue line) and reduced 

(ice blue line) V44H CpRd simulations and for the oxidized (red line) and reduced (pink line) 

triple mutant simulations. The black arrows indicate the χ2 dihedral angle of Asn and His of 

about 60° and 57° in DvRr (1LKM/1LKO) crystal structures, respectively.  

a                                                 
                                            χ2  of Asparagine 

 
                                                                                             χ2 
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b 
                                                   χ2  of Histidine 

  
                                                                                             χ2 
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CHAPTER 3 

DENSITY FUNCTIONAL THEORY STUDY OF RUBREDOXIN REDOX SITE 

ANALOGUES * 

ABSTRACT 

The redox energetics of three redox site analogues of [1Fe] proteins, ([Fe(SCH3)4]0/1-/2-, 

[Fe(S2-o-xyl)2]0/1-/2-, and Na+[Fe(S2-o-xyl)2
1-/2-]), were calculated using B3LYP density 

functional theory (DFT) with Hartree-Fock and DFT optimized basis sets. First, the optimized 

geometries and vertical and adiabatic detachment energies were compared to crystal structures 

and photoelectron spectroscopy data, respectively. Next, free energies, reorganization energies of 

oxidation and reduction, and electrostatic potential charges, which are necessary for our 

calculations of electron transfer properties of [1Fe] proteins, were calculated. The DZVP2 basis 

set generally gives better geometries than 6-31G**, while 6-31G** with added sp-type diffuse 

functions on the sulfurs (6-31(++)sG**) gives better energetics than 6-31G** and DZVP2.  

                                                
* To be submitted to J. Theor. Comput. Chem. 
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INTRODUCTION 

Electron transfer proteins are found universally in living organisms and serve a vital role 

in the transport and utilization of cellular energy. These proteins move electrons by electron 

transfer reactions whose rate at temperature T is given by Marcus theory 1 

  (1) 

where  is the electronic coupling matrix element, ΔG° is the free energy of  the oxidation of 

the donor and the reduction of the acceptor, and λ is the reorganization energy, which is the 

energy required to reorganize the system structure from initial to final coordinates without 

changing the electronic state (Figure 3.1). In addition, the free energy of the reduction of a 

species is related to its standard reduction potential (E°) by the Nernst equation:  

  (2) 

where n is the number of electrons transferred, and  is the Faraday’s constant. For a protein, 

ΔG° is approximately equal to the sum of ΔGin, the inner-sphere reduction free energy of the 

redox site, and ΔGout, the outer-sphere free energy due to electrostatic interaction of redox site 

with the surrounding protein and solvent.  

  (3) 

where and ΔGSHE = 4.43 V, the free energy of an electron in the standard hydrogen electrode 

(SHE).2 The reorganization energy λ can also be divided into the inner-sphere reorganization 

energy λin involving the structural change of the first coordination spheres of the donor and 

acceptor metals, and the outer-sphere reorganization energy λout involving the structural change 
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of the remaining protein as well as the solvent. The inner-sphere does not change significantly 

when a protein docks with its donor or acceptor protein3; therefore, ΔGin is approximately the 

difference of the reduction free energies of the isolated donor and the isolated acceptor and λin is 

approximately the sum of the oxidation (λoxd) reorganization energy of the isolated doner and 

reduction (λred) reorganization energy of the isolated acceptor (Figure 3.1). Thus, the reduction 

potential of an electron transfer protein is one of its most important functional characteristics and 

therefore has been studied extensively4-21. 

The iron-sulfur proteins are an important class of electron transfer proteins found in 

various biological processes such as photosynthesis, respiration, and nitrogen fixation. The iron-

sulfur proteins contain iron-sulfur clusters, which usually consist of one to four irons 

tetrahedrally coordinated by sulfurs from cysteinyl residues and/or inorganic sulfurs; a cluster of 

m irons and n inorganic sulfurs is denoted [mFe-nS]5. The simplest biological iron-sulfur redox 

site [Fe(SR)4]1-/2- contains the [1Fe-0S] cluster, which we refer to as a [1Fe] cluster. It is mainly 

found in small electron transfer proteins including rubredoxin,6 desulforedoxin,7 

desulfoferreodoxin,8 rubrerythrin,8 and nigerythrin9. 

The [1Fe] clusters found in rubredoxins and rubredoxin-like domains can have different 

reduction potentials by as much as ~300 mV22,23; thus, determining the origin of the differences 

is crucial in understanding how the protein environment tunes the reduction potential of its redox 

site. However, separating changes due to the protein from possible changes due to the redox site 

is critical, which necessitates that the reduction potential of redox site analogues be measured 

accurately without perturbations from the surrounding protein matrix. Although reduction 

potentials of analogues in solution have been measured experimentally, they are highly 
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dependent on the solvent and separating out the solvent contribution from the intrinsic cluster 

contribution is difficult because it depends heavily on the structure of the first solvation shell. 

The recent electrospray photoelectron spectroscopy (PES) measurements of electron detachment 

energies for iron-sulfur analogs24 are a breakthrough for probing the intrinsic cluster energetics 

because the adiabatic and vertical detachment energies (ADE and VDE, respectively) are 

measured in the gas phase, without any environmental contribution. Several analogues of the 

[Fe(SR)4]1-/2- redox site have been synthesized, their electrochemical reduction potentials have 

been measured in solution17, and their PES oxidation potentials have been measured in the gas 

phase24. However, the biologically relevant couple [Fe(SR)4]1-/2- is not directly accessible for the 

PES experiments since the [Fe(SR)4]2- species is not stable in the gas phase and the 

Na+[Fe(SR)4]2- species, which is stable in the gas phase, has the added contribution of the 

sodium.  

Computational chemistry has been important in understanding the electronic structure 

and oxidation energies of [Fe(SR)4]1- analogues and providing information inaccessible to 

experiments. The broken-symmetry density functional theory (BS-DFT) approach25 has been 

recognized as a promising method for treating spin-spin interactions between iron sites revealed 

by Mössbauer, electron paramagnetic resonance (EPR), and PES experiments.26-28 Noodleman 

and co-workers have investigated iron-sulfur clusters constrained to experimental geometries and 

obtained good electronic structures and Heisenberg spin coupling contributions to magnetic 

properties by using the local density approximation DFT with non-local corrections for exchange 

and BS-DFT and spin projection methods.29,30 On the other hand, Becke’s original three 

parameter fit31 using the Lee-Yang-Parr correlation functional (B3LYP)32 is the mostly widely 

used functional for transition-metal systems, especially first-row transition metals, because 
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hybrid generalized gradient approximation (GGA) methods usually give better structural and 

energetic properties.33-36  

In our earlier studies21,37 of  the geometry, electronic structure, ADE, VDE, and reduction 

free energies of [Fe(SCH3)4]0/1-/2- and [Fe(SCH3)3]0/1-, spin-unrestricted B3LYP gives the best 

results among all the different theory levels tested in comparison with experiment and is 

comparable for energies to CCSD or CCSD(T) levels of theory. In addition, among all the basis 

sets tested using spin-unrestricted B3LYP theory, 6-31G** and DZVP2 give good geometry and 

adding diffuse functions to the sulfurs gives better energies. Furthermore, since there is no 

experimental ADE for [Fe(SCH3)4]2-/1-, a thermodynamic cycle is proposed in our previous 

study21 to obtain an estimated “experimental” value for the reduction potential energy/free 

energy of [Fe(SCH3)4]2-/1-, by combining the calculated value of dissociation energy/free energy 

from [Fe(SCH3)4]1- to [Fe(SCH3)3]0 + SCH3
-, association energy/free energy from [Fe(SCH3)3]1- 

+ SCH3
- to [Fe(SCH3)4]2-, and the experimental value of ADE of the [Fe(SCH3)3]1-/0 couple. 

Overall, our systematic investigations using B3LYP for the [1Fe]21,37, [2Fe-2S]38, and [4Fe-4S]39 

clusters are in good agreement with crystallographic structures and PES detachment energies, 

demonstrating the reliability of B3LYP for these clusters. The inner-sphere reorganization 

energy of [Fe(SCH3)4]1-/2 has previously been investigated by Ryde and co-workers33 using 

B3LYP (unrestricted formalism) method with double-ζ basis set of Schäfer et al.40 for the iron 

and 6-31G* basis set for other atoms33. Note, the reorganization energies are energies for the 

system to gain before electron transfer, whereas the relaxation energies of Wang and co-

workers24,41,42 are the energies released by the system after Franck-Condon transition, which is 

why our reorganization energies are essentially the negative of their relaxation energies. 
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Moreover, our recent studies of [4Fe-4S] proteins have shown that the calculated ADE of 

analogues are in good agreement with the experiment, and also have shown that the reduction 

potentials in good agreement with experiment can be calculated by combining ΔGin from BS-

DFT calculations of gas-phase analogues and ΔGout from Poisson-Boltzmann (PB) continuum 

electrostatic calculations of protein crystal structures using partial charges for the redox site from 

the BS-DFT calculations.43   

Here, the structure and redox energetics of three redox site analogues of [1Fe] proteins, 

[Fe(SCH3)4]0/1-/2-, [Fe(S2-o-xyl)2]0/1-/2-, and Na+[Fe(S2-o-xyl)2
1-/2-], were calculated using spin-

unrestricted B3LYP with Hartree-Fock (HF) and DFT optimized basis sets. [Fe(SCH3)4]n is the 

relevant fragment for our calculations of absolute reduction potentials of proteins while [Fe(S2-o-

xyl)2]n and Na+[Fe(S2-o-xyl)2]n provide additional comparisons to experiment. First, the 

optimized geometries and vertical and adiabatic detachment energies were compared to crystal 

structures and photoelectron spectroscopy data, respectively. Next, vertical attachment energies, 

free energies of oxidation and reduction, reorganization energies, and electrostatic potential 

charges, which are necessary for calculations of electron transfer properties of [1Fe] proteins, 

were calculated.  

METHODS 

 Spin-unrestricted B3LYP calculations, more specifically, with Beck’s original three 

parameter fit31 using the Lee-Yang-Parr correlation functional (B3LYP)32, with a “fine” 

integration grid were performed for [Fe(SCH3)4]0/1-/2-,[Fe(S2-o-xyl)2]0/1-/2-, and Na+[Fe(S2-o-

xyl)2
1-/2-] analogues of the rubredoxin (Rd) redox site. Here, a “D2d” ML4 idealized model of the 

Rd redox site,20 was utilized as the initial structure without symmetry restraints being imposed 



 

 57 

during geometry optimizations. Electrostatic potential fitting (ESP) charges were obtained using 

the CHELPG scheme 44. 

 Three different basis sets were utilized. First, 6-31G** is the standard 6-31G basis set 

with f-type polarization functions for the iron atoms,45 d-type polarization functions for the 

carbon and sulfur atoms,46 and p-type polarization function for the hydrogen atoms.47 Second, 6-

31(++)SG** is 6-31G** with sp-type diffuse functions added to the sulfur atoms.48-50 Last, 

DZVP2 is the all-electron Dgauss DZVP2 polarized DFT orbital basis set.51 For the Na+[Fe(S2-o-

xyl)2
1-/2-] analogue, since there is no DZVP2 basis set for Na+ in the Gaussian 03 basis sets, the 

all-electron Dgauss DZVP basis set 51 is used for Na+ while DZVP2 basis set is used for Fe, C, S, 

and H. 

 The calculations of all the energetics are described in the following. First, ADE is 

calculated as   

  (4) 

where  and are from the frequency calculation for optimized geometry of 

A- with charge state of A- and that of A with charge state of A, respectively. Similarly, VDE and 

VAE are calculated as  

  (5) 

and  

  (6) 

respectively, where the ZPE values are from the frequency calculations for the corresponding 

optimized geometries with respective charge states. Next, the ΔGin can be calculated as 
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  (7) 

where  and  are obtained from the frequency calculations for optimized geometry of A- 

with charge state of A- and that of A with charge state of A. Since traveling along the reaction 

coordinate is like allowing all the other degrees of freedom to move except the reaction 

coordinate, the “vibration” on the reaction coordinate mode is frozen while vibrations along all 

the other modes are according to the free energy surface of that state, which means that the 

thermal corrections for A or A- with mode fixed should be the same wherever the molecule is 

along the A or A- curve, respectively. Therefore, the λoxd and λred can be obtained from energy 

differences, defined as the difference between the electronic energy of A- at the optimal 

geometry of A and the electronic energy of A- at its own optimal geometry,  

  (8) 

 and the difference between the electronic energy of A at the optimal geometry of A- and the 

electronic energy of A at its own optimal geometry, 

  (9) 

respectively.  

The calculated VDE, VAE, ADE, λ and ΔGin were refined at four different levels of 

theory with different basis sets. Basis(E)//Basis(G) is used to denote an energy calculation with 

Basis(E) sets using geometry optimized with Basis(G) sets, while both using the same B3LYP 

level of theory. If same basis set is used for both geometry optimization and energy calculation, 

notation is shorten to Basis(E/G). The vibrational energy and ZPE correction for energies at the 
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6-31(++)SG**//6-31G** level were calculated at the 6-31G** level, while those at the 6-

31(++)SG**//DZVP2 level were calculated at the DZVP2 level. 

 All quantum mechanics calculations were performed using the NWChem52 and 

Gaussian0353 program package. The molecular orbital visualizations were performed using the 

extensible computational chemistry environment (Ecce) application software54. 

RESULTS AND DISCUSSION 

Geometries 

Full geometry optimization were performed using the B3LYP method with the 6-31G** 

and DZVP2 basis sets. The optimized geometries were compared with available experimental 

data, and the calculations also provided important structural information for analogues with the 

charge state of 0 for which there is no experimental data. Selected internal coordinates are shown 

in Table 3.1, and more complete geometries are in Table B1 in Appendix B.    

 Overall, the calculated Fe–S bond lengths are in good agreement with experiment, only 

about 0.02 ~ 0.08 Å longer than the experimental values, and the DZVP2 basis set gives slightly 

better Fe–S bond lengths by ~ 0.01-0.02 Å compared to the 6-31G** basis set. More specifically, 

for [Fe(SCH3)4]1- and [Fe(S2-o-xyl)2]1-, the average calculated Fe–S bond length by DZVP2 basis 

set is 2.308 and 2.299 Å, respectively, and that by 6-31G** basis set is 2.320 and 2.310 Å, 

respectively, in comparison to the experimental value of 2.264 and 2.267 Å, respectively. The 

calculated average Fe–S bond length of Na+[Fe(S2-o-xyl)2]n- is ~ 0.01 – 0.02 Å longer than that 

of [Fe(S2-o-xyl)2] n -, indicating that the Coulomb interaction between Na+ and three S’s results in 

a decrease in the charge polarizability of the Fe–S bonds. In addition, the six ∠S-Fe-S angles are 

grouped into two types based on symmetry with two defined as ∠S-Fe-S′ angles in which S′ is 
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related to S by a C2(2S4) rotation about the S4 axis and the other four defined as ∠S-Fe-S′′ angles 

in which S′′ is related to S by an S4 rotation. The two basis sets give very similar ∠S-Fe-S′ and 

∠S-Fe-S′′ angles, which are within 0.1°, 2°, and 6° deviation from the experimental values for 

[Fe(SCH3)4]1-, [Fe(S2-o-xyl)2]2-, and [Fe(S2-o-xyl)2]1-, respectively. Unlike [Fe(SCH3)4]n-, in 

which the two ∠S-Fe-S′ angles are equivalent, the crystal structure of [Fe(S2-o-xyl)2]n- and 

Na+[Fe(S2-o-xyl)2]n- have two different ∠S-Fe-S′ angles with one larger angle corresponding to 

two shorter Fe–S bonds and one smaller angle corresponding to two longer Fe–S bonds, which is 

also shown in optimized geometries by both basis sets. Last, the calculated average dihedral 

angles of ∠S5-Fe1-S3-C7 and ∠S2-Fe1-S4-C8 (Figure 3.2) from both basis sets are also 

comparable to the experimental values for [Fe(SCH3)4]1- and [Fe(S2-o-xyl)2]1-. The larger 

discrepancy between the calculated and the experimental dihedral angles for [Fe(S2-o-xyl)2]2- 

and Na+[Fe(S2-o-xyl)2]2- are due to the amide-thiolate hydrogen bonding (N–H···S ) between the 

[Fe(S2-o-xyl)2]2- and its cation complex [(CH3)3NCH2CONH2]2
2+ 55, which is absent between the 

[Fe(S2-o-xyl)2]1- and its cation complex [Et4N]1+ 15, and the electrostatic interaction between the 

Na+ and the sulfurs in Na+[Fe(S2-o-xyl)2]2-, respectively, both of which cause the structure to 

contract during crystal packing and hence lead to smaller dihedral angles (~ 25°) in the crystal 

structure.  

  Compared to the structure of [Fe(SCH3)4]1- with an average ∠S-Fe-S-C dihedral angle of 

~ 58°, which is close to typical tetrahedral geometry, the structure of [Fe(S2-o-xyl)2]1- is more 

distorted from a standard tetrahedral geometry with an average ∠S-Fe-S-C dihedral angle of ~ 

52°. The structure of [Fe(SCH3)4]1- does not change much during the reduction, but undergoes a 
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large distortion upon oxidation with changes in ∠S-Fe-S angles (~ 6°)  and ∠S-Fe-S-C dihedral 

angles (25°), resulting in a distorted tetrahedral structure due to the Jahn-Teller effect upon 

oxidation of the high-spin FeIII center. Similarly, the structure of [Fe(S2-o-xyl)2]1- undergoes 

larger distortion upon oxidation than upon reduction. However, due to the rings in [Fe(S2-o-

xyl)2]1-, the distortion upon oxidation observed in [Fe(S2-o-xyl)2]1- is smaller than that observed 

in [Fe(SCH3)4]1-. Since the reduction of  [Fe(SCH3)4]1-/2- and [Fe(S2-o-xyl)2]1-/2- only involves the 

iron  orbital, [Fe(SCH3)4]2- retain typical tetrahedral geometry, while [Fe(S2-o-xyl)2]2- return 

to typical tetrahedral geometry with an average ∠S-Fe-S-C dihedral angle of ~58° due to the 

increase of the degree of freedom of the benzene rings resulting from the slightly increased Fe–S 

bond lengths.  

Partial Charges 

The ESP charges for [Fe(SCH3)4]n are summarized in Table 3.2. The total charges for the 

analogues are net integers (-2, -1, or 0), but only charges for the Fe, S, and C atoms are given. In 

addition, Table 3.2 also gives the charges for the C atoms assuming the charge on the H atom 

being 0.09e, which is the charge for non-polar hydrogens in CHARMM forcefield56. The ESP 

charges for all atoms of [Fe(S2-o-xyl)2]n are given in Table B2 (see Appendix B). Our BS-DFT 

calculations confirm that the interaction between the high-spin Fe center and the thiolate ligands 

of [Fe(SCH3)4]- follows the “inverted level scheme”21, in which the S(3p) ligand orbitals lie 

between the Fe(3d) β-spin–orbitals and α-spin–orbitals (Figure 3.3). All three basis sets exhibit 

a similar trend upon reduction from 0 to 1- to 2-, in which the positive charge on the iron is 

increased while all the sulfurs become substantially more negative, so that the 0 state is the least 

charge polarized with the shortest Fe–S bond lengths and the 2- state is the most charge polarized 
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with the longest Fe–S bond lengths, as in our previous studies.21,37 The HF-optimized basis sets 

generally give more charge-polarized Fe–S bonds than the DZVP2 basis sets, and a diffuse 

function basis set added into the sulfur atoms causes Fe–S bonds to further polarized.  

Vertical and Adiabatic Detachment Energies and Vertical Attachment Energies 

 To assess the effects of the basis set on the energetics, the ADE and VDE of 

[Fe(SCH3)4]2-/1-, [Fe(SCH3)4]1-/0, [Fe(S2-o-xyl)2]2-/1-, [Fe(S2-o-xyl)2]1-/0, and Na+[Fe(S2-o-xyl)2
2-/1-

] as well as the VAE of [Fe(SCH3)4]1-/2-, [Fe(SCH3)4]0/1-, [Fe(S2-o-xyl)2]1-/2-, [Fe(S2-o-xyl)2]0/1-  

and Na+[Fe(S2-o-xyl)2
1-/2-] were calculated with ZPE corrections (Table 3.3 and 3.4). The 

energies were compared to PES results for ADE and VDE of [Fe(SCH3)4]1-, [Fe(S2-o-xyl)2]1-, 

and Na+[Fe(S2-o-xyl)2
2-] 24,41. Our previous study21 used a thermodynamic cycle to obtain the 

“experimental” ADE of -1.56 eV for [Fe(SCH3)4]2- shown in Table 3.3. The “experimental” 

ADE of -1.21 eV for [Fe(S2-o-xyl)2]2- is obtained by the thermodynamic circle illustrated in 

Scheme 3.1, where Eb(ML)2- and Eb(ML)1- were binding energy between [Fe(SCH3)4]2- and 

Na+[Fe(SCH3)4]2-, and that between [Fe(SCH3)4]1- and Na+[Fe(SCH3)4]1-, respectively, obtained 

by using 6-31(++)SG ** //6-31G** method, and the experimental ADE for Na+[Fe(SCH3)4]2- is 

2.30 eV24. 

 In general, the ADE and VDE calculated using the 6-31(++)SG** basis set agree best 

with experimental data, mainly because the additional diffuse functions on the sulfurs allow the 

orbitals to occupy a larger region of space, which is important for systems where electrons are 

relatively far from the nucleus such as molecules with lone pairs, anions, excited states, or low 

ionization potentials21. On the other hand, 6-31G** and DZVP2 basis sets underestimated and 

overestimated the calculation, respectively, for the analogues with strong spin-contamination and 

strong coulomb interaction (Shuqiang Niu and Toshiko Ichyie, unpublished work), because the 
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Hartree-Fock (HF) optimized basis set 6-31G** includes no or very little exchange correlation 

term while DFT optimized basis set DZVP2 includes the exchange correlation term. Moreover, 

the energy calculations are not very sensitive to the geometries since 6-31(++)SG**//6-31G** 

and 6-31(++)SG**//DZVP2 give very similar results,  which are only ~ 0.03 eV higher than the 

experimental ADE for [Fe(SCH3)4]1- and [Fe(S2-o-xyl)2]1-, ~ 0.2 eV lower than the 

experimental/“experimental” ADE for [Fe(SCH3)4]2-, [Fe(S2-o-xyl)2]2-, and Na+[Fe(S2-o-xyl)2
2-],  

and ~ 0.18 to 0.32 eV lower than the experimental VDE for all analogues. The discrepancy 

between the calculated and the experimental VDE are much larger than that between the 

calculated and the experimental ADE due to the less reliable ZPE corrections for the excited 

states in the VDE calculations.  

 The ADEs of the analogues are largely influenced by the ligand and by the presence of 

the Na+. The ADE of [Fe(SCH3)4]1- is lower than that of [Fe(S2-o-xyl)2]1-, suggesting that the 

HOMO of the -1 state has considerable contributions from the ligand orbitals, in addition to the 

Fe 3d character (Figure 3.3). As shown in previous studies21,24, the HOMO of [Fe(SCH3)4]1- 

arises from the interaction between the highest-occupied near-degenerate S(3p) α-spin–orbital 

(b2) and  the highest-occupied  Fe(3d) α-spin–orbital, which forms a Fe-S bond with σ anti-

bonding character and results in a strong Jahn-Teller distortion upon oxidation. Although 

compared to SCH3, the S2-o-xyl ligand has a larger proton affinity and thus is a stronger σ 

electron donor, it forms Fe–S bonds with more π character due to the benzene ring. Therefore the 

larger Jahn-Teller distortion upon oxidation of [Fe(SCH3)4]1- increases the stability of the 

oxidized state, resulting in the lower ADE and shorter Fe–S bonds in [Fe(SCH3)4]0 relative to 

[Fe(S2-o-xyl)2]0. The ADE of [Fe(SCH3)4]2- is also lower than that of [Fe(S2-o-xyl)2]2-, which 
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indicates that the reduction from [Fe(SCH3)4]1- to [Fe(SCH3)4]2- is more difficult than from 

[Fe(S2-o-xyl)2]1- to [Fe(S2-o-xyl)2]2-. Upon reduction, the extra electron enters the low-lying 

Fe(3d) β-spin–orbital (a1), which has some Fe-S π* character21,24.  Compared to [Fe(SCH3)4]1-, 

the energy gap between S(3p) β-spin–orbital and Fe(3d) β-spin–orbital in [Fe(S2-o-xyl)2]1- is 

larger due to the stronger π bonding interactions between the benzene ring and Fe, which 

significantly stabilize the Fe–S bonds upon the reduction, resulting in an increase of the 

reduction energy for  [Fe(S2-o-xyl)2]1- and a higher ADE for [Fe(S2-o-xyl)2]2-. With the addition 

of Na+ to [Fe(S2-o-xyl)2]2-, the ADE is dramatically increased because [Fe(S2-o-xyl)2]2- has more 

negative charges on sulfurs and more charge polarized Fe–S bonds with respect to its oxidized 

state.  

 In general, the discrepancy between the calculated and the experiment energetics for 

[Fe(SR)4]-2 is expected to be larger than that for [Fe(SR)4]-1 due to the more polarized charge 

distribution in the -2 state than in the -1 state, which leads to less accurate charge density 

description from the basis sets. Furthermore, the discrepancy between the calculated and the 

experiment energetics is expected to become larger from [Fe(SCH3)4]2- to [Fe(S2-o-xyl)2]2- to 

Na+[Fe(S2-o-xyl)2]2- due to the worse integration grid description from the basis sets resulting 

from the increase in the molecule size.   

Intrinsic Reduction Free Energies  

 The intrinsic free energies of reduction (∆Gin) are obtained for the three analogues using 

the different basis sets (Table 3.5). The reduction free energy change of [Fe(SCH3)4]1-/2- is 

higher than that in [Fe(S2-o-xyl)2]1-/2-, indicating an easier reduction in the latter due to the 

addition of benzene ring and the extra electron entering the π orbital of the ligand, while the 
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reduction free energy change in Na+[Fe(S2-o-xyl)2]2-/1- being the lowest, suggesting that the 

addition of Na+ stabilizes the [Fe(S2-o-xyl)2]2- species through Coulomb interactions. The ∆Gin 

obtained by 6-31(++)sG**//6-31G** and 6-31(++)sG**//DZVP2 are essentially the same, while 

6-31G**//6-31G** overestimate the ∆Gin and DZVP2//DZVP2 underestimate the ∆Gin. 

Inner-sphere Reorganization Energy 

 The inner-sphere reduction (λred) and oxidation (λoxd) reorganization energy from 

different basis sets are compared in Table 3.6. Our results from all calculations are in reasonable 

good agreement with Ryde’s λoxd (0.19 eV) 33 and λred (0.22 eV) 33 for [Fe(SCH3)4]1-/2- using the 

B3LYP (unrestricted formalism) method with the double-ζ basis set of Schäfer et al.40 for the 

iron and the 6-31G* basis set for other atoms. Overall, [Fe(SCH3)4]1-/2- has the lowest λi while 

Na+ [Fe(S2-o-xyl)2
1-/2-] has the highest λi except for the unusually high λi obtained by 

DZVP2//DZVP2 for [Fe(S2-o-xyl)2]1-/2-. The λi of [Fe(S2-o-xyl) 2]1-/2- are about 0.06 – 0.10 eV 

higher than that of [Fe(SCH3)4]1-/2-, indicating that the structure undergoes a slightly smaller 

distortion upon electron transfer in [Fe(SCH3)4]1-/2- than in [Fe(S2-o-xyl) 2]1-/2-, which is 

consistent with the smaller dihedral angle change in [Fe(SCH3)4]1-/2- (~1º) than in [Fe(S2-o-xyl) 

2]1-/2- (~6º) (Table 3.1). On the other hand, the structure of Na+[Fe(S2-o-xyl)2
1-/2-] is more 

loosened than that of [Fe(S2-o-xyl)2]1-/2- due to the addition of Na+, which can be seen from the 

increased Fe-S bond length in the former, and upon reduction Na+[Fe(S2-o-xyl)2
1-/2-] also 

undergoes more distortion than [Fe(S2-o-xyl)2]1-/2-, resulting a higher λi in Na+[Fe(S2-o-xyl)2
1-/2-] 

than in [Fe(S2-o-xyl)2]1-/2.  

CONCLUSIONS 
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Broken-symmetry DFT calculations have been performed on the [1Fe] cluster analogue 

[Fe(SCH3)4]n-, [Fe(S2-o-xyl)2]n-, and Na+[Fe(S2-o-xyl)2]n-. Full geometry optimizations 

calculations of the analogues were performed using the B3LYP/6-31G** and B3LYP/DZVP2 

methods, and energy calculations were performed using 6-31G**, 6-31(++)sG**//6-31G**, 

DZVP2, and 6-31(++)sG**//DZVP2 methods. Overall, all the methods give generally good 

descriptions of the structural, electronic, and energetic properties of the [1Fe] analogs. Both 6-

31G** and DZVP2 basis sets predict geometries for three analogues that are in good agreement 

with crystallographic structures for same synthetic analogues, while 6-31(++)sG** predicts 

energetics that are in best agreement with the PES experimental data. More specifically, 

calculations at the 6-31(++)sG**//6-31G** predict that the ADEs are 3.41, and 3.52 eV for 

[Fe(SCH3)4]2-/1- and [Fe(S2-o-xyl)2]2-/1-, respectively, compared to the 3.38 and 3.49 eV, 

respectively, from the PES. At the same level, the reduction free energy change is 1.63 eV and 

the inner-sphere reorganization energy is 0.38 eV for [Fe(SCH3)4]1-/2.   

Moreover, our theoretical analyses combined with experimental results provide an 

explanation as to why the geometry and energetics change upon change in redox state. The 

oxidation of the [Fe(SR)4]1- analogs apparently involves a degenerate S(3p) orbital with a strong 

anti-bonding Fe-S σ* character, resulting in a strong Jahn-Teller distortion upon oxidation from 

[1Fe]- to [1Fe]0. However, the structural distortion upon oxidation is smaller in [Fe(S2-o-xyl)2]1- 

because the bonding of two sulfurs by the ring reduces the degree of conformational freedom.  
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TABLES 

Table 3.1 Experimental and calculated optimized Fe-S (rFe-S) bond lengths (Å), ∠S-Fe-S (θS-Fe-S) 

bond angles (°) and ∠S-Fe-S-C dihedral angles (θS-Fe-S-C).  

 rFe-S θS-Fe-S´
a θS-Fe-S´´

b φS-Fe-S-C 
 calc exp calc exp calc exp calc exp 
 6-31G** DZVP2  6-31G** DZVP2  6-31G** DZVP2  6-31G** DZVP2  

[Fe(SCH3)4]2- 2.424 
± 0 

2.413 
± 0 

 107.54 
± 0 

108.66 
± 0 

 110.45 
± 0.77 

109.88 
± 0.01 

 57.67 
± 0 

59.77 
± 0 

 

[Fe(SCH3)4]1- 2.320 
± 0 

2.308 
± 0 

2.264 
± 0.001c 

107.19 
± 0 

107.22 
± 0 

107.14 
± 0.04c 

110.62 
± 0.01 

110.61 
± 0.01 

110.69 
± 0.08c 

57.62 
± 0.03 

57.65 
± 0 

54.56 c 

[Fe(SCH3)4]0 2.227 
± 0.004 

2.212 
± 0.003 

 97.86 
± 2.56 

97.16 
± 2.55 

 115.29 
± 13.15 

116.54 
± 11.92 

 23.12 
± 0.02 

20.78 
± 0 

 

2.388 
± 0 

2.385 
± 0 

2.341 
± 0.008d 

119.95 120.21 122.29 
± 0.04d 

107.29 
± 0.65 

107.11 
± 1.01 

106.79 
± 2.23d 

57.46 
± 0 

57.72 
± 0 

26.91 d [Fe(S2-o-xyl)2]2- 

2.445 
± 0 

2.431 
± 0 

2.368 
± 0.008d 

107.14 107.67 106.52 
± 0.04d 

      

2.296 
± 0 

2.286 
± 0 

2.258 
± 0.007e 

117.77 118.12 112.20 
± 0.07e 

107.91 
± 2.24 

107.85 
± 2.24 

108.86 
± 2.19e 

51.98 
± 0 

51.86 
± 0 

47.98e [Fe(S2-o-xyl)2]1- 

2.324 
± 0 

2.311 
± 0 

2.275 
± 0.003e 

107.02 106.89 109.16 
± 0.07e 

      

2.231 
± 0 

2.213 
± 0 

 114.90 113.10  113.86 
± 1.04 

111.32 
± 1.13 

 31.10 
± 0 

44.31 
± 0 

 [Fe(S2-o-xyl)2]0 

2.313 
± 0 

2.213 
± 0 

 82.54 97.51        

2.423 
± 0.094 

2.401 
± 0.088 

2.350 
± 0.002e 

117.09 117.55 114.92 
± 0.02e 

109.47 
± 13.32 

108.82 
± 13.94 

108.32 
± 3.74e 

56.17 
± 0.37 

55.02 
± 3.75 

21.66e Na+[Fe(S2-o-xyl)2
2-] 

2.436 
± 0.001 

2.453 
± 0.003 

2.362 
± 0.002e 

96.16 97.71 108.49 
± 0.02e 

      

2.311 
± 0.069 

2.301 
± 0.067 

 115.65 114.49  109.25 
± 10.23 

109.28 
± 9.46 

 48.45 
± 1.83 

47.90 
± 1.95 

 Na+[Fe(S2-o-xyl)2
1-] 

2.331 
± 0.007 

2.317 
± 0.004 

 100.28 102.33        

a average of two ∠S-Fe-S´ angles, where S´ is related to S by a C2(2S4) rotation about the S4 axis. 

b average of four ∠S-Fe- S´´ angles, where S´´ is related to S by an S4 rotation.  

c  ref 57  

d ref 55 

e ref 15  
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Table 3.2 Electrostatic potential (ESP) partial charges (e) at the B3LYP/6-31G**, B3LYP/6-

31(++)sG**, and B3LYP/DZVP2 levels for [Fe(SCH3)4]0/1-/2-. 

6-31G**  6-31(++)sG**//6-31G**  DZVP2 Analog 

Fe S C H  Fe S C H  Fe S C H 

[Fe(SCH3)4]2- 1.240 -0.877 0.421 -0.118  1.440 -0.954 0.538 -0.148  1.156 -0.817 0.283 -0.085 

[Fe(SCH3)4]1- 1.176 -0.656 0.292 -0.060  1.224 -0.680 0.346 -0.074  1.000 -0.590 0.222 -0.044 

[Fe(SCH3)4]0 0.892 -0.405 0.158 0.008  0.860 -0.396 0.169 0.004  0.648 -0.321 0.102 0.020 

 

Table 3.3 Experimental and calculated adiabatic detachment energies (ADE) (eV)  

Analog 6-31G** 6-31(++)sG**//6-31G** DZVP2 6-31(++)sG**// DZVP2 exp  

[Fe(SCH3)4]2- -1.98  (-2.06)† -1.68 (-1.76) -1.48 (-1.56) -1.68 (-1.76) -1.56‡ 

[Fe(SCH3)4]1- 3.33 (3.31) 3.41 (3.39) 3.19 (3.16) 3.42 (3.39) 3.38±0.05 a 

[Fe(S2-o-xyl)2]2- -1.63 (-1.71) -1.38 (-1.46) -1.09 (-1.17) -1.38 (-1.46) -1.21# 

[Fe(S2-o-xyl)2]1- 3.43 (3.42) 3.52 (3.51) 3.40 (3.38) 3.55 (3.53) 3.49± 0.05b 

Na+[Fe(S2-o-xyl)2
2-] 2.03 (1.99) 2.13 (2.09) 2.49 (2.44) 2.10 (2.05) 2.30±0.05 b 

a    ref 41  

b    ref 24  

†    numbers in parenthesis have no zero-point energy correction 

‡    the “experimental” data is obtained using Eq. 4, where ∆Eelec is the “experimental” value by 

using 6-31(++)SG ** //6-31G** method, 1.64 eV, from reference 21, and ∆ZPE is the zero point 

energy change by using 6-31G** geometry. 

# the “experimental” data is obtained using thermodynamic circle in Scheme 3.1, where 

Eb(ML)2- and Eb(ML)1- were calculated using 6-31(++)SG ** //6-31G** method. 
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Table 3.4  

a) Experimental and calculated vertical detachment energies (VDE) (eV).   

Analog 6-31G** 6-31(++)sG**//6-31G** DZVP2 6-31(++)sG**// DZVP2 exp 

[Fe(SCH3)4]2- -1.78 (-1.84) † -1.50 (-1.56) -1.30 (-1.36) -1.52 (-1.58)  

[Fe(SCH3)4]1- 3.56 (3.62) 3.64 (3.70) 3.49 (3.53) 3.62 (3.67) 3.82± 0.08a 

[Fe(S2-o-xyl)2]2- -1.41 (-1.46) -1.16 (-1.21) -0.86 (-0.91) -1.19 (-1.24)  

[Fe(S2-o-xyl)2]1- 3.65 (3.66) 3.70 (3.71) 3.61 (3.61) 3.69 (3.69) 3.90±0.08 b 

Na+[Fe(S2-o-xyl)2
2-] 2.27 (2.25) 2.37 (2.35) 2.77 (2.74) 2.34 (2.31) 2.60±0.05 b 

 

b) Calculated vertical attachment energies (VAE) (eV).  

Analog 6-31G** 6-31(++)sG**//6-31G** DZVP2 6-31(++)sG**// DZVP2 

[Fe(SCH3)4]1- 2.18 (2.25) † 1.85 (1.92) 1.65 (1.72) 1.88 (1.95) 

[Fe(SCH3)4]0 -2.89 (-2.85) -2.98 (-2.94) -2.72 (-2.67) -2.91 (-2.86) 

[Fe(S2-o-xyl)2]1- 1.85 (1.92) 1.57 (1.64) 1.51 (1.58) 1.62 (1.69) 

[Fe(S2-o-xyl)2]0 -2.76 (-2.74) -2.90 (-2.88) -3.11 (-3.09) -3.20 (-3.18) 

Na+[Fe(S2-o-xyl)2
1-] -1.70 (-1.62) -1.94 (-1.86) -2.26 (-2.19) -1.87 (-1.80) 

a    ref 41  

b    ref 24  

†   numbers in parenthesis have no zero-point energy correction 
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Table 3.5 Calculated reduction free energy change ∆Gin (eV) from [1Fe]1- to [1Fe]2-. 

Analog 6-31G** 6-31(++)sG**//6-31G** DZVP2 6-31(++)sG**// 

DZVP2 

[Fe(SCH3)4]1-/2- 1.93 1.63 1.47 1.67 

[Fe(S2-o-xyl)2]1-/2- 1.61 1.36 1.07 1.36 

Na+[Fe(S2-o-xyl)2
1-/2-] -2.08 -2.18 -2.55 -2.16 

 

Table 3.6 Calculated inner-sphere reorganization energy (eV). 

Analog 6-31G**  6-31(++)sG**//6-31G**  DZVP2  6-31(++)sG**// DZVP2 

 λoxd λred  λoxd λred  λoxd λred  λoxd λred 

[Fe(SCH3)4]1-/2- 0.18 0.22  0.16 0.22  0.16 0.20  0.19 0.17 

[Fe(S2-o-xyl)2]1-/2- 0.21 0.25  0.19 0.25  0.41 0.26  0.22 0.23 

Na+[Fe(S2-o-xyl)2
1-/2-] 0.36 0.27  0.23 0.25  0.25 0.30  0.26 0.25 
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 Scheme 3.1 Thermodynamic circle between [Fe(S2-o-xyl)2]2- and [Fe(S2-o-xyl)2]1-. 
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FIGURES 

Figure 3.1 Schematic energy curves showing electron transfer between molecule A and A- (A + 

e  A-). VDE, ADE, and VAE are the vertical detachment energy, adiabatic detachment energy, 

and vertical attachment energy, respectively. λoxd and λred are the oxidation reorganization energy 

from A- to A, and the reduction reorganization energy from A to A-, respectively. 
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Figure 3.2 Ball and stick rendering of analogue [Fe(SCH3)4]1- , [Fe(S2-o-xyl)2]1-, and Na+[Fe(S2-

o-yl)2]1-. 
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Figure 3.3 Schematic orbital interaction diagram for a tetrahedral D2d [Fe(SCH3)4]1- compared to 

the photoelectron spectra (red). 
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APPENDIX B 

Table B1. Full geometry of all analogues (two configurations of Na+[Fe(S2-o-xyl)2]2-,1-,0) by two 

different basis sets. The labling of atoms for each analogue is following the pictures below, and 

the numbering of atoms for analogue Na+[Fe(S2-o-xyl)2] is the same as that for [Fe(S2-o-xyl)2] 

except for atom Na. 

a) [Fe(SCH3)4] 

 

b) [Fe(S2-o-xyl)2] 
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c) Na+[Fe(S2-o-xyl)2] 

Na+

Na+

 

 

(i) (ii) 
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(1) [Fe(SCH3)4]2- 

 6-31G** DZVP2 
R(Fe-Sγ) (Å) 2.424 ± 0 2.413 ± 0 
R(S-Cβ) (Å) 1.845 ± 0 1.849 ± 0 

∠Sγ-Fe-Sγ′ 
a  (°) 107.54 ± 0 108.66 ± 0 

∠Sγ-Fe-Sγ′′ 
b (°) 110.45 ± 0.77 109.88 ± 0.01 

∠Fe-Sγ-Cβ (°) 102.45 ± 0 101.27 ± 0.00 
∠Sγ-Fe-Sγ′-Cβ′ (°) 178.74 ± 0 179.96 ± 0.02 
∠Sγ-Fe-Sγ-Cβ 

c (°) 57.67 ± 0 59.77 ± 0 
∠Sγ-Fe-Sγ-Cβ 

d (°) 57.67 ± 0 59.68 ± 0 
∠Sγ-Fe-Sγ-Cβ 

e (°) -61.16 ± 0 -59.73 ± 0 
∠Sγ-Fe-Sγ-Cβ 

f (°) -61.16 ± 0 -59.82 ± 0 
a average of two ∠Sγ-Fe-Sγ´ angles, where Sγ

´ is related to Sγ by a C2(2S4) rotation about the S4 
axis. 
b average of four ∠Sγ-Fe- Sγ

´´ angles, where Sγ
´´ is related to Sγ by an S4 rotation.  

c average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ3-Fe-Sγ4-Cβ4. 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ4-Fe-Sγ3-Cβ3. 
e average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ3-Fe-Sγ1-Cβ1, ∠Sγ2-Fe-Sγ4-Cβ4. 
f average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ3-Cβ3, ∠Sγ4-Fe-Sγ2-Cβ2. 
 



 

 82 

 (2) [Fe(SCH3)4]1- 

 6-31G** DZVP2 Exp. * ‡ 
R(Fe-Sγ) (Å) 2.320 ± 0 2.308 ± 0 2.264 ± 0.001 
R(S-Cβ) (Å) 1.845 ± 0 1.843 ± 0 1.754 ± 0.001 

∠Sγ-Fe-Sγ′ 
a (°) 107.19 ± 0 107.22 ± 0 107.14 ± 0.04 

∠Sγ-Fe-Sγ′′ 
b (°) 110.62 ± 0.01 110.61 ± 0 110.69 ± 0.08 

∠Fe-Sγ-Cβ (°) 100.96 ± 0 101.33 ± 0 103.90 ± 0.04 
∠Sγ-Fe-Sγ′-Cβ′ (°) 178.39 ± 0.09 178.33 ± 0 173.05 ± 0 
∠Sγ-Fe-Sγ-Cβ 

c (°) 57.62 ± 0.03 57.65 ± 0 54.58 ± 0 
∠Sγ-Fe-Sγ-Cβ 

d (°) -60.85 ± 0.06 -60.98 ± 0 -54.55 ± 0 
∠Sγ-Fe-Sγ-Cβ 

e (°) -61.01 ± 0.03 -60.99 ± 0 -63.92 ± 0 
∠Sγ-Fe-Sγ-Cβ 

f (°) -57.78 ± 0.06 -57.66 ± 0 -173.05 ± 0 
* ref 57 
a average of two ∠Sγ-Fe-Sγ´ angles, where Sγ

´ is related to Sγ by a C2(2S4) rotation about the S4 
axis. 
b average of four ∠Sγ-Fe- Sγ

´´ angles, where Sγ
´´ is related to Sγ by an S4 rotation.  

c average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ3-Fe-Sγ4-Cβ4. 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ4-Fe-Sγ3-Cβ3. 
e average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ3-Fe-Sγ1-Cβ1, ∠Sγ2-Fe-Sγ4-Cβ4. 
f average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ3-Cβ3, ∠Sγ4-Fe-Sγ2-Cβ2. 
 

 

 

                                                
‡ The initial orientation of methyl groups in the calculation is the same in the crystal structures of 
rubredoxins but is different from the experimental analogue. 
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 (3) [Fe(SCH3)4]0 

 6-31G** DZVP2 
R(Fe-Sγ) (Å) 2.227 ± 0.004 2.213 ± 0.003 
R(S-Cβ) (Å) 1.840 ± 0.003 1.839 ± 0.003 

∠Sγ-Fe-Sγ′ 
a (°) 97.86 ± 2.56 97.16  ± 2.55 

∠Sγ-Fe-Sγ 
b (°) 102.20 ± 1.78 104.62 ± 0 

∠Sγ-Fe-Sγ 
c (°) 128.37 ± 0 128.46 ± 0 

∠Fe-Sγ-Cβ (°) 105.88 ± 3.11 105.64 ± 3.34 
∠Sγ-Fe-Sγ′-Cβ′ (°) 155.84 ± 0.72 152.44 ± 0.06 
∠Sγ-Fe-Sγ-Cβ 

d (°) 23.12 ± 0.02 20.78 ± 0.00 
∠Sγ-Fe-Sγ-Cβ 

e (°) 69.52 ± 0.01 73.43 ± 0.00 
∠Sγ-Fe-Sγ-Cβ 

f (°) -92.66 ± 0.03 -94.67 ± 0.00 
∠Sγ-Fe-Sγ-Cβ 

g (°) -39.04 ± 0.01 -34.83 ± 0.00 
a average of two ∠Sγ-Fe-Sγ´ angles, where Sγ

´ is related to Sγ by a C2(2S4) rotation about the S4 
axis. 
b average of two ∠Sγ-Fe-Sγ  angles: ∠Sγ1-Fe-Sγ2, ∠Sγ3-Fe-Sγ4 
c average of two ∠Sγ-Fe-Sγ angles: ∠Sγ1-Fe-Sγ3, ∠Sγ2-Fe-Sγ4 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ3-Fe-Sγ4-Cβ4. 
e average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ4-Fe-Sγ3-Cβ3. 
f average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ3-Fe-Sγ1-Cβ1, ∠Sγ2-Fe-Sγ4-Cβ4. 
g average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ4-Fe-Sγ2-Cβ2, ∠Sγ1-Fe-Sγ3-Cβ3. 
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(4) [Fe(S2-o-xyl)2]2-  

 6-31G** DZVP2 Exp. * 
R(Fe-Sγ)

 a (Å) 2.445 ± 0 2.432 ± 0 2.368 ± 0.008 
R(Fe-Sγ)

 b (Å) 2.388 ± 0 2.385 ± 0 2.341 ± 0.008 
R(S-Cβ) (Å) 1.867 ± 0.001 1.864 ± 0.001 1.840 ± 0.003 
R(Cβ-C) (Å) 1.510 ± 0.001 1.512 ± 0.001 1.500 ± 0.003 
R(C-C) (Å) 1.402 ± 0.009 1.407 ± 0.008 1.392 ± 0.008 

∠Sγ2-Fe-Sγ3 (°) 119.95 120.21 122.29 ± 0.04 
∠Sγ1-Fe-Sγ4 (°) 107.14 107.67 106.52 ± 0.04 
∠Sγ-Fe-Sγ′′ 

c (°) 107.29 ± 0.65 107.11 ± 1.01 106.79 ± 2.23 
∠Fe-Sγ-Cβ (°) 97.67 ± 0.39 98.21 ± 0.13 109.38 ± 3.20 
∠Sγ-Cβ-C (°) 113.77 ± 0.09 113.24 ± 0.09 109.38 ± 3.20 
∠Cβ-C-C (°) 120.83 ± 2.65 120.79 ± 2.64 113.62 ± 1.04 
∠C-C-C (°) 120.00 ± 1.82 120.00 ± 1.78 120.54 ± 1.82 

∠Sγ-Fe-Sγ′-Cβ′ 
d (°) -57.91 ± 0 -57.85 ± 0 -88.17 ± 7.12 

∠Sγ-Fe-Sγ′-Cβ′ 
e (°) -179.74 ± 0 -179.50 ± 0 -134.63 ± 0.01 

∠Sγ-Fe-Sγ-Cβ 
f (°) 57.46 ± 0 57.72 ± 0 26.91 ± 0.01 

∠Sγ-Fe-Sγ-Cβ 
g (°) -57.36 ± 0 -57.64 ± 0 -22.30 ± 0 

∠Sγ-Fe-Sγ-Cβ 
h (°) 172.41 ± 0 172.07 ± 0 140.53 ± 0.02 

∠Sγ-Fe-Sγ-Cβ 
i (°) 57.41 ± 00.05 57.68 ± 0.05 110.01 ± 0.01 

∠Fe-Sγ-Cβ-C (°) 89.57 ± 0.20 89.73 ± 0.38 74.42 ± 6.24 
∠Sγ-Cβ-C-C (°) 90.11 ± 0.92 89.98 ± 0.99 91.78 ± 5.37 
∠Cβ-C-C-C (°) 179.82 ± 0.08 179.81 ± 0.09 178.48 ± 1.35 
∠C-C-C-C (°) 0.13 ± 0.05 0.10 ± 0.06 0.15 ± 0.09 

* ref 55 
a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of four ∠Sγ-Fe- Sγ

´´ angles, where Sγ
´´ is related to Sγ by an S4 rotation.  

d average of two ∠Sγ-Fe-Sγ′-Cβ′ angles: ∠Sγ1-Fe-Sγ4-Cβ4, ∠Sγ4-Fe-Sγ1-Cβ1. 
e average of two ∠Sγ-Fe-Sγ′-Cβ′ angles: ∠Sγ2-Fe-Sγ3-Cβ3, ∠Sγ3-Fe-Sγ2-Cβ2. 
f average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ3-Fe-Sγ4-Cβ4. 
g average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ4-Fe-Sγ3-Cβ3. 
h average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ3-Fe-Sγ1-Cβ1, ∠Sγ2-Fe-Sγ4-Cβ4. 
i average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ3-Cβ3, ∠Sγ4-Fe-Sγ2-Cβ2. 
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(5) [Fe(S2-o-xyl)2]1-  

 6-31G** DZVP2 Exp. * 
R(Fe-Sγ)

 a (Å) 2.324 ± 0 2.311 ± 0 2.275 ± 0.003 
R(Fe-Sγ)

 b (Å) 2.296 ± 0 2.286 ± 0 2.258 ± 0.007 
R(S-Cβ) (Å) 1.867 ± 0.003 1.862 ± 0.002 1.843 ± 0.014 
R(Cβ-C) (Å) 1.508 ± 0.001 1.510 ± 0.001 1.509 ± 0.006 
R(C-C) (Å) 1.400 ± 0.008 1.404 ± 0.007 1.392 ± 0 

∠Sγ2-Fe-Sγ3 (°) 117.77 118.12 112.20 ± 0.07 
∠Sγ1-Fe-Sγ4 (°) 107.02 106.88 109.16 ± 0.07 
∠Sγ-Fe-Sγ′′ 

c (°) 107.91 ± 2.24 107.85 ± 2.24 108.86 ± 2.19 
∠Fe-Sγ-Cβ (°) 101.03 ± 0.47 101.50 ± 0.32 101.08 ± 2.26 
∠Sγ-Cβ-C (°) 113.87 ± 0.87 113.38 ± 0.90 111.87 ± 1.32 
∠Cβ-C-C (°) 120.67 ± 2.29 120.64 ± 2.28 119.98 ± 2.30 
∠C-C-C (°) 120.00 ± 1.44 120.00 ± 1.42 120.00 ± 0.03 

∠Sγ-Fe-Sγ′-Cβ′ 
d (°) -65.09 ± 0 -65.05 ± 0 -70.88 ± 6.42 

∠Sγ-Fe-Sγ′-Cβ′ 
e (°) -179.82 ± 0 -179.59 ± 0 -173.9 ± 3.16 

∠Sγ-Fe-Sγ-Cβ 
f (°) 51.98 ± 0 51.86 ± 0 47.98 ± 5.72 

∠Sγ-Fe-Sγ-Cβ 
g (°) -50.18 ± 0 -49.99 ± 0 -51.32 ± 3.78 

∠Sγ-Fe-Sγ-Cβ 
h (°) 171.40 ± 0 171.33 ± 0 167.36 ± 5.12 

∠Sγ-Fe-Sγ-Cβ 
i (°) 62.43 ± 0 62.37 ± 0 66.12 ± 4.58 

∠Fe-Sγ-Cβ-C (°) 85.80 ± 0.32 85.65 ± 0.55 85.7 ± 4.00 
∠Sγ-Cβ-C-C (°) 89.98 ± 2.18 89.94 ± 2.11 89.52 ± 2.63 
∠Cβ-C-C-C (°) 179.27 ± 0.14 179.30 ± 0.22 177.17 ± 0.56 
∠C-C-C-C (°) 0.14 ± 0.06 0.15 ± 0.05 0.04 ± 0.02 

* ref 15 
a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of four ∠Sγ-Fe- Sγ

´´ angles, where Sγ
´´ is related to Sγ by an S4 rotation.  

d average of two ∠Sγ-Fe-Sγ′-Cβ′ angles: ∠Sγ1-Fe-Sγ4-Cβ4, ∠Sγ4-Fe-Sγ1-Cβ1. 
e average of two ∠Sγ-Fe-Sγ′-Cβ′ angles: ∠Sγ2-Fe-Sγ3-Cβ3, ∠Sγ3-Fe-Sγ2-Cβ2. 
f average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ3-Fe-Sγ4-Cβ4. 
g average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ4-Fe-Sγ3-Cβ3. 
h average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ3-Fe-Sγ1-Cβ1, ∠Sγ2-Fe-Sγ4-Cβ4. 
i average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ3-Cβ3, ∠Sγ4-Fe-Sγ2-Cβ2. 
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 (6) [Fe(S2-o-xyl)2]0  

 6-31G** DZVP2 
R(Fe-Sγ)

 a (Å) 2.313 ± 0 2.213 ± 0 
R(Fe-Sγ)

 b (Å) 2.231 ± 0 2.213 ± 0 
R(S-Cβ) (Å) 1.870 ± 0.003 1.866 ± 0.004 
R(Cβ-C) (Å) 1.505 ± 0 1.508 ± 0 
R(C-C) (Å) 1.399 ± 0.008 1.404 ± 0.007 

∠Sγ2-Fe-Sγ3 (°) 114.90 113.10 
∠Sγ1-Fe-Sγ4 (°) 82.54 97.51 
∠Sγ-Fe-Sγ′′ 

c (°)  113.86 ± 1.04 111.32 ± 1.13 
∠Fe-Sγ-Cβ (°) 105.92 ± 0.74 104.99 ± 0.56 
∠Sγ-Cβ-C (°) 113.61 ± 0.26 112.79 ± 0.01 
∠Cβ-C-C (°) 120.55 ± 2.19 120.53 ± 2.17 
∠C-C-C (°) 120.00 ± 1.13 120.00 ± 1.12 

∠Sγ-Fe-Sγ′-Cβ′ 
d (°) -80.65 ± 0 -71.22 ± 0 

∠Sγ-Fe-Sγ′-Cβ′ 
e (°) -164.77 ± 0 -169.81 ± 0 

∠Sγ-Fe-Sγ-Cβ 
f (°) 31.10 ± 0 44.31 ± 0 

∠Sγ-Fe-Sγ-Cβ 
g (°) -31.40 ± 0 -44.21 ± 0 

∠Sγ-Fe-Sγ-Cβ 
h (°) 165.42 ± 0 171.48 ± 0  

∠Sγ-Fe-Sγ-Cβ 
i (°) 60.90 ± 0 63.39 ± 0 

∠Fe-Sγ-Cβ-C (°) 75.98 ± 1.51 81.61 ± 0.48 
∠Sγ-Cβ-C-C (°) 89.90 ± 1.67 89.92 ± 2.95 
∠Cβ-C-C-C (°) 179.72 ± 0.08 179.72 ± 0.18 
∠C-C-C-C (°) 0.13 ± 0.07 0.18 ± 0.09 

a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of four ∠Sγ-Fe- Sγ

´´ angles, where Sγ
´´ is related to Sγ by an S4 rotation.  

d average of two ∠Sγ-Fe-Sγ′-Cβ′ angles: ∠Sγ1-Fe-Sγ4-Cβ4, ∠Sγ4-Fe-Sγ1-Cβ1. 
e average of two ∠Sγ-Fe-Sγ′-Cβ′ angles: ∠Sγ2-Fe-Sγ3-Cβ3, ∠Sγ3-Fe-Sγ2-Cβ2. 
f average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ3-Fe-Sγ4-Cβ4. 
g average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ4-Fe-Sγ3-Cβ3. 
h average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ3-Fe-Sγ1-Cβ1, ∠Sγ2-Fe-Sγ4-Cβ4. 
i average of two trans-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ3-Cβ3, ∠Sγ4-Fe-Sγ2-Cβ2. 
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(7) Na+[Fe(S2-o-xyl)2]2- (i)  

 6-31G** DZVP2 Exp. * 
R(Na-Fe) (Å) 2.874 2.900 3.571 
R(Fe-Sγ)

 a (Å) 2.436 ± 0.001 2.453 ± 0.003 2.362 ± 0.002 
R(Fe-Sγ)

 b (Å) 2.423 ± 0.094 2.401 ± 0.088 2.350 ± 0.002 
R(Na-Sγ) (Å) 3.327 ± 1.062 3.342 ± 1.051 4.106 ± 1.220 
R(S-Cβ) (Å) 1.871 ± 0.002 1.868 ± 0.001 1.836 ± 0.015 
R(Cβ-C) (Å) 1.509 ± 0.001 1.511 ± 0.001 1.494 ± 0.011 
R(C-C) (Å) 1.400 ± 0.008 1.404 ± 0.007 1.392 ± 0.001 

∠Sγ1-Fe-Sγ3 (°) 117.09 117.55 114.92 ± 0.02 
∠Sγ2-Fe-Sγ4 (°) 96.16 97.71 108.49 ± 0.02 
∠Sγ1-Fe-Sγ2 (°) 97.82 98.20  103.53 ± 0.02 
∠Sγ1-Fe-Sγ4 (°) 99.66 98.20 106.96 ± 0.02 
∠Sγ2-Fe-Sγ3 (°) 131.31 132.20 113.70 ± 0.02 
∠Sγ3-Fe-Sγ4 (°) 109.11 106.67 109.07 ± 0.02 
∠Fe-Sγ-Cβ (°) 101.54 ± 4.13 101.31 ± 3.25 108.22 ± 1.67 
∠Sγ-Cβ-C (°) 114.12 ± 1.01 113.69 ± 1.01 114.68 ± 0.41 
∠Cβ-C-C (°) 120.69 ± 2.49 120.65 ± 2.44 119.96 ± 3.63 
∠C-C-C (°) 120.00 ± 1.47 120.00 ± 1.44 120.00 ± 0.01 

∠Sγ1-Fe-Sγ4-Cβ4 (°) -66.68 -63.30 -96.40 
∠Sγ3-Fe-Sγ2-Cβ2 (°) -81.31 -88.33 -99.19 
∠Sγ4-Fe-Sγ1-Cβ1 (°) -147.80 -155.96 -132.53 
∠Sγ2-Fe-Sγ3-Cβ3 (°) -171.66 -174.78 -140.03 
∠Sγ3-Fe-Sγ1-Cβ1 (°) 94.81 90.33 104.45 
∠Sγ1-Fe-Sγ3-Cβ3 (°) 57.57 51.56 98.76 
∠Sγ2-Fe-Sγ4-Cβ4 (°) 165.72 162.79 147.83 
∠Sγ4-Fe-Sγ2-Cβ2 (°) 156.47 150.76 136.22 
∠Sγ-Fe-Sγ-Cβ 

c (°) 56.17 ± 0.37 55.02 ± 3.75 21.66 ± 0.79  
∠Sγ-Fe-Sγ-Cβ 

d (°) -52.35 ± 2.21 -57.12 ± 0.24 -20.69 ± 0.28 
∠Fe-Sγ-Cβ-C

e (°) 26.25 ± 4.73 26.03 ± 4.32 71.25 ± 2.18 
∠Fe-Sγ-Cβ-C

f (°) 88.00 ± 1.73  89.53 ± 2.07  73.04 ± 1.34 
∠Sγ-Cβ-C-Cg (°) 89.58 ± 4.31 92.84 ± 2.40 90.92 ± 2.21 
∠Sγ-Cβ-C-Ch (°) 90.30 ± 4.19 87.00 ± 2.23 91.12 ± 2.91 
∠Cβ-C-C-C (°) 179.53 ± 0.17 179.51 ± 0.32 177.84 ± 1.71 
∠C-C-C-C (°) 0.13 ± 0.07 0.15 ± 0.09 0.03 ± 0.03 

* ref 15 
a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ3-Fe-Sγ4-Cβ4. 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ4-Fe-Sγ3-Cβ3. 
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e average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ1-Cβ1-C11, ∠Fe-Sγ2-Cβ2-C21. 
f average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ3-Cβ3-C31, ∠Fe-Sγ4-Cβ4-C41. 
g average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C12, ∠Sγ2-Cβ2-C21-C22, ∠Sγ3-Cβ3-C31-C32, 
∠Sγ4-Cβ4-C41-C42

 

h average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C21, ∠Sγ2-Cβ2-C21-C11, ∠Sγ3-Cβ3-C31-C41, 
∠Sγ4-Cβ4-C41-C31
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(8) Na+[Fe(S2-o-xyl)2]1- (i)  

 6-31G** DZVP2 
R(Na-Fe) (Å) 2.935 2.943 
R(Fe-Sγ)

 a (Å) 2.331 ± 0.007 2.317 ± 0.004 
R(Fe-Sγ)

 b (Å) 2.311 ± 0.069 2.301 ± 0.067 
R(Na-Sγ) (Å) 3.378 ± 1.029 3.403 ± 1.015 
R(S-Cβ) (Å) 1.876 ± 0.002 1.871 ± 0.002 
R(Cβ-C) (Å) 1.507 ± 0.001 1.509 ± 0.001 
R(C-C) (Å) 1.399 ± 0.008 1.403 ± 0.007 

∠Sγ1-Fe-Sγ3 (°) 115.65 114.49 
∠Sγ2-Fe-Sγ4 (°) 100.28 102.33 
∠Sγ1-Fe-Sγ2 (°) 111.1928 110.88 
∠Sγ1-Fe-Sγ4 (°) 99.2662 99.88 
∠Sγ2-Fe-Sγ3 (°) 125.16 124.05 
∠Sγ3-Fe-Sγ4 (°) 101.39 102.33 
∠Fe-Sγ-Cβ (°) 103.03 ± 2.57 103.35 ± 2.36 
∠Sγ-Cβ-C (°) 113.98 ± 1.03 113.70 ± 1.13 
∠Cβ-C-C (°) 120.57 ± 2.21 120.55 ± 2.16 
∠C-C-C (°) 120.00 ± 1.23 120.00 ± 1.15 

∠Sγ1-Fe-Sγ4-Cβ4 (°) -71.98 -71.26 
∠Sγ3-Fe-Sγ2-Cβ2 (°) -86.39 -85.33 
∠Sγ4-Fe-Sγ1-Cβ1 (°) -162.75 -163.79 
∠Sγ2-Fe-Sγ3-Cβ3 (°) -175.45 -176.24 
∠Sγ3-Fe-Sγ1-Cβ1 (°) 78.26 77.73 
∠Sγ1-Fe-Sγ3-Cβ3 (°) 61.89 61.16 
∠Sγ2-Fe-Sγ4-Cβ4 (°) -170.79 -172.62 
∠Sγ4-Fe-Sγ2-Cβ2 (°) 148.36 149.01 
∠Sγ-Fe-Sγ-Cβ 

c (°) 48.45 ± 1.83 47.90 ± 1.95 
∠Sγ-Fe-Sγ-Cβ 

d (°) -55.25 ± 4.94 -55.00 ± 4.10 
∠Fe-Sγ-Cβ-C

e (°) 27.09 ± 10.85 27.91 ± 10.56 
∠Fe-Sγ-Cβ-C

f (°) 85.00 ± 2.91 85.01 ± 3.31 
∠Sγ-Cβ-C-Cg (°) -95.58 ± 4.88 -95.24 ± 4.92 
∠Sγ-Cβ-C-Ch (°) 84.28 ± 4.37 84.78 ± 4.43 
∠Cβ-C-C-C (°) 179.30 ± 0.49 179.11 ± 0.32 
∠C-C-C-C (°) 0.16 ± 0.10 0.22 ± 0.13 

a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ3-Fe-Sγ4-Cβ4. 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ4-Fe-Sγ3-Cβ3. 
e average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ1-Cβ1-C11, ∠Fe-Sγ2-Cβ2-C21. 
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f average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ3-Cβ3-C31, ∠Fe-Sγ4-Cβ4-C41. 
g average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C12, ∠Sγ2-Cβ2-C21-C22, ∠Sγ3-Cβ3-C31-C32, 
∠Sγ4-Cβ4-C41-C42

 

h average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C21, ∠Sγ2-Cβ2-C21-C11, ∠Sγ3-Cβ3-C31-C41, 
∠Sγ4-Cβ4-C41-C31
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(9) Na+[Fe(S2-o-xyl)2]2- (ii)  

 6-31G** DZVP2 
R(Na-Fe) (Å) 2.980 3.085 
R(Fe-Sγ)

 a (Å) 2.533 ± 0 2.511 ± 0 
R(Fe-Sγ)

 b (Å) 2.341 ± 0 2.326 ± 0 
R(Na-Sγ) (Å) 3.645 ± 0.980 3.715 ± 1.033 
R(S-Cβ) (Å) 1.866 ± 0 1.863 ± 0.001 
R(Cβ-C) (Å) 1.508 ± 0.001 1.509 ± 0.001 
R(C-C) (Å) 1.403 ± 0.008 1.406 ± 0.007 

∠Sγ1-Fe-Sγ3 (°) 106.75 106.42 
∠Sγ2-Fe-Sγ4 (°) 106.77 106.60 
∠Sγ1-Fe-Sγ2 (°) 105.02 107.81 
∠Sγ1-Fe-Sγ4 (°) 105.04 107.84 
∠Sγ2-Fe-Sγ3 (°) 119.43 115.98 
∠Sγ3-Fe-Sγ4 (°) 114.22 112.34 
∠Fe-Sγ-Cβ (°) 106.62 ± 4.49 106.11 ± 4.07 
∠Sγ-Cβ-C (°) 114.89 ± 3.02 114.48 ± 3.01 
∠Cβ-C-C (°) 120.68 ± 1.74 120.64 ± 1.76 
∠C-C-C (°) 119.99± 1.53 119.98 ± 1.48^ 

∠Sγ1-Fe-Sγ4-Cβ4 (°) -74.75 -78.80 
∠Sγ3-Fe-Sγ2-Cβ2 (°) -74.84 -78.62 
∠Sγ4-Fe-Sγ1-Cβ1 (°) -153.05 -148.09 
∠Sγ2-Fe-Sγ3-Cβ3 (°) -152.94 -148.59 
∠Sγ3-Fe-Sγ1-Cβ1 (°) 91.31 94.00 
∠Sγ1-Fe-Sγ3-Cβ3 (°) 91.45 93.65 
∠Sγ2-Fe-Sγ4-Cβ4 (°) 166.50 161.28 
∠Sγ4-Fe-Sγ2-Cβ2 (°) 166.42 161.36 
∠Sγ-Fe-Sγ-Cβ 

c (°) 46.84 ± 0.03 42.06 ± 0.15 
∠Sγ-Fe-Sγ-Cβ 

d (°) -25.25 ± 0.06 -23.23 ± 0.30 
∠Fe-Sγ-Cβ-C

e (°) 17.35 ± 0 22.73 ± 0.03 
∠Fe-Sγ-Cβ-C

f (°) -57.44 ± 0.05  -57.90 ± 0.25  
∠Sγ-Cβ-C-Cg (°) 99.41 ± 3.03 97.79 ± 1.57 
∠Sγ-Cβ-C-Ch (°) -79.82 ± 0.03 -81.72 ± 1.04 
∠Cβ-C-C-C (°) 174.67 ± 1.19 174.44 ± 0.87 
∠C-C-C-C (°) 1.52  ± 0.92 1.75 ± 1.07 

a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ3-Fe-Sγ4-Cβ4. 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ4-Fe-Sγ3-Cβ3. 
e average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ1-Cβ1-C11, ∠Fe-Sγ2-Cβ2-C21. 
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f average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ3-Cβ3-C31, ∠Fe-Sγ4-Cβ4-C41. 
g average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C12, ∠Sγ2-Cβ2-C21-C22, ∠Sγ3-Cβ3-C31-C32, 
∠Sγ4-Cβ4-C41-C42

 

h average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C21, ∠Sγ2-Cβ2-C21-C11, ∠Sγ3-Cβ3-C31-C41, 
∠Sγ4-Cβ4-C41-C31
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(10) Na+[Fe(S2-o-xyl)2]1- (ii)  

 6-31G** DZVP2 
R(Na-Fe) (Å) 3.221 3.239 
R(Fe-Sγ)

 a (Å) 2.384 ± 0 2.370 ± 0 
R(Fe-Sγ)

 b (Å) 2.264 ± 0 2.254 ± 0 
R(Na-Sγ) (Å) 3.784 ± 1.069 3.805 ± 1.066 
R(S-Cβ) (Å) 1.868 ± 0.001 1.863 ± 0.002 
R(Cβ-C) (Å) 1.507 ± 0.002 1.509 ± 0.002 
R(C-C) (Å) 1.402 ± 0.007 1.405 ± 0.006 

∠Sγ1-Fe-Sγ3 (°) 106.13 106.02 
∠Sγ2-Fe-Sγ4 (°) 106.13 106.01 
∠Sγ1-Fe-Sγ2 (°) 110.29 110.52 
∠Sγ1-Fe-Sγ4 (°) 110.26 110.51 
∠Sγ2-Fe-Sγ3 (°) 113.04 112.03 
∠Sγ3-Fe-Sγ4 (°) 111.08 111.85 
∠Fe-Sγ-Cβ (°) 106.84 ± 1.88 106.66 ± 2.29 
∠Sγ-Cβ-C (°) 114.79 ± 2.54 114.60 ± 2.80 
∠Cβ-C-C (°) 120.59 ± 1.69 120.54 ± 1.65 
∠C-C-C (°) 119.99 ± 1.31 119.99 ± 1.25 

∠Sγ1-Fe-Sγ4-Cβ4 (°) -80.60 -80.18 
∠Sγ3-Fe-Sγ2-Cβ2 (°) -80.42 -80.11 
∠Sγ4-Fe-Sγ1-Cβ1 (°) -149.47 -147.73 
∠Sγ2-Fe-Sγ3-Cβ3 (°) -149.46 -147.73 
∠Sγ3-Fe-Sγ1-Cβ1 (°) 90.65 91.73 
∠Sγ1-Fe-Sγ3-Cβ3 (°) 90.67 91.75 
∠Sγ2-Fe-Sγ4-Cβ4 (°) 158.43 159.20 
∠Sγ4-Fe-Sγ2-Cβ2 (°) 158.58 159.26 
∠Sγ-Fe-Sγ-Cβ 

c (°) 39.89 ± 0.08 41.25 ± 0.02 
∠Sγ-Fe-Sγ-Cβ 

d (°) -26.71 ± 0 -26.13 ± 0 
∠Fe-Sγ-Cβ-C

e (°) 28.33 ± 0.10 26.38 ± 0.03 
∠Fe-Sγ-Cβ-C

f (°) -52.78 ± 0.03  -54.30 ± 0.01 
∠Sγ-Cβ-C-Cg (°) 93.43 ± 2.73 94.80 ± 3.27 
∠Sγ-Cβ-C-Ch (°) -85.69 ± 0.09 -84.84 ± 0.53 
∠Cβ-C-C-C (°) 1745.40 ± 1.36 175.11 ± 0.97 
∠C-C-C-C (°) 1.31  ± 0.71 1.55 ± 0.84 

a average of bond lengths of Fe-Sγ1 and Fe-Sγ4. 
b average of bond lengths of Fe-Sγ2 and Fe-Sγ3. 
c average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ1-Fe-Sγ2-Cβ2, ∠Sγ3-Fe-Sγ4-Cβ4. 
d average of two cis-∠Sγ-Fe-Sγ-Cβ angles: ∠Sγ2-Fe-Sγ1-Cβ1, ∠Sγ4-Fe-Sγ3-Cβ3. 
e average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ1-Cβ1-C11, ∠Fe-Sγ2-Cβ2-C21. 
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f average of two ∠Fe-Sγ-Cβ-C angles: ∠Fe-Sγ3-Cβ3-C31, ∠Fe-Sγ4-Cβ4-C41. 
g average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C12, ∠Sγ2-Cβ2-C21-C22, ∠Sγ3-Cβ3-C31-C32, 
∠Sγ4-Cβ4-C41-C42

 

h average of four ∠Sγ-Cβ-C-C angles: ∠Sγ1-Cβ1-C11-C21, ∠Sγ2-Cβ2-C21-C11, ∠Sγ3-Cβ3-C31-C41, 
∠Sγ4-Cβ4-C41-C31
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Table B2. Partial charges for [Fe(S2-o-xyl)2] obtained by different basis sets. 
 

 6-31G** 6-31(++)sG** DZVP2 
 2- 1- 0 2- 1- 0 2- 1- 0 

Fe 1.104 1.080 0.860 1.256 1.116 0.848 1.016 0.872 0.588 
S -0.868 -0.676 -0.441 -0.924 -0.693 -0.440 -0.816 -0.596 -0.343 
Ca 0.596 0.486 0.362 0.645 0.500 0.360 0.550 0.437 0.301 
Cb -0.120 -0.112 -0.098 -0.119 -0.110 -0.096 -0.132 -0.123 -0.105 
Ha -0.129 -0.077 -0.024 -0.140 -0.080 -0.024 -0.125 -0.070 -0.016 
Hb 0.057 0.080 0.103 0.051 0.077 0.102 0.079 0.100 0.121 

a β-carbons and hydrogens attached to β-carbons  
b carbons on benzene ring and hydrogens attached to benzene ring 
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CHAPTER 4 

IDENTIFYING THE BIOLOGICAL DIMER OF RUBRERYTHRIN USING 

CALCULATIONS OF THE STANDARD REDUCTION POTENTIAL* 

ABSTRACT 

 Desulfovibrio vulgaris rubrerythrin is a homogeneous dimer in solution and a tetramer in 

crystal. Two potential dimers can be assumed from the tetramer; however, it is not clear whether 

rubrerythrin exists as a “head-to-head” or “head-to-tail” dimer in solution. Interestingly, 

rubrerythrin has a rubredoxin domain with an unusual high reduction potential relative to 

Clostridium pasteurianum rubredoxin, which is a monomer. Here, continuum electrostatics and 

broken-symmetry density functional theory calculations of rubredoxin, and of the monomer and 

both dimers of rubrerythrin, show that the standard reduction potential of the monomer and 

“head-to-head” dimer are ~ 230 mV higher than that of rubredoxin, while the reduction potential 

of the “head-to-tail” dimer is ~ 220 mV lower than that of rubredoxin. Previously identified 

sequence determinants increase the reduction potentials of rubrerythrin, but the “head-to-head” 

dimer buries the redox site of the rubredoxin domain in the dimer interface, thus lowering the 

potential below that of rubredoxin. Therefore, the dimer in solution is believed to be “head-to-

head” instead of “head-to-tail”. These results indicate that continuum electrostatics calculations 

of reduction potentials can be useful in identifying biologically relevant subunit association in 

redox active proteins.  

                                                
* To be submitted to J. Biol. Inorg. Chem. 
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INTRODUCTION 

 Rubrerythrin (Rr) is a non-heme homodimeric protein widely found in air-sensitive 

archaea and bacteria. Each monomer consists of a four-helix bundle hemerythrin domain 

containing a non-heme, non-sulfur diiron site and a rubredoxin (Rd) domain containing a single 

iron center bound by four cysteine residues1,2, referred to here as a [1Fe] cluster. Rr was initially 

isolated from the cytoplasm of the anaerobic bacterium Desulfovibrio vulgaris (Dv) with a 

molecular weight of 44 kD3, and extensive studies have been done on Rr1,4-11 and Rrs from 

various other microorganisms12-19. While the cellular function of Rr is still not fully understood, 

evidence both in vivo12,20 and in vitro5,6 indicates that Rr might function as a hydrogen peroxide 

reductase (peroxidase)2 with a mechanism in which the reduced diiron site rapidly reduces H2O2 

and then the [1Fe] cluster transfers electrons from an exogenous donor to return the oxidized 

diiron site6,21,22 back to the original reduced state.  

 Rr forms a I222 tetramer in crystals but only dimers have been detected in solution1,2. 

The tetramer can be decomposed into two “head-to-tail” dimers (Figure 4.1a) or into two “head-

to-head” dimers (Figure 4.1b), with no solid evidence showing which of the two dimers found in 

the crystal structures corresponds to the dimer observed in solution. In the “head-to-tail” dimer, 

the shortest inter-subunit Fe-Fe distance between the [1Fe] cluster and the diiron site is ~12 Å2,23, 

which could provide a principal electron transfer pathway between two monomers. However, 

experiment has shown that a dimer still forms in solution when the Rd domain of Rr is removed 

by truncating the Rr gene24, indicating that the “head-to-head” dimer might be more stable than 

“head-to-tail” dimer in solution1. Identification of the correct dimer formation in solution for Rr 

could provide insight toward understanding the cellular function of Rr and the pathway of the 

electron transfer. 
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The structure of the Rd domain in Rr is highly similar to that of Rd proteins except that a 

loop between residue 16 and 36 in Rd proteins is missing in DvRr (Figure 4.2). However, the 

standard reduction potential of the Rd domain in DvRr, ~ +230 mV3, is unusually high compared 

to those of Rd proteins, which cover a range of reduction potentials between –60 and +40 mV25. 

Determining the origin of the higher reduction potential is important in understanding the 

molecular basis of reduction potentials of proteins. 

Calculations have played a crucial role in understanding reduction potentials of 

metalloproteins26-31. There are many studies of the reduction potential on Rds32-39, including our 

previous molecular dynamics study40, which has shown that Asn 160 and His 179 in DvRr are 

two major determinants for the high reduction potential of the Rd domain in DvRr due to their 

large polar side chains compared to Val 8 and Val 44 in Clostridium pasteurianum rubredoxin 

(CpRd), respectively. However, most of the earlier work was on relative changes in reduction 

potentials. On the other hand, studies using combined density functional theory (DFT) and 

Poisson-Boltzmann (PB) continuum electrostatic calculations (DFT + PB)41,42 allow calculations 

of a total reduction potential vs. standard hydrogen electrode (SHE). Recently we have optimized 

our DFT approach against photoelectron spectroscopic data for redox energetics43-45, which 

combined with our continuum electrostatics calculation, give standard reduction potentials that 

are in excellent agreement with experiment. For instance, our previous study42 of four 

ferredoxins, six high-potential iron-sulfur proteins, and four nitrogenase iron proteins using this 

approach gave very accurate absolute reduction potentials of these [4Fe-4S] proteins, and further 

allowed separation of the contributions of the redox site, the protein fold, and the protein 

sequence on the total reduction potential.  
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Here, continuum electrostatic calculations were carried out on CpRd, a monomer of 

DvRr, and two possible dimers of DvRr using their corresponding high-resolution crystal 

structures. The standard reduction potential Eº from these results and previous broken-symmetry 

density functional theory (BS-DFT) calculations are compared with the experiments. In addition, 

the role of two crystal waters trapped in the “head-to-tail” dimer interface in the high reduction 

potential observed for Rd domain of DvRr is also examined. Interestingly, the DFT + PB 

calculations show that the calculated reduction is markedly different for the two dimers, thus 

leading to a new means of identifying the biologically relevant dimer. 

METHODS 

 Crystal structures of Rr from Desulfovibrio vulgaris (Dv) at 1.69 Å resolution [PDB ID: 

1LKM]2 and Rd from Clostridium pasteurianum (Cp) at 1.10 Å resolution [PDB ID: 1IRO]46 

were obtained from the Protein Data Bank (PDB).47 The C-terminus of 1IRO was built in using 

the IC BUILD facility of CHARMM2948 since it is missing in the PDB coordinates. The 

hydrogen positions were built for all hydrogens using the HBUILD facility of CHARMM2948 

and energy was minimized by CHARMM29 using the steepest decent (SD) method for 100 

steps. The oxygen and nitrogen positions of Asn160 were switched so that the nitrogen formed a 

hydrogen bond to the iron site as reported in an earlier structure49 

 For a reaction A + e-  A-, the reduction potential E° is related to the reaction free energy 

∆G° by 

  (1) 

where n is the number of electrons transferred, ℑ is the Faraday’s constant, and ∆G° is further 

approximately divided into ΔGin, the intrinsic reduction free energy of the cluster, ΔGout, the 

outer sphere reduction free energy due to the interaction between the cluster and the surrounding 
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environment, and ΔGSHE = 4.43eV, the “absolute” free energy of an electron in the standard 

hydrogen electrode (SHE) 50. For this study, ΔGin is 1.631 eV, obtained from BS-DFT 

calculations at the B3LYP/6-31G(++)s**//B3LYP/6-31G** level for the analogue [Fe(SCH3)4]2-

/1- (Chapter 3, and Luo, Niu & Ichiye, in preparation). The ΔGout were obtained from Poisson 

continuum electrostatic calculations of the cluster in the protein surrounded by a continuum 

solvent utilizing APBS,51 a program for solving the Poisson-Boltzmann equation. The details for 

the calculations are described elsewhere42 and briefly reviewed here. The reference system is the 

redox site consisting of the iron and ligating cysteinyl sulfurs, β-carbons, and β-hydrogens. ΔGout 

is defined as the difference in solvation energy of the cluster between the oxidized and reduced 

states. 

  (2) 

The solvation energy of each oxidation state is the difference between the free energy of the 

cluster in the protein plus the surrounding solvent and the free energy of the cluster in vacuum. 

Calculations are done within a cubic grid of length 105.9 Å and with a grid spacing of 

0.30 Å. The partial charges for the cluster are from the BS-DFT calculations at the B3LYP/6-

31G** level for [Fe(SCH3)4]2-/1- (Chapter 3, and Luo, Niu & Ichiye, in preparation), and atomic 

radii and partial charges for the rest of protein were from CHARMM22 parameters48. Our 

previous continuum electrostatic calculations on [4Fe-4S] ferredoxins utilized a dielectric map 

with three dielectric regions: solvent (ε = 78), protein (ε = 4), and the cluster (ε = 1), and 

obtained good agreement with the experiments42. The reduction potentials using the three region 

dielectric map were too negative by ~400 meV for the rubredoxins possibly because the extra 

solvation due to the water gate at Leu 4152 was not accounted for. Thus the dielectric map used 

here had an additional region consisting of the Cys9 and Cys42 methylenes of the cluster (ε = 2), 
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which are both solvent accessible (see Table C6 of the appendix). The molecular or Connolly 

surface53, with a probe of radius r = 1.4 Å, is used to determine both the protein-water and the 

protein-redox site boundaries.  

RESULTS AND DISCUSSION 

 Standard reduction potentials for DvRr and CpRd were calculated (Table 4.1). The 

reduction potential calculated based on the crystal structure of CpRd is –121 mV, in reasonably 

good agreement with the experimental value of –55 mV35, which indicates the reliability of the 

methodology. The reduction potential of monomer of DvRr is ~ 114 mV, which is close to the 

experiment value of 230 mV3. However, Rr is a dimer in solution, and the reduction potential of 

the “head-to-head” dimer is ~ 107 mV, in good agreement with the experimental data; while the 

reduction potential of the “head-to-tail” DvRr dimer is ~ –343 mV, which is much lower than 

experimental value and even lower than that of CpRd. Therefore, these calculations predict that 

“head-to-tail” dimer is not the dimer observed in the solution while the “head-to-head” dimer is 

consistent with experiment.  

 Another possible contributor to the low calculated reduction potential of the “head-to-

tail” dimer is the presence of two crystal waters at the dimer interface near the redox sites. 

However, when the standard reduction potentials for the dimers are calculated both without and 

with these waters (Table 4.1), the crystal water contribution is very small, only about 10 mV in 

the “head-to-tail” dimer and less than 5 mV in the monomer and “head-to-head” dimer. In the 

“head-to-tail” dimer interface, the calculated contribution is small because the water hydrogens 

orient away from the cluster since two hydrogens of water 1 are hydrogen-bonded by the O and 

Oε1 of Glu55 from monomer 2 with bond lengths of 1.91 and 1.82 Å, respectively, and one 

hydrogen of water 2 is hydrogen-bonded to the O of Ala175 from monomer 1 with bond length 
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of 2.18 Å (Figure 4.3). It is even smaller in the “head-to-head” dimer because the crystal waters 

are surrounded by the high dielectric solvent whereas they are surrounded by the low dielectric 

protein environment in the “head-to-tail” dimer. 

Moreover, assuming the “head-to-head” dimer is correct, the major contributors for 

higher reduction potential of DvRr over CpRd is consistent with our previous results. 

Contributions from each residue to the reduction potential were also calculated for both CpRd 

and the DvRr ”head-to-head” dimer, and the comparison between the C-terminal 39 residues (Rd 

domain) of DvRr and 54 residues of CpRd is shown in Figure 4.4. The overall trend for the Rd 

domain is very similar to that of CpRd except for the missing loop region, and Asn 160 and His 

179 in DvRr show particularly high contributions of ~ 100 mV and ~ 50 mV, respectively, 

compared to Val 8 and Val 44 in CpRd, respectively, as predicted by our previous molecular 

dynamics study40. 

CONCLUSIONS 

The protein environment of a redox active protein, especially the vicinity of the redox 

site, is known to play an important role in tuning the reduction potential of the redox site. 

Therefore, different dimerizations of redox active monomers can give rise to very different 

reduction potentials, which suggests that accurate calculations of the standard reduction 

potentials of different possible dimers can provide a relatively straightforward way to identify 

the correct dimer observed in solution. The results here indicate that of the two possible dimers 

based on the tetramer in the crystal structure, the “head-to-head” rather than “head-to-tail” dimer 

is the one observed in solution. In addition, the crystal waters trapped in the dimer interface are 

not predicted to play an important role in tuning the reduction potential of the redox site because 

the water hydrogens are hydrogen-bonded to other protein residues and can not orient toward the 
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redox site to provide a large contribution. Moreover, the unusually high reduction potential of the 

[1Fe] site of Rr, which allows the Rd domain to be an efficient electron transfer agent for 

obtaining exogenous electrons for the diiron site in hemerythrin domain, is predicted to be 

mainly due to Asn 160, and His 179, in agreement with our previous studies40. 
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TABLES 

Table 4.1 Comparison of reduction potential of DvRr and CpRd (mV). 

E° E°exp Protein 

Without two crystal 

waters 

With two crystal 

waters 

 

CpRd -121  -55a 

DvRr (monomer) +114 +116  

DvRr (“head-to-tail” dimer) -343 -340 +230b 

DvRr (“head-to-head” dimer) +107 +108  

a ref35 

b ref3 
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FIGURES 

Figure 4.1 The overall fold of the Rr dimer (illustrated using VMD54). The hemerythrin domains 

are shown in magenta for monomer 1, blue for monomer 2, and rubredoxin domains in pink for 

monomer 1, ice-blue for monomer 2, and the iron atoms are represented as green spheres. (a) 

“head-to-tail” dimer with two crystal waters trapped in the dimer interface between rubredoxin 

domain of monomer 1 and hemerythrin domain of monomer 2; (b). “head-to-head” dimer with 

two crystal waters shown in the same position as in “head-to-tail” dimer. 
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(b) 
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Figure 4.2 The structure alignment between crystal structure of CpRd (1IRO, ribbon in tan) and 

the rubredoxin domain of the C-terminal 39 residues of DvRr (1LKM, ribbon in pink). The 

alignment is based on the heavy atoms of redox sites (shown in ball and stick, iron in green, 

sulfur in yellow, carbon in cyan, nitrogen in blue and oxygen in red). 
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Figure 4.3 Hydrogen-bonds between two crystal water and protein. Shown are Glu 55, Ala 175, 

water 1, water 2, and the [1Fe] cluster with oxygen in red, hydrogen in white, carbon in cyan, 

sulfur in yellow, and iron in green spheres.  
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Figure 4.4 (a) Contributions to the reduction potential from each residue of the C-terminal 39 

residues of DvRr monomer (in blue) and 54 residues of CpRd (in red). The residue numbering is 

according to that of CpRd. (b) Sequence alignment between the C-terminal 39 residues of DvRr 

monomer (in blue) and 54 residues of CpRd (in red). 
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(b)           

153             ↓                                                                                    ↓                          191 
 ATKWRCRNCGYVHEG             TGAP    ELCPACAHPKAHFELLGINW 
 MKKYTCTVCGYIYNPEDGDPDNGVNPGTDFKDIPDDWVCPLCGVGKDQFEEVEE 
  1               8                                                                                    44                    54 
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APPENDIX C 

Table C1. Atomic radii in Å for different parameter sets 

Parameter Set Fe S C H 

RCHARMM 1.07 2.00 2.175 1.32 

RCHELPG 1.87 1.74 1.47 1.00 

  

Table C2. Partial charges in e for different basis set 

Basis Set Fe S C H 

  -2 -1 -2 -1 -2 -1 -2 -1 

6-31G** 1.240 1.176 -0.877 -0.656 -0.113 -0.068 0.090 0.090 

6-31(++)sG**//6-31G** 1.440 1.224 -0.954 -0.680 -0.086 -0.056 0.090 0.090 

DZVP2 1.156 1.000 -0.817 -0.590 -0.152 -0.0895 0.090 0.090 

  

Table C3. Reduction potential (E°) in V of CpRd and DvRr using 3 dielectric regions (εw=78, 

εp=4, and εc=1) and 6-31G** partial charges with different radii parameters.  

Radii 

Parameter Set 

CpRd DvRr 

(monomer) 

DvRr 

(head-to-tail) 

DvRr 

(head-to-head) 

    With 

2H2O 

Without 

2H2O 

With 

2H2O 

Without 

2H2O 

With 

2H2O 

Without 

2H2O 

CHARMM -0.45 -0.13 -0.14 -0.58 -0.60 -0.14 -0.14 

CHELPG 0.03 0.32 0.33 -0.14 -0.15 0.31 0.32 
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Table C4. Reduction potential (E°) in V of CpRd and DvRr using 4 dielectric regions (εw=78, 

εp=4, εmet=2, and εc=1) and 6-31G** partial charges with different radii parameters.  

Radii 

Parameter Set 

CpRd DvRr 

(monomer) 

DvRr 

(head-to-tail) 

DvRr 

(head-to-head) 

    With 

2H2O 

Without 

2H2O 

With 

2H2O 

Without 

2H2O 

With 

2H2O 

Without 

2H2O 

CHARMM -0.06 0.21 0.21 -0.24 -0.25 -0.14 -0.14 

CHELPG 0.71 0.83 0.84 0.38 0.37 0.31 0.32 

  

Table C5. Reduction potential (E°) in V of CpRd using 3 dielectric regions (εw=78, εp=4, and 

εc=1) and CHARMM radii parameters with partial charges from different basis sets.  

Partial Charge Basis Set E° (V) 

6-31G** -0.45 

6-31(++)sG**//6-31G** -0.40 

DZVP2 -0.53 
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Table C6. SCSA (Å2) of Fe-S cluster atoms in different iron-sulfur proteins.  

Protein SCSA (Å2) 

 Name: PDB ID  

Cp FeP: 1cp2 S2(2.04)+S4(1.94)+ChainA Cys94 Sγ(1.69)+ ChainA Cys94 Cβ(3.81) 

+ChainB Cys94 Sγ (1.93)+ ChainB Cys94 Cβ(3.49) 

Av FeP: 1g5p S2(1.89)+S4(1.00)+ChainB Cys97 Cβ(12.36)+ChainA Cys97 Cβ(7.47) 

Av FeP: 1fp6 Cluster1: S3(1.58)+S4(2.08)+ChainB Cys97 Sγ(1.22)+ ChainB Cys97 

Cβ(6.55)+ChainA Cys97 Sγ(1.18)+ ChainA Cys97 Cβ(7.01) 

Av FeP: 2nip S2(1.64)+S4(0.92)+ChainB Cys97 Cβ(12.31)+ChainA Cys97 Cβ(7.07) 

FeP 

[4Fe-4S] 

Rs BchL: 3fwy S1(1.86)+S4(2.46)+ChainA Cys126 Sγ(1.70)+ ChainA Cys126 Cβ(5.19) 

+ChainB Cys126 Sγ(1.63)+ ChainB Cys126 Cβ(3.13) 

Ca Fd: 2fdn Cluster1: Cys11 Cβ (7.79); Cluster2: Cys4 Cβ(8.79) 

Pr Fd: 2fgo Cluster1: Cys11 Cβ(6.92) 

Cv Fd: 1blu Cluster1: Cys14 Cβ(5.57) 

Fd 

2[4Fe-4S] 

Pa Fd: 1dur Cluster1: Cys11 Cβ(8.09);   Cluster2: Cys39 Cβ(6.16) 

HiPIP Tt: 1iua ~0 

Dv Rr: 1lkm 

“head-to-tail” dimer 

~0 

Dv Rr: 1lkm 

“head-to-head” dimer 

Cys160 Cβ(7.03)+Cys176 Cβ(4.42) 

Rr 

[1Fe] 

Dv Rr: 1lkm 

monomer 

Cys160 Cβ(7.03)+ Cys176 Cβ(4.42) 

Rd 

[1Fe] 

Cp Rd: 1iro Cys9 Cβ(6.29)+Cys42 Cβ(5.71) 

  



 

 115 

Table C7. Reduction potential (E °)(V) of CpRd using 6-31G** partial charges and CHARMM 

radii parameter with different 4 dielectric regions (different assignment for methyl group. The 

subscript “(CH2)all” refers to the region consisting of all methylene groups and subscript 

“(CH2)SCSA” refers to the region consisting of all methylene groups with non-zero solvent 

accessibility.   

E° (V) 

 ε(CH2)all=2 ε(CH2)all=3 ε(CH2)all=4 ε(CH2)SCSA=2 ε(CH2)SCSA=3 ε(CH2)SCSA=4 

CpRd -0.06 0.08 0.15 -0.22 -0.14 -0.12 

  

 

Table C8. Reduction potential (E°) in V of analogues [Fe(SMe)4] and [Fe(S2-o-xyl)2] solvated in 

DMF (εDMF=37, probe radius = 3.70 Å) using CHARMM radii parameter and (1) 6-31G** 

partial charges for Fe, S, C, and H in Table B3 and B2; (2) 6-31G** partial charges for Fe and S, 

adapted partial charges for C with 0.09 e partial charges on H.  

      E° (V) 

Analog Cal.(1)                     Cal.(2) Exp.  

[Fe(SMe)4] -0.63 -0.37 -0.74 

[Fe(S2-o-xyl)2] -0.73 -0.47 -0.79 
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CHAPTER 5 

 DYNAMICAL RELAXATION OF CLOSTRIDIUM ACIDIURICI FERREDOXIN: 

 A MOLECULAR DYNAMICS STUDY 

ABSTRACT  

 Electron transfer proteins transport electrons in a variety of important biological 

pathways. Marcus theory, which assumes that the activation energy of an electron transfer 

reaction is determined in part by the polarization of the environment, is an important framework 

for understanding biological electron transfer. Here, the relaxation dynamics of the environment 

in response to the intramolecular electron transfer in 2[4Fe-4S] ferredoxin, an iron-sulfur 

electron transfer protein, are investigated by molecular dynamics simulation. Structural 

properties such as the root mean-square deviation from the average structure and the radius of 

gyration of each half of the protein containing a cluster show little change in the protein structure 

between the reactant and product. On the other hand, the polarization energy changes by over 3 

eV, of which over 0.5 eV is due to the protein, indicating that small rearrangements in the protein 

lead to the large energy change. Moreover, the polarization exhibits a fast relaxation in less than 

1 ps followed by a slower relaxation within 1 ns after the electron is transferred, with the fast 

relaxation being the major component.  
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INTRODUCTION 

Electron-transfer reactions are highly efficient in biological systems, transferring 

electrons over relatively large distances with very fast rates1. For instance, electrons can be 

transferred between reduced hemes over distances of 10 to 20 Å at physiologically significant 

rates1. Iron-sulfur proteins are an important class of electron carriers in a wide variety of 

processes in all organisms2,3, including photosynthesis, respiration, and nitrogen fixation2,3. 

[4Fe−4S] clusters are involved in electron transport chains that occur in many bioenergetic 

processes such as in respiratory complex I (RCI)4,5, a transmembrane oxidoreductase found in 

bacteria and mitochondria, and photosystem I (PSI)6-8, a light-driven transmembrane 

oxidoreductase found in many oxygenic photosynthetic organisms and chloroplasts.  

Electron transport chains involve a series of electron transfers between donors and 

acceptors, each of which occurs at a certain rate. Measurements of electron transfer rates 

between [4Fe−4S] clusters in respiratory complexes have been difficult because [4Fe−4S] 

clusters do not have well-resolved UV-vis features required for time-resolved spectroscopic 

studies and electron transfer is difficult to trigger in non-light-driven enzymes9,10. Recently, real-

time electron transfer in RCI from Escherichia coli was resolved by an ultrafast freeze-quench 

approach with electron paramagnetic resonance (EPR) spectroscopy at low temperatures11.  In 

RCI, two electrons from nicotinamide adenine dinucleotide (NADH) are passed through a flavin 

mononucleotide (FMN) cofactor to the Fe-S clusters N1a and N2 and then to ubiquinone. The 

first electron passes from FMN through an “electron wire” of six other Fe-S clusters to N2 with a 

time constant of ~ 90 µs, although the time constants of the electron transfers along the electron 

wire remain unknown due to experimental limitations, and the second electron passes directly to 

N1a also with a time constant of ~ 90 µs. On the other hand, electron transfer in photosynthetic 
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complexes can be triggered by light and are somewhat better understood. In PSI, three [4Fe−4S] 

clusters (FX, FA, FB) participate in the electron transfer chain (P700*  A0  A1  FX  

FA/FB soluble ferredoxin). An electron is transferred on a picosecond time scale from the 

lowest excited singlet state (P700*) of P700 to A0 and further to A1, and then on a nanosecond 

time scale to FX
12. However, studies on the electron transfer between FX, FA, and FB are scarce, 

most of which are based on relatively indirect approaches13-15, and consequently, it remains a 

challenge to establish the pathway and kinetics of electron transfer between the iron-sulfur 

clusters of PSI12.  

The study of small water-soluble proteins homologous to subunits of electron transport 

complexes can lead to a better understanding of electron transport chains, particularly the 

influence of the protein environment on electron transfer.  For instance, bacterial 2[4Fe-4S] 

ferredoxins, which are a group of small (6 to 12 kDa, 55 to 100 aa) iron-sulfur electron transfer 

proteins, are homologs of subunits of RCI11 and PSI12. They have a βαβ−βαβ fold motif with 

quasi-2-fold symmetry16 and contain two cubane-like [4Fe−4S] clusters (Figure 5.2). The iron 

atoms in the redox clusters are ligated to the rest of the protein by cysteinyl residues in the 

sequence motif Cys1-X2-Cys2-X2-Cys3-X-Cys4´, where the superscript 4´ indicates a ligand of the 

opposite cluster than the unprimed superscripts. The intramolecular electron transfer between the 

two clusters, which occurs with rates on the order of 106 s-1,17 is advantageous for study because 

the donor and the acceptor are bound and therefore their distance and orientation are fixed. 

Electron transfer from a donor site to an acceptor site in a protein occurs via oxidation-

reduction chemistry, and thus can be described by theories for electron transfer18,19. According to 

semi-classical Marcus theory18, the polarization of the environment responds linearly to the 

change in charge upon electron transfer, thus creating a free energy reaction path consisting of 
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reactant and product parabolas with the same curvature (Figure 5.1). Under this assumption, the 

rate constant for a non-adiabatic electron transfer process is given by  

  (1) 

where  is the electronic coupling matrix element, ΔG° is the free energy change of the 

reaction, which is proportional to the negative of the reduction potential, and λ is the 

reorganization energy, which is the energy required for the system structure to reorganize from 

the initial to final coordinates before the charge transfer. The physical effects underlying the 

reorganization energy are complicated, but to simplify the analysis, it is usually divided into two 

parts: inner-sphere reorganization energy, λi, associated with the structural change of the first 

coordination sphere, more specifically, the primary bond-stretching and -bending vibrations of 

the redox site, and the outer-sphere reorganization energy, λo, involving the structural change of 

the remaining protein as well as the solvent. 

Making a connection between the experimentally observed rates and Marcus theory 

depends on determining what the equilibrium reactant and product states are since the Marcus 

curves defining the activation energy due to the polarization of the environment arise from 

fluctuations in the equilibrium states. Since the electron transfer between [4Fe−4S] clusters in 

RCI and PSI takes place within time scales ranging from several hundred nanoseconds to several 

hundred microseconds, even to milliseconds11-20, the relaxation of the protein after electron 

transfer is expected to occur quickly with respect to these time scales, based on experimental 

findings in various systems including flavins21,  cytochrome c22,23, and zinc protoporphyrin24. 

However, since electron transport chains involve a series of electron transfer steps, the 
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possibility of slow solvent and protein modes that lead to incomplete relaxation to the 

equilibrium state for intermediates steps must be considered.  

Molecular dynamics simulations have played an important role in making a connection 

between Marcus theory and experiment. For instance, free energy curves for electron-transfer 

reactions can be calculated from computer simulations using methods pioneered by Warshel and 

co-workers 25-28. For example, the exchange between two benzene-like solutes27, ferric-ferrous 

self-exchange29-31, rubredoxin self-exchange32, the photosynthetic reaction center33-35, and 

intramolecular electron transfer in a 2[4Fe-4S] ferredoxin 36 have all been studied by using these 

methods. In these studies, the free energy curves were close to quadratic, although a nonlinear 

response leading to nonparabolic free energy curves becomes apparent under certain conditions, 

such as the self-exchange of electrons for small ions in aqueous solution31. Moreover, our work 

has shown that the Marcus parameters can be simply related to the average and root mean-square 

fluctuations of the polarization energy36,37. 

Our previous work on the intramolecular electron transfer in Clostridium acidiurici 

2[4Fe-4S] ferredoxin (CaFd) provides an important foundation for understanding electron 

transport in RCI and PSI. CaFd is a simple 2[4Fe-4S] ferredoxin that contains only the basic 

motif. It is very symmetric and thus the redox sites are in relatively similar environments with 

similar reduction potentials of approximately −420 mV38, so that there is very small or even no 

driving force for the electron transfer between these two redox sites. The reorganization energies 

calculated from our molecular dynamics simulation gave rates consistent with experiment 36. In 

addition, we have previously identified sequence determinants of the reduction potential39 of 

2[4Fe-4S] ferredoxin so that mutants with a larger driving force and higher rates can be created 

experimentally.  
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Here, the relaxation of the redox site environment, i.e., both the protein and the 

surrounding solvent, in response to intramolecular electron transfer in Clostridium acidiurici 

ferredoxin (CaFd) is studied by molecular dynamics simulations. In equilibrium simulations of 

the reactant and product, the distances between the two redox sites, the root mean-square (RMS) 

fluctuations of the structure, the expansion and contraction of the protein around each cluster, 

and the mean, fluctuations and time correlation functions of the polarization energy were 

analyzed. In addition, non-equilibrium simulations of the protein during an electron transfer were 

performed to compare the relaxation times with those obtained from the time correlation 

functions. 

METHODS   

The transfer of an extra electron between the two oxidized [4Fe-4S] clusters of CaFd is 

 [Fe4S4(SR)4]3-[Fe4S4(SR)4]2-  [Fe4S4(SR)4]2-[Fe4S4(SR)4]3-  (2a) 

or 

 D3-A2-  D2-A3- (2b) 

where a donor D transfers the extra electron to an acceptor A. Here, Cluster I, bonded by Cys8, 

Cys11, Cys14, and Cys47, is the donor and Cluster II, bonded by Cys37, Cys40, Cys43, and 

Cys18 is the acceptor. The letters R and P denote the reactants (D3-A2-) and the products (D2-A3-), 

respectively, of Eq. 2b. The nuclear polarization of the protein and the solvent around the redox 

site  is defined as the difference in the electrostatic potential energy (or energy gap) between 

the reactant charge state, R or D3-A2-, and the product charge state, P or D2-A3-, for a given 

nuclear configuration r, following the method of Warshel and co-workers25-28,  

  (3) 

where  
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  (4) 

 Molecular dynamics simulations were performed by using the molecular mechanics and 

dynamics program package CHARMM29b240. The simulations were carried out in the 

microcanonical ensemble at a temperature of about 300 K, using the particle mesh Ewald (PME) 

summation algorithm41. The Verlet algorithm was used with a time step of 0.001 ps. Cubic 

boundary conditions of 45 × 45 × 45 Å3 were utilized, with a grid spacing of 0.9375 Å, a β-

spline coefficient of 6, and a κ value of 0.34. The force field parameters consisted of the 

CHARMM19 parameters40 plus additional parameters for the iron-sulfur redox site as described 

elsewhere39. All nonpolar hydrogens were treated implicitly as part of the heavy atom to which 

they are attached via the extended atom model, and all bonds containing hydrogen were 

constrained to their equilibrium bond lengths by using the SHAKE algorithm42. No atomic 

polarizability was included explicitly and a dielectric constant of 1 was used throughout the 

simulations.  

Two simulations of the protein in the equilibrium R and P states, which will be referred 

to here as the equilibrium simulations, have been carried out previously36 and so are described 

briefly here. The starting structure was the 0.94 Å resolution crystal structure of fully oxidized 

CaFd (2FDN43) from the Brookhaven Protein Data Bank44. The R state was modeled using 

reduced and oxidized potential energy parameters for cluster I and II, respectively, and the P 

state was modeled using oxidized and reduced parameters for cluster I and II, respectively. The 

protein was solvated in a 45 × 45 × 45 Å3 cubic box of pre-equilibrated TIP3P45 water. Next, 

holding the protein fixed, the solvent was relaxed by 50 steps of steepest descent energy 

minimization followed by 2.0 ps of molecular dynamics with Gaussian assignment of velocities 
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every 0.2 ps and then counter-ions were added followed by 60 ps of molecular dynamics. The 

final system consisted of 2765 TIP3P waters, 15 Na+ ions, 2 Cl- ions, and the protein. The entire 

system was allowed to move with Gaussian assignment of velocities every 0.2 ps, followed by ~ 

180 ps of velocity scaling. The system was then allowed to run unperturbed for 8 ns and the 

equilibrium properties were examined in the last 5 ns. In addition, two types of simulations were 

used to simulate the protein behavior during an electron transfer reaction, which are described 

below.  

Induced electron transfer simulations. The first type of simulation, referred to as induced, 

assumes that the redox site at the time of the electron transfer has a geometry corresponding to 

the initial state but that the total system has a ∆V = 0. The equilibrium R and P simulations were 

examined for configurations where ∆V ≈ 0, which were used as the transition states for electron 

transfer in the forward (R → P) and reverse directions (R ← P), respectively. Then the oxidation 

states of the two [4Fe-4S] redox sites of this configuration are switched. For instance, if the 

configuration was selected from the reactant simulation, the oxidation states of this configuration 

were changed to those of the product, i.e., D3-A2- was changed to D2-A3-. Thus, immediately after 

the charge switch, the protein will temporarily have the geometry of the reactant, but the 

oxidation states of the product. Since this geometry is no longer in equilibrium with the charge 

states of the redox sites, the structure will subsequently relax to its new equilibrium product state. 

The simulation was continued for another 8 ns beginning with the coordinates and velocities 

from the transition state. The same procedure is applied to the configurations selected from the 

product simulation. Five different initial configurations were chosen from each equilibrium 

simulation so that there were five (R → P) simulations and five (R ← P) simulations. Average 
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properties of the final states were calculated from the last 5 ns (i.e., 3 ns after the electron 

transfer) of the simulations. 

Poised electron transfer simulations. The second type of simulation, referred to as poised, 

assumes that the redox site at the point of the electron transfer has a geometry intermediate 

between the product and reactant state that the total system has a ∆V = 0. First, two preliminary 

simulations of the protein in which the charge states of two redox sites are both set to be -2.5 so 

the partial charge of each atom in the redox site is set to be half way between the reduced (-2) 

and the super reduced (-3) charge state, and the potential energy parameters of the two redox 

sites are also set to be half way between the reduced and the super reduced state. After 1 ns 

equilibration, the simulation was run until a configuration was found, where ∆V equals to the 

negative of the internal energy difference of the redox sites between the product (2-, 3-) and the 

reactant (3-, 2-). This new configuration is assumed to be the transition state of the electron 

transfer reaction. Note that the preliminary simulations were used only to generate transition 

states. Next, the charges of the two redox sites were changed to reactant state and the simulation 

continued for another 8 ns beginning with the coordinates and velocities from the transition state 

generated from the first preliminary simulation, and the charges of the two redox sites were also 

changed to product and the simulation continued for another 8 ns beginning with the coordinates 

and the negative of the velocities from the transition state of the same preliminary simulation. 

Thus, because of time reversal symmetry, the entire reaction from reactant to product was 

obtained. In addition, this was repeated in the beginning with the transition state generated from 

the second preliminary simulation except that the product used the velocities from the 

preliminary simulation and the reactant used the negative of the velocities. The two poised 

simulations of the electron transfer reactions should be equivalent with no distinction between 
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the forward and reverse reaction, again because of time reversal symmetry, and so are referred to 

as R ↔ P. Average properties of the R and P states were calculated from the last 5 ns (i.e., 3 ns 

past the electron transfer point) of the simulations. 

RESULTS AND DISCUSSION 

Properties of the Reactant and Product States 

The average properties of the reactant and product states far from the electron transfer 

event were examined in part to determine the features that differ between the two states. In 

addition, the simulations initiated from the electron transfer transition were evaluated as to 

whether they had reached equilibrium based on similarities of the average properties with those 

from the initial equilibrium simulations of the R and P states.  

Root mean-square fluctuations.  To study how the protein structure fluctuates in the 

reactant and product states, the root mean-square (RMS) fluctuations for each simulation was 

analyzed. The rms fluctuations are ~0.85 Å in the reactant state and ~1.05 Å in the product state 

(Table 5.1). One reason for the larger fluctuations in the product is that cluster I with a charge of 

2- has a weaker electrostatic interaction with the positively charged side chain Arg29 (shown in 

blue in Figure 5.2) in the loop region, which gives the loop more freedom to move. As a 

consequence of the more flexible loop, the N-terminus also has more freedom to move due to the 

electrostatic interaction between the negatively charged side chain of GLU6 (shown in red in 

Figure 5.2) and positively charged side chain of Arg29, which are close to each other. 

Radius of gyration. To examine whether an electron transfer causes the protein to expand 

or contract around each redox site, protein was divided into two regions, each containing a redox 

site, and the radius of gyration (Rg) of each region was determined in the reactant and product 
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states of the simulations (Table 5.2). The protein excluding the C- and N- termini and the single 

loop (residue 25 to 29, yellow part in Figure 5.2)46 was divided into two 20-residue regions 

around each cluster, which are referred to as Region I (residues 4 to 14 and residues 44 to 52), 

containing cluster I, and Region II (residues 15 to 23 and residues 32 to 43) containing cluster II 

(Figure 5.3). The compactness of the structure around the two redox sites showed slight but 

consistent changes, i.e., when the electron is transferred to cluster I, region I contracts and region 

II expands slightly, and when the electron is transferred to cluster II, region I expands and region 

II contracts. In other words, the protein around a given cluster tends to contract when that cluster 

is reduced and expand when it is oxidized, but only very slightly. In addition, the structure 

around cluster I appeared to change slightly more than that around the cluster II, consistent with 

the greater flexibility around cluster I in the product state. 

Distance between the two redox sites. The distance between the redox sites, which will 

affect the electron transfer rate via the electronic coupling matrix , was calculated from the 

simulations in the R and P states (Table 5.3). The distance was defined both as the distance 

between the center of mass of the two redox sites, and the distance between Sγ from Cys14 of 

cluster I and Sγ from Cys43 of cluster II, which are the two closest sulfurs. Interestingly, the 

average distance between the two redox sites is very slightly but consistently larger in the 

reactant than in the product; i.e., the distance between the centers is ~12.4 Å for the reactant and 

~12.3 Å for the product, and the distance between the closest sulfurs is ~7.5 Å in the reactant 

state and ~7.35 Å in the product state. In addition, these distances are ~1 Å larger than those 

found in crystal structure presumably because the larger negative charge on one site due to the 

excess electron leads to greater repulsion between the two sites. 
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Polarization of the environment of the clusters. The mean (µ) and and root mean-square 

fluctuations of the (σ) polarization energy were calculated for the R and P states from the 

simulations (Table 5.4). Although only very slight changes between the R and P states can be 

distinguished from the structure, the change in polarization is enormous, ~3.5 eV. The values of 

µ vary over a range of ~300 meV for the different states, mostly due to insufficient averaging in 

5 ns, but much of the final polarization appears to have occurred on the time scale of the 

simulations. [As an added note, other work indicates that longer simulations using the 

CHARMM19 force field result in distortion of certain parts of the protein (M.-L. Tan, Y. Luo, & 

T. Ichiye, unpublished results), so longer simulations using the CHARMM22/CMAP potential 

have been performed (Chapter 6).] However, the fluctuations σ are very consistent in all of the 

simulations. 

The polarization energy was also decomposed into contributions from the protein 

including backbone (bb), polar side chain (psc) and charge side chain (csc), and from the solvent 

including water and counter-ions (ion), and the µ and σ from different components were 

compared for the poised simulations (Table 5.5). The results showed that the contribution from 

the solvent was much larger than that of the protein, which is expected since the dipole moments 

of the surrounding water can reorient much more freely than the polar groups within the protein. 

Also, the sum of the fluctuations was much greater than the fluctuations of the entire system, 

indicating that the fluctuations are highly correlated. Furthermore, if the contribution from the 

charged side chains was grouped with the solvent, the sum of σ from the protein (bb + psc) and 

the solvent (water + ion + csc) is closer to the system σ than the sum of σ from the protein (bb + 
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psc +csc) and the solvent (water + ion) is, indicating that charged side chains are more coupled 

with the solvent instead of the protein. 

Dynamics of the Relaxation of the Environment. 

The time scale of polarization energy relaxation was investigated in two ways. According 

to non-equilibrium statistical mechanical theory, the decay time of the time correlation functions 

from the equilibrium simulations should equal to the relaxation time of the system after the 

electron transfer. First, time correlation functions were calculated from the initial equilibrium R 

and P simulations and from the non-equilibrium simulations of the electron transfer event after 

they reached equilibrium. Next, the polarization energies in the non-equilibrium simulations of 

the electron transfer process were examined as a function of time.. 

Time correlation functions. The time correlation functions of the polarization energy for 

the entire system for each simulation were calculated (Figure 5.4) and fit to a double exponential  

  (6) 

The fast and slow relaxation times (τfast and τslow), and the fraction of the fast relaxation (ffast) of 

the system for all simulations (Table 5.6) indicate that ~85 % of the system undergoes fast 

relaxation after the electron transfer on a time scale of about 1 picosecond, while the remainder 

relaxes on a nanosecond time scale to equilibrium. The time correlation functions of the 

polarization energy for different components of the system for one poised simulation (R↔P) 

were also calculated (Figure 5.5 and 5.6) and relaxation times were fit for each component 

(Table 5.7). The protein and the solvent have both fast and slow relaxation, and while they have 

longer τfast and τslow separately, together the τfast and τslow are shorter because of the coupling of 

the protein and solvent. Interestingly, when the contribution from the charged side chains was 

grouped with the solvent, the slow relaxation of the rest of the protein (bb + psc) actually became 
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faster than that of the protein (bb + psc + csc) (570 ps to 884 ps for the P → R simulation), 

indicating again that the charged side chains are strongly coupled with the solvent, especially the 

counter-ions, instead of with the protein. 

Time series. Time series of the polarization energy (∆V) were plotted for a short time, 10 

ps, as well as for a longer time, 5 ns, before and after the electron transfer (Figure 5.7). In both 

the induced and poised simulations, the polarization energy exhibits a very fast transition on the 

time scale of 1 ps or less between the R and P states, and that while longer time scale changes 

may also be present, it appears fairly constant on a nanosecond time scale. This is consistent with 

the time scales found from the time correlation functions. Moreover, the behavior of the two 

types of simulations was very similar, despite the differences in how the electron transfer event 

was modeled (see Methods). In both of the induced simulations, the left hand side of the plots 

show the simulation from the initial equilibrium phase. A rare fluctuation on the ps time scale 

causes the polarization energy to approach zero, at which point the electron transfer is simulated 

by changing the charges of the redox site to the opposite state, after which the relaxation also 

occurs on the ps time scale. On the other hand, in the poised simulations, a transition state is 

created from the (2.5-, 2.5-) simulation, and the charges of the redox site are changed to both the 

R and P state, but with opposite signs on the velocities. Note that in these simulations, neither 

direction can be considered the forward direction; however, one of the simulations is plotted as 

reactant to product and the other as product to reactant. Here, the relaxation from the transition 

state is also on the ps time scale. In particular, even though the internal modes of redox site have 

more energy in the induced simulations than the poised, the dissipation of this energy does not 

seem to affect the relaxation significantly. 

CONCLUSIONS 
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The structural and energetic changes due to an electron transfer were investigated here in 

equilibrium and non-equilibrium simulations of Clostridium acidiurici ferredoxin. Overall, in the 

equilibrium simulations and in the portions of the non-equilibrium simulations that had reached 

equilibrium, the structural features of the protein showed small but consistent structural changes 

between the R and P states while the polarization energy changed by over 3 eV. The largest 

contribution to this change was due to the solvent, which can reorient freely unlike the protein, 

and the fluctuations indicate that the polarization of the protein is highly coupled to the solvent. 

However, although the protein does not undergo significant global changes, there are some local 

structure changes after the electron transfer, mostly in the loop region and the region close to the 

N-terminus, both of which have charged side chains that interact with the redox site. Also, the 

region around each cluster exhibits a very slight but consistent contraction upon reduction and 

the distance between the clusters shows a very slight but consistent decrease in the product 

relative to the reactant. 

The dynamical analysis, both the time correlation functions of the polarization energy 

from the equilibrium simulations and the time series of the polarization energy from the non-

equilibrium simulations, have shown that the entire system undergoes a fast, picosecond time 

scale relaxation, and a slow relaxation on a nanosecond time scale, with the fast relaxation being 

responsible for most of the overall relaxation. In addition, the time correlation analysis shows 

that the protein can have slower relaxation times than the entire system, and the strong coupling 

with the solvent, mainly through the charged side chain, gives rise to the fast overall relaxation.  
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TABLES  

Table 5.1 The RMS fluctuations  

RMS fluctuations (Å) 
Simulation 

Reactant Product 

R→P  1.09 ± 0.17* 

R←P 0.81 ± 0.13*  

R↔P 0.88 ± 0.08** 1.06 ± 0.05** 

* average of five simulations 

** average of two simulations 

 

Table 5.2 The average radius of gyration (Rg) of Region I and Region II. 

Rg of Region I (Å) Rg of Region II (Å) 
Simulation 

Reactant Product Reactant Product 

R→P 7.29 7.37 ± 0.07* 7.80 7.70 ± 0.07* 

R←P 7.23 ± 0.05* 7.42 7.83 ± 0.05* 7.69 

R↔P (1) 7.32 7.44 7.72 7.67 

R↔P (2) 7.28 7.40 7.70 7.65 

* average of five simulations 
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Table 5.3 The average distance between the two redox sites. 

Distance between Centers (Å) Distance between Sulfurs (Å) 
Simulation 

Reactant Product Reactant Product 

R→P 12.42 12.33 ± 0.10* 7.46 7.38 ± 0.04* 

R←P 12.43 ± 0.09* 12.36 7.52 ± 0.05* 7.35 

R↔P (1) 12.41 12.24 7.53 7.33 

R↔P (2) 12.44 12.29 7.59 7.30 

* average of five simulations 

 

 Table 5.4 The mean (µ) and the root mean-square of fluctuations (σ) of the polarization energy 

from different simulations. 

µ (meV) σ (meV) 
Simulation 

Reactant Product Reactant Product 

R→P 1866 -1857 ± 116* 346 347 ± 15* 

R←P 1741 ± 66* -1556 332 ± 6* 356 

R↔P (1) 1708 -1632 324 324 

R↔P (2) 1608 -1673 328 326 

* average of five simulations 
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Table 5.5 The mean (µ) and the root mean-square of fluctuations (σ) of the polarization energy 

from different components in the R↔P simulations 1 and 2. 

µ (meV) σ (meV) Component 

(Simulation) Reactant Product Reactant Product 

bb+psc+csc (1) 723 -76 295 348 

bb+psc+csc (2) 666 147 286 337 

water+ion (1) 985 -1556 393 414 

water+ion (2) 942 -1820 371 429 

bb+psc (1) -186 -441 245 209 

bb+psc (2) 55 -373 249 234 

water+ion+csc(1) 1894 -1191 365 347 

water+ion+csc(2) 1553 -1300 350 375 

System (1) 1708 -1632 324 324 

System (2) 1608 -1673 328 326 

 

 

Table 5.6  The fast (τfast) and slow (τslow) relaxation times and the fast relaxation fraction (ffast) of 

the system from time correlation function of different simulations 

τfast (ps) τslow (ps) ffast Simulation 
Reactant Product Reactant Product Reactant Product 

R→P 1.20 1.22±0.10* 814 768±136* 0.79 0.88±0.05* 

R←P 1.19±0.14 0.93 864±157* 632 0.81±0.09* 0.84 

R↔P 0.30** 0.27** 586** 406** 0.85** 0.87** 

* average of five simulations 

** average of two simulations  
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Table 5.7 τfast, τslow, and ffast for different components for time correlation function of one poised 

R↔P simulation.  

τfast (ps) τslow (ps) ffast Component 
Reactant Product Reactant Product Reactant Product 

bb+psc+csc 2.56 0.09 884 283 0.64 0.34 

water+ion 0.69 0.69 131 151 0.75 0.60 

bb+psc 4.65 0.46 570 115 0.74 0.62 

water+ion+csc 0.53 0.36 167 139 0.78 0.74 

system 0.22 0.28 314 528 0.86 0.90 
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FIGURES 

Figure 5.1 A schematic representation of potential energy curves for the electron-transfer 

reaction D− + A  D + A−, where D indicates the donor and A indicates the acceptor,  is the 

driving force,  is the activation energy barrier, and λR and λP are the reorganization energy 

for the Reactant and Product, respectively. 
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Figure 5.2 Clostridium acidiurici ferredoxin (2FDN) is shown in lime in a cartoon model, inside 

of which the clusters are shown in stick model. Labeled are C- and N- terminal, cluster 1 and 2, 

the loop in yellow, Arg29 in blue, and Glu6 in red. 
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Figure 5.3 The division of CaFd into Region I (ice blue) and Region II (cyan) with the sequence 

of CaFd, Region I, and Region II shown beneath the structure. 

 

   

 
  CaFd:          AYVINEACISCGACEPECPVNAISSGDDRYVIDADTCIDCGACAGVCPVDAPVQA 
  Region I:     ---INEACISCGAC-----------------------------AGVCPVDAP--- 
  Region II:    --------------EPECPVNAI---------DADTCIDCGAC------------ 
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 Figure 5.4 Time correlation function of the polarization energy of the system from 4.5 ns 

Poised simulations. (a) Product (b) Reactant. The time correlation function is in blue and the 

fitted curve is in orange. 

 
(a)  

 

 
(b) 

 

C(t) = 0.90e− t /0.28 + 0.10e− t /528

C(t) = 0.86e− t /0.22 + 0.14e− t /314
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Figure 5.5 Time correlation function of the polarization energy of different components from 

4.5ns Poised Product simulations: (a) bb + psc + csc; (b) water + ions; (c) bb + psc; (d) water + 

ions + csc. The time correlation function is in blue and the fitted curve is in orange. 

(a)  

 

(b)  

 

C(t) = 0.34e− t /0.09 + 0.66e− t /283

C(t) = 0.60e− t /0.69 + 0.40e− t /151
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(c)  

 

(d)  

 

 

 
 

C(t) = 0.62e− t /0.46 + 0.38e− t /115

C(t) = 0.74e− t /0.36 + 0.26e− t /139
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Figure 5.6 Time correlation function of the polarization energy of different components from 

4.5ns Poised Reactant simulations: (a) bb + psc + csc; (b) water + ions; (c) bb + psc; (d) water + 

ions + csc. The time correlation function is in blue and the fitted curve is in orange. 

(a)  

 

(b)  

 

C(t) = 0.64e− t /2.56 + 0.36e− t /884

C(t) = 0.75e− t /0.69 + 0.25e− t /131
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(c)  

 

(d)  

 

C(t) = 0.74e− t /4.65 + 0.26e− t /570

C(t) = 0.78e− t /0.53 + 0.22e− t /167
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Figure 5.7 Time series of polarization energy from (a) 5 ps and (b) 5 ns before and after electron 

transfer for the induced R→P (red), induced R←P (blue), poised R↔P (1) (magenta), and poised 

poised R↔P (2)  (green) simulations. For the induced simulations, only one simulation after the 

electron transfer is shown; the rest show similar behavior. 

 
(a) 

 
     
(b) 
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CHAPTER 6 

SOLVENT CONTRIBUTIONS TO THE ENVIRONMENTAL RESPONSE TO 

ELECTRON TRANSFER IN MOLECULAR DYNAMICS SIMULATIONS OF 

CLOSTRIDRIUM ACIDIURICI FERREDOXIN 

ABSTRACT  

 Electron transfer proteins play key roles as electron carriers in various cellular processes 

in all organisms. According to Marcus theory, understanding how a protein keeps the activation 

energy low enough to promote efficient long-range electron transfer entails understanding how 

the energy of the environment, including both the protein and solvent, of the redox sites changes 

between the reactant and product. Molecular dynamics simulations are important in studies of 

electron transfer reactions; however, sufficient sampling may be difficult particularly of the ionic 

atmosphere around the protein, and the coupling between the two may affect the low frequency 

protein modes. Thus, a critical issue is determining the simulation conditions necessary to model 

the ionic atmosphere accurately. Here, the convergence of the response by the counter-ions and 

the solvent is examined in simulations of Clostridrium acidiurici ferredoxin with different 

periodicities, system sizes, and ionic concentrations. 
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INTRODUCTION   

Electron transfer is one of the simplest but most essential reactions in chemical and 

biological systems1. It plays a critical role in biological processes such as cellular respiration, 

photosynthesis, and nitrogen fixation. Studies of intramolecular transfer in proteins are useful in 

unraveling the complexities of biological electron transfer because the donor-acceptor electron 

transfer complex is known and the rates do not depend on the association of the donor and 

acceptor. The 2[4Fe-4S] ferredoxins (Fd), which are small (6 to 12 kDa, 55 to 100 amino acid 

residues) iron-sulfur electron transfer proteins found in respiratory complex I2,3, photosystem I4,5, 

nitrogen fixation6, proton transfer7, and reduction-oxidation reaction in the cytoplasm8,9, are ideal 

test cases. They contain two cubane-like [4Fe-4S] clusters in a quasi-2-fold symmetrical 

backbone that creates a relatively similar protein environment for each cluster, with 

intramolecular electron transfer rates between the clusters on the order of 106 s-1 10. Clostridrium 

acidiurici ferredoxin (CaFd) is an example of one of the simplest ferredoxins since it contains 

only the basic quasi-2-fold symmetric motif consisting of 55 amino acid residues and the [4Fe-

4S] clusters have similar reduction potentials of ~ –420 mV11 so that there is essentially no 

driving force for electron transfer between the them.  

Marcus theory12 provides the theoretical framework for understanding electron transfer in 

biological systems.  It assumes that the reaction coordinate X is the polarization of environment 

and that the free energy for a given state as a function of the polarization coordinate is parabolic 

(Figure 6.1), where ΔGR(X) is the free energy curve of the reactants, ΔGP(X) is the free energy 

curve of the products, ΔG‡ is the activation barrier, ΔG° is the driving force, and λ is the 

reorganization energy.12 This leads to the well-known Marcus relation 
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  (1) 

In water, the solvent contribution to the polarization energy is especially important due to the 

relatively strong coupling in polar media. Therefore, solvent effects on electron transfer rates 

have been studied in various kinds of electron transfer systems13-16. 

 Molecular dynamics (MD) simulations have played an important role in quantifying ΔG° 

and λ17-21. In MD simulations, X is a global reaction coordinate for the many-dimensional 

coordinate space of the system22 describing the relative polarization around the donors and 

acceptors and is usually defined as , the difference in the potential 

energy (or potential energy gap) between the reactant (R) and product (P) states for a given 

nuclear configuration r, following the method of Warshel and co-workers.23 ΔG° and λ can then 

be calculated in two ways from simulations. First, the free energy curves can be calculated from 

MD simulations methods pioneered by Warshel and co-workers 17-20,23and ΔG° and λ can be 

obtained from fits to plots of the curves. Alternatively, they can be obtained using the so-called 

Gaussian parabola method from the mean values, µa = <X>a, and the fluctuations, σa
2 = <(X-

<Xa>)2>a, of the reaction coordinate for state a =R, P.21,24 

  (2a) 

  (2b) 

where kB is the Boltzmann constant and T is the temperature. The values of ΔG° and λ as well as 

the parabolas constructed using the Gaussian method are essentially identical to those using 

Warshel’s approach, but are much simpler to calculate. 
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However, although MD simulations are widely used to study the chemical and physical 

properties of biomolecules, two of the remaining major challenges are how to treat the 

electrostatic interactions properly and how to achieve sufficient conformational sampling. 

Periodic boundary conditions (PBC)25 are nearly always employed to mimic bulk solutions with 

a manageable number of molecules. In addition, Ewald26 and related mesh methods, particle-

particle-particle-mesh Ewald (P3M)27 and particle-mesh Ewald (PME)28 methods are routinely 

used for calculating electrostatic interactions in computer simulations of solvated biomolecules 

since truncation methods can introduce artifacts in simulations of liquid29, solvated ions30,31, and 

biomolecules32-34. However, boundary effects can still be significant and cause problems in 

molecular systems where electrostatic interactions are important35-37. A drawback of Ewald and 

related methods with PBC arises because the system of interest interacts with translated copies of 

itself, which imposes a periodicity not found in real systems. However, the possible artifacts will 

gradually diminish as the solvent-to-protein ratio increases, since the interaction between the 

primary system and its periodic images will tend to vanish38-41.   

In addition, the role of counter-ions in simulations is still not fully understood. On one 

hand, counter-ions are generally recognized to have a large influence on the properties of 

aqueous DNA and proteins42-45 and are added to obtain charge neutralized systems necessary for 

Ewald and related mesh methods. On the other hand, since counter-ions diffuse slowly in the 

simulation (DNa
+ = 0.17 Å2/ps and DCl

- = 0.28 Å2/ps in TIP3P water46), the counter-ion 

distribution might not be able to achieve equilibrium within accessible simulation times. 

Although simulations of solvated proteins are only moderately sensitive to the presence of 

counter-ions, they are also apparently highly dependent on the starting structures and 

equilibration procedures used47-49. Ideally, the initial placement of counter-ions should be chosen 
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well so that they are far enough from the protein surface, and their distribution should be 

equilibrated for a sufficiently long time with the solute restrained49,50.  

Our previous molecular dynamics simulations of the intramolecular electron transfer in 

CaFd predicted an electron transfer rate in good agreement with experiments21, and also showed 

that the reorganization energy from solvent including counter-ions is much larger than that from 

the protein. In addition, Matyushov et al.51,52 also found that the solvent has a much larger 

contribution to the reorganization energy and much slower relaxation time compared to the 

protein. However, even though the counter-ions are strong coupled to the protein and may screen 

the strong electrostatic interactions between neighboring charged residues50, the influence of 

counter-ions on the reorganization energy have not been studied thoroughly.   

In the present work, the focus is on the solvent and counter-ion contributions to the 

polarization energies of the redox sites in CaFd. Molecular dynamics simulations of up to 48 ns 

in length using PME electrostatics with PBC were performed using different types of periodic 

boundary conditions, different box sizes, and different ionic concentrations. The convergence of 

the mean and fluctuations of the polarization energies were investigated in these simulations. 

Studies were carried out on CaFd with different charge states of the clusters: the normal resting 

state of protein [Fe4S4(SR)4]2-[Fe4S4(SR)4]2-, the reactant state in the presence of an excess 

electron [Fe4S4(SR)4]3-[Fe4S4(SR)4]2-, and the product state in the presence of an excess electron 

[Fe4S4(SR)4]2-[Fe4S4(SR)4]3-. Since the main focus is on the solvent and counter-ions, initially, 

the protein was fixed and only the solvent and counter-ions were allowed to move. Preliminary 

studies allowing the entire system to move for the reactant and product state were also presented. 

METHODS 

  In CaFd, the donor (D) and the acceptor (A) are the two respective iron-sulfur clusters, 
such that 
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  (3a) 

or 

  (3b) 

 
The letters R and P will refer to the reactants (D3-A2-) and products (D2-A3-) of eq 3. The donor is 

cluster 1, which is bound by residues 8, 11, 14, and 47, and the acceptor is cluster 2, which is 

bound by residues 37, 40, 43 18. The charge states will be referred to here as (m,n), where m is 

the charge of cluster 1 and n is the charge of cluster 2; thus, the resting, oxidized state is (2-,2-), 

and the reactant and product states are (3-,2-) and (2-,3-), respectively. 

Molecular dynamics simulations were performed using the molecular mechanics package 

CHARMM35b3.53 The simulations were carried out in the microcanonical ensemble with a 

target temperature of 300 K. The Verlet algorithm was used with a time step of 0.001 ps. 

Periodic boundary conditions and the particle mesh Ewald (PME) summation algorithm10 with a 

grid spacing of 0.9375 Å, β-spline coefficient of 6, and κ value of 0.34 were used. The force 

field parameters consisted of the CHARMM19 parameters53, in which all nonpolar hydrogens 

were treated implicitly as part of the heavy atom to which they are attached, and 

CHARMM22/CMAP54 parameters, which treated all hydrogens explicitly, plus additional 

parameters for the iron-sulfur redox site as described elsewhere55. All bonds containing hydrogen 

were constrained to their equilibrium bond lengths using the SHAKE algorithm56. No atomic 

polarizability was included explicitly and a dielectric constant of 1 was used throughout the 

simulations.  

To study how simulation conditions affect the equilibration of the counter-ions and the 

solvent, five simulations were performed of CaFd in the (2-,2-) state, in different box sizes and 
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shapes as well as ionic concentrations (Table 6.1) with the protein fixed using the CHARMM19 

force field. The initial solvation and neutralization for each simulation used the CHARMMing57 

protocol with minor modifications as explained briefly here. First, the crystal structure of CaFd 

(0.94 Å58) with 466 protein atoms including the two clusters was solvated in a large cubic pre-

equilibrated water box containing 46,656 water molecules, with both water and protein centered 

on the origin. Then all solvent waters within 2.5 Å of any non-hydrogen protein atom or crystal 

water oxygen were deleted and the box was cut down to the final box dimensions, followed by 

100 steps of steepest descent (SD) energy minimization with the protein fixed. Next, each system 

was neutralized by adding the corresponding number of Na+ and Cl- ions to obtain the desired 

ionic concentration. The counter-ions were added in a Monte-Carlo like procedure in which first 

a random water molecule at least 5.5 Å away from any protein atom was replaced by a Cl- ion, 

then a second random water at least 5.5 Å away from either any protein atom or the Cl- ion was 

replaced by a second Cl- ion, and so on, after which the Na+ ions were added in the same 

procedure. Henceforth, the water and counter-ions together will be referred to as the solvent. 

After neutralization, the solvent with the protein fixed was relaxed with 100 steps of SD energy 

minimization, after which velocities were assigned every 1 ps for 250 ps according to a Gaussian 

distribution, then scaled every 1 ps for 250 ps. The system was then allowed to run without 

perturbation again with the protein fixed, and the first 2 ns were not used in the averages.  

In addition, four simulations were carried out for the protein in the R state with cluster 1 

reduced and cluster 2 oxidized (3-,2-) and in the P state with cluster 1 oxidized and cluster 2 

reduced (2-,3-) (Table 6.2). In all cases, cubic octahedral boundary conditions and 0.5 M ionic 

concentration were used. The first two simulations were of the R and P states with the protein 

fixed using CHARMM19 parameters. The systems were obtained starting from initial 
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coordinates of O1(0.5) before the addition of the counter-ions (i.e. after solvation) and the 

neutralization of R and P systems followed the Monte-Carlo like procedure of CHARMMing 

described above followed by relaxation, assigning, and scaling as before. The solvent was 

allowed to run unperturbed as before for 50 ns, and the first 2 ns were not used in averages. The 

second two simulations were of the R and P states with the entire system allowed to move using 

the CHARMM22/CMAP force field. The initial coordinates came from the respective fixed 

protein simulations at 22 ns so that the ions were pre-equilibrated with a total production time of 

20 ns. Hydrogens were first built in for a total of 739 protein atoms, followed by relaxing just the 

protein (i.e., fix the solvent) with 100 steps of SD minimization. From this point on, the entire 

system was allowed to move. First, the velocities were assigned every 1 ps for 250 ps, then 

scaled every 1 ps for 250 ps, and finally the system was allowed to move without perturbation. 

The first 9 ns were not used in the averages. 

 The energy gap  was calculated from the simulation using 

  (4) 

where Va is the electrostatic energy of a (a=R for the reactant state or P for the product state), qγi  

is the partial charge at the center of the atom i in the respective redox site γ (i.e., the outer sphere 

consisting of protein plus solvent), qj  is the partial charge at the center of the atom j in the 

environment, and rij is the distance between atoms i and j.  The atoms of the redox site (i.e. inner 

sphere) are chosen as all atoms of the cluster: the four irons, the four inorganic sulfurs, and the 

cysteinyl S, C and H of each of the four cysteinyl ligands (H is included in CHARMM22/CMAP 

but not in CHARMM19 parameters).  Since the potential energy gap for the outer sphere is due 

solely to the electrostatic energy, only the electrostatic energies need be calculated.  In addition, 
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the calculation of ΔV only used a smoothed spherical cutoff scheme between Ron and Roff, where 

Roff - Ron equals to 1 Å and Roff is equal to L, the box length. Both Ron and Roff are determined by 

the distance between outer-sphere atoms and the center of the redox site, and a group with any 

atom at a distance greater than Roff is not included in the calculation. 

The contributions to the polarization energy (ΔV) from the protein, the ions and the 

solvent were calculated from the simulations using our programs, and the mean polarization 

energy (µ) and the root mean-square fluctuations (σ) of the polarization energies were analyzed 

as function of time. Also, the time correlation function (C(t)) of polarization energies was 

calculated using the fast Fourier transform (FFT) algorithm to examine the equilibration of ions 

and solvent. They are reported to a maximum time of 30% of length of the corresponding time 

series.  

RESULTS AND DISCUSSIONS 

Resting state simulations. 

 The main focus of the resting state (2-, 2-) simulations was to understand how the 

ions and solvent behave in systems that have different periodicity, size, and ionic concentration 

(Table 6.1). The effect of box shape is investigated by the comparison between the results from 

C1(0.3) and O1(0.3), which utilized cubic and cube octahedral boundary conditions, respectively, 

but contained the same number of water molecules and counter-ions. Also, the effect of system 

size is assessed by comparing the results between O1(0.3) and O2(0.3) and between O1(0.5) and 

O2(0.5), in which the larger boxes denoted by the subscript “2” have about three times the water 

molecules of the smaller boxes denoted by the subscript “1”. Finally, the effect of ionic 

concentration is examined by comparing the results between O1(0.3) and O1(0.5) and between 
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O2(0.3) and O2(0.5), in which the 0.3 vs. 0.5 M concentrations were examined. In particular, the 

convergence of the polarization energy due to the solvent and counter-ions was investigated. The 

protein was fixed throughout all of the (2-, 2-) simulations so that it had the same contribution of 

~ +253 meV to the polarization energy ΔV in all systems. If the system is in equilibrium, the total 

mean polarization energy including the protein should be zero since the average interaction 

energy should be the same for each of the two clusters.  

First, the mean polarization energy averaged over 2 ns intervals, µ2ns, (Figure 6.2 and 

Table D2) and the root mean-square (rms) fluctuations of the polarization energy averaged over 

2 ns intervals, σ2ns, (Figure 6.3, Table D3) for the ions, for the solvent, and for the ions and 

solvent (referred to as ions+solvent) as functions of time were examined. Overall, the time 

dependence of both µ2ns and σ2ns appear relatively similar for the different systems. The µ2ns for 

the ions and for the solvent oscillate on time scales of roughly 10 ns throughout the entire 

simulation such that the two are anti-correlated, leading to µ2ns for the ions+solvent that appears 

constant in time throughout the simulation (red lines in Figure 6.2). In addition, the σ2ns for the 

ions and for the solvent also vary throughout the entire simulation in all systems. Moreover, 

because their polarization energies are anti-correlated, the σ2ns for the ions and for the solvent are 

almost identical, and the σ2ns for the ions+solvent are lower and appear constant in time (red 

lines in Figure 6.3).  

Next, the time correlation functions C(t) of the polarization energy (Figure 6.4) for the 

different components were examined. Overall, the C(t) of the ions and the solvent for all of the 

systems are essentially identical because the polarization energies are anti-correlated and show a 

decay time of ~0.5 ns or less but with longer time oscillations of at least 10 ns evidence. Of the 
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three smaller systems, the C(t) of O1(0.5) shows the least evidence of long time oscillations or 

long time drift, suggesting that the average properties of O1(0.5) are the most reliable. As 

expected, the greater number of ions apparently gives rise to a more constant polarization energy. 

However, the simulations for the larger systems have only been carried out to 22 ns, and the C(t) 

of the different components for O2(0.3) and O2(0.5) indicate that the time scale is not long 

enough for the average quantities to converge fully. In addition, the polarization energy of the 

ions+solvent converges rapidly for all of the systems with a decay time of less than 1 ps and no 

evidence of longer time oscillations or drift are evident. Thus, the ions+solvent averages appear 

reliable for all of the systems. 

Also, the cumulative mean and the root mean-square fluctuations of polarization energy, 

µT (Figure 6.5, Table D4) and σ T (Figure 6.6, Table D5), respectively, as a function of 

increasing simulation time T for the different components were examined. As expected from the 

times series of µ and σ and the C(t), even though the separate contributions from the ions and the 

solvent need a relatively long time to equilibrate, the total ions+solvent µT and σ T converge in a 

very short time due to their coupling with each other. The µT and σ T for the ions (which is 

mirrored by the solvent) do not converge within the first 20 ns due to the large oscillations seen 

in the time series. In addition, after 30 ns, µT continues to rise and σ T continues to drop in 

C1(0.3), and µT has a slight dip near 35 ns and σ T  continues to rise in O1(0.3), while µT appears 

relatively constant although σ T is still dropping somewhat in C1(0.5) so that C1(0.5) appears to 

have the most converged results.  

In addition, the cutoff used for the calculation of ΔV (see methods) was examined. 

Although the simulation was performed using PME, ΔV was calculated using cutoffs since 
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contributions to it should go to zero quickly with distance since it is a difference in energy 

between the clusters. In previous work21, a cutoff of L, where L = 45 Å was the side of the cubic 

box in the simulation, rather than the standard L/2 was used, since the contribution from ions at 

distances of L/2 from the redox sites was large enough so that more solvent needed to be 

included to shield these ions, and the contribution of ions much beyond L/2 should be minimal. 

Here, cutoffs of Lsmall/2 and Lsmall where Lsmall = 49 Å is the box length of the small cubic 

octahedral box (Table D6) were examined for the different simulations as well as when the 

cutoff was chosen as L for the respective simulation. The ions+solvent µ should equal -253 meV, 

the negative of the protein energy, and the results from Lsmall/2 are somewhat too negative while 

the results at Lsmall are closer. Apparently, the smaller cutoff does not include enough of the water 

that shields the ions, which yields a net positive contribution. In addition, the ions+solvent σ 

using Lsmall are somewhat larger than using Lsmall/2, again because the contributions from the 

shielding water for ions near distances of Lsmall/2 from the redox sites are ignored. Moreover, in 

the larger boxes, the results for µ and σ do not change in going from a cutoff of Lsmall to L, 

indicating that the contributions beyond Lsmall are negligible. However, the total µ for the large 

boxes does not equal to µ = -253 meV and the total σ does not equal to that for the smaller boxes 

apparently because the simulation times are not long enough for convergence. In addition, σ in 

the smaller boxes may also be slightly overestimated because the nearest neighbor proteins 

maybe perturbing the fluctuations. Thus, the rest of the analysis used cutoffs of Roff = L, where L 

is the box length of the respective simulation. 

Finally, the periodic conditions were examined.  Overall, the most dramatic difference 

between the boxes is that the µ for the ions and the solvent in the cubic box appear quite different 
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from the cube-octahedral boxes (Table 6.3) since although the value of µ does not appear fully 

converged (Figure 6.5), the water contribution appears to be converging to a value close to zero. 

Apparently, the ionic atmosphere of the central protein is perturbed by the image proteins in 

C1(0.3) since although it has the same number of ions and water molecules as O1(0.3), the 

nearest image protein atoms are ~25 Å from the irons of the clusters in C1(0.3) and ~30 Å in 

O1(0.3). In addition, the solvation in the cubic boxes is less spherically symmetric than the cube-

octahedral boxes. On the other hand, the ionic atmosphere is not perturbed by the image proteins 

in the smaller cube-octahedral boxes since the ion contribution in O1(0.3) and O1(0.5) is similar 

to O2(0.3) and O2(0.5), respectively, where the nearest image protein atoms are ~50 Å from the 

irons. 

Reactant and product simulations. 

 Based on the resting state simulations, the reactant (3-,2-) and product (2-,3-) simulations 

were performed in the L = 49 Å cube-octahedral box and a cutoff of Roff = L was used for the 

calculation of Roff = L. The time courses for µ 2ns (Figure 6.7 and Table D7) and σ 2ns (Figure 6.8 

and Table D8), C(t) (Figure 6.9), and µ T (Figure 6.10 and Table D9) and σ T (Figure 6.11 and 

Table D10) indicate that the convergence of µ and σ is similar to the resting state simulations. 

For the fixed protein simulations, the R and P simulations show differences due to the 

excess electron from the resting state. For instance, the solvent shows strong polarization around 

cluster 1 in the reactant since the total system µR >> 0 and around cluster 2 in the product since 

the total system µP << 0 while it only opposes the protein polarization in the resting state since 

the total system µ0 ≈ 0. On the other hand, the fluctuations in the reactant and product σR ≈ σP ≈ 

250 eV are slightly smaller than the fluctuations in the resting state σ0 ≈ 270 eV due to 
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electrostriction. Moreover, since |µR| < |µP|, electron transfer from cluster 1 to cluster 2 is 

favored, which is consistent with experiment estimates of  -6 meV10 even though protein 

relaxation is not included. 

For the simulations where the protein is free to move, the results are less clear because 

the results are not fully converged in the 20 ns.  However, the protein shows an increased 

polarization due to the excess electron in both the reactant and product state since µR(protein) ≈ 

720 meV and µP(protein) ≈ 570 meV are both larger than the fixed protein value of  µ0(protein) ≈ 

253 meV, which comes from the crystal structure of the resting state. Furthermore, the protein is 

more polarized around cluster 1 than cluster 2 since µR(protein) > µP(protein). In addition, the 

magnitude of the solvent, particularly the water, is greater when the protein is allowed to move 

over the fixed protein since the water will relax along with the protein, but remain consistent 

with our previous results from shorter simulations using CHARMM19 parameters21. Also, while 

the polarization fluctuations of the ions+water are more than 150 meV larger in the free versus 

fixed protein simulations, the fluctuations of the entire system are only a little over 50 meV 

larger in the free versus fixed protein simulations because the protein fluctuations are coupled to 

the solvent fluctuations. 

Overall, |µR| > |µP| for the free protein so that electron transfer from cluster 2 to cluster 1 

is favored, unlike the results for the fixed protein. However, this difference is likely to be due to 

problems in the free protein simulations rather than a real difference. For instance, the simulation 

of the free protein may take longer to equilibrate and the sampling time is only 20 ns. In 

particular, although the ion atmosphere should be relatively similar regardless of whether the 

protein is fixed or free to move, the mean polarization energy of the ions in the free simulation is 

more than 200 meV more positive in the free versus fixed in the R state while it is essentially the 
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same for both in the P state. Also, the ions tend to bind too tightly to the protein using the current 

force field (Alexander MacKerrell, personal communication) and thus might perturb the protein 

structure when it is free to move. In addition, it appears that the protein is unfolding especially in 

the product state, with the root mean-square deviations of the structure compared to the crystal 

structure being ~ 1.16 Å and 1.64 Å for the reactant and the product state, respectively, and most 

of the deviation in the product state is due to the N- and C-termini moving away from the protein. 

Thus, further long simulations of the free protein with the new ion parameters are warranted.  

CONCLUSIONS 

 The contribution of counter-ions and solvent to the polarization energy in the resting, 

reactant and product states of a 2[4Fe-4S] ferredoxin in aqueous solution were examined in 

molecular dynamics simulations.  

First, the effects of periodicity, system size, and ionic strength on the convergence of the 

polarization energy were studied in simulations of the resting state with the protein fixed. 

Regardless of the simulation conditions, the combined contribution of the ions and solvent 

converged quickly, within ~5 ns. However, although the total polarization energy is the 

important quantity for determining the activation energy, the fluctuations in the ionic atmosphere 

may couple with the protein so that insufficient sampling of the ion fluctuations may also lead to 

insufficient sampling of the protein. The separate contributions of the ions and the solvent 

required at least ~50 ns to converge, while the total converged much quicker because the 

separate contributions are anti-correlated; specifically, simulations with 0.5M ion concentration 

appeared to converge within ~50 ns while those with 0.3M still were not converged because the 

greater number of ions allowed faster sampling. In addition, the 49 Å cube-octahedral box gave 

similar results to the 71 Å cube-octahedral box but required only one-quarter of the computation 
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time. However, the 45 Å cubic box, which has the same number of counter-ions and solvent 

molecules as the 49 Å cube-octahedral box, appeared to have a distorted ionic distribution due to 

the closer distance of the nearest neighbor image proteins. Overall, reasonable conditions for the 

simulations of CaFd are in 0.5M NaCl using 49 Å cube-octahedral box and simulations of at 

least 50 ns are necessary to investigate the coupling of the ionic atmosphere with the protein 

modes. 

 Next, simulations of the reactant and product state in 0.5M 49 Å cube-octahedral box 

were performed with the protein fixed and with the protein allowed to move. The simulations 

with the protein fixed mirrored the convergence of the results for the protein in the resting state. 

Moreover, the mean polarization is consistent with previous results for shorter simulations and 

different parameters. However, problems with the ion parameters may lead to anomalous results 

when the protein is allowed to move so that new simulations with better parameters are 

warranted. 

 Overall, the slow diffusion of the counter-ions with respect to the time scale of the 

simulations leads to slow convergence of calculations of average properties of the counter-ions 

even when the simulation is equilibrated. Moreover, although the net polarization of the ions and 

solvent converge quickly, the long time scale of changes in the ionic atmosphere of the protein 

may couple with the low frequency modes. 
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TABLES 

Table 6.1 Simulation conditions for ferredoxin with clusters in the (2-, 2-) charge state.  

  
System Periodicity Box Length 

(Å) 
[Ion] 
(M) 

Number 
of Water 

Number 
of Na+/Cl- 

Total time 
(ns) 

C1(0.3) Cubic 45 0.3 
  

2701 14 / 2 48 

O1(0.3) Cubic 
Octahedral 

49 0.3 2701 14 / 2 48 

O1(0.5) Cubic 
Octahedral 

49 0.5 2689 20 / 8 48 

O2(0.3) 
  

Cubic 
Octahedral 

71 0.3 8534 33 / 21 22 

O2(0.5) 
  

Cubic 
Octahedral 

71 0.5 8496 52 / 40 22 

  
  
 

Table 6.2 Simulation conditions for ferredoxin with clusters in the reactant (3-, 2-) and product 

(2-,3-) charge states.  

System Periodicity Force Field Box 
Length 
(Å) 

[Ion]  
(M) 

Number 
of Protein 
Atoms 

Number 
of Water 

Number 
of Na+/Cl- 

Total 
time 
(ns) 

R(fix) Cubic 
Octahedral 

CHARMM19 49 0.5 466 2688 21 / 8  50 

P(fix) Cubic 
Octahedral 

CHARMM19 49 0.5 466 2688 21 / 8  50 

R(free) Cubic 
Octahedral 

CHARMM22/
CMAP 

49 0.5 739 2688 21 / 8  20 

P(free) Cubic 
Octahedral 

CHARMM22/
CMAP 

49 0.5 739 2688 21 / 8  20 
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 Table 6.3 The mean polarization energy µ (meV) of different components for the (2-, 2-) 

simulations. 

  
System Cutoff (Å) ions water ions+water 
C1(0.3) 24.5 -272 8 -264 
C1(0.3) 45.0 -267 11 -256 
O1(0.3) 24.5 -419 158 -261 
O1(0.3) 49.0 -419 165 -254 
O1(0.5) 24.5 -543 281 -262 
O1(0.5) 49.0 -549 293 -256 
O2(0.3) 24.5 -514 246 -268 
O2(0.3) 49.0 -572 310 -262 
O2(0.3) 71.0 -572 310 -262 
O2(0.5) 24.5 -361 96 -265 
O2(0.5) 49.0 -365 106 -259 
O2(0.5) 71.0 -365 106 -259 

  
  
Table 6.4 The rms fluctuations in the polarization energy σ  (meV) of different components for 

the (2-, 2-) simulations. 

System Cutoff (Å) ions water ions+water 
C1(0.3) 24.5 791 822 259 
C1(0.3) 45.0 812 842 267 
O1(0.3) 24.5 821 847 255 
O1(0.3) 49.0 855 881 273 
O1(0.5) 24.5 848 873 254 
O1(0.5) 49.0 904 926 272 
O2(0.3) 24.5 736 765 251 
O2(0.3) 49.0 767 796 258 
O2(0.3) 71.0 767 796 257 
O2(0.5) 24.5 893 912 257 
O2(0.5) 49.0 935 953 265 
O2(0.5) 71.0 935 953 265 
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Table 6.5 The mean polarization energy µ (meV) of different components for the R and P 

simulations. 

System protein ions water ions+water total 
R(fix) 253 -42 757 715 968 
P(fix) 253 -783 -620 -1403 -1150 

R(free) 717 288 957 1245 1964 
P(free) 568 -780 -1621 -2400 -1833 

 

Table 6.6 The rms fluctuations in the polarization energy σ  (meV) of different components for 

the R and P simulations. 

System protein ions water ions+water total 
R(fix) 0 995 998 244 244 
P(fix) 0 906 920 250 250 

R(free) 308 976 972 411 309 
P(free) 280 1019 1012 437 326 

 

Table 6.7 The Marcus parameters  (meV) from the R and P simulations. 

System ΔG° λR λP 
Fix -74 938 953 
Free 111 1763 1856 
exp -6   
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FIGURES 

Figure 6.1 A schematic representation of potential energy curves for the electron transfer 

reaction D-+A→D+A-, where D denotes the donor and A indicates the acceptor, ∆Go is the 

driving force, ∆G‡ is the activation energy barrier, and λP and λR are the reorganization energy 

for the product and the reactant, respectively. 
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Figure 6.2 Time dependence of polarization energy for each 2 ns (µ2ns) from component ions (in 

magenta), water (in blue), and ions + water (in red) for system a) C1(0.3); b) O1(0.3); c) O1(0.5); 

d)  O2(0.3); e) O2(0.5). 

(a) (b) 

   
 
    
 
 
 
    
    
 
 
      
       (c)        (d) 
 
 
 
 
 
 
 
 
 
 
 
 
 
    (e) 
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Figure 6.3 Time dependence of the root mean-square fluctuations of the polarization energy 

(σ2ns) for each 2 ns from component ions (in magenta), water (in blue), and ions + water (in red) 

for system a) C1(0.3); b) O1(0.3); c) O1(0.5); d)  O2(0.3); e) O2(0.5). 

         (A)           (B) 
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 Figure 6.4 The time correlation function of polarization energy from ions (in magenta), water 

(in blue), and ions+water (in red), for system a) C1(0.3); b) O1(0.3); c) O1(0.5); d) O2(0.3); e) 

O2(0.5).    

(a)       (b) 
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Figure 6.5  The change of the mean polarization energy (µT) as time increases 2 ns from 

component a) ions; b) water; c) ions+water; for system C1(0.3) (green), O1(0.3) (blue), O1(0.5) 

(red), O2(0.3) (cyan), and O2(0.5) (magenta).  

     (a) 

 

b) 

 

c) 
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Figure 6.6 The change of root mean-square fluctuations of polarization energy (σT) as time 

increases 2 ns from component a) ions; b) water; c) ions+water; for system C1(0.3) (green), 

O1(0.3) (blue), O1(0.5) (red), O2(0.3) (cyan), and O2(0.5) (magenta).  

    (a) 

  

    (b) 

  

    (c) 
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Figure 6.7 Time dependence of polarization energy for each 2 ns (µ2ns) from component ions (in 

magenta), water (in blue), and ions + water (in red) for system a) R(fix); b) P(fix); (c) R(free); 

(d) P(free). 

          (a)                                                                              (b) 
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Figure 6.8 Time dependence of the root mean-square fluctuations of the polarization energy 

(σ2ns) for each 2 ns from component ions (in magenta), water (in blue), and ions + water (in red) 

for system a) R(fix); b) P(fix); (c) R(free); (d) P(free).. 

(A) (B) 
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Figure 6.9 The time correlation function of polarization energy from ions (in magenta), water (in 

blue), and ions+water (in red), for system a) R(fix); b) P(fix). 

(a) 

 
    

(b) 
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Figure 6.10 The change of the mean polarization energy (µT) as time increases 2 ns from 

component a) ions; b) water; c) ions+water; for system R(fix) (cyan), P(fix) (magenta), R(free) 

(blue), P(free) (red).     

(a) 

   
 
     (b) 

   
     (c) 
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Figure 6.11 The change of the root mean-square fluctuations of polarization energy (σT) as time 

increases 2 ns from component a) ions; b) water; c) ions+water; for system R(fix) (cyan), P(fix) 

(magenta), R(free) (blue), P(free) (red).     

(a) 

 

   (b) 

 

   (c) 
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 APPENDIX D 

Table D1 Mean (µ) and the root mean-square fluctuations (σ) in meV of polarization energy 

from different components for the first 2ns before production run. 

  C1(0.3) O1(0.3) O1(0.5) O2(0.3)  O2(0.5)  R(fix)  P(fix) 
Components µ  σ µ  σ  µ  σ  µ  σ µ  σ µ  σ µ  σ 

ions -710 659 -163 576 -1009 545 -448 567 -902 680 -679 742 -930 852 
water 454 699 -99 625 749 609 176 612 638 711 1379 774 -491 876 

ions+water -256 263 -262 282 -260 274 -272 256 -264 263 700 247 -1421 253 
system -4 263 -9 282 -8 274 -19 256 -11 263 952 247 -1168 253 

  

Table D2 The mean polarization energy µ2ns (meV) of different components for the (2-,2-) 

simulations. 

i) ions 

t1-t2 (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

0-2 -975 -217 -409 -239 206 
2-4 -650 -539 -491 -631 -550 
4-6 -112 -1112 -199 -1083 -212 
6-8 -343 -61 -384 -948 164 
8-10 -629 -402 -579 -839 -258 
10-12 -849 -1215 -1460 -705 -420 
12-14 -516 -875 -1224 -697 -155 
14-16 -648 -445 -1044 -61 -1124 
16-18 -186 192 -42 -225 -524 
18-20 375 96 -476 -496 -228 
20-22 -522 -630 -897 -382 -918 
22-24 -444 -843 -497   
24-26 -128 203 -270   
26-28 670 -554 355   
28-30 -165 -315 -485   
30-32 -504 -909 -666   
32-34 153 -1530 -91   
34-36 303 -449 -553   
36-38 -472 180 -378   
38-40 203 391 -505   
40-42 -149 201 -666   
42-44 -700 -173 -591   
44-46 -97 -354 -579   
46-48 -35 -691 -1052   
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ii) solvent 

t1-t2 (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

0-2 706 -46 147 -24 -459 
2-4 377 291 217 344 277 
4-6 -145 863 -60 815 -63 
6-8 106 -178 149 684 -393 
8-10 370 142 300 570 -19 
10-12 574 953 1179 438 174 
12-14 262 630 962 441 -98 
14-16 387 191 785 -197 863 
16-18 -68 -429 -205 -26 265 
18-20 -625 -340 243 249 -25 
20-22 254 383 637 117 650 
22-24 180 590 234   
24-26 -123 -451 19   
26-28 -918 297 -609   
28-30 -83 53 233   
30-32 248 663 401   
32-34 -414 1246 -143   
34-36 -554 178 297   
36-38 235 -431 131   
38-40 -459 -630 252   
40-42 -114 -453 409   
42-44 437 -88 344   
44-46 -166 97 309   
46-48 -218 433 805   
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iii) ions + solvent 

t1-t2 (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

0-2 -269 -263 -262 -263 -253 
2-4 -273 -248 -274 -269 -273 
4-6 -257 -263 -260 -268 -275 
6-8 -237 -239 -235 -264 -229 
8-10 -259 -260 -279 -269 -277 
10-12 -274 -262 -285 -267 -246 
12-14 -254 -245 -262 -256 -253 
14-16 -261 -254 -259 -258 -261 
16-18 -254 -237 -247 -251 -259 
18-20 -250 -244 -233 -247 -253 
20-22 -268 -247 -260 -265 -268 
22-24 -264 -253 -263   
24-26 -251 -248 -251   
26-28 -248 -257 -254   
28-30 -248 -262 -252   
30-32 -256 -246 -265   
32-34 -261 -284 -234   
34-36 -251 -271 -256   
36-38 -237 -251 -247   
38-40 -256 -239 -253   
40-42 -263 -252 -257   
42-44 -263 -261 -247   
44-46 -263 -257 -270   
46-48 -253 -258 -247   
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Table D3 The fluctuations in the polarization energy σ2ns (meV) of different components for the 

(2-,2-) simulations. 

i) ions 

t1-t2 (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

0-2 644 867 705 752 742 
2-4 730 648 735 986 797 
4-6 424 660 792 571 754 
6-8 536 545 1046 599 1120 
8-10 523 736 927 821 611 
10-12 783 512 771 694 1180 
12-14 691 512 580 644 630 
14-16 609 633 834 618 882 
16-18 1388 768 711 510 744 
18-20 971 476 749 551 883 
20-22 824 796 899 839 828 
22-24 631 451 779   
24-26 453 830 738   
26-28 596 1000 652   
28-30 481 733 820   
30-32 667 584 1214   
32-34 416 683 1036   
34-36 606 989 822   
36-38 498 650 778   
38-40 589 691 883   
40-42 728 618 597   
42-44 690 560 717   
44-46 993 821 807   
46-48 705 642 762   
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 ii) solvent 

t1-t2 (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

0-2 684 876 738 794 762 
2-4 768 683 765 998 816 
4-6 480 701 829 617 789 
6-8 605 583 1061 645 1139 
8-10 584 760 931 830 645 
10-12 811 569 802 727 1183 
12-14 729 563 618 673 667 
14-16 660 674 863 658 906 
16-18 1389 799 757 555 778 
18-20 992 529 775 585 911 
20-22 842 829 923 876 848 
22-24 682 512 811   
24-26 518 863 773   
26-28 644 1017 690   
28-30 533 780 853   
30-32 690 625 1221   
32-34 492 717 1048   
34-36 654 1012 849   
36-38 552 696 817   
38-40 646 732 903   
40-42 761 665 638   
42-44 724 618 758   
44-46 1012 854 839   
46-48 732 669 798   
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iii) ions + solvent 

t1-t2 (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

0-2 266 270 272 258 272 
2-4 265 272 269 256 263 
4-6 268 272 276 246 265 
6-8 265 269 269 257 253 
8-10 266 283 279 258 266 
10-12 260 274 271 255 269 
12-14 265 268 276 251 251 
14-16 272 273 277 258 264 
16-18 271 268 277 259 264 
18-20 270 266 266 267 279 
20-22 266 280 271 266 266 
22-24 267 275 268   
24-26 267 276 267   
26-28 263 272 276   
28-30 272 277 270   
30-32 260 263 270   
32-34 271 274 267   
34-36 273 279 272   
36-38 273 276 270   
38-40 269 273 274   
40-42 271 270 271   
42-44 275 272 275   
44-46 274 267 279   
46-48 265 267 265   
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Table D4 The cumulative mean polarization energy µT (meV) of different components for the (2-

,2-) simulations. 

i) ions 

T (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

2 -975 -217 -409 -239 206 
4 -812 -378 -450 -426 -172 
6 -579 -627 -366 -645 -185 
8 -520 -486 -371 -720 -98 
10 -542 -469 -412 -744 -130 
12 -593 -593 -587 -738 -178 
14 -581 -633 -678 -732 -175 
16 -590 -610 -724 -648 -294 
18 -545 -521 -648 -601 -319 
20 -453 -459 -631 -591 -310 
22 -459 -475 -655 -572 -365 
24 -458 -505 -642   
26 -433 -451 -613   
28 -354 -458 -544   
30 -341 -449 -540   
32 -352 -477 -548   
34 -322 -539 -521   
36 -287 -534 -523   
38 -297 -497 -515   
40 -272 -452 -515   
42 -266 -421 -522   
44 -286 -410 -525   
46 -278 -408 -527   
48 -267 -419 -549   
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ii) solvent 

T (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

2 706 -46 147 -24 -459 
4 541 122 182 160 -91 
6 313 369 101 379 -82 
8 261 232 113 455 -160 
10 283 214 151 478 -131 
12 332 337 322 471 -81 
14 321 379 413 467 -83 
16 330 356 460 384 35 
18 285 268 386 338 61 
20 194 208 372 329 52 
22 200 224 396 310 106 
24 198 254 382   
26 174 200 354   
28 96 207 285   
30 84 197 282   
32 94 226 289   
34 64 286 264   
36 30 280 266   
38 41 242 259   
40 16 199 259   
42 10 168 266   
44 29 156 269   
46 20 154 271   
48 11 165 293   
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iii) ions + solvent 

T (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

2 -269 -263 -262 -263 -253 
4 -271 -256 -268 -266 -263 
6 -266 -258 -265 -266 -267 
8 -259 -254 -258 -265 -258 
10 -259 -255 -261 -266 -261 
12 -261 -256 -265 -267 -259 
14 -260 -254 -265 -265 -258 
16 -260 -254 -264 -264 -259 
18 -260 -253 -262 -263 -258 
20 -259 -251 -259 -262 -258 
22 -259 -251 -259 -262 -259 
24 -260 -251 -260   
26 -259 -251 -259   
28 -258 -251 -259   
30 -257 -252 -258   
32 -258 -251 -259   
34 -258 -253 -257   
36 -257 -254 -257   
38 -256 -255 -256   
40 -256 -253 -256   
42 -256 -253 -256   
44 -257 -254 -256   
46 -258 -254 -256   
48 -256 -254 -256   
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Table D5 The cumulative fluctuations in the polarization energy σT (meV) of different 

components for the (2-,2-) simulations. 

i) ions 

T (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

2 644 867 705 752 742 
4 707 782 721 897 858 
6 709 823 755 861 825 
8 651 801 837 814 920 
10 685 790 860 817 870 
12 686 800 931 798 935 
14 677 772 917 777 898 
16 799 759 915 790 972 
18 863 800 920 776 931 
20 860 796 906 757 927 
22 843 798 909 767 935 
24 824 781 900   
26 859 807 894   
28 840 823 913   
30 831 818 908   
32 821 813 931   
34 823 843 944   
36 811 852 937   
38 808 858 930   
40 805 872 928   
42 805 873 915   
44 805 863 907   
46 815 861 903   
48 812 855 904   
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ii) solvent 

T (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

2 684 876 738 794 762 
4 745 803 752 920 871 
6 743 846 787 887 845 
8 716 823 864 843 937 
10 693 812 881 842 888 
12 722 824 949 824 950 
14 724 799 937 804 915 
16 717 787 936 818 966 
18 828 826 941 803 950 
20 889 822 927 784 946 
22 885 824 930 796 953 
24 870 809 921   
26 853 835 916   
28 885 849 935   
30 867 846 930   
32 858 841 951   
34 850 868 962   
36 852 877 956   
38 840 883 950   
40 838 896 948   
42 835 898 936   
44 835 888 929   
46 845 887 925   
48 842 881 926   
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iii) ions + solvent 

T (ns) C1(0.3) O1(0.3) O1(0.5) O2(0.3) O2(0.5) 
 

2 266 270 272 258 272 
4 266 270 271 257 268 
6 267 271 272 254 267 
8 266 270 272 254 264 
10 266 273 273 255 264 
12 265 273 273 253 265 
14 265 273 274 255 265 
16 266 273 274 254 266 
18 267 272 274 255 265 
20 267 272 274 255 265 
22 267 273 273 257 265 
24 267 273 273   
26 266 273 272   
28 267 272 273   
30 267 273 273   
32 267 273 272   
34 267 273 272   
36 265 272 272   
38 267 273 271   
40 267 273 272   
42 267 272 272   
44 266 273 273   
46 267 273 272   
48 267 273 272   
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Table D6 The µT and σT (meV) as time increases 2ns from component ions+water using different 

cutoffs (Lsmall/2 = 24.5 Å and Lsmall = 49 Å). 

  
 C1(0.3) O1(0.3) O1(0.5)  O2(0.3) O2(0.3)  

 Cutoff = Lsmall/2  Cutoff = Lsmall/2 Cutoff = Lsmall/2 Cutoff = Lsmall/2 Cutoff = Lsmall 

T (ns) µT σT µT σT µT σT µT σT µT σT 
0 -265 254 -267 262 -261 257 -272 248 -272 256 
2 -272 256 -274 253 -263 253 -266 251 -263 258 
4 -274 255 -263 253 -268 252 -273 251 -266 257 
6 -271 257 -262 254 -267 254 -275 247 -266 254 
8 -264 257 -258 255 -261 253 -272 249 -265 254 
10 -263 257 -260 257 -265 254 -272 250 -266 255 
12 -267 256 -262 257 -268 254 -272 250 -267 255 
14 -264 255 -260 256 -267 255 -270 249 -265 255 
16 -265 256 -260 256 -269 255 -270 249 -264 255 
18 -266 256 -257 256 -266 256 -269 250 -263 256 
20 -265 257 -256 255 -263 255 -267 251 -261 257 
22 -265 257 -256 255 -263 255 -268 251 -262 258 
24 -266 257 -257 255 -263 255         
26 -266 257 -257 255 -264 255         
28 -266 257 -258 255 -264 255         
30 -265 257 -259 256 -263 255         
32 -265 257 -259 255 -264          
34 -264 257 -260 255 -263 255         
36 -264 257 -261 256 -260 255         
38 -263 258 -260 256 -262 254         
40 -263 258 -260 256 -262 255         
42 -264 258 -260 256 -262 255         
44 -264 258 -260 256 -262 255         
46 -264 259 -260 256 -262 255         
48 -264 259 -260 255 -262 254         
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Table D7 The mean polarization energy µ2ns (meV) of different components for the R and P 

simulations. 

i) ions 

t1-t2 (ns) R(fix) P(fix) R(free) P(free) 
 

0-2 -1115 -761 295 -834 
2-4 120 -1553 349 -1038 
4-6 296 -971 431 -476 
6-8 400 -827 122 -663 
8-10 -239 -774 214 -377 
10-12 76 97 721 -546 
12-14 646 -644 332 -1001 
14-16 316 -659 374 -995 
16-18 545 -1492 374 -946 
18-20 -223 -620 -332 -920 
20-22 -44 -938   
22-24 -213 -826   
24-26 -28 -798   
26-28 124 -564   
28-30 -782 -821   
30-32 -347 -1009   
32-34 116 -1280   
34-36 -811 -366   
36-38 338 -921   
38-40 -917 -1117   
40-42 -79 -1149   
42-44 1234 -191   
44-46 -594 -187   
46-48 161 -421   
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ii) solvent 

t1-t2 (ns) R(fix) P(fix) R(free) P(free) 
0-2 1802 -641 862 -1647 
2-4 605 152 1012 -1219 
4-6 416 -436 744 -1851 
6-8 317 -579 916 -1626 
8-10 937 -634 899 -1854 
10-12 637 -1460 547 -1840 
12-14 85 -752 1032 -1233 
14-16 403 -749 1016 -1319 
16-18 181 65 1128 -1776 
18-20 917 -758 1418 -1841 
20-22 766 -456   
22-24 930 -587   
24-26 740 -609   
26-28 599 -843   
28-30 1487 -586   
30-32 1065 -409   
32-34 597 -128   
34-36 1505 -1032   
36-38 380 -488   
38-40 1612 -302   
40-42 792 -266   
42-44 -466 -1189   
44-46 1307 -1191   
46-48 559 -1001   
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iii) ions + solvent 

t1-t2 (ns) R(fix) P(fix) R(free) P(free) 
0-2 687 -1402 1157 -2481 
2-4 725 -1401 1361 -2257 
4-6 712 -1407 1175 -2327 
6-8 717 -1406 1038 -2289 

8-10 698 -1408 1113 -2231 
10-12 713 -1363 1268 -2386 
12-14 731 -1396 1364 -2234 
14-16 719 -1408 1390 -2314 
16-18 726 -1427 1502 -2722 
18-20 694 -1378 1086 -2761 
20-22 722 -1394   
22-24 717 -1413   
24-26 712 -1407   
26-28 723 -1407   
28-30 705 -1407   
30-32 718 -1418   
32-34 713 -1408   
34-36 694 -1398   
36-38 718 -1409   
38-40 695 -1419   
40-42 713 -1415   
42-44 768 -1380   
44-46 713 -1378   
46-48 720 -1422   
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 Table D8 The fluctuations in the polarization energy σ2ns (meV) of different components for the 

R and P simulations. 

i) ions 

t1-t2 (ns) R(fix) P(fix) R(free) P(free) 
 

0-2 754 555 790 1222 
2-4 771 742 1107 1068 
4-6 905 992 909 888 
6-8 702 935 965 911 

8-10 808 804 755 1005 
10-12 944 839 968 1003 
12-14 822 885 911 940 
14-16 1035 660 930 990 
16-18 742 897 1058 998 
18-20 1041 960 976 852 
20-22 675 581   
22-24 925 714   
24-26 617 673   
26-28 771 975   
28-30 962 626   
30-32 677 690   
32-34 868 991   
34-36 941 701   
36-38 744 969   
38-40 854 721   
40-42 703 674   
42-44 1072 957   
44-46 931 695   
46-48 746 1059   
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 ii) solvent 

t1-t2 (ns) R(fix) P(fix) R(free) P(free) 
 

0-2 768 595 762 1137 
2-4 799 764 1106 1006 
4-6 906 990 879 930 
6-8 725 943 995 849 
8-10 828 823 842 928 
10-12 948 877 976 944 
12-14 823 897 923 955 
14-16 1042 683 952 994 
16-18 753 911 929 1112 
18-20 1045 979 1057 909 
20-22 695 623   
22-24 926 743   
24-26 640 702   
26-28 795 981   
28-30 967 652   
30-32 697 725   
32-34 874 1007   
34-36 957 731   
36-38 771 995   
38-40 859 740   
40-42 715 704   
42-44 1065 968   
44-46 937 715   
46-48 761 1082   
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iii) ions + solvent 

t1-t2 (ns) R(fix) P(fix) R(free) P(free) 
 

0-2 249 249 304 311 
2-4 243 244 294 338 
4-6 242 241 301 311 
6-8 245 243 351 317 
8-10 245 248 312 323 
10-12 238 251 295 317 
12-14 245 252 299 314 
14-16 245 248 298 311 
16-18 246 253 297 317 
18-20 246 251 311 319 
20-22 244 250   
22-24 245 258   
24-26 241 249   
26-28 247 248   
28-30 245 256   
30-32 238 252   
32-34 245 246   
34-36 245 240   
36-38 244 245   
38-40 244 245   
40-42 247 245   
42-44 248 246   
44-46 244 250   
46-48 232 249   
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Table D9 The cumulative mean polarization energy µT (meV) of different components for the R 

and P simulations. 

i) ions 

T (ns) R(fix) P(fix) R(free) P(free) 
 

2 -1115 -761 295 -834 
4 -497 -1157 322 -936 
6 -233 -1095 358 -783 
8 -75 -1028 299 -753 
10 -107 -977 282 -678 
12 -77 -798 355 -656 
14 26 -776 352 -705 
16 62 -761 355 -741 
18 116 -842 357 -764 
20 82 -820 288 -780 
22 71 -831   
24 47 -831   
26 41 -828   
28 47 -809   
30 -8 -810   
32 -29 -822   
34 -21 -849   
36 -65 -823   
38 -43 -828   
40 -87 -842   
42 -87 -857   
44 -27 -827   
46 -51 -799   
48 -42 -783   
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ii) solvent 

T (ns) R(fix) P(fix) R(free) P(free) 
 

2 1802 -641 862 -1647 
4 1203 -245 937 -1433 
6 941 -308 873 -1572 
8 785 -376 884 -1585 
10 815 -428 887 -1639 
12 786 -600 830 -1673 
14 686 -622 859 -1610 
16 650 -638 879 -1574 
18 598 -560 906 -1596 
20 630 -579 957 -1621 
22 642 -568   
24 666 -570   
26 672 -573   
28 667 -592   
30 722 -592   
32 743 -580   
34 734 -554   
36 777 -580   
38 756 -575   
40 799 -562   
42 799 -548   
44 741 -577   
46 766 -603   
48 757 -620   
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iii) ions + solvent 

T (ns) R(fix) P(fix) R(free) P(free) 
 

2 687 -1402 1157 -2481 
4 706 -1402 1259 -2369 
6 708 -1403 1231 -2355 
8 710 -1404 1183 -2338 
10 708 -1405 1169 -2317 
12 709 -1398 1185 -2328 
14 712 -1398 1211 -2315 
16 712 -1399 1233 -2315 
18 714 -1402 1263 -2360 
20 712 -1399 1245 -2400 
22 713 -1399   
24 713 -1401   
26 713 -1401   
28 714 -1401   
30 714 -1402   
32 714 -1402   
34 713 -1403   
36 712 -1403   
38 713 -1403   
40 712 -1404   
42 712 -1405   
44 714 -1404   
46 715 -1402   
48 715 -1403   
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 Table D10 The cumulative fluctuations in the polarization energy σT (meV) of different 

components for the R and P simulations. 

i) ions 

T (ns) R(fix) P(fix) R(free) P(free) 
 

2 754 555 790 1222 
4 981 765 962 1152 
6 1027 852 946 1093 
8 995 881 956 1052 
10 962 872 920 1053 
12 962 957 943 1046 
14 976 949 938 1034 
16 989 919 937 1037 
18 976 945 951 1035 
20 988 948 976 1019 
22 965 922   
24 965 906   
26 943 891   
28 932 899   
30 956 884   
32 945 874   
34 941 888   
36 958 886   
38 953 891   
40 967 885   
42 956 879   
44 1000 893   
46 1004 895   
48 995 906   
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ii) solvent 

T (ns) R(fix) P(fix) R(free) P(free) 
 

2 768 595 762 1137 
4 986 791 953 1095 
6 1030 867 933 1061 
8 1000 895 949 1013 
10 970 887 929 1002 
12 969 965 945 995 
14 980 957 945 1002 
16 993 928 947 1005 
18 980 952 948 1020 
20 991 957 972 1012 
22 969 932   
24 969 918   
26 948 903   
28 938 912   
30 962 897   
32 951 888   
34 947 902   
36 964 900   
38 959 905   
40 972 900   
42 962 894   
44 1002 907   
46 1006 908   
48 998 920   
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iii) ions + solvent 

T (ns) R(fix) P(fix) R(free) P(free) 
 

2 249 249 304 311 
4 247 247 299 330 
6 245 245 300 322 
8 245 244 320 323 
10 245 244 320 329 
12 244 246 314 323 
14 244 247 311 322 
16 244 249 309 320 
18 244 248 309 343 
20 244 248 319 356 
22 245 248   
24 245 249   
26 245 249   
28 244 249   
30 245 249   
32 245 250   
34 244 250   
36 244 251   
38 245 250   
40 244 250   
42 244 250   
44 243 249   
46 244 250   
48 244 250   
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Figure D1. Time correlation function of polarization energy from different components for the 

first 2 ns simulations before the production run. a) C1(0.3); b) O1(0.3); c) O1(0.5); d) O2(0.3); e) 

O2(0.5); f) R(fix); g) P(fix). Solvent contribution is shown in blue, counter-ion contribution is 

shown in magenta, and total (solvent, counter-ion plus protein) is shown in red.  
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