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I. Electron Distr ibut ion and Electronic Energies 
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In rubredoxins, the simplest class of iron-sulfur, electron-transport proteins, the center of biological 
activity is a single Fe atom which is surrounded by a distorted tetrahedral array of four cysteine sulfur 
atoms. In addition to its electron-transport characteristics, a number of physical properties of these 
proteins have been determined, all of which depend crucially on the conformation andelectron distribu- 
tion and energy of the active site complex. Thus, in this initial study, using a semi-empirical MO 
program called Iterative Extended Htickel Theory (IEHT), we have calculated the variation in electron 
distribution and energies of the F~S  active site complex as a function of its conformation. Ten con- 
formers were chosen which span a symmetry range from that determined by X-Ray crystal structure 
analysis to an idealized regular tetrahedral symmetry. The differences in electron distribution and 
electronic energies obtained for these 10 conformers are reflected in all observable properties of the 
protein calculation of these properties, using the results reported here, are the subject of our subsequent 
papers in this series. 

Key words: Electronic structure of oxidized rubredoxins - Rubredoxin (oxidized) Iron-sulfur 
proteins 

1. Introduction and Background 

The s implest  class of i ron-sul fur  (non-heme)  pro te ins  tha t  pa r t i c ipa te  in 
n u m e r o u s  b io log ica l  e l ec t ron - t r anspo r t  reac t ions  are  the rubredoxins ,  con ta in ing  
one F e  a t o m  and  4 cysteine res idues  per  p ro t e in  molecule,  wi th  no labi le  sulfur 
present .  R u b r e d o x i n s  unde rgo  revers ible  one-e lec t ron  ox ida t ion  reduc t ion  with  a 
typica l  E o value  of  - 0 . 0 5  V [1] and  bo th  forms are stable. An  X-ray  diffract ion 
s tudy of the  oxid ized  r u b r e d o x i n  f rom C l o s t r i d i u m  P a s t e u r i a n u m  has  been m a d e  
to a reso lu t ion  of  1.5/~ [2] and  reveals  tha t  the  Fe  a t o m  is s u r r o u n d e d  by the four 
sulfur a t o m s  of  the cysteine res idues  in a d i s to r t ed  t e t r ahedra l  array.  The  X-ray  
s t ructure  is shown in Fig. 1 [2].  A m o n g  o ther  p roper t i e s  of bo th  the oxid ized  and  
reduced  forms of r u b r e d o x i n s  which  have been measu red  are:  the opt ica l  [ 1, 3, 4], 
e lec t ron spin resonance  [6] and  M o s s b a u e r  resonance  [5, 7] spec t ra  as well as 
magne t i c  m o m e n t  [5]. 

All  of  these p roper t i e s  depend  crucia l ly  on the e lec t ron d is t r ibut ion ,  energy 
and  con fo rma t ion  at  the  act ive site and  are  often though t  of  as "probes"  of  these 
character is t ics .  Yet  no one - to -one  co r r e spondence  exists be tween values of these 
proper t ies  and  the poss ib le  con fo rma t ions  and  e lec t ron  d i s t r ibu t ions  of the act ive 
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Fig. I. X-ray structure of active site complex (a) Ref. [2b] in text. (b) Angles not shown: S 1 - F ~ S s  = 108 ~ 
S2-Fe $4 = 115 ~ (c) Torsion angles involving H atoms. "[1234 = rotation of a tom 4 into I; counter- 
clockwise around 3 -  2. (d) S I - F ~ S  4 slightly displaced from x z  plane as indicated; S2-Fe-S3 in 
y z  plane. (e) In conformer O 1 H are placed in position of  B C  atoms. In conformer Oz all S r H i  bonds 

are shortened to 1.34 ~ 

site. Up to now the experimental results are simply consistent with the notion 
of a high-spin ferric complex for the oxidized state and a high-spin ferrous complex 
for the reduced state, with the local symmetry about the Fe atom having some 
kind of"rhombic character", i.e. less than axial symmetry. Thus, we felt that their 
value as "probes" would be greatly increased if the behavior of these properties 
were calculated as a function of specific conformational variations, a calculation 
which has not heretofor been done. 

The model for the active site complex chosen for this study includes the 
Fe atom, the 4 cysteine S atoms and the replacement of the tiC atoms bound to 
the S by H atoms. This latter simplification greatly reduced the amount of com- 
putation time needed and preliminary calculations with CH s groups on the 
S atoms instead of the H atoms revealed that differences between them were not 
significant for the properties we were interested in calculating. All the valence 
orbitals and electrons of each atom were included in the molecular orbital calcula- 
tions made. For the oxidized system there are a total of 39 atomic orbitals: nine 
for Fe (4s, 4p, and 3d), 4 for each S (3s, 3p) and 1 for each H (ls). The complex 
which is formally [Fe+3+4SH -] has 37 valence electrons and a net negative 
charge, presumably balanced by a nearby cation. 
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To obtain a description of the electron distribution and electronic energies 
for 10 different geometric variation of the active site complex, we have used a 
working computer program, based on a semi-empirical molecular orbital method 
called Iterative Extended Hiickel Theory (IEHT), essentially in the form developed 
by Zerner and Gouterman for their study of iron heme complexes [8, 9]. The 
results of such calculations give configuration energies and reasonable electron 
distributions in the molecule for each geometry chosen. From these, all of the 
observed properties mentioned above can be calculated in some approximation. 

2. Description of the Set of Conformers Studied 

Among the l0 specific conformers of the active site complex of oxidized 
rubredoxins we have chosen to study the totally experimentally determined 
conformation shown in Fig. 1 [2b] with H atoms in the place of tiC atoms (con- 
former O1). The main features of this X-ray-diffraction-determined structure of the 
Fe-S complex are that none of the Fe-S bond lengths or S-Fe-S bond angles are 
equal and that one bond length is appreciably shorter than the rest. The net result 
is that the array of S atoms about the Fe atom in the protein is too distorted to 
belong to any symmetry point group. One variation made was to shorten all the 
S-H bond lengths to 1.34 ~, while leaving the remainder of the X-ray determined 
structure the same (conformer 02). 

The eight remaining geometric variations we have considered are various 
idealizations of the crystal structure, increasing the symmetry up to a totally 
regular tetrahedral array of S and H ligands. These eight variations are shown in 
Fig. 2. 

In conformers A, B and C we force the 4S atoms to be in two perpendicular 
planes y z  and x z .  Such a change corresponds to a significant change in only the 
S1-Fe-S 3 bond angle from 108-113.6 ~ In conformers A and B, Fe-S bond 
lengths determined from an earlier refinement of crystal data are used, and the 
position of the H atoms is varied, corresponding to a small change in position 
of the cysteine residues. Conformer A has a "pinwheel" arrangement of H atoms, 
while in conformer B the H atoms are arranged to have C2v symmetry with the 
z axis as the two-fold rotation axis. Neither conformer belongs to any point 
group. Conformer C has two sets of equivalent S atoms, with two different Fe-S 
bond lengths; and the H atoms are as in conformer B. Thus, there is no unique 
short bond and the entire active site complex has C2v symmetry. 

In conformers F and G, the short bond is preserved as a three-fold axis rotation 
(z-axis) and the other three S atoms made equivalent with Fe-S bond lengths of 
2.35~. Conformers F and G differ only in the placement of the H atoms. Both have 
one co-linear Fe-S-H bond along the z axis. In conformer F the remaining three 
H atoms bound to the equivalent S atoms are made coplanar with them giving 
the molecule overall C 3 symmetry, while in conformer G, these S atoms all have 
their H atoms "cis"  to the three-fold axis, thus giving the molecule C3~ symmetry. 

In conformer D and E all 4 sulfur atom ligands are equivalent and are in a 
regular tetrahedral array with an Fe-S bond length of 2.00 ~. In conformer D the 
H atoms are arranged so as to preserve three two-fold axes (x, y, z) thus giving 
the molecule overall D 2 symmetry. Conformer E is strictly T D with the S ligand 
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skeleton rota ted by 45 ~ a round  the z axis f rom conformer  D and the H a toms made  
co-linear with the F e - S  bonds.  We have also included a totally planar  (xy) 
arrangement  of  the Fe, S and H a toms with C2 symmetry.  Conformers  D, E and H 
are unrealistic candidates for the actual active site conformat ion  in rubredoxins 
and they were included mainly for didactic reasons. In these extreme conformat ions  
the values of  F e - S  b o n d  lengths chosen are very secondary to the effect of symmetry  
on the observed properties. 

Thus,  the 10 conformers  considered span a symmetry  range from completely 
tetrahedral  to the no- symmet ry  crystal structure determined from X-ray analysis. 
The question now is, how sensitive is the electron distr ibution and energy of  the 
active site to these symmetry  changes. 

3. Nature and Energy of the 5Fe-d-Ligand Antibonding Orbitals as a Function 
of Conformation 

The coordinates  of  each of the 10 geometr ic  conformers  of  the active site 
complex just described were used as input to a working p rogram based on the 
Iterative Extended Hfickel Theory  (IEHT),  well described in the literature [8, 9]. 
The result is a set of  molecular  orbitals, obtained as linear combina t ions  of  

a . o .  

interacting a tomico rb i t a l s :  4~i= ~ c~Xj and a corresponding set of  orbital  
J 

energies (e j) which are eigenfunctions and eigenvalues of the one-electron Hamil-  
tonian respectively, as well as eigenfunctions of the symmetry  operat ions of  the 
point  g roup  of  the molecule. The por t ion  of  molecular  energy calculated by the 
I E H T  method  is the valence configurat ion energy, i.e. the sum of the energies of  
the occupied orbitals of a specified configurat ion with some electron correlat ion 
in t roduced in the charge iteration process. 

For  the active site complex, the configurat ion that corresponds to the sextet 
state which is known  to be the g round  state of  the Fe in the protein is one with 
5 half-filled molecular  orbitals:  (1) 2 (2)2... (16) 2 (17) (18) (19) (20) (21). The electron 
distribution in this configurat ion was obta ined for all 10 geometric isomers. The 

Table l. Net atomic charges in active site complex" 

Atom Conformation 
O1 O2 A B C D E F G H 

Fe +0.12 +0.06 +0.05 +0.05 +0.06 +0.05 +0.03 +0.04 +0.04 0 
$1 -0.15 -0.24 -0.24 -0.24 -0.23 -0.21 -0.21 -0.24 -0.24 -0.21 
S 2 -0.13 -0.23 -0.23 -0.24 -0.23 -0.21 -0.21 -0.24 -0.24 -0.235 
S 3 -0.12 -0.23 -0.22 -0.23 -0.22 -0.21 -0.21 -0.24 -0.24 -0.235 
S 4 -0.09 --0.20 --0.18 --0.18 -0.22 -0.21 -0.21 -0.18 --0.17 -0121 
H~ -0.07 -0.04 -0.04 --0.04 -0.04 -0.05 -0.04 -0.046 -0.05 -0.0t 
H2 - 0.20 - 0.04 - 0.05 - 0.04 - 0.04 - 0.05 - 0.04 - 0.046 - 0.05 - 0.04 
H 3 -0.17 -0.04 -0.04 -0.04 -0.03 -0.05 -0.04 -0.046 -0.05 -0.04 
H 4 -0.17 -0.04 -0.03 -0.03 -0.03 -0.05 -0.04 -0.01 0 -0.01 

a Fractional electron charge. 
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net charge on all atoms obtained from a Mulliken population analysis [10] of the 
filled mos is given in Table t. We see from this table that the Fe atom has only a 
small positive charge. Variations in the negative charges on the S and H ligands 
reflect their geometric inequivalence. As is usual, even with a net (-) charge on the 
complex, there is no large charge buildup on any atom in the complex. 

The half-filled molecular orbitals 17-21 are primarily Fed  orbitals with some 
bonding to the S ligands. Assigning 5 electrons to these orbitals corresponds to a 
formal ferric ion d 5 configuration. The dramatic way in which both the nature 
and relative energies of these crucial "ligand field orbitals" depend on symmetry 
is shown in Fig. 3. It should be kept in mind that the 10 variations studied involve a 
chemically identical Fe-SH complex. For each MO, the fraction of electrons in 
the principal d orbitals obtained from a Mulliken population analysis [ 10] is given 
together with the calculated molecular orbital energies. 

These characteristics reflect the way each F e d  orbital interacts with the 
appropriate symmetry-combination of sulfur p orbitals in each conformer. In 
conformers O1 and 02 with the total crystal structure geometry of the complex, 
there is no orbital degeneracy and the lowest lying ligand field orbital is 77 % d 2 
while the highest energy orbital is 51% dx2_y2. The three "tz" orbitals mix with 
each other and lie in energy between the two e orbitals. The nature and energy 
ordering of the 5 molecular orbitals is unchanged when the S-H bond is shortened 
to 1.34 • (Oz). Clearly, while the crystal structure symmetry is often described as a 
"distorted tetrahedron" the molecule has no symmetry and the nature and energy 
ordering of the ligand field molecular orbitals have no direct correlation with 
those in Ta symmetry. 

In conformers A and B, which also have no symmetry, changing the position 
of the H atoms but keeping the S atoms essentially in their experimentally deter- 
mined positions does not significantly alter the nature of the energy-ordered 
ligand fields mos. 

A more significant alteration of the crystal structure results was made in 
conformer C where the S atoms are pairwise equivalent and the enture molecule 
has C2v symmetry. As in the O, A and B conformers, the lowest energy orbital 
is still d~ and the highest dx2_r2 but both are appreciably more localized. The 
three "t2" orbitals do not mix at all in C2v symmetry and again lie between the 
two split "e" orbitals. 

In the planar (xy) conformer (H) with C2 symmetry, all the ligand field orbitals 
are split. The lowest lying orbital is 80 % d~y and the two highest are nearly de- 
generate 69% d~z, dyz orbitals; reflecting the symmetry of the placement of the 
S atoms in the xy plane. 

Still another pattern of ligand field orbitals and energy ordering is seen in the 
two conformers F and G with axial symmetry, i.e. a three-fold axis (z). As shown 
in Fig. 3, the unique "dz2" orbital lies between doubly degenerate pairs of orbitals. 
There are small differences in the behavior of the orbitals in C3 vs C3~ symmetry 
reflecting the difference in H atom positions. 

In conformer E, with totally T D symmetry, included primarily for didactic 
reasons, all the F e d  orbitals have approximately the same % d character and the 
splitting between the doubly degenerate e orbitals which are 63 % d~2_r2 and dz~ 
and the triple degenerate t2 orbitals which have 67 % d character is only 0.16 eV 
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(1300 cm-~). In conformers D the Fe-S complex has an identical conformation, 
with rotation of the x and y axes by 45 ~ The change in position of the H atoms 
lowers the symmetry, but H atomic orbitals have essentially zero electron density 
in the ligand field molecular orbitals. The observed splitting of the e and t2 orbitals 
and the variation in % d character between the two conformers is then a vivid 
illustration of the effect of molecular symmetry alone on the nature of the bonding 
of the F e d  orbitals to the same ligands. 

The differences in the nature and energy ordering of the 5 half-filled ligand- 
field molecular orbitals shown in Fig. 3 and just described for the 10 different 
conformers studied is directly reflected in all of the properties we shall calculate 
for these conformers: the electric field gradient at the Fe nucleus; the hyperfine 
interaction of the Fe nuclear spin with the unpaired electron spin; spin-orbit 
coupling of total states formed from these molecular orbitals; zero field splitting; 
magnetic moments and g values in electron spin resonance spectra. Each of these 
properties will be discussed in subsequent work. 

For oxidized rubredoxins with a sextet ground state, energy intervals between 
these d orbitals do not directly correlate to d -  d spectral transition energies. 

4. Configuration Energies and Term Energies 

For each conformer we have calculated the valence configuration energy of 
eight different "d 5'' configurations: the unique sextet configuration; four configura- 
tions with three unpaired electrons and three with one unpaired electron as shown 
in Fig. 5. The relative energies obtained for the~e eight configurations is also given. 
We see from this figure that for each symmetry the 5 unpaired electron configura- 
tions have the highest energy and the configuration with only mo 19 half-filled 
has the lowest energy. The energy difference (6E 1 --  2El) is very symmetry depedent 
varying from 0.34 eV for T o to 1.74 eV for C3 symmetry variation. It is this energy 
difference which must be overcome if the sextet state is to become the ground state. 
To achieve this condition, electron correlation energy must be added in some 
approximation to calculate term energies from configuration energies. Electronic 
transitions between these states, i.e. all d - d  transition are spin forbidden in 
oxidized rubredoxins and in fact no such transitions are seen. Thus, attempts to 
evaluate term energies for this purpose would not be fruitful. However, spin orbit 
couplingamong total states also depends on the energy separation between them. 
And such coupling is a crucial factor in zero-field splitting; g values in electron 
spin resonance spectra and magnetic moment behavior of th~ active site complex. 
For this application then we have attempted the difficult task of estimating energy 
intervals between the sextet and at least low-lying quartet and doublet states. 

Even the most accurate ab initio calculations for transition atoms obtain only 
20% of the experimental value of transition energies E11]. 

Thus, to avoid using term energy differences completely as parameters in 
calculation of spin-orbit coupling interactions, we have used a semi-empirical 
method of estimating electron-correlation energy corrections to the configuration 
energies. 

Zerner and Gouterman have already considered the problem of adding 
electron correlation corrections to the one electron configuration energies 
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obtained from the IEHT calculations. We have used essentially their formulation 
[9] as elaborated further in Zerner's thesis [12], but improved it by a calculation 
of the required two-electron integrals corrections instead of using the experimental 
values determined from the spectra of Fe atom. The expressions for sextet, quartet 
and doublet term energies relative to the lowest lying doublet state which we have 
used are as follows: 

6 E 1 - 2 E x = A e 6 2 - 3 / 5 [ i > j ~ = l K i j ( 6 3 a F e ) ]  , (1) 

4Ei(mi, ni, Pi) - 2E1 = A84,2  - 2/3 (Kin, + K,,v + K,p), (2) 

2E i - -  2E  1 - -  Asi i  , (3) 

< ) e ~  )> 
where Kij = two election exchange integral = @i(l) @j(2 @j(1) @i(2 

(mi, nl, Pi) 

between pairs of half-filled mos (@i) in the configuration which gives 
rise to the sextet or quartet state. 

are the three half-filled orbitals of the i tn quartet configuration. 
A e is the energy difference between the configuration giving rise to the 
total state in question and the lowest energy doublet configuration, 
shown in Fig. 4 a s  2 E  1. 

where 
e 2 

The larger the value of the exponent, the more contracted the d orbital, the more 
the Fe behaves as atomic Fe in its active site complex. However, we see that even 
for largest value of orbital exponent considered, 30, values of B and C are only 
1/2 that of the experimentally determined B and C values for atomic Fe. In our 
IEHT calculations we have used a value of ~3d= 2.72 chosen to optimize Fe- 

These are the same expressions for total state energy used by Zerner and Gouter- 
man. However, they used the experimental values of B and C for Fe atom, 0.1 eV 
and 0.435 eV [13] in their final numerical estimate of all 10 Kij integrals. We have 
used the subroutine of an ab initio molecular orbit~tl program called Alchemy [ 14] 
to calculate exact values of one and two-centered atomic integrals, and we have 
written programs which transform the exchange integrals over the complex atomic 
orbital basis set generated by Alchemy to exchange integrals over the 10 pairs of 
5 ligand field molecular orbitals. Separate sets of molecular K~j integrals were 
obtained for each geometric conformer studied. Using conformer A as a trial case, 
it was determined that the contribution of the one centered S and two centered 
Fe-S exchange integrals to Kij  w a s  negligible compared to the one centered Fe 
exchange integral values, and only these were retained. The variation in magnitude 
of the Kij integrals with orbital exponent and the corresponding variation of the 
B and C terms is indicated in Table 2. The standard definition of B and C [13] 
in terms of atomic orbital integrals were used: 

C-K(2 , -1[2 , -1) ;  6B+C=K(2,112,1) 



2E
 1

 

~ 
_ 

~ 
o 

_ 

2E
 2

 
2E

 3
 

`s
E

1 
4E

 2
 

1E
 3

 
S̀È
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Table 2. B, C a corrections as a function of ~Fe-3d 

135 

Cad b 2.72 3.73 6.00 11.5 15 18 22 26 30 

B 0.005 eV 0.0066 0.0106 0.0204 0.0266 0.0319 0.0390 0.0461 0.0532 
C 0.019 eV 0.0236 0.0423 0.0811 0.1058 0.1269 0.1551 0.1833 0.2116 

" 2-electron corrections in terms of Racah parameters B, C (Ref. [15]). Exp. value for Fe atom: 
B=0.1 eV; C = 0.436 eV. 

u ~3d = Orbital exponent in radial part of Fe 3d function. 

Table 3. Relative term energies (eV) at X-point" for 6A 1 ground state 

Sym. 01, 0 2 A B C(c~. ) (D(o~)) E(TD) F~c~) G~c3. ) H(c~,,) 

X-point 

~ ~ 18 16 23 none 7 9 6 9 
3d-Fe 

OAlb 0 0 0 0 0 0 0 0 0 

4E 1 0 0 0 0 -0 .10  0 0 0 0 

4E 2 0.96 0.90 eV 0.84 eV 0.22 -0 .10  +0.07 ~ 0.28 0.17 0.79 

4E 3 0.62 0.25 1.32 0.22 +0.14 +0.3t  e 0.82 0.95 0.82 

4E 4 1.20 1.44 0.84 0.26 +0.41 +0.39 ~ 1.12 1.01 0.91 
e 

2E 1 0.85 0.95 0.75 0.18 --0.35 +0.08 0.47 0 0.23 

2E 2 0.98 1.05 0.83 0.18 -0 .58 +0.08 0.63 +0.13 0.56 

ZE 3 1.02 1.21 0.90 0.38 +0.58 +0.08 0.78 0.28 0.71 

a X-point of 4E 1 - 6A 1 energies, for smaller exchange corrections first 2E 1 then 4E 1 is ground state. 
Terms labelled by configuration from which they come. 
Value of CFe-3d at which 6A 1 becomes ground state. This quantity is a measure of magnitude of 
electron correlation correction needed to make 6A 1 c.s. 

a In these symmetries, all quartet states chosen are doubly degenerate. 
~ Doubly degenerate value. 

ligand overlap (9). We see that for this value of the exponent, B and C have only 
5 % of the free atom value. 

In Table 2 is given the minimum value of the orbital exponent required to 
make the sextet state the ground state for each symmetry. The greater the ~ value 
required, the greater the electron correlation energy that was needed to overcome 
the difference in configuration energy. We see that the sextet state most easily 
becomes the ground state in To symmetry and never becomes the ground state 
in the O 2 version of tetrahedral symmetry (conformer D). Also given in this table 
is the relative energy of all the remaining quartet and doublet states at the cross 
point which have been calculated using Eqs. (1)-(3). For smaller exchange correc- 
tions first a doublet and then a quartet state is the ground state. 

The energy intervals given in Table 3, represent the minimum calculated 
values of d - d ,  spin-forbidden electronic transition energies. An experimental 
determination of the lowest 6A 1 --*4E 1 transition energy would tell us how far 
from the cross point ( ( 6 E  1 - - 4 E l ) =  0) the sextet state in oxidized rubredoxin is. 
Lacking this information, we have systematically augmented this energy interval 
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in our spin-orbit calculations while keeping the relative energy ordering shown in 
Table 3 for all other energy intervals. 

Having calculated the electron distribution and energies of the active site 
complex, we then used these to calculate a variety of specific properties of the 
oxidized rubredoxins as a function of conformation. 
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